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ABSTRACT

Resistance spot welding is one of the oldest of the electric welding processes in
use by industries today. The weld is made by a combination of heat, pressure,
and time. As the name resistance welding implies, it is the resistance of the
material to be welded to current flow that causes a localized heating in the part.
Resistance spot welding is mostly used to weld various sheet metal products.
Typically the sheets are in the 0.5-3.0 mm thickness range. The resistance spot
welding of dissimilar materials is generally more challenging than that of similar
materials due to differences in the physical, chemical and mechanical properties
of the base metals. The influence of the primary welding parameters affects the
heat input such as, peak current on the morphology, micro hardness and tensile
shear load bearing capacity of weldment. Database regarding dissimilar materials
resistance spot welding is very limited hence much research work is going on
this field by various researchers, but most of work is on low thickness material
typically Imm to 2 mm. This work is an attempt to reveals aspects of the
resistance spot welding of dissimilar materials of higher thickness typically
3mm. In this work resistance spot welding is performed on two different metal
steels named low carbon steel, high strength low alloy steel with variation in
current rating keeping of the parameters as constant. Although the bearing force
of joint shows a linear relation with current rating but at higher current rating

poor joint appearance is obtained also cavities are formed in joint.
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CHAPTER 1

INTRODUCTION

The current word is so busy that, it needs things to get over or get
completed at a very early and short duration of time. The world is in the stage
of pushing things hard and fast to get the best and efficient methods to hold
things together and bind the necessary things together at the right the place. In
the field of engineering, things are getting changed on a regular day to day at
a much greater pace. Every day we come up with new things new methods
evolve and revolve in the field of mechanical engineering and the few of them
will stay and will be focused till the very end of mankind and one of them is

welding.

In the current scenario, there has been so many researches done and
still going on in the field of welding technology. Countless works are been
carried on in the recent times in the different streams of welding with
consideration of so many factors from each and every bit of materials and
tools used during the process by changing the properties and values and
usages etc. Let’s start with the basic introduction along from the history to the
various types of the current research work importance will be discussed in this

introduction section.

It is always essential for joining separate pieces of metal together
through an electrochemical reaction that renders them homogeneous and
physically one piece. It’s very important if you want to build something that

demands material continuity, as in where joints and the fasteners would be



insufficient or inappropriate for reasons of strength, pressure, corrosion or any
other environmental concerns. Welding isn’t meant for the weak people
around in this demanding world. As someone who personally gave it a try our
self, we can tell you it’s not as easy as it may seem as we are getting evolved
with new and new challenges. This is a hot, difficult and physically tasking
job as we all know but absolutely necessary for a variety of products and
infrastructures. Most people don’t realize the importance of welding as it
plays in day to day life from the consumers to the general public to the

company leaders.

Welding is a process of joining the metal pieces by the application
of heat on them. Welding is one of the least expensive process and widely
used now a day in manufacturing sectors. Welding joints different metals by
means of a number of processes in which heat is supplied either electrically or
by mean of a gas torch over the materials. Different welding processes are
used in the manufacturing of the Automobiles bodies, structural works, tanks,
and general mechanical repair work. In the production and manufacturing
industries, welding is used in refineries and pipeline fabrication. Now through

all these thoughts, it may be called as the secondary manufacturing process.

The different form of defining welding is that it is a fabrication or
sculptural process that joins materials generally usually metals or
thermoplastics by causing fusion, which is distinct from lower temperature
metal-joining techniques such as brazing and soldering, which do not melt the

base metal.

The History of Welding

For a common man asking ‘What is welding?’ we are generally not
aware of the fact that most of the work and technological advancement has

made welding what it is as of today. The previous examples of welding have



been discovered which the dates back to thousands of years ago. It was known
as forge welding which simply involved the heating of two metal surfaces and
hammering them together through force or pressure. This was only during the
19™ Century that welding as a process gained its importance and has become
what we know it as currently. While asking ‘What is welding?’ very few
people can understand that it’s forge welding that was done without the use of
electricity. Through the years when this welding was very labor intensive, the
industrial revolution gave rise to the getting different and better, improved

methods of welding that we know at present.

Why welding is so important

When questioned about ‘What is the importance of welding?’ we
seldom always realize that without this style of metal work, many structures
would cease to exist. A best-experienced welder will be able to join metal in
such a way that it is not able to be part are separated so easily unless it is split.
Welding is an absolutely essential component of industries such as the
automotive industry, the construction industry and even the aviation industry
all through till date and in future too. It’s also used even in oil rigs out in the
sea which makes use of various forms of welding in order to withstand the

extreme harsh oceanic style weather conditions.

CLASSIFICATION OF WELDING PROCESSES

They are different types of welding identifications are made and
they have been as many as around 35 different welding and brazing process
and several soldering methods, in use by the industry each day. There are so
many various ways of classifying the welding based on different assets and
they may be classified on the basis of source of heat (process, uses, flames,

arc etc.)



In general, various welding processes are classified as follows.

Gas Welding

(a) Air Acetylene

(b) Oxy-Acetylene

(c) Oxy-Hydrogen Welding

ARC Welding

(a) Carbon Arc welding

(b) Plasma Arc welding

(¢) Shield Metal Arc Welding

(d) T.I.G. (Tungsten Inert Gas Welding)

(e) M.LG. (Metal Inert Gas Welding)

Resistance Welding

(a) Spot welding

(b) Seam welding

(c) Projection welding

(d) Resistance Butt welding

(e) Flash Butt welding



4 Solid State Welding

(a) Cold welding

(b) Diffusion welding

(¢) Forge welding

(d) Fabrication welding

(e) Hot pressure welding

(f) Roll welding

5 Thermo Chemical Welding

(a) Thermit welding

(b) Atomic welding

6 Radiant Energy Welding

(a) Electric Beam Welding

(b) Laser Beam Welding

In this research work, the prime focus is on the Solid state welding
and that to Electrical Resistance Spot welding. So to start about let's begin

with the various types as follows

SOLID STATE WELDING

Why it’s been that solid-state welding is selected for this research

work:



= This Welding is free from microstructure defects as like the
pores, the non-metallic inclusions, the segregation of alloying

elements.

= The Mechanical properties of the weld are similar to those of

the parent metals which is being used in the SSW process.

» In SSW there are no consumable materials used.

= IN SSW the dissimilar metals can be easily joined (carbon alloy,

steel - aluminum alloy steel - copper alloy).

Ultrasonic Welding

SOLID STATE

L D I N G After Forge Welding
PROCESSES Forge Welding
R HOTATING . Explosive
Buffer Plate
o "w ....... 5 Flyer Plate
Explosion
Stand Off Distance
RO Welding
Starts
Base Plate
Step 3 Step 4
Friction Welding Explosive Welding

(Source: Dawi 2013)

Figure 1.1 Classification of Solid State Welding



There are few problems to be considered as in this which is been

looked upon in this,

= There is an always a necessity in this for a thorough surface
preparation needed like degreasing, oxides removal,

brushing/sanding.

= The experimental set up is very expensive.

The following processes are related to Solid State welding:

Forge Welding (FOW)

= Cold Welding (CW)

= Friction Welding (FRW)

= Explosive Welding (EXW)

= Diffusion Welding (DFW)

= Ultrasonic Welding (USW)

Forge Welding (FOW)

The Forge Welding is a style of Solid State Welding process, in
which the low carbon steel parts are heated to about 1800°F (1000°C) and
then forged to obtain the output. Prior to Forge Welding, all the parts are
scarfed in order to prevent the entrapment of oxides in the joint. The Forge
Welding is used in general in most of the blacksmith shops and for the

manufacturing metal art pieces and welded tubes.



Cold Welding (CW)

In Cold Welding is a Solid State Welding process, in which the two
workpieces are joined together at the room temperature and under the
pressure, which causes a substantial deformation of the welded parts and

providing an intimate contact between the welded surfaces with ease.

As an outcome of the deformation, the oxide film covering the
welded parts breaks open and the clean metal surfaces get revealed. The
necessary intimate contact between these pure surfaces provides a strong
binding and defect-less bonding. The Aluminum alloys, Copper alloys, low
carbon steels, Nickel alloys, and other ductile metals may be comfortably
welded by Cold Welding. The Cold Welding is widely used in for the
manufacturing of bi-metal steel - aluminum alloy strips, and for cladding of
aluminum alloy strips by other aluminum alloys or pure aluminum. The bi-
metallic strips are produced by the rolling technology. Different styles of
presses are also used for Cold Welding. Mostly Cold Welding can also be

easily automated.

Friction Welding (FRW)

In the Friction Welding, in this, the two cylindrical parts are
brought into contact due to a friction pressure when one of them rotates. Here
the friction between the joining parts results in heating their respective ends.
The forge pressure is applied to the pieces that are been providing the

formation of the joint.

Through this the Carbon steels, Alloy steels, Tool and die steels,
Stainless steels, Aluminum alloys, Copper alloys, Magnesium alloys, Nickel

alloys, Titanium alloys may be conveniently joined by Friction Welding.



Explosive Welding (EXW)

In Explosive, the welded parts (plates) are metallurgically bonded
through the result of oblique impact pressure exerted on them by a controlled

detonation of an explosive charge implied during the process.

One among the welded parts (i.e.) the base plate is rested on an
anvil and the second part (i.e.) the flyer plate is located above the base plate

with an angled or constant interface clearance between them

The explosive charge is placed on the required flyer plate. The
required detonation starts at on the edge of the plate and propagates at a high
velocity all along the plate. The maximum detonation velocity is around
120% of the material sonic velocity. The slags are then expelled by the jet
created just ahead of the bonding front formed Almost all the commercial
metals and alloys may be bonded or welded by the Explosive Welding

process.

The dissimilar metals may be joined by means of the Explosive

Welding:

= Copper to steel;

= Nickel to steel;

=  Aluminum to steel;

= Tungsten to steel;

= Titanium to steel;

= Copper to aluminum.
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Explosive Welding is used for manufacturing of clad tubes and
pipes, in pressure vessels, in building aerospace structures, the heat
exchangers, in bi-metal sliding bearings, in the ship structures, weld

transitions, corrosion resistant chemical process tanks.

Diffusion Welding (DFW)

The diffusion welding process, the pressure applied to two
workpieces with carefully cleaned surfaces and at an elevated temperature
below the melting point of the metals. Bonding of the materials is a result of

mutual diffusion of their interface atoms.

In order to keep the bonded surfaces clean and clear from oxides
and other air contaminations, the process is essentially conducted in a
vacuum. There is no appreciable deformation of the workpieces will occur in
Diffusion Welding. Diffusion Welding is most seldom referred to as Solid
State Welding (SSW).

Diffusion Welding is able to bind the dissimilar metals, which are

difficult to be welded by most other welding processes:

Steel to tungsten;

Steel to niobium;

= Stainless steel to titanium,;

Gold to copper alloys.

This style of the welding process is widely used in aerospace and
rocketry, electronics, nuclear applications, and manufacturing composite

materials.
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Ultrasonic Welding (USW)

In this type of welding process, both the workpieces are bonded as
a result of a pressure exerted on the welded parts combined with the
application of high-frequency acoustic vibration through the ultrasonic. The
Ultrasonic vibration causes friction between the parts, which results in a much
closer contact between the two surfaces with the necessary simultaneous local
heating of the contact area surfaces. Interatomic bond is formed under these
conditions, providing the much needed strong joint. The ultrasonic cycle takes
about just 1 sec. The frequency of acoustic vibrations falls in the range 20 to

70 KHz

The thickness of the welded parts is limited by the power of the
ultrasonic generator. Ultrasonic Welding is used mainly for bonding small
workpieces in electronics, for manufacturing communication devices, medical

tools, watches, in the automotive industry.

Electric Resistance Welded (ERW) pipe is manufactured by the
various cold-forming processes done on a sheet of steel into a cylindrical
shape. The necessary current is then passed between the two edges of the steel
to be joined to heat the steel to a point at which the edges are forced together
to form a bond without the use of required welding filler material. Initially
stage this manufacturing process used very low-frequency A.C. current to
heat the edges from the 1920s until 1970. In 1970, the low-frequency process
was superseded by the high-frequency ERW process which produced a higher
and better quality weld.

As the tome processed, the welds of low-frequency ERW pipe was
found to be limited to selective seam corrosion all over and the hook cracks
and inadequate bonding of the seams have so very low-frequency resistant

welding and is no longer used in the manufacturing of pipes. The
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high-frequency process is still being used in the manufacture of pipes for the

uses in pipeline construction.

The ERSW involves totally three stages; the first one involves the
electrodes being brought on to the surface of the metal and applying the
necessary slightest amount of pressure over them for a period of time. Then
the current from the electrodes is relatively then applied briefly for some time
and after which the applied current is removed and the electrodes it stays in
the place for the material to cool down systematically. The required weld
times range from 0.01 sec to 0.63 sec depending on the thickness of the

material used and the electrode force applied and the electrodes diameter.

PRINCIPLE OF ERSW

This is attained when current flow through electrode tips and the
pieces of metal to be joined necessarily. The resistance of the base metal to
electrical current flow causes localized heating in the required joints and the
necessary weld is formed. Resistance welding processes are the fast and
reliable means of joining thin sheets of metal together. Required weld is
created by first applying the necessary pressure on the two parts to be joined.
After attaining the correct amount of pressure is applied, current is passed
between the two (or more) overlapped necessary sheets. The resistive heating

results in the melting and formation of a “weld nugget” or a “weld seam”.

Resistance spot welding is the most common of the resistance
welding processes widely used presently. It is used extensively in the
automotive, appliance, furniture, and aircraft industries to join sheet materials
for the various requirements. In this style of the welding process, water-
cooled, copper electrodes are used to clamp the sheets to be welded together
into the place. The force applied to the electrodes ensures intimate contact

between all the parts in the weld configuration mentioned as the requirement.
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The appropriate current is then passed across the electrodes through the
sheets. The resistance of the metal to the localized flow of current produces

heat

» Process variables

. Current

. Time

. Force

. Spot and seam welding
TRANSFORMER

T, TONGS

N 3 ELECTRODE TIPS

N

WORKPIECE

f

TONGS

(Source: Aravithan dragam 2015)

Figure 1.2 Schematic diagram of Electrical Resistance Spot Welding
process
The Resistance spot welding machines are constructed with so
minimum resistance which will be apparent in the transformer, flexible
cables, tongs, and electrode tips etc. The resistance spot welding machines are
destined to bring the welding current to the weldment in the most appropriate
and efficient manner. The greatest relative resistance required is at the

weldment. Here the term “relative” means with relation to the rest of the
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actual welding circuit used. There are maximum six major points of resistance

in the work area and they are mentioned below:

1. The point of contact between the electrode and the top

workpiece.
2. The top workpiece.
3. The interface between the top and bottom workpieces.
4. The bottom workpiece.

5. The point of contact between the electrode and the bottom

workpiece.

6. The resistance of electrode tips.

The resistances are always in series, and each point of the
resistance will retard the flow of current. The necessary amount of resistance
at the point are three and they are at the interface of the workpieces then it
depends on the heat—transfer capabilities of the material, the material’s
electrical resistance, and finally the combined thickness of the materials at the
welded joint. It is exactly at this part of the circuit that the nugget of the weld

is formed preferably.

Heat Generation

A modification required for the Ohm’s Law may be made when
watts and heat are considered synonymous with each other. When the current
is passed through a conductor the electrical resistance of the conductor to
current flow will cause heat to be generated through them. The basic formula

for heat generation may be stated:

H=IR
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where,

H = Heat

I = Welding Current Squared
R = Resistance.

The subsequent portion of a resistance spot welding circuit also
includes the actual parts to be welded in a series of resistances. The complete
additive value of this electrical resistance not only affects the current output
of the resistance spot welding machine but also the heat generation in the
circuit. The predominant fact is that although current value is the same in
entire parts of the electrical circuit setup, the values of the resistance may vary
considerably at different portions and positions in the circuit. The heat thus
generated is always directly proportional to the resistance at any point in the

electrical circuit.
Pressure

The effective pressure on the resistance spot weld should be
carefully considered based on the necessity. The main purpose of pressure is
to keep the parts intact to be welded in the joint interface. This gives the
assured consistent for the electrical resistance and conductivity at the point
where it has to be weld. It is essential that before the pressure is applied, the
parts to be welded should be in intimate contact. Various investigations have
revealed that high pressures exerted on the weld joint decrease with a
decrease in the resistance at the point of contact between the workpiece
surface and the electrode tip and. The greater the pressure lower would be the
resistance factor. The necessary pressures, with intimate contact between the

electrode tip and the base metal, tend to conduct the heat away from the
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welding area. For greater pressures, higher currents are necessary, adversely

lower pressures require the least amperage from the RSWM.

Electrode Tips

Through the various researches, Copper is the base metal normally
used for resistance spot welding tips and tongs. The main purpose of the
electrode tips is to conduct the regular flow of welding current to the
workpiece, to be the prime focus point of the pressure applied to the necessary
weld joint, and then to conduct heat from the work surface. The prime
requisite of the tips is to maintain their integrity of shape and thermal and
electrical conductivity under all working conditions. Electrode tips are
generally made of copper alloys and other materials. The Resistance Welders
Manufacturing Association have classified electrode tips into two major

groups:

Group A — Copper based alloys

Group B — Refractory metal tips

The groups are further subclassed by number. Group A, Class I, II,
III, IV, and V are made of copper alloys. Group B, Class 10, 11, 12, 13, and

14 are the refractory alloys.

Group A, these are class I style electrode tips and are the closest in
composition to pure copper. As the number increases, the hardness and
annealing temperature values also increase; whereas the thermal and electrical

conductivity relatively decreases.

Group B consists of a composite mixture of copper and tungsten,
etc., which are designed for wear resistance and compressive strength at high

working temperatures. In the Group B, category, the Class 10 alloys have
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around 40 percent of the conductivity of copper and with conductivity
decreasing as the number value systematically increases. Generally, the
Group B electrode tips are not normally used for applications in resistance

spot welding machines.

Electrode Tip Size

It is through the electrode in which the welding current is permitted
to flow into the used workpiece, which logically proves that the size of the
electrode tip point controls the size of the resistance in the spot weld. So the
diameter of the electrode tip point should be slightly less than the weld nugget
diameter. In case if the electrodes tip diameter is too small for the application,
the weld nugget will be small and weak as well. But if the electrode tip
diameter is too large, then there a possible danger of overheating the base metal
and developing voids and gas pockets in them. Also in either instance, the

appearance and quality of the finished weld would not be an acceptable range.

Electrode tip diameter = 0.100 in. + 2t

where “t” is the thickness in inches of one thickness of the metal to be welded.

The above-mentioned formula is applicable to the welding of
metals of dissimilar thicknesses. The formula is applied to each thickness
individually, and the proper electrode tip diameter should be selected for each

size of the joint separately.

Pressure or Welding Force

There is a great effect on the amount of weld current that flows
through the joint by the pressure exerted by the tongs and the electrode tips on
the workpiece. The greater the pressure, Higher would be the welding current

value if the pressure is greater within the capacity of the RSWM. Generally,
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the samples of material to be welded are placed between the electrode tips and
checked for adequate pressure to make the weld to happen. The tong and
electrode tip travel should be adjusted to the minimum required an amount in

order to prevent the “hammering” of the electrode tips and tip holders used.

Heat Balance

The heat balance is defined as the conditions of welding in which
the fusion zone of the pieces to be joined are then subjected to an equal
amount of heat and pressure. The poor weld may result for several reasons as
the weldment has parts of unequal thermal characteristics, such as copper and
steel materials. A greater amount of localized heating can be obtained in the
steel than compared in copper and the reason behind would be because of
copper having low electrical resistance and high thermal transfer
characteristics whereas steel has high electrical resistance and low thermal

transfer characteristics.

Surface Conditions

All most all metals develop oxides which can be detrimental to
resistance spot welding mechanism. Few oxides, those which are precisely
refractive in nature, are more troublesome than others metals. In addition, the
mill scale found on hot-rolled steels will act as an effective insulator and also
prevent good-quality resistance spot welding. The necessary material surfaces
to be joined by this process should be clean, and free of oxides and other

chemical compounds and should have a smooth surface.

MATERIALS DATA FOR RESISTANCE SPOT WELDING:

This section of the text will give a detailed account of the various

materials used for resistance spot welding used in fabrication work. It is not
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essential that all the possible problems that could arise will be answered
through all possible methods. The purpose of this part of the text is to provide

generalized operational data for use with resistance spot welding machines.

Materials Used

Similar metals:

e Low Carbon Steel or Mild Steel (AISI1020)

o Stainless Steel (AIS5052)

e Aluminium

Mild Steel

Carbon steel is sometimes referred to as ‘mild steel’ or ‘plain
carbon steel’. The American Iron and Steel Institute defines a carbon steel as
having no more than 2 % carbon and no other appreciable alloying element.
Carbon steel makes up the largest part of steel production and is used in a vast

range of applications.

Typically carbon steels are stiff and strong. They also exhibit
ferromagnetism (i.e. they are magnetic). This means they are extensively used
in motors and electrical appliances. Welding carbon steels with a carbon
content greater than 0.3 % require that special precautions be taken. However,
welding carbon steel presents far fewer problems than welding stainless
steels. The corrosion resistance of carbon steels is poor (i.e. they rust) and so
they should not be used in a corrosive environment unless some form of

protective coating is used.
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Table 1.1 Composition of Mild Steel (Low Carbon Steel) (source:
Alizadu-sh 2013)

Carbon 0.16-0.18%
Silicon 0.40% max
Manganese 0.70-0.90%
Sulphur 0.040% Max
Phosphorus 0.040% Max

Mild steel has a relatively low tensile strength, but it is cheap and
easy to form; surface hardness can be increased through carburizing. It is
often used when large quantities of steel are needed, for example as structural
steel. The density of mild steel is approximately 7.85 g/cm’ (7850 kg/m’ or
0.284 1b/in’) and Young's modulus is 200 GPa (29,000,000 psi).

Low-carbon steels suffer from yield-point run out where the
material has two yield points. The first yield point (or upper yield point) is
higher than the second and the yield drops dramatically after the upper yield
point. If low-carbon steel is only stressed to some point between the upper
and lower yield point and the surface develop Liider bands. Low-carbon steels
contain less carbon than other steels and are easier to cold-form, making them

easier to handle.

Stainless Steel

Stainless steel is notable for its corrosion resistance, and it is widely
used for food handling and cutlery among many other applications. Stainless
steel does not readily corrode, rust or stain with water as ordinary steel does.
However, it is not fully stain-proof in low-oxygen, high-salinity, or poor air-
circulation environments. There are various grades and surface finishes of

stainless steel to suit the environment the alloy must endure.



21

Stainless steel is used where both the properties of steel
and corrosion resistance are required. Stainless steel differs from carbon
steel by the amount of chromium present. Unprotected carbon steel rusts
readily when exposed to air and moisture. This iron oxide film (the rust) is
active and accelerates corrosion by making it easier for more iron oxide to
form. Since iron oxide has a lower density than steel, the film expands and
tends to flake and fall away. In comparison, stainless steels contain sufficient
chromium to undergo passivation, forming an inert film of chromium

oxide on the surface.

This layer prevents further corrosion by blocking oxygen diffusion
to the steel surface and stops corrosion from spreading into the bulk of the
metal. Passivation occurs only if the proportion of chromium is high enough
and oxygen is present. Stainless steels resistance to corrosion and staining,
low maintenance, and familiar lust remake it an ideal material for many

applications.

Table 1.2 Composition of stainless steel (Source: Dursun 2007)

Carbon 0.055%
Chromium 18.2%
Nickel 8.10%
Manganese 8.10%
Silicon 8.35%
Sulfur 0.001%
Aluminium

Aluminium is the world’s most abundant metal and is the third

most common element, comprising 8% of the earth’s crust. The versatility of
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aluminium makes it the most widely used metal after steel. Although
aluminium compounds have been used for thousands of years, aluminium

metal was first produced around 170 years ago.

In the 100 years since the first industrial quantities of aluminium
were produced, worldwide demand for aluminium has grown to around
29 million tons per year. About 22 million tons is new aluminium and 7
million tons is recycled aluminium scrap. The use of recycled aluminium is
economically and environmentally compelling. It takes 14,000 kWh to
produce 1 tonne of new aluminium. Conversely it takes only 5% of this to
remelt and recycle one tonne of aluminium. There is no difference in quality

between virgin and recycled aluminium alloys.

Table 1.3 Composition of Aluminium(Source: Hoe 1996)

Silicon 0.25 max

Iron 0.4 max
Copper 0,1
Manganese 0.1 max
Magnesium 0.1 max
Chromium 0.05-0.25 max
Zinc 0.10 max
Other 0.15 total max

Pure aluminium is soft, ductile, and corrosion resistant and has a
high electrical conductivity. It is widely used for foil and conductor cables,
but alloying with other elements is necessary to provide the higher strengths
needed for other applications. Aluminium is one of the lightest engineering

metals, having the strength to weight ratio superior to steel. By utilizing
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various combinations of its advantageous properties such as strength,
lightness, corrosion resistance, recyclability and formability, aluminium is
being employed in an ever-increasing number of applications. This array of

products ranges from structural materials through to thin packaging foils.
These are some of the benefits of the SPOT welding process

Repeatability

Increase return on investment

>
>
» Consistent quality welds
» Reduction of costs

>

More movement flexibility

WELDING OF VARIOUS COMBINATIONS

In the field of engineering, many different types of manufacturing
process have been evolving from the age-old days. Each and every day new
and different style and types of manufacturing methods originate and among
them many welding processes and a countless number of researches goes on
in various parameters evolved. Each and everyday life in the present world is
some way or the other related to many welding processes evolved. These
divisions deal various combinations of welding alloys which can be

researched upon.

Welding of AIS5052 Alloys

Most of the stainless steels are considered to have good Weldability
and may be welded by several welding processes including the arc welding
processes, resistance welding, friction welding and brazing. For any of these

processes, joint surfaces and any filler metal must be clean. The thermal and
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Electrical Conductivity of stainless steel is much less than carbon steel and
coefficient of expansion is also higher. Low thermal conductivity tends to
higher temperature rise in the vicinity of the weld and that coupled with a
high coefficient of expansion leads to warpage and a higher incidence of weld

cracking under restrained condition.

Table 1.4 Comparative Physical Properties of Stainless Steel and
Carbon (Source: Dursun 2007)

.. .. ... | Carbon
Property Martensitic| Ferritic |Austenitic

Steel
Thermal Conductivity 0.059 0.049 0.033 0.104
Cal/Sec*cm” °C/cm
Coefficient of Expansion 11.2 11.2 18.2 13.2
um/m/°C
Steel Electrical resistivity uQ 58 60 70 15
/em
Melting range °C 1483-1532 {1427-1510{1398-1454| 1538

Welding of AISI1020 Alloys

Carbon steels contain trace amounts of alloying elements and

account for 90% of total steel production. Carbon steels can be further

categorized into three groups depending on their carbon content:

o Low Carbon Steels/Mild Steels contain up to 0.3% carbon

e Medium Carbon Steels contain 0.3 — 0.6% carbon

o High Carbon Steels contain more than 0.6% carbon
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Alloy steels contain alloying elements (e.g. manganese, silicon,
nickel, titanium, copper, chromium, and aluminum) in varying proportions in
order to manipulate the steel's properties, such as its hardenability, corrosion

resistance, strength, formability, weldability or ductility.

Applications for alloys steel include pipelines, auto parts,

transformers, power generators and electric motors.

Welding of AL Alloys

There are various types of welding process used for joining
aluminium alloys like Tungsten Inert Gas Welding (TIG), Metal Inert Gas
Welding (MIG), Electron Beam Welding, Laser Beam Welding etc. To get
the best of welding aluminium alloys the heat input plays a predominant role
in joining. So it is very essential to take proper care in the selection of suitable
welding process parameters to get highest and best quality welded joints. If
there is not a proper weld process parameter selection then it may lead to

major problems in the welding of aluminium alloys as mentioned below,

» There is solidification of cracking

» There might be low strength in HAZ in the nonheat treatable

alloys employed.

» It leads to the possibility of hot cracking appearance.

» There is the issue of porous formation

» Vaporization of relatively more volatile alloying elements does

occur.
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TYPES OF AIS5052-AIS11020, AISI1020-AL, AISS052-AL
ALLOYS SELECTED FOR THE INVESTIGATION

In this work AISI 304(SS), AISI 1020(MS) and AA 1008(AA) are
selected as base materials because they are widely used in commercial
applications. The weldability of the above alloys using RSW process is
difficult, because of the selection of unsuitable weld process parameters,
which may result in various weld defects. Therefore, it is very important to
analyze the influence of the various weld process parameters such as power,
pressure and time on the mechanical properties, metallurgical characteristics

and nugget dimensions of the welded joints.

To satisfy the above goal, the weld trials were conducted initially
by varying the pressure for 3.3 to 3.8kgf and by keeping the power and time
as constant in order to identify the effect of these parameters on mechanical
and metallurgical properties of the weldments. Based on the above conditions
the wvarious similar and dissimilar joints such as AIS5052-AIS5052,
AISI1020- AISI1020, AIS5052-AISI1020, AIS5052-AL, and AISI1020-AL

are prepared.

MOTIVATION OF THIS RESEARCH

The prime motive of this investigation is to ensure the feasibility in
welding of AIS5052-AI1S5052, AISI1020-AISI1020, AIS5052-AISI1020,
AISI1020-AL similar and dissimilar joints by RSW process. Similarly, this
research work also concentrates on identifying suitable RSW weld process
parameters for obtaining better mechanical and nugget dimensions using

RSM and ANOVA tools. The individual investigation include

» An experimental investigation has been carried out on welding
of AIS5052, AISI1020 and AA1008 similar and dissimilar
joints with the help of RSW process by varying the weld

pressure and keeping weld time and current as constant.
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» To ensure the quality of welded joints, both mechanical and

metallurgical tests were carried out.

» To predict and optimize the RSW weld input process parameters
was carried out using RSM and ANOVA tools are used for all
the similar and dissimilar joints by varying the weld process
parameters such as power time and pressure on mechanical

properties and nugget dimensions.

» To validate the optimized process parameters, the confirmation
test was conducted and the experimentally obtained results were
validated with the RSM and ANOVA results. Similarly,
corrosion test was also conducted on the sample welded at the
optimum condition and the obtained results were compared with

the results obtained from the un-optimized weld samples.

ORGANISATION OF THIS RESEARCH WORK

The thesis is classified into 8 chapters. Chapter 1 gives a brief
introduction to the various types of welding processes, their classifications,
materials, and their applications. It also gives us an account of ESRW Process
and its components in detail. The introduction of various types of AIS5052,
AISI1020, AL alloys, their classification and the properties are also discussed.
The material is chosen for this investigation and the problems encountered in
the welding of various combinations of AIS5052, AISI1020, and AL alloys
are briefly discussed. The motivation of the research work and outline of the

thesis are also presented in the final stages of this chapter

Chapter 2 gives a complete literature review about various
material and process parameters employed in ESR welding which pays the

way for this present investigation. A must illustriously survey is carried out
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on the welding of different and dissimilar materials using ESR Welding
Process and the importance of the welding process in the welding of different
alloys. It also discusses literature related to optimization and prediction
techniques applied in ERS Welding Process parameter for the welding of
similar and dissimilar materials related to the varying mechanical property
have also been reviewed and presented. The various testing and optimization
and analysis work related to simulation of weld bead geometry are also

reviewed. The outcome of the literature survey is also presented in this work.

Chapter 3 briefs about the objectives of the present investigation
and the methodology followed for achieving the result on this present
investigation. In this chapter the entire work is split up in the form of a

flowchart is presented along with the various tests made use off.

Chapter 4 explores the experimental methods and materials
adopted for this research work. It deals with the various composition and
description about the chemical and mechanical properties of the base material.
A complete description of the welding machine, weld procedure necessary for
the trail experiments and optimization & prediction techniques are presented.
It also briefs us about the various mechanical and metallurgical testing

specifications selected and deployed in this work.

Chapter S details about the weld process parameters for
conducting the feasibility study of selected materials of AISI 304(SS), AISI
1020(MS) and AA 1008(AA) dissimilar joints.

Chapter 6 puts forth the various optimization techniques employed
to find out and identify the optimized weld input process parameters during
the ERS welding process. It also gives an account of the models developed to
predict the various mechanical properties of ERS welded joints for various

materials by varying the input process parameters.
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Chapter 7 reveals the results sums in the complete identification of
mechanical properties and metallurgical characterization about the feasibility
studies carried out in AISI 304(SS), AISI 1020(MS) and AA 1008(AA)
dissimilar joints by varying the different process parameters. It essentially
gives the results obtained from the simulation of weld bead geometry for
dissimilar joints. To wvalidate and to optimize process parameters, the
confirmation test was conducted and the experimentally obtained results were
validated with the RSM and ANOVA results. The optimized input weld
process parameter obtained from various optimization techniques such as
Taguchi and RSM are discussed and compared in detail in this section.
Finally, the results obtained by various methods to predict the mechanical
properties of the welded joints by varying the different weld input process

parameter are also discussed in detail.

Chapter 8 concludes the results obtained for achieving the
objectives of the present research and investigation are drawn as important
inferences from various experimental investigations conducted, and their
application of optimization and methods to predict and analysis using
different simulation techniques. This chapter also provides valuable
suggestions and forecasts about the scope, the limitations and next possible

futuristic scope of the present investigations.

SUMMARY

This Chapter gives a detailed account of the introduction to the
various types of welding processes, their classifications, materials and their
applications of them. It gives a detailed insight into the ERSW Process and its
all essential components in detail. The introduction to various types of
AIS5052, AISI1020, AL alloys, their classification and the designations are
been also discussed right through this chapter. The correct material chosen for

this investigation and details of the problems encountered in the welding of
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various dissimilar alloys are briefly discussed. The motivation about this
research work and complete outline of the thesis are also presented in this
chapter. The subsequent next chapters incorporate and discusses the various
literature already available and the references related to welding of dissimilar
weldments using ERSW process and various the optimization, then prediction

and final simulation methods employed.
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CHAPTER 2

LITERATURE REVIEW

This chapter elaborates and discusses in detail about the various
literature available on welding of dissimilar metals and alloys of different
materials using different welding processes and the importance of Electrical
Resistance Spot Welding process in the welding of dissimilar weldments. In
this aspects, there are the various parameter optimization methods and
prediction techniques employed for optimization and presentation of
Electrical Resistance Spot welding process as discussed in the existing

research are also presented.

Over the years a lot of research has been done in the area of
dissimilar welding and many interesting results have been brought up with
regards to the problems encountered in dissimilar welding. The dissimilar
welding findings are used in nuclear, petrochemical, electronics and several
other industrial domains, this section also brings into account the work of the

predecessors in this field.

At the end of the literature review, the limitations of the existing
research and research gap are identified. Therefore, the objective of this
chapter is to provide an overview of the past and present research
investigations related to of Electrical Resistance Spot welding of various
materials with different welding process parameters and the use different

metal combination weldments
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REVIEWS ON SIGNIFICANCES OF RSW WELDING
PROCESS

In the current world, the industrial manufacturing of technical
goods namely all the investment goods is hardly achievable without the use of
technology. Among them such as Welding, brazing and adhesive bonding are
used for the manufacture of automobiles of all kinds, shipbuilding, household
appliances and electrical and electronic devices are most predominantly used
for the construction of building structures in the private and industrial sectors.
Presently, combined usage of technology accounts for the entire substantial
proportion of all the industrial and manufacturing firms and their products.
Therefore, the selection of suitable and apt welding process and proper weld
process parameters are required to attain better quality joints in this study on

dissimilar weldments.

Today it’s always a tremendous importance of welding in
engineering all over the globe, welding holds the majority of structures
together - dams, bridges, cars, tractors, cranes, buildings, etc. The engineer
who doesn’t have a better understanding of this upcoming popular joining
process then there lies a major problem which are exists, like the failures in
designing a joint which is un-weldable. Welding gets very precise and

specialized with more technical metals and applications.

Resistance Spot Welding (RSW) is a welding process in which two
or more similar or dissimilar overlapping metal sheets are placed between two
water-cooled copper alloy electrodes and large electrical current is passed
through them for a controlled period of time under controlled pressure. The
electrodes compress the base metals together and the electrical resistance at
the metals interface causes a localized heating. When the flow of current
increases, the electrode force is maintained while the weld metal rapidly cools

and solidifies. The cooling is achieved by heat conduction via the two
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water-cooled electrodes, which serve as efficient heat sinks, and also radially
outwards through the sheets. The weld is normally formed in a fraction of a

second and the electrodes are retracted after each weld is formed.

RSW is the dominant metal sheet joining process in the automotive
industry because of minimum skill requirements, inexpensive equipment, ease
of control, its versatility, high operating speeds, repeatability, suitability for
automation or robotization and inclusion in high-production assembly lines.
Moreover, the process can be used to join most metals provided suitable

welding conditions are applied.

Khan et al. (2009) conducted experiments on welding of dissimilar
material combinations of HSLA350/DP600 using RSW process. The optical
and scanning electron microscopy tests were carried out. The obtained results
show that welding current ranges widely and results in good weldability, the
hardness in the fusion zone was higher than that of the base metal. The tensile
shear load bearing capacity of dissimilar material welds increased with
increasing peak weld, cross tension load bearing capacity of the dissimilar
material. The weld nuggets were higher than that similar material and the
fatigue performance of the dissimilar materials spot welds was similar to

similar welds.

Jae Hyung Kim et al. (2013) used single-sided spot welding
technique is for investigating the weldability by numerical analysis using a
commercial CAE. The several factors are analyzed to find the optimal
conditions. The resulting Lobe curve with respect time and the current was
obtained, tensile strength test results support the reliability of the single-sided
RSW joints.

Marashi et al. (2007) evaluated the magnetic properties were

evaluated using a tensile shear test which was described by peak load, failure
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energy, and failure mode. The increase in fusion size is accompanied by an
increase in load carrying capacity and energy absorption capacity. Their
conclusion is that the critical weld nugget diameter recommended is not
sufficient to guarantee the pull out failure mode. The metallurgical properties
should be considered to predict and to analyses, the spot weld failure modes
precisely, and energy absorptions of spot welds are reduced significantly due

to high electrode indentation depth.

Marashi et al. (2007) founded that the spot weld strength in the pull
out failure mode is controlled by the strength and fusion zone size of
galvanized steel side. Their results stated that the fusion zone size and failure
mode are the most critical factors in the weld quality in terms of peak load
and energy absorption governed by various parameters. The spot weld
strength in the pullout failure mode is controlled by the strength and fusion
zone size of the galvanized steel side. Higher hardness leads to pullout failure

mode during the tensile shear test.

Hayriye Ertek Emre & Ramazan Kacar (2016) worked on the RSW
of zinc galvanize coated and uncoated TRIP80O steel. The coating of the
TRIP steel surface causes a decrease in the weld nugget size and tensile shear
strength of the weldments. Their results show that the nugget size increased
with an increase in current greater than 6kA. Increasing the heat input
provides the extended nugget size and desired PF mode for both weldments,

also hardness increases in the fusion zone and the HAZ of both weldments.

Hatsuhiko OIKAWA et al. (2007) had an investigation made in order
to get high reliability in the welded joints of automobile components using suitable
welding current ranges. For RSW process the outcome new welding techniques
like Laser welding is been focused as a new trend with various problems, so RSW
is better in this perspective, because of the higher strength level of steel sheets are

going to be used for which RSW would be the better choice.
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Patel et al. (2011) focused on dissimilar spot welds of magnesium-
aluminum alloy using spot welding process. They observed that the layer of
the intermetallic compound consists of Ali2Mi7 formed at the weld center
were the hardness becomes higher. The output was that the hardness of IMC’s
is significantly higher than that of base metal as confirmation made by three
different methods such as EDS, XRD and micro-hardness test. Due to the
intermetallic layer thickness, there were predominant crakes in the reaction

layers.

Ranfeng Qiu et al. (2010) studied the interfacial characteristic of
RSW steel-aluminum alloy joint. They conducted that the width of the
discontinuous reaction layer formed in the weld increases with weld current

and the thickness increases as approaching the center of the weld.

Qiu et al. (2008) observed reaction blocks in aluminum near the
welding interface as estimated in hexagonal AlFeCr having a=2.451nm and
c=0.758nm based on HRTEM and SADP. The inference obtained is a two
layers pf reaction structures were found, a mixed layer of FE2Als and FeAls,
besides the A5052 and the approximate 35nm thick FeAl> and unusual
structures of reaction blocks in Al near the welding interface were observed

by them.

Vural ef al. (2006) analyses the fatigue strength of RSW galvanized
steel sheets and austenitic stainless steel AIS5052 sheets joined using a lap
joint. They selected material combinations and nugget diameter as
parameters. Either observation was their endurance limit of similar steel sheet
combinations is higher than that of different steel sheets combinations as a
result of unbalance between sheets occurs during the spot welding operations
of steel sheets having different material properties especially welded using

electrical resistance.
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Cho & Rhee (2003) studied the nugget formation mechanism and
its effects on the RSW welding process parameters which observed using a
digital high-speed camera. The formation and growth were observed at
1000frames/sec and the shape of the heat generation during the initial stages
was observed, as it progressed. The yellow-red heat zone directly related to
the nugget was generated at the center of the weld. The dynamic resistance
was affected by the change in length and area for the current flow rather than

the temperature after saturation.

Alenius et al. (2006) explored the mechanical properties of spot
welded dissimilar joints for stainless steel and galvanized steels. The failure
load of the specimen’s was around 72-78% of that of the lap shear specimen.
Their conclusive evidence were that the failure types were plug failure in both
the cases. The lap shear strength of dissimilar metal joints depends on the
strength and thickness of non-stainless steel. They observed that dissimilar
metals susceptible to hydrogen embrittlement in chlorine solution at room
temperature and same in stainless steel joints when it was galvanically

coupled to zinc.

Penner et al. (2014) made a study on dissimilar RSW of aluminum
to magnesium with zinc coated steel interlayer’s. The mechanical properties
and microstructure of the welds were analyzed. Their conclusive evidence
were that the Zn coated steel interlayer was utilized to prevent mixing odd
Al and Mg alloys resulting in the much higher strength of the welds, and the

joining mechanism took place at Al/steel and Mg/steel interfaces.

Sun et al. (2004) deal about the RSW of Aluminum alloy to Steel
with transition material, from process to performance in which a cold rolled
clad material was introduced as a transition to aid the resistance welding
process. Their experimental results obtained shows that the nugget formation

process was examined using consecutive metrological cross-sectioning and
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two distinct fusions zones formed during spot welding. The static, dynamic

and fatigue performance of these welds were examined and compared.

Weihua Zhang et al. (2013) conducted the interfacial
microstructures and mechanical property examination on RSW joint of high
strength steel and an aluminum alloy of 4047 AlSi12 interlayer and the effect
of interlayers were studied. The results obtained from the study shows that the
increasing thickness of interlayer the nugget diameter has shown a decreasing
tendency and the thickness of the intermetallic compound layer decreased
under optimized welding parameters. The tensile shear load of the welded
joint experienced an increased tendency first and then it shows a decreased

tendency with increasing inner layer thickness.

Xu et al. (2012) aimed to study and to evaluate the microstructures,
tensile and fatigue properties of Weld Bonded (WB) magnesium to
magnesium (Mg/Mg) similar joints and Mg/steel dissimilar joints in
comparison of RSW of Mg/steel dissimilar joints. Their results obtained were
the added adhesive layer diminished stress concentration around the nugget
weld, and both WB Mg/Mg and Mg/Steel joints were significantly stronger
than RSW Mg/steel joints in terms of the maximum tensile shear load and

energy absorption, which would also increase with an increase in strain rate.

Subrammanian & Jabaraj (2013) made a research work on the RSW
of stainless steel. Their study revealed that the hardness of the spot weld is
greater than the hardness of the unwelded zone. Increasing the welding
current increases the nugget size, welding current was found to be the most
influential one to determine the tensile strength. The tensile forces have a
proportional relationship with current and weld time increments until the
expulsion limit occurs. The estimated cooling rate from the nugget edge tp

nugget center decreased from 10° to 10*Kelvin/sec.
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REVIEW ON THE VARIOUS PROCESS PARAMETERS OF
ERSW PROCESS

Efekt bochnikowania ef al. (2016) made a study on the shunting
effects in RSW which occurs when the electrical current is passed through the
preceded spot welds in the case of multi-spot welding. Their conclusion
focused on the reduction of shunting effects by determines the minimum
spacing between spots for the given material thickness and welding schedule.
The various numerical methods like FEA have been devoted to shunting,
simplification in electrode shape, therefore, the configurations appear

significant.

Makwana Brijesh et al. (2017) discussed the effects of process
parameters for RSW process using the Taguchi Method. ANOVA analysis
was carried out on the Macro examination for 2,0mm sheet thickness. The
optimum results were the level of importance of the welding process
parameters during the tensile test which was determined by the ANOVA
method. There is a significant parameter power such as weld time increase

and weld current.

Pereira et al. (2009) studied about the effect of process parameters
on the strength of RSW in the 6082-T6 aluminum alloy, welded at different
welding parameters. The outcome of their study was the increase in the weld
current and time current increased the nugget diameter results in coarsened
microstructure. The significant increase in failure load in static lap tests was
observed in welds done with increasing current and time. The prediction of

critical nugget size is to obtain pull-out failures in under matched welds.

Chetan R Patel & Dhaval A Patel (2012) worked on the effects of
process parameters on the strength of Aluminum alloy A5052 sheets joints on

1 mm thickness sheet welded by RSW with cover plates. The welded where
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subjected to tensile shear and hardness tests to determine the influence of
welding parameters on quality effects. The results achieved by them shows
that increase in time and current as made a significant impact on tensile load

and hardness value also decreased by minor values.

Zoha Nasir & Khan (2016) made a critical review of Spot welding
carried out by different investigators including optimization of process
parameters. Their results briefs’ about the information on the process parameters

used to optimize the spot welding to obtain the highest quality welds.

Prasad S Salke & Kailash C Bhosale (2016) studied the
optimization of a process parameter in RSW for unequal thickness sheets
using the Grey Relational Analysis and Genetic Algorithm. The feasibility of
tensile strength in RSW of the unequal thickness of CRC D2 sheet was
successful. The ANOVA of the grey relational grade for multi-performance
characteristics reveals that the electrode force is the most significant

parameter.

Shende & Kadam (2017) aims to optimize the RSW process
parameters by applying Taguchi methods. The result’s shows that the T.S and
N.D are proportional to current, pressure and weld time, also the high T.S was
due to an increase in the width of N.D. The best combination of parameters
for T.S and N.D is 10 kA, pressure 4 bars, and weld time 10 cycles. They
concluded that time is the least effective on T.S and N.D, and the welding

current is a most significant factor for the joints.

Shashi Dwivedi & Satpal Sharma (2014) studied the SAE 1010
steel sheets welded using RSW by changing the current, welding cycle,
electrode force as the principal variables controlled in order to provide the
necessary to form a better weld. Their conclusive evidence’s are RSW was

successful on welding of SAE 1010 sheets, and it shows proper fusion and
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very less amount of cracks. The welding current, weld cycle and electrode
force are the prominent factors. The shear T.S of SAE 1010 decreases and
increases with the increase of welding currents increase in welding time and

electrode force respectively.

Nizamettin Kahraman (2005) worked on Commercially Pure (C.P)
titanium sheets (ASTM Grade 2) which were welded using RSW at different
parameters and environmental conditions. Their results showed that increase
in current time and electrode force increased the tensile shearing strength and
the joints obtained under the argon atmosphere. The better tensile shearing

strength and the welding nugget gave the highest hardness.

Feramuz Karci et al. (2008) dealt the characterization and
understanding the effects of weld time and the influence of different weld
atmosphere in the resistance spot welding of AISI 304 grade stainless steel.
The deformation in tension lies between 5%, 10%, and 20%. The results
produced that the final mechanical properties of weldment are directly related
to the parameters of the process used, knowing the weld time and rate of

deformation prior to welding.

Jeevan A Karande & Inamdar (2017) reviews about the effect of
process parameters on RSW. The resistance welding process highly depends
upon the process parameters, where current plays a major role and time,
electrode force place the least role. Increase in welding current increases the
T.S weld ANOVA and Taguchi have been effective tool for parametric

optimization.

Heli Junno et al. (2015) discussed the identification of different
spot-welding processes and the process optimization parameters leading to
high-quality welding joints. In this self-organizing maps are used and optimal

features for the training parameters were sought.
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Pradeep et al. (2014) presented about the welding process design
and parameters optimization of RSW used in joining of low carbon steel sheet
of thickness 0.8mm and metal strips of cross section 10x5mm for electrical
motor applications. The weld quality was at the acceptable range interval and
numerical simulation of RSW process was also carried out with selected weld

parameters.

Aravinthan Arumugan & Md. Amizi Nor (2015) concentrates on
the parameters optimization when spot welding steel with dissimilar thickness
and may use Grey Based Taguchi method using an L9 orthogonal array with
three factors with each factors having three level. The results showed the
welding currents showed the most significant contribution in the optimum
welding schedule and it showed a distinct improvement in the increase of
weld diameter and weld strength well as a decrease in the electrode

indentation.

Quanfeng Song et al. (2005) made an experimental study to
determine the electrical contact resistance in resistance welding of mild steel,
stainless steel and aluminum to themselves. Their parametric study showed
the influence of pressure is quite consistent and contact resistance decreases

with pressure increases, while the temperature influence was more complex.

Dursun Ozyurek (2007) analyzed the influence of primary welding
parameters affecting the heat input such as weld peak current on the weld
quality such as surface appearance, weld nugget size, weld penetration, weld
interval discontinuities, strength, and ductility was determined for 304L RSW
welded materials on different weld atmosphere. Their results show that the
tensile shear load bearing capacity of welded materials increases with
increasing heat, the optimum weld quality was obtained for 9kA peak weld

current in a nitrogen atmosphere.
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Valera et al. (2017) conducted RSW process in dissimilar joints of
micro-alloyed steels TRIP sheets and they optimized the welding process such
as parameters (time and current intensity) had an important effect in the final
STR of these kinds of joints. Taguchi design experiment was employed by
them in order to optimize the process by the signal-to-noise ratio. Their
ANOVA analysis determined the relevance of each parameter in the final
mechanical resistance of the welds, the optimum conditions correspond to

lower values to those conducting to the metal expulsion phenomenon.

Yanhua Ma et al (2013) gives a review of techniques of
monitoring RSW process or weld quality, their advantages, as well as
limitations of these techniques, are discussed. The parameters concerning the
mechanical response during resistance spot welding including electrode
displacement, electrode force, and acoustic emission. Displacement provides
the most reliable indication of spot weld quality through weld expansion

measurements.

REVIEWS ON THE OPTIMIZATIONS PREDICTION OF
ERSW PROCESS PARAMETERS

Goodarzi et al (2008) analyzed the dependence of overload
performance on weld attributes for resistance spot welded galvanized low
carbon steel. The failure mode, peak load, and energy absorption are obtained
in the tensile shear test. They found that weld fusion zone size, electrode
indentation, and expansion can significantly affect the mechanical
performance of spot welds. Failure mechanism of spot weld which fails
through pull out mode during tensile shear test through thickness localized

necking in the base metal.

Panchakshari ef al. (2013) worked to find out a comparative study

of the response of RSW process obtained from three methodologies of the
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Genetic algorithm, Design of experiments and Response surface method. LCS
is the material selected. Their results showed that the obtained high-quality
result, nugget diameter and strength of the weld to be equal to 5.4mm and
290N/mm?” respectively weld posses the optimum result it should always at in

mid value of the range of 20 cycles.

Manoj Raut & Vishal Achwal (2014) investigated the effect and
optimization of welding parameters on the tensile shear strength in the RSW
process by varying electrode forces, welding currents and welding times.
Their results showed that it is possible to increase the tensile shear strength of
the joint by the combination of the suitable welding parameters, the validity
of the Taguchi method was checked for enhancing the welding performance

and optimizing the welding parameters.

Boriwal Lokesh et al. (2015) studied the available methods of
coupled models for RSW and critical analysis of the process done. The
quality of the weld depends upon the optimum process variables such as
current, time and pressure. Their results showed that these phenomenon
should be interconnected with each other to simulate heat generation and

growth in the nugget formation.

Mircea BURCA & loan LUCACIU (2013) work presented the
principle of projection welding deriving from spot welding by resistance. The
outcomes were the shortcomings in achieving quality welds as compared to
thin plate welding (<3mm) with applications in welding the required parts of

MS nuts welding technology.

Mat Din et al. (2015) worked on PSW of the dissimilar thickness of
AAS5052 aluminum alloy in order to investigate the effect of metal thickness
on weldments strength for lap joint. Their microstructure results showed that

this joint has coarse grains of HAZ. As the thickness of the sheet metal
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increased, the failure load of the joints increased and there were no linear

correlations established between joint strength and metal thickness.

Anurag Tewari & FEkta Rawat (2017) optimized the process
parameter of RSW which depends on the current flowing, the resistance of the
base metal to produce the heat necessary to make the spot weld. Their outputs
showed that increasing the weld current leads to the nugget size increase, but
it doesn’t increase the hardness distribution. The weld time and welding

current increments had resulted in diameters increment at the weld zones.

Min Jou (2003) the main objectives in his research is to explore the
phenomenon of how changes happen in controllable parameters that affect a
measurable output signal and to create a relationship between the input and
output quality of welds. The output shows that the ideal nugget will not be
developed until the heat input reaches a certain level. If the applied heat
becomes too high the nugget will overdevelop and result in the expulsion of
molten metal from the joint which provides important information for process

representation.

Shih-Fu-Ling et al. (2010) introduced the real-time and in-situ
RSW quality monitoring method, which takes the input electrical impedance
of the welding system as monitoring signature. The signature is obtained by
probing and processing the input voltage and monitoring screen and it's being
in-situ because monitoring actions don’t jeopardize the welding operations or

alter any of the parameters in general.

Luo Yi et al. (2009) carried out the regression modeling and
process analysis of RSW on the galvanized steel sheet. They studied the
nugget geometry and tensile shear strength of spot welds by considering four
parameters namely current, electrode force, and welding duration and preheat
current. Their results showed that there was a more accurate prediction on

nugget size and mechanical properties of spot welds by model analysis.
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Oscar Martin et al. (2009) developed a tool capable of reliably
predicting the TSLBC of RSW form three welding parameters i.e. electrode
force weld time and current. Their conclusive evidence proves that the nugget
grows with increase with increasing WT and WC. The hardness values of
nugget don’t decrease and its higher than HAZ and base metal due to the
strain hardening. Their development made produces a good result in a

prediction of TSLBC of the RSW joints.

Oikawa et al. (1999) reported the RSW of steel and aluminum
sheets using aluminum clad steel sheets as insert metals. Intermetallic
compound layers were formed in the weld zone in direct spot welding sheets.
The fatigue strength of joints using insert metals was somewhat lower than
that of the aluminum joints for which suitable current is the most essential
parameter. Using aluminum clad steel sheets as insert metals are beneficial in

spot welding of steel sheets to aluminum sheets.

Pandey et al. (2013) optimized the of various parameters of RSW,
the investigation reveals that the quality characteristic has been considered
using the Taguchi method. The experimental results showed that the right
section of the input parameters is medium current, medium pressure and
holding time. The contribution of welding current, holding time and pressure
towards tensile strength is 61%, 28.7%, and 4% respectively as determined by
ANOVA.

Pouranvari et al. (2011) the investigated of the effects of the
Welding parameters on the overload failure on the mechanical performance of
dissimilar RSW between drawing quality special AISI 1008 low carbon steel
and DP600 dual plate steel. Their results showed three distinct failure modes
as observed during the tensile shear test. The effect of expulsion on the
mechanical performance of welds is also investigated. The correlations among

the various parameters are also investigated.
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Rageon et al. (2008) analyzed the interfacial conditions
encountered in electrode and sheets assemblies used in RSW process are
characterized. Their results show that the primary electrical contact
resistances measurements depend on the temperature and pressure that have
been carried out on the specific device. Secondly the repetition of the
welding, the electrode surface profile that initially curved and quickly

presented a flat part whose size increases with the number of welds.

Wei & Wu (2012) carried out an electromagnetic force analysis
heat generation and contact resistances at the faying surface and electrode-
workpiece interfaces and bulk resistance in workpieces. Their computed
results showed that the bulk dynamic electrical resistance cannot reliably
reflect transport processes of the nugget shape unless the local constriction
resistance and electric current density are known. A decrease in constriction
resistance delays the nugget formation enhances convection and solute mixing
changes circulation direction of the stronger convection cell during the

cooling period.

Dickinson et al. (1980) characterized the spot welding behavior by
dynamic electrical parameter monitoring. They showed an occurrence of
predominant  peak signified the production of an acceptable size nugget and
the critical energy level for expulsion was observed. Using their results the
dynamic resistance and critical expulsion energy of spot weld control

mechanism were proposed.

Hao et al. (1996) made a study on the development for
characterization of RSW of aluminum. The statistical analysis has applied to
investigate the relationship between the extracted features and conventional
physical parameters. Their results of Al-Mg alloy AA5754 had shown that the
monitoring methods developed previously for steel do not appear to be

generally applicable to aluminum and no single parameter can accurately
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quantify weld quality and provide a good prediction of nugget diameter and

static strength.

Dawei Zhao et al. (2013) deals with the real-time monitoring of
weld quality small scale RSW for titanium alloy. They performed a
systematic research on the voltage curve which turned out to be an indication
for the weld quality of SSRSW. They demonstrated that the dynamic voltage
during a welding process could be identified as a good signature for weld

quality monitoring process.

REVIEW ON THE MECHANICAL ANDMETALLURGICAL
PROPERTIES OF ERSW WELDED JOINTS

Pouranvari et al. (2018) in their work addressed the microstructure
and tensile — shear mechanical performance of MS1200 Giga-grade
martensite advanced high strength steel joints welded by resistance spot
welding process. They have concluded that the most predominant feature of
MS1200 Martensitic steel spot welds was the HAZ softening which led to
producing a local under-match across the weld zone and the large area of
SCHAZ was observed when compared to the ICHAZ. The martensite
tempering plays an important role in the mechanical properties of the welds.
Despite the fact that load-bearing capacity of spot welds failed in interfacial
mode was not affected by the HAZ softening phenomena, it significantly
affects the peak load of welds failed in pullout mode.

Emel Taban et al. (2009) studied the dissimilar materials joining
using Aluminium and steel, said that it's of wide interest to the current trend.
They made a microstructural analysis and the results of the structures of
inertia friction welds between 6061-T6 aluminium alloy and 1018 steel is the
best performed at either 170MPa and 250 MPa, also their study includes the

upset pressure of the order of 60MPa, results the max thickness of



48

intermetallic compound layer at 350nm, and the two intermetallic elements

were present which included Fe-rich FeAl and Al-rich Fe>ALs.

Pouranvari et al. (2008) conducted their work on the behavior of
dissimilar resistance spot welded joints of low carbon and austenitic stainless
steel. They studied the under tensile-shear test with focuses on the failure
mode. The results showed that necking is initiated at the nugget
circumference and then the failure propagates along the nuggets
circumference in the sheet to final fracture. There is a critical fusion zone to
ensure pullout failure mode in the shear tensile test which mainly controlled
by the ratio of fusion zone hardness and failure location hardness. They
concluded that the fusion zone size and failure mode are the most critical
factors in the weld quality in terms of peak load and energy absorption, which
is governed by welding parameters such a welding current, welding time and

electrode force.

Weihua Zhang et al. (2014) conducted experiments on dissimilar
materials of H220 Zn-coated high strength steel and 6008 aluminum alloy,
welded by the median frequency resistant spot welding process. Interfacial
characteristics and kinetics of growth of intermetallic compound layer at the
steel/aluminum interface in the welded joints were investigated. They
concluded that the formation and growth of the intermetallic compound were
controlled by reactive diffusion between solid steel and liquid aluminum alloy
during resistant spot welding and its exhibited unusual thickness. The welded
joints exhibited interfacial failure mode during tensile sheet testing and brittle

intermetallic compound layer had crakes propagating near the weak zones

Mathew Vinoth & Saravanan (2016) in their research made a
parametric study in spot welding for dissimilar weld joints of AISI 202 and
AISI 1018. They investigated the mechanical properties in the different region
of the spot-welded stainless steel sheet and mild steel sheet subjected to

various welding parameters. Their conclusion includes the optimization of
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process parameters of dissimilar sheet joining and the observation was that
welding current and welding time has more significant effects then the

electrode force is also responsible for tensile strength and hardness.

Verma et al. (2014) performed a work about the resistance welding
of AISI 304 with AISI 316, the quality and strength of the spot welds are very
important to the durability and safety design of the vehicles. They concluded
was that the tensile strength for different austenitic stainless steel was found
to be comparatively more than the similar sheets and the weld currents are the
major governing factor affecting the tensile shear strength of the resistant spot
welded specimen. As the weld current increases, the nugget size also
increases, also the hardness of the weld zones are greater than the hardness of
the unwelded zone for dissimilar joints. But the marginal increase was

obtained for similar metallic joints.

Ladislav Kolarik et al. (2012) deals with the properties of resistance
spot welding of low carbon steel and austenitic CrNi stainless steel. The
thickness of the welded materials was 2mm. They inferred that the size of the
weld metal increases with an increase in welding current. The HAZ of low
carbon steel sheet was broader than the HAZ of the austenitic stainless steel,
also the hardness was increased in the fusion zone. An increase in iron content

in the direction from weld metals towards DCO1 steel was also observed.

Honggang Dong et al. (2012) carried out research work for joining
dissimilar metals of Aluminum alloys to galvanized steel with AI-Si, Ai-Cu,
Al-Si-Cu and Zn-Al filler wires. They made joints of aluminum alloys sheets
and galvanized steel sheets. Their results showed that the 5SA02 alloy after it
was gas tungsten arc welded with AI-Si, Ai-Cu, Al-Si-Cu and Zn-Al fillers
wires respectively gives the tensile strength of about 136MPa, and the
addition of Cu and Al filler wire into the weld increases the thickness of the

interfacial layer.
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Akkas et al. (2016) performed an experimental study on the
resistance spot welding of SPA-C steel sheet used in the side wall and roof in
rail vehicles, which were joined by resistant spot welding as lap joints. Their
outcomes were in low welding current intensity small nuggets widths were
obtained and in high welding current intensities the cross-section area
decreased and the welded nuggets spurt out between two sheets resulting in

the decrease in nugget width.

Milan Brozek et al. (2017) conducted resistance spot welding of
steel sheets of the same and different thickness which aims to determine the
dependence between the rupture forces of spot welds made using steel sheets
of the same thickness for different welding conditions. The spot welds were
made from low carbon steel and the spot weld rupture was characterized by
the welded sheets thickness from 0.8 to 2.4kN. They concluded that the
welding times increases the welds process of higher rupture force namely of

3 to 21%, when compared to the producer, recommended variables.

Alizadeh-Sh et al. (2013) the investigation aims that the process-
microstructure-performance relationship in resistance spots welding of AISI
430 ferritic stainless steel. Their obtained result shows that the fusion zone
was featured by columnar ferrite grains and fine dispersion of carbide
precipitates. The MTHAZ exhibited the highest hardness in the HAZ which
shows ferrite-martensitic dual microstructure with limited grain growth due to

the formation of Y phase at grain boundaries.

Alizadeh-Sh et al. (2014) address the phase transformations and
mechanical response of martensitic stainless steel resistance spot welds. The
fusion zone microstructure consists of carbon-rich martensitic as the fusion
zone which featured the retained eutectic delta ferrite were found along the
solidification grain boundaries and all the samples studied are failed in partial

interfacial failure mode. The high hardness of FZ provides low fracture
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toughness crack prorogation path coupled with the presence of sharp notch at

the weld nugget FZ/HAZ boundary.

Aslanlar (2004) studied about the effect of welding current time on
the tensile peel strength and tensile shear strength of welded joints in
electrical resistance spot welding. They selected chromided micro-alloy steel
sheets having a 0.8mm thickness and galvanized chromided micro-alloyed
steel sheet having 1.0mm thickness were investigated. They inferred that the
depth of electrode indentation into the material is not exceeded the 20% of
sheet thickness limit accepted for good results, deep electrode indentations,
excessive deformations color changes in welding zone and over melting was

due to excessive heat input may be occurred.

Baca ef al. (2013) carried out small-scale resistance spot welding of
Cus7Ti34 Zr11Nig bulk metallic glass and they also carried out mechanical
testing scanning electron microscopy, Differential Scanning Calorimetry
(DSC) and X-Ray Diffraction (XRD). The tests obtained outcomes were that
the welds were moderately strong and mechanical failure was occurred in peel
and in the shear strength test which was likely due to the crystallization or
embrittlement. They suggested that this region is of critical importance in

generating optimum welds.

Brauser et al. (2010) worked on the deformation behavior of spot
welded high strength steels for automotive applications. Numerical simulation
of the component and assembly behavior under different loading conditions is
a main safety tool design in automotive body shell mass production. Their
outcome on the failure load doesn’t show a linear increase with the base metal
strength. SEM results show no indication of reduced deformability of TRIP
steel compared to the micro-alloyed steel HX340LAD. The EBSD analysis of
austenite content reveals that elimination of austenite in the fracture region of

spot welded HCT690T joints.
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Darwish (2002) carried out resistance spot welding on similar and
dissimilar thickness sheets and they have also used finite techniques for
analyzing their work. Their final results from the test show that the stresses
are concentrated towards the far ends of the spot welding nugget of similar
and dissimilar thickness joints and the introduction of adhesive layer resulted
in strengthening as well as in balancing the stress in the dissimilar thickness

joints.

Florea et al. (2012) conducted the fatigue behavior of analysis of
RSW welded aluminum 6061-T6 alloy and experimentally investigated the
three welding conditions of low, normal, high to determine the microstructure
of the weld nuggets. Their conclusive evidence are that the welding process
parameters have great influence upon the quality of the RSW of Aluminum
6061-T6 alloy. The welding currents have great influence on the nuggets
dimension and lap joint material behavior and no fatigue initiation sites were

observed in the porous area formed from rapid solidification.

Shinji Fukumoto et al. (2008) in this work the small-scale RSW
was carried out for austenitic stainless steel, the cooling rate that was
estimated from the solidification cell size is almost similar to that produced by
laser beam welding. The outcome of their research was the shear force
increases with the welding current increase owing to the nugget growth. Hot
cracking was not observed despite delta ferrite in the weld nuggets and

sensitization was not observed in HAZ welded under any conditions.

Ahmet Hasanbasoglu et al. (2006) stated that resistance spot weld
of dissimilar material is generally more challenging than that the dissimilar
metal in which the influence of primary welding parameters affecting the heat
input such as peak current on the morphology, microhardness and tensile
shear load bearing capacity of dissimilar welds. Their conclusive evidence

state that weld current increases result in enlargement of nugget size, failure
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occurred by tearing of interstitial free steel metal side of spot welded
materials. The increase in energy input caused coarsening of the

microstructure of the weld nuggets and also of HAZ.

Fatih Hayat (2010) had an objective of investigating the joining
capacity of magnesium AZ31 alloy sheets and aluminum 1350 alloy sheets
with the applications of resistance spot welding. Their optimum results
obtained was the current increases the nugget diameter increases on both sides
and the TLBC values are also increased. The aluminum alloy’s indentation
depth was more due to its lower strength value and hardness and the EDS
analysis carried out on fractured specimen was showed the ratio of Al% and
Mg% as varied in the fracture area of specimens welded at low currents and

high currents.

Faezeen Shahid ef al. (2015) investigated the two dissimilar metals
which involved in the welding shows different mechanical properties and
microstructures which in turn may affect due to welding parameters like weld
current, holding time, weld force etc. Their conclusion states that the tensile
strength of the weld and the factors affecting the strength of the weld are the
major problems occurred with dissimilar metal welds in the formation of
intermetallic compounds at the interface which affect the properties of the

weld and intermediate layers at the interface.

Choughule et al. (2016) carried out on (SS-75-600) spot welding
machine is used for welding of dissimilar metals to cope up with the industrial
demand for low cost, lightweight and excellent weld strength in automotive
industries. Their conclusive evidence states that two plates of mild steel and
austenitic stainless steel were placed as a lap joint and spot welded by varying
welding current. Increasing the weld current increases the nugget size and

doesn’t increase the hardness distribution.
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REVIEW ON ANALYSING THE ERSW PROCESS USING
VARIOUS SOFTWARES

Jan VINAS et al. (2012) deals with the metallographic analysis of
welding tip materials and workpiece used in production. The experimental
tests were carried out and the results confirm the positive influence was an
alloying element. The possibility of increasing the strength characteristics
without the support of alloying elements comes into a limiting range. The
lifetime of the tip can be increased by the combination of alloying elements in

the copper alloys.

Sun & Dong (2000) made an analysis on of aluminum resistance spot
welding process using coupled finite element procedure. They took the following
process parameters into account shows the incremental changes in a sheet —
deformed shape, contact area and current density profile as well as large
deformations effects. They found that lower electrode force or higher welding
current generates a bigger nugget where the weld residual stresses and final sheet

deformation are predicted as measure quality within the range analyzed.

Kishore et al. (2014) made the parametric studies and FEA on
welded steel using RSW process. They stated that the electrode travels on a
predetermined path and make contact with the sheets at selected weld points
to apply force. They were observed that the tensile strength is maximum for
stainless steel and minimum in mild steel and also increases with increases in
welding current and weld time irrespective of the materials. Nugget diameter
is maximum in SS and minimum in dissimilar materials due to different

mechanical and thermal properties.

Sumit Chaudhart e al. (2014) deals with an approach for
optimization of the RSW. The complicated behavior is studies based on the

four important parameters namely Weld Current (WC), Welding Time (WT),
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material and thickness are considered as the influencing factors for the quality

of the joints.

Hamid Eisazadeh et al. (2010) developed a mechanical-electrical-
thermal coupled model in an FEA environment. They used this analysis for
identifying the shape and size of weld nuggets are computed and validated by
comparing with the experimental results. Their results showed that quality
and shape of the weld nugget with a variation of each process parameters are

the economically optimized to manufacture quality automotive bodies.

Zhigang Hou et al. (2007) made a 2D axisymmetric model of
thermos-elastic-plastic FEM is used to analyze the mechanical behavior of RSW
process with the help of commercial software ANSYS. The temperature and
plastic behavior is taken into account. The stress and strain distribution in the
weldment and their changes during the RSW process are determined and the

deformation of the weldment and the electrode displacement are also calculated.

Yi Luo & Jinglong Li (2014) studied the nugget formation of RSW
on dissimilar material sheets of Al and Mg alloys and the element
distribution, microstructure and microhardness distribution near the joint
interface are also analyzed. The main technical problem of RSW on dissimilar
metal sheets of Al and Mg alloys was the brittle-hard Ali2Mgi7 intermetallic
compounds distributed in the nugget with hardness much higher than either
side of the base materials. Microcracks tended to generate at the interface of

the nugget and base materials which affected weld quality and strength.

Hessamoddin Moshayedi & Iradj Sattari-Far (2012) carried out the
numerical and experimental study of nugget size growth in RSW of
Austenitic SS to study the effects of welding time and current intensity on
nugget size of AISI 304L using ANSYS. Their outcome states that increasing
welding time and current is accompanied by an increase in the fusion zone

size with decreasing slope, nugget size also reduces due to melting spattering.
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TAO Jian-feng et al. (2012) explored the influence of welding
parameters and to investigate the Al alloy (AA) nugget formation. The FEM
framework and an empirical sub-model were built to analyze the affecting
factors on weld nugget. Their numerical and experimental results show that
their proposed multi-field FEM model agrees with the measured AA welding
feature and the modified dynamics resistance model can able to capture and
explore the relationship between dynamic resistance and nugget formation

more accurately.

Nied (1983) developed the model which was used for analyzing the
squeeze and weld cycles to determine the electrical, thermal and mechanical
responses. The temperature — thermal expansion and associated stresses on
the weld nugget geometry were also obtained. Their FEM analysis provides a
better understanding of the welding physics which would have been difficult

to determine by experiment alone.

Tsai et al. (1990) modeled the RSW nugget growth using FEM.
The ring-like weld nugget expands inward and outward during welding
cycles. The weld nugget formed mostly on the thicker workpiece when in the
thinner workpiece. When spot welding of dissimilar materials showed that the
weld nugget formed more in the workpiece of the lower thermal conductivity

or higher electrical resistivity.

Sun & Khaleel (2004) summarized either work on FEM based on
nugget growth for RSW of Al alloy to steel. Their coupled thermal-electrical-
mechanical FEA models were performed to stimulate the nugget growth and
heat generation patterns during the welding process. The prediction nugget
growth is compared with experimental weld cross section. Reasonable

comparisons of nugget size were achieved.
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REVIEW ON THE VARIOUS TYPE OF CORROSION
TESTS ON ERSW JOINTS

Emil Spisak et al. (2011) analyzed the influence of corrosive
environment on the surface quality of spot welds of Hot dip galvanized steel
sheets made of DX54D+Z. Alloy the electrochemical properties of used
materials were observed. Then carrying capacity is measured before as well as
after exposure in the corrosive environment. The tensile test results were used
to evaluate the carrying capacity. The qualities of the weld were evaluated
based on the microhardness measurement results realized on the scratch

pattern too.

Mustafa ACARER et al. (2013) made a study to investigate the
microstructure, micro-hardness, tensile shear tests and corrosion properties of
DP450 dual phase steel sheet welded using spot welding under both uncoated
and hot dip galvanized conditions. Their experimental results concluded that
there was an increase in joining strength with an increase in welding current
and weld time, welding parameters didn’t have any significant effect on
corrosion properties, the uncoated specimen had more corrosion resistance in

comparison to hot-dip galvanized specimens.

Jamasri et al. (2011) conducted a corrosion behavior study on RSW
dissimilar metal welds between Carbon steel and Austenitic Stainless Steel
with different thickness. The corrosion fatigue tests were carried out at room
temperature, fatigue tests were also performed. The results showed that the
corrosion fatigue strength of RSW in seawater is lower than that performed in
the air. The hydrogen enhanced plasticity mechanism tends to ease the
generation of dislocations is the cause of corrosion fatigue strength

weakening.
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Liang et al. (2010) analyzed the effect of the modified filler metal
that replaces Pd with Ru. The initial stress conducted on the button- metal
samples and bead-on-plate welds indicated that Ni-Cu-Ru exhibited good
corrosion properties. Ni-Cu-Ru is far better the Ni-Cu-Pd welds. They found
that these welds are a suitable replacement for welds made with standard 300-

series consumables.

Martin et al. (2012) studied the combined effect of RSW and post-
welding sensitization on the pitting corrosion behavior of AISI 304 using
cyclic potentiodynamic polarization tests. The behavior caused on the weld
metal zone was a cast dendritic microstructure with d- ferrite in interdendritic
regions, whose microstructural regeneration kinetics is faster than that of
HAZ. The HAZ metal posses the chromium-rich phases and are more

homogeneously distributed than in the parent metal.

Paswuale Russo Spena et al. (2017) investigated the effects of main
RSW welding parameters on mechanical strength and corrosion behavior of
galvanized quenching and partitioning and transformation induced in the
plasticity of spot welds. The welding current and time play the strongest
influence on the shear strength of the spot weld. Where clamping force is of
minor importance. The clamping force has a good influence on corrosion
resistance because it hinders the permeation of corrosive environment towards

the spot welds.

Somervuori ef al. (2004) made a characterize on corrosion study of
spot welds of austenitic stainless steel. Their results indicate the yellow, red
and blue oxides formed having double-layered structures with an iron-rich
and chromium depleted outer layer and a less iron and more chromium
containing inner layer. Chromium depleted layer was found in the base
material under the yellow hear tinted oxide layer, and a significant amount of

copper contaminations were found on the spot weld surface near the weld edge.
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INFERENCE FROM LITERATURE SURVEY AND
PROBLEM IDENTIFICATION

» From the literature survey, it is identified that the RSW process
was widely used in welding of different metal sheets such as

AISI1020, AIS5052, AL alloys etc.

» The more research work was already carried out in analyzing
the mechanical properties and metallurgical characterizations of

various types of weld joints.

» Very few works were identified in analyzing the application of

weld joints in corrosion environment.

» The few works were already carried out in analyzing the effect
TIG and GAS welding on welding of AISI 304 (SS), AISI 1020
(MS) and AA 1008 alloys no works were carried out in
analyzing the effect of RSW process on welding of above alloy.

» No works have been carried out in analyzing the effect of
various RSW process parameter on welding of AISI 304 (SS),
AISI 1020 (MS) and AA 1008 alloys on its mechanical &

metallurgical properties.

» A lot of works has been identified on optimization of RSW

process parameter on various of type joints.

» The application RSW model (CCRD) in the optimization
process parameter was yet carried out. It also observed that no
works have been conducted on predicting the RSW parameters
using ANOVA for AISI 304 (SS), AISI 1020 (MS) and AA
1008.
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SUMMARY

This chapter clear reviews the various research work was done by a
researcher in the field of RSW process this chapter also illustrates the various
process parameter selected for RSW process in welding of various material
for obtaining better quality joints. The various mechanical & metallurgical
characterization carried out on RSW welded joints. By various researcher
also discussed the application of various optimization and prediction tools
carried out by various research on RSW weld joints in optimization and
prediction of its input and output parameters are also illustrated details in this

chapter.

The literature survey related to the analysis of RSW process using
various software carried out in various research work are also discussed.
Finally, the literature survey related to study corrosion behavior on RSW
joints carried out by various researchers are also studied. The next chapter
illustrated in details about the objective and methodology employed in this

research work.
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CHAPTER 3

OBJECTIVES AND METHODOLOGIES

This chapter describes the prime objectives of the current work and
various methodologies followed during the course of this investigation. Based
on the data collected from the detailed literature survey as put forth in
Chapter 2, it is evident and clearly understood that there has been in-depth
loads of research work which have been already carried through by earlier
researchers in the field of various welding techniques and the materials which
are been used in different welding processes. Similarly, the analyses of the
mechanical and metallurgical characterization in the weldments, applications
of weldments in numerous environmental conditions, weld process
simulations using various software’s and parameter optimization and
prediction of welding process parameter using various models are also carried
out by previous researchers are discussed. The most valuable learnings and
the apparent limitations in the field of electric resistance spot welding are put

forth as follows.

1. The ERSW process has gained more focus and importance in
the field of engineering automobile and household appliances
in welding of similar and dissimilar materials. The
characteristic properties of ERSW both mechanical and
metallurgical properties of the welds obtained are been widely

discussed by various researchers all over the globe.
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2.  The ERSW provides the easy adaptability in the Automation
of High-rate Production of various sheet metal combinations

assemblies for various applications.

3. ERSW can be operated at High Speed and good accuracy.

4.  ESRW is one of the few most economical processes.

5. ERSW provides a predominant level of dimensional accuracy

The Limitations of Electrical Resistance Spot Welding process

which are been taken into considerations are as follows.

1. There is the possibility of difficulty in the maintenance or the

repair works.

2. It leads to additional weight and material cost to the product,

compared with other welded joint.

3. ESRW, in general, has a higher cost than most of the arc

welding set-ups.

4. The full strength of the sheet cannot prevail across a spot

welded joint.

From the various research reviews, it is observed that the welding
of dissimilar materials has gained tremendous importance in the field of
engineering and they are been widely employed in different industrials usages
such as aerospace and defense-oriented department applications. Few of the
weldments failure are also been identified and reported in different material

alloys by various scholars.
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From the above literature it is clearly identified that the ERSW
process was widely used for welding of sheet material like Low carbon steel,
galvanized chromided sheets, stainless steel, low carbon cold rolled EDD
grade material and AISI1008. It is also identified that very few works were
conducted in the welding of AIS5052, AISI1020, and AA1008 by various
welding processes. No work has been conducted in welding of RSW process
on AIS5052, AISI1020 andAA1008 materials under similar and dissimilar

conditions.

It is noted that more works were carried out in analyzing the
mechanical properties such as hardness on ERSW welded lap joints. A limited
number of works were conducted in identifying the corrosion resistance
behavior of RSW welded joints. The implementations of the design of
experiments using RSM, ANN, and ANOVA on ERSW process for different
materials were carried out by various researchers. It is observed that no works
had been identified in implementing RSM and ANOV A for the prediction and
optimization of RSW process on welding of AIS5052, AISI1020 and AA1008

similar and dissimilar joints.

The extensive usage of ERSW welding process in the welding of
AIS5052, AIS11020, and AA1008 combinational dissimilar sheet metal alloys
is scarce. In this context, it is understood that AIS5052, AISI1020, and
AA1008 were enormously used for automobile and household appliances. A
large no of weld defects was stated in the above alloys welded by a various
welding process such as TIG, Arc etc. has reported in other researches. The
selection of ERSW welding process for welding of the above alloys is scarce.
In this context, the ERSW welding process was finally opt as a welding
process in the welding of similar and dissimilar sheet metal alloys
combinations of AIS5052-AISI1020, AIS5052-AL, AISI1020-AL which is
chosen as a parent material for this present combinational investigation from

the various literature reviews it is also found that only limited work has been



64

carried out in applying various optimization and predictions techniques on the

process parameters of ERSW welding in dissimilar sheet metal alloys.

OBJECTIVES

The primary objective of this work is to ensure the feasibility in
welding of AIS5052-AIS5052, AISI1020-AISI1020, AIS5052-AISI1020,
AISI1020-AL similar and dissimilar joints by ERSW process. Similarly, this
research work also concentrates on identifying suitable RSW weld process
parameters for obtaining better mechanical and nugget dimensions for
weldments using RSM and ANOVA tools. The individual investigation

includes

» An experimental investigation has been carried out on welding
of AIS5052, AISI1020 and AA1008 similar joints using ERSW
process by varying the weld pressure and keeping weld time and

current as constant.

» To ensure the quality of similar and dissimilar ERSW joints,
mechanical tests such as Tensile Shear Fracture Load (TSFL)
and microhardness test were carried out. Similarly, the
metallurgical test such as Scanning Electron Microscope
(SEM), EDAX, Micro &Macro Examinations was conducted.
The factography examination was carried out on the failed

tensile test samples.

» The corrosion test was carried out on the ERSW joints using

potentiodynamic polarization.

» In order to investigate the effect of ERSW weld process
parameters on welding of AIS5052, AISI1020, and AA1008

dissimilar joints. The weld trails were conducted by varying
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welding current (55W- 65W), Time (1.5 sec to 2.5 sec) and
pressure (3.3 to 3.7kgf).

To optimize the RSW weld input process parameters such as
current, voltage and pressure on the welding of dissimilar
AIS5052, AISI1020, and AA1008 joints was carried out using
RSM. Based on the input data obtained from RSM model the
weld trails were conducted. The welded samples were subjected
to TSFL and microhardness test. The nugget diameter was
measured by video captured model (VCM) for all the joints.
Similarly the metallurgical test EDAX, SEM etc. and the

factography test was also carried out on dissimilar joints.

To predict the better ERSW weld process parameters for
welding of dissimilar AIS5052, AISI1020, and AA1008 joints
was carried out using ANOVA model for obtaining good

mechanical properties and nugget diameter.

To validate the optimized process parameters confirmation test
was conducted and experimentally obtained results were

compared with the RSM and ANOVA results.

Similarly, the corrosion test was conducted on the samples
welded at the optimum condition and the obtained results were
compared with the results unoptimized weld samples for ERSW

joints.

From the detailed literature review on ERSW welding process
on optimization and prediction of its process parameters for
different materials. The major problem had been identified and
presented as a detailed workflow chart as given in three phases
presented in Figure 3.1 (a), 3.1 (b), 3.1 (c) and the entire
workflow chart given in 3.1 (d).
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METHODOLOGY

The total and complete experimental methodology is described in
the form of the workflow chart in this section and illustrated in
Figures 3.1(a), 3.1(b), 3.1(c) and 3.1 (d). The sequence of the methodology

which was followed in the present investigation is given below:

» Initially, the base material was prepared from the AIS5052,
AISI1020, and AA1008, for welding of similar and dissimilar
joints using ERS Welding process.

» Welding of similar joints was carried out by keeping pressure
and time as constant and the pressure was varied from

to 3.9 kgf.

» Then the welded samples are tested using the radiographic test
to check and confirm that the samples contain no defect on

them.

» According to the various ASTM standards the TSFL and
microhardness test samples were prepared from welded joints

and tested.

» The metallographic test like micro, macro, SEM and EDAX
were carried out on the welded samples to study the structural
changes happened in the grains during welding in the nugget

zone.

» Factography test was carried out on the failed TSFL samples to

study the mode of failure occurred.
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A corrosion test was conducted on the ERSW joints using
potentiodynamic polarization to analyze the effect of corrosion

on the welded joints.

Similarly, welding of dissimilar joints was carried out at various
RSW weld parameter such as current (50A-30kA), voltage (50-
70W) and pressure (3.4 to 3.9kgf) and the mechanical,
metallurgical, factography and corrosion tests were conducted

for the dissimilar joints.

In order to identify the optimum ERSW weld process

parameters, the RSM model was used.

The RSM model was developed based on Central Composite
Rotatable Design (CCRD) for optimization of the three

important process parameters such as power time and pressure.

Similarly, the welded sample was initially tested using
radiographic test for the confirmation of defect-free joints. The
various mechanical test’s such as TSFL and Microhardness test
was carried out on all the samples prepared based on various

ASTM standards from the ERSW welded joints.

The metallographic test such as SEM, EDAX, micro, and macro
was conducted on the welded samples and the factography test

was carried out TSFL on fractured samples.

The prediction of ERSW weld process parameters was carried

out using ANOVA model.

A corrosion test was carried out on the samples welded at
optimum process parameters and obtained results were

compared with the non-optimized corrosion test results.
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3.3 SUMMARY

The prime objectives and methodology of this stipulated research
work are clearly explained in detail in this chapter. The developed workflow
chart implicated the step by step work to be followed and the target work to
be achieved based on the above-mentioned objectives. The next subsequently
following chapter deals with the experimental methods required for the

present work.



73

CHAPTER 4

EXPERIMENTAL METHODS AND MATERIALS

Based on the inference from the objectives and methodologies
discussed in the third chapter, the experimental methods to be deployed and
followed are framed and discussed in an elaborate manner. This current
chapter emphasizes the material selection and the base materials preparations
for welding. It further discusses in depth about the welding machine, welding
procedure followed and the welding process parameters incorporated in this

research work.

The different mechanical testing machines used for various tests
like the TSFL and microhardness test and their necessary appropriate ASTM
standards are used for the preparation of the sample’s has been put forth in
this chapter. This chapter also discussed in detail the necessary metallurgical
testing machines used for this research work required to analyze like the

macro, micro, SEM and EDAX tests.

MATERIALS SELECTION

In this work AISI 304 (SS), AISI 1020 (MS) and AA 1008 (Al) was
selected as base materials for this investigation because they are widely used

in automobile and household applications.
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In this work, AISI 304 (SS), AISI 1020 (MS) and AA 1008 (Al)
selected as base materials for this investigation because of they are widely
applied in different engineering industries and their corresponding chemical
composition and mechanical properties are tested and tabulated in Tables 4.1

and 4.2 respectively.

Table 4.1 Chemical Compositions of the Selected Base Materials

Weight %
Materials
C Fe Mn P S Cr Ni | Si| Al |Cu|Mg|Zn
AISI1020 | 0.17-0.23 | 99.08-99.53 | 0.30-0.60 |<0.040({<0.05| - - - - - - -
AIS5052 0.08 66.3-74 2 0.045 | 0.03 |18-20({8-10.5| 1 - - - -
AA1008 - 0.5 0.3-0.9 - - 0.1 - 10.5]| 90-94 |4-5|1-2| .25
Table 4.2 Mechanical Properties of the Selected Base Materials
Properties
Materials Tensile Modulus of Bulk Poissons Shear
Strength, Elasticity Modulus Ratio Modulus
i
Ultimate (MPa) (GPa) (GPa) (GPa)
AISI1020 394.72 200 140 0.290 80.0
AIS5052 505 193-200 - 0.29 86
AA1008 324 73.1 - 0.33 28
ERSW WELDING MACHINE

The joining of metal sheets was carried out in Resistance spot
welding machine with the configuration of pedestal type inverter base
medium frequency DC machine (Model PACI TECH-ERSW) of capacity
90kV. It has the flexibility of welding sheets up to 6 mm thickness with a



75

maximum current of 20 kVA capacities. The photographs views of the
ERSW welding machine deployed for this investigations were shown in

figure 4.1.

Figure 4.1 Photographic View of the ERSW machine deployed in this
study

WELD PROCESS PARAMETERS

The weld process parameters selected for feasibility trails and
optimization in welding of AISI 304 and AISI 1020 AA1008 similar and

dissimilar joints was discussed detailed in this section below.

Selected ERSW Process Parameters for Trail Experiments

The feasibility study was conducted by varying the weld pressure
and keeping the weld time and current as constant for AISI 304 and AISI 102
similar joints. The parameters selected for the feasibility study was discussed

1n section.
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ERSW Process Parameters for Optimization and Prediction

Techniques

The optimization and prediction of ERSW process parameters were
carried out on AISI5052-AISI11020, AISI1020-AA1008, and AIS5052-
AA1008 dissimilar joints by varying the welding current (55-65W), Time (1.5
to 2.5 sec) and pressure (3.4 to 3.9kgf). The parameter range was selected
from the results obtained from the feasibility study experiments as explained

in section 4.3.1 and based on a literature survey.

MECHANICAL TESTING

The mechanical properties of the ERSW welded joints were
identified by conducting TSFL and Microhardness tests on the specimens
prepared from the ERSW welded joints according to various ASTM

standards.

TSFL Test

The TSFL specimens were prepared from the welded joints based
on ISO14273 standards as given in Figure 4.2. The TSFL test was conducted
using UTM of 20kVA as given in Figure 4.3.

\

25mm=s |, |
o

Figure 4.2 Specimen Dimensions (all dimensions are in mm)
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Figure 4.3 TSFL machine

Micro Hardness test

The microhardness test samples were prepared from the ERSW
weld samples based on the ASTM standards as shown in Figure (4.5). Figure
4.6 shows the base and nugget zone of the welded samples. The
microhardness test was carried out by using a Micro Vickers Hardness Tester

machine by applying a 1Kg load shown in Figure 4.5.



Figure 4.4 Hardness sample

Machine Name: Micro Vickers Hardness Tester
Testing load range: 10 grams to 1 Kg Load

Make:  Wilson Wolpert — Germany

Vernier caliper least count: 0.01 mm

Available Hardness testing Scale: HV, HRA, HRC, 15N, 30Netc.

Figure 4.5 Micro Vickers Hardness Tester Machine

78
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METALLURGICAL TESTING

The metallurgical investigation was carried out on the specimen
prepared from ERSW welded joints using an optical microscope and scanning
electron microscope for analyzing the structural changes occurred in the weld
nugget zone. The factography test was carried out on a failed TSFL sample
using SEM in order to identify the mode of failure and the result was
correlated with mechanical properties. The EDAX test was carried out on the
nugget zone in order to examine the elemental changes occurred during

welding.

The optical microscope was used for macro and micro was shown
in Figure 4.6. The SEM and EDAX test conducted by using SEM machine

shown in Figure 4.7.

Figure 4.6 Photographic image of Optical Microscope
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Figure 4.7 Photographic image of Scanning Electron Microscope
(SEM)

POTENTIO DYNAMIC POLARISATION TEST

The corrosion test was carried out using potentiodynamic
polarization methods and the corresponding experimental setup as shown in
Figure 4.8. The corrosion samples were prepared from the joints welded at the
optimized condition for dissimilar joints and on the similar joints welded at
high weld pressure according to the specification of potentiodynamic
polarization the sample dimensions are 10mm x 10mm and the nugget zone
has been polished by mirror polished method, which is shown in

Figure 4.9
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Figure 4.8 Experimental setup for potentiodynamic polarization test

Figure 4.9 Samples of Corrosion Test
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SUMMARY

This chapter describes in details about the selected various material,
weld procedures and various mechanical metallurgical and corrosion test
methods are employed in this work. This chapter also discussed in detail
about the ERSW weld machine and the various weld input process parameters
identified for experimental works. This chapter also explains various ASTM
standards employed in the preparation of the sample test in this work, the next
chapter describes in details about various weld process parameters selected

for similar and dissimilar joints.
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CHAPTERSS

SELECTED WELDING PROCESS PARAMETERS

This chapter describes in detail about the various ranges of weld
process parameters selected for welding of AISI 304, AISI 1020 and AA1008

similar and dissimilar joints.

In this section, it deals with the different range of input process
parameters selected for welding of AIS5052-AISI1020 and AISI1020-Al and

AIS5052-Al joint using optimization techniques.
TRIAL EXPERIMENTAL STUDY ON SIMILAR JOINTS

This chapter illustrates in detail about the various weld process
parameters selected for welding of AIS5052-AIS5052 and AISI1020-
AISI1020 similar joints.

Trial Experimental Studied for AIS5052-AI1S5052 Similar Joints

To determine the suitable welding pressure range for welding of
AIS5052-AIS5052 similar joints. These trial experiments were conducted.
The base materials 75x25x2 mm® sheet were prepared from the AIS5052-
AIS5052 material for investigation as given in Figure 5.1. The lap joint was
prepared using ERSW machine by keeping power and time as constant and
varying the weld pressure at various levels. The weld process parameters are
tabulated in Table 5.1. The welded samples were shown in Figure 5.2. After

welding the sample was subjected to a radiographic test to identify the



defects. TSFL and
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microhardness specimens prepared from each welded samples welded at
different weld pressure 3.3 to 3.7 kgf. The various metallurgical test such as
Macro, Micro, SEM, EDAX, and factography were examined and its

corresponding results were discussed in section7.1.1

Figure 5.1 Photographic view of the AISI1020-AISI1020 samples before
the weld

Figure 5.2 Photographic view of the AISI1020-AISI1020 samples after
the weld
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Table 5.1 The weld process parameters AISI1020-AISI1020 similar joints

Power Time Pressure
Sample No
(W) (sec) (kgf)
1 15 10 3.3
2 15 10 3.5
3 15 10 3.7

Trial Experimental AIS5052-AIS5052 Similar Joints

To determine the suitable welding pressure range for welding of
AIS5052-AIS5052 similar joints. These trial experiments were conducted.
The base materials 75x25x2mm’ sheet was prepared from the AIS5052-
AIS5052 material. For investigation as given in Figure 5.3. the lap joint was
prepared using ERSW machine by keeping power and time as constant and
varying the weld pressure at various levels. The weld process parameters are
tabulated in Table 5.2. The welded samples are shown in Figure 5.4. After
welding the sample was subjected to a radiographic test to identify the
defects. TSFL and microhardness specimens prepared from each welded
samples welded at different weld pressure 3.3 to 3.9 kgf. The various
metallurgical test such as Macro, Micro, SEM, EDAX, and factography were

examined and its corresponding results are discussed in section 7.1.2.
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Figure 5.3 Photographic view of the AIS5052-AIS5052 samples before the
weld

Figure 5.4 Photographic view of the AIS5052-AIS5052 samples after the
weld
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Table 5.2 The weld process parameters of AIS5052-AI1S5052

Power | Time Pressure
Sample No
(W) (sec) (kgf)
1 15 10 3.3
2 15 10 3.5
3 15 10 3.7

TRIAL EXPERIMENTAL DISSIMILAR JOINTS

This chapter illustrates in detail about the various weld process
parameters selected for welding of AIS5052-AISI1020, AISI1020-AA1008
and AIS5052-AA1008 dissimilar joints.

Trial Experimental of AIS5052-AIS11020

In order to optimize the ERSW weld pressure parameter weld trails
are conducted by varying welding power (55W- 65W), Time (1.5 to 2.5 sec)
and pressure (3.3 to 3.8kgf) at various levels based on RSM model. The base
metals size of 75%25x2mm’ of AIS5052-AISI1020 was prepared as shown in
Figure 5.5. the weld input process parameters were given in Table 7.7. The
lap joints were performed using ERSW machine at various weld conditions
based on RSM model as given in Figure 5.6. The samples are subjected to
radiographic test after welding. The TSFL and microhardness specimen were
prepared from the 17 welded samples and tested. Similarly, the various
metallurgical test was carried out on the samples and results were discussed

detailed in section 7.2.1.1 and 7.2.1.2 respectively.
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Figure 5.5 Photographic view of the AIS5052-AISI1020 samples before
the weld

Figure 5.6 Photographic view of the AIS5052-AISI11020 samples after
the weld
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Figure 5.6.1 Photographic view of the AIS5052-AISI1020 samples before
TSFL Test

Figure 5.6.2 Top view of AIS5052-AISI11020 samples after TSFL Test

Trial Experimental AISI1020 -AA1008

In order to optimize the ERSW weld pressure parameter weld trails
are conducted by varying welding current (50A- 30kA), voltage (50-70W)
and pressure (3.4 to 3.9kgf) at various levels based on RSM model. The base
metals size of 75%25x2mm’ of AIS5052-AISI1020 was prepared as shown in
Figure 5.7. the weld input process parameters were given in table 7.7. The lap

joints were performed using ERSW machine at various weld conditions based
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on RSM model as given in Figure 5.8. The samples are subjected to
radiographic test after welding. The TSFL and microhardness specimen were
prepared from the 17 welded samples and tested. Similarly, the various

metallurgical test was carried out on the samples and results were discussed

detailed in section 7.2.2.1 and 7.2.2.2 respectively.

T
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Figure 5.7 Photographic view of the AISI1020-AA1008 samples before
the weld

Figure 5.8 Photographic view of the AISI1020-AA1008 samples after the
weld
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Figure 5.8.1 Photographic view of the AISI1020-AA1008 samples after
TSFL test

Trial Experimental AIS5052-AA1008

In order to optimize the ERSW weld pressure parameter weld trails
are conducted by varying welding current (50A-30kA), voltage (50-70W) and
pressure (3.4 to 3.9kgf) at various levels based on RSM model. The base
metals size of 75%25x2mm’ of AIS5052-AISI1020 was prepared as shown in
Figure 5.9. The weld input process parameters were given in table 7.7. The
lap joints were performed using ERSW machine at various weld conditions
based on RSM model as given in Figure 5.10. The samples are subjected to
radiographic test after welding. The TSFL and microhardness specimen were
prepared from the 17 welded samples and tested. Similarly, the various
metallurgical test was carried out on the samples and results were discussed

detailed in section 7.2.3.1 and 7.2.3.2 respectively.
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Figure 5.9 Photographic view of the AIS5052-AA1008 samples before the
weld

Figure 5.10 Photographic view of the AIS5052-AA1008 samples after the
weld
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Figure 5.10.1 Photographic view of the AIS5052-AA1008 samples after
TSFL Test

SUMMARY

This chapter clearly reveals that weld pressure is having a major
role in welding of similar and dissimilar joints using the ERSW process based
on the feasibility trails. Similarly, the various weld process parameters at
various levels selected for the welding of dissimilar joints was also discussed.
The next chapter illustrates the optimization techniques using the RSM model
to optimize the weld process parameters and ANOVA model to predict the

mechanical properties, nugget diameter of the welded joints.
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CHAPTER 6

OPTIMIZATION AND PREDICTION MODEL FOR ERSW
PROCESS USING RSM AND ANOVA TECHNIQUES

OPTIMIZATION OF ERSW INPUT PROCESS
PARAMETERS FOR WELDING OF AIS5052-AIS11020,
AISI1020-AA1008, AND AIS5052- AA1008 DISSIMILAR
JOINTS

The RSM optimization techniques are used for optimizing the
ERSW welding input process parameters for welding of AIS5052-AISI1020,
AISI1020-AA1008 and AIS5052- AA1008 dissimilar joints. The ANOVA
model was also developed to predict the TSFL, microhardness and nugget
diameter were also discussed in detail in this chapter. The various ERSW
input process parameters for the joining of metals was identified by
conducting the feasibility trail experiments. In this work power, pressure and
time are considered as important input process parameters for welding of
AIS5052-AIS11020, AISI1020-AA1008, and AIS5052- AA1008 dissimilar
joints. In this work, the design of the experiment was carried out using RSM
to optimize the various input process parameters for identifying the better
mechanical properties and nugget diameter of the joints. Similarly, ANOVA

is used to predict the various mechanical properties and nugget diameter.
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An overview of Design of Experiments (DOE)

DOE is the statistical techniques in which a large number of test
trial were conducted by varying the input process at various levels and to find
out the changes occurred in the output responses. This study is used to
identify the effect multiple selected at the same time and to determine the
factor arrangement for optimum result. The experimental trails were carried
out using one factor at a time approach in which one of the factors is varied
over its range while the other factor is kept at the base level. The result
obtained from the reveals the most influencing parameters that are to be
considered for identifying the exact variation of information of experiments.
The DOE is also having a major role for prediction of the responses and
predesign the experiments by altering of the input process parameter of the
experiments. In DOE the predictor variable and response variable plays an
important role. The analysis of variance ANOVA is the collection of a

statistical model with related procedures that used to examine the variance.

Response surface methodology (RSM)

The RSM is a mathematical model is used for modeling and
analyzing the various engineering applications. This DOE method established
by George E.P. Box and Wilson K.B in the year of 1951. This method is used
to identifying the optimal values for the designed experiments. RSM is using
the second-degree polynomial model. In this method to get accurate and

optimum values by varying the parameters.

RSM properties

RSM has three important properties namely Orthogonality,

Rotatability, and Uniformity as discussed below.
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Orthogonality: The effect individual property of k-factors is to be

calculated without confusing.

Rotatability: The center of the factor space is occupied by the
rotating points and its property and moreover design points are considered as

constant.

Uniformity: The CCD designs follow the uniform precision by a

number of center points.

The main goal of this technique is to optimize the output responses
which is mainly influenced by various input parameters based on the
experimental data. It also deals with and measures the connection between the

various input process parameters and output responses. The RSM deals with

» Analyzing the effect of input process parameters on the selected

output responses.

» The identification of a correlation between the various input

variables.

» It also characterizes the combined effect of all the input variable

which have the influence on output process responses.

Analysis of variance (ANOVA)

Analysis of variance is the statistical method in which models will
be analyzed to know the variance or difference among group means. A
selected variable will be sectioned and it is about to a number of variables to
the various source of variation. Many groups are equal and therefore
simplifies the t-test into greater than two groups. It is very useful to compare

any numbers of variables for the statistical mean.
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> Model Classification

In this ANOVA there are three classifications in terms of the
model. Fixed effect model, the random effect model, and mixed effects

models.

> Fixed-effects models

In this model, one or more actions considered for the corresponding

experiment to validate the variable changes or variance.

> Random-effects models

Random effects model is applicable for large data application and it
takes various influencing factors for the experiments. Based on the large data

experiments the variance has been compared with fixed effect models.

> Mixed-effects models

Mixed effect model adopted for both the fixed and random effect
model procedure, In which both models has been compared with one another

to get the exact and right values in the variance.

> F-Test

The F-test is used to compare the factors of total deviation

F test = variance between treatments/variance within treatment (6.1)

The ANOVA is applied in five steps.

o Step 1.Set up hypotheses and determine the level of

significance
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o Step 2. Select the appropriate test statistic.
o Step 3. Set up a decision rule.
« Step 4. Compute the test statistic.

o Step 5. Conclusion

DEVELOPMENT OF RSM MODEL FOR OPTIMIZATION
OF ERSW PROCESS PARAMETERS

The design expert software 9.0.3.1 was used in this study for
designing the input process parameters and to analyze the output responses
statistically. In this work the experiments were designed based on the Central
Composite Rotatable Design (CCRD) a three-level, three-factor CCRD is
selected. Based on the CCRD experimental design matrix 17 experimental
trials (1 center point, at the Centre, axial points outside the cube, four factorial
point and four replicated center points), which gives suitable information to fit
a full second-order polynomial (Montgomeri 2001). The parameters which
affect the selected TSFL microhardness and nugget diameter were selected
based on the feasibility study and literature review. The RSM flowchart is
used in this work as shown in Appendix-I. From the various literature it is
identified that the various input process parameters for the ERSW process are
power, weld time, diameter, electrode tip angle and electrode material etc. to
identify the various mechanical properties such as TSFL strength, hardness
and nugget diameter of the ERSW joints using various materials. For welding
of AIS5052, AISI1020 and 1008 material using ERSW process the
researchers are mainly focusing the three important parameters such as weld
power, time and pressure. The effect of ERSW input process parameter which
is selected to determine the mechanical properties and nugget diameter is
analyzed by using RSM. The ranges of the selected ERSW input parameters
selected for identifying the output responses are confirmed by conducting

feasibility experiments and from the detailed literature
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DEVELOPMENT OF ANOVA MODEL FOR PREDICTION
OF MECHANICAL AND NUGGET DIAMETER FOR ERSW
JOINTS

The ANOVA model is developed in order to understand the
statistical model. The model was finalized based on the assumptions made
and it is mandatory that selection of suitable assumptions in order to get the
accurate variance for the chosen data. The Minitab steps have been utilized
for the experiment to check the relationship and regression of ANOVA. To
conduct the wvarious input parameter by Minitab software. In this

investigation, ANOVA is applied in five steps.

Step 1.Set up hypotheses and determine the level of

significance

o Step 2. Select the appropriate test statistic.

o Step 3. Set up a decision rule.

o Step 4. Compute the test statistic.

Step 5. Conclusion

In this study, the ANOVA has been incorporated with 17 trials
were allowed to find out the null hypothesis variation, which states that error

variance indicates the equal magnitude in this study.

SUMMARY

This chapter deals with the optimization and prediction methods
followed in this work and its corresponding procedure and steps for obtaining

optimum input process parameters for the ERSW process have been
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discussed. The RSM and ANOVA steps have been discussed in detail. the
assumptions and procedures for selected input process parameters were also
discussed. The next chapter will discuss the various result and discussion of
ERSW joints welded based on different weld input process parameters

selected for this investigation.
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CHAPTER 7

RESULTS AND DISCUSSION

The results obtained from TSFL, microhardness, nugget diameter,
metallographic study and corrosion test on AIS5052 and AISI1020 similar
joints welded using ERSW process was discussed in detail in this section.
Similarly, optimization and prediction of ERSW weld input process parameter
for welding of AIS5052, AISI1020 and AA1008 dissimilar joints on various
mechanical properties and nugget diameter are also illustrated detail in this

section.

EXPERIMENTAL INVESTIGATION ON THE EFFECT OF
WELD PRESSURE ON MECHANICAL AND
METALLURGICAL PROPERTIES OF ERSW WELDED
AIS5052 —-AIS5052 AND AISI1020-AI1S11020 SIMILARJOINTS

This section discusses in detail about the results obtained from
TSFL, microhardness, nugget diameter and corrosion test for AIS5052 and
AISI1020 similar joints welded using ERSW process. In order to assess the
effect of weld pressure on ERSW process, the weld pressure range of 3.3 kgf
to 3.7kgf was selected for the welding of AIS5052- AIS5052 and AISI1020-
AISI1020 similar joints. The literature review shows clearly that the
mechanical properties and its associated parameters are influenced by the
current, electrode pressure and weld time. In this similar joints study, initially,
weld trails were conducted by varying the weld pressure and keeping the time
and power as constant. The ERSW process was used for welding of the joints

by keeping the current at 10A and voltage at 15kV A as constant while
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varying the welding pressure from 3.3 kgf to 3.7kgf. Finally, the Mechanical,
metallurgical and corrosion tests were carried out on the welded joints to identify

the better weld pressure parameter as discussed in the following sections.

Mechanical and Metallurgical Investigation of AIS5052 —
AIS5052 similar Joints

This section discusses in detail about the results obtained from
TSFL, microhardness, nugget diameter and corrosion test for AIS5052-

AIS5052 similar joints.

Analysis of TSFL and hardness

The TSFL test samples were prepared from ERSW welded joints
according to ISO14273 standard as shown in Figure 7.1, then the samples
were tested using Instron 250 kN. The failed TSFL specimens are shown in
Figure 7.2. From the Figure 7.2, it is identified that all the samples are failed

at the weld nugget region.

Figure 7.1 Photographic view of TSFL test samples of AIS5052 Similar
joints before testing
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Figure 7.2 Photographic image of TSFL tested samples of AIS5052 —
AIS5052 similar welded joints after testing.

The TSFL test results for the samples welded at three different weld

pressure are shown in Figure 7.3.

TSFL

1.8
1.6
14

1.2

TSFL (kN)

0.8

Figure 7.3 TSFL test results for the samples welded at three different
weld pressure conditions for AIS5052 Similar joints.

From the Figure 7.3, it is noted that the maximum TSFL was
obtained for the sample welded at the weld pressure 3.7kgf.
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The results obtained from the TSFL and microhardness tests were

given in Table 7.1.

Table 7.1 Results obtained from TSFL and microhardness tests for
AIS5052 similar joints

Weld Parameters :
TSFL Micro
Hardness

Sample No Power | Time Pressure
(kN)
(VHN)

(W) |(seconds) (kgf)
AIS5052—-AIS5052-1) 15 10 3.3 1.20 214.8
AIS5052—-AI1S5052-2| 15 10 3.5 1.81 215.2
AIS5052—-A1S5052-3] 15 10 3.7 1.85 220.2

From the Table 7.1, it is clearly identified that increase in weld
pressure increases the TSFL strength.

Similarly, the microhardness samples were prepared from the

ERSW joints welded at three different weld pressure and it was etched by

sodium hydroxide solution as shown in Figure 7.4 (a).

Photographic view of microhardness samples of AIS5052

Figure 7.4 (a)
similar joints
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The hardness test was conducted using a Vickers microhardness
tester for a load of 1 kg. The results obtained from the test are shown in

Figure 7.4 (b).

Microhardness

221
220
219
218
217
216
215
214
213

212

Milcro hardness (VHN)

pressure 3.3 kgf pressure 3.5kgf pressure 3.7kgf

Pressure (kgf)

Figure 7.4(b) Microhardness test result for the samples welded at
various weld pressures

From the Figure 7.4(b) it is identified that maximum hardness
values were obtained for the sample welded at the maximum weld pressure of
3.7kgf. Therefore, it was observed that the hardness values are directly

proportional to the weld pressure as tabulated in Table 7.1.

Analysis of metallurgical results

The macro, micro, SEM, EDAX and factography analysis test was
carried out on the AIS5052- AIS5052 joints and the results are discussed in

the section below.
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Macro, Microstructural and nugget dimension examinations

The macro and microstructural examinations were carried out on

AIS5052- AIS5052 joints welded at different weld pressure 3.3 kgf, 3.5 kgf

and 3.7kgf and their corresponding images are shown in Figure 7.5(a) to (f).

Pressure . Nugget Diameter
Macro Image Micro Image
(kgf) (mm)
33 3.8
3.5 4.2
3.7 4.9

(©)

Figure 7.5 (a) to (f) shows the Macro-micro image and Nugget diameter

of the AIS5052- AISS5052 similar joints welded at various
weld pressure

The macrostructural images show that the sample welded at the

weld pressure 3.7kgf is having defect free nugget and no holes were
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identified. Similarly, while comparing the nugget zone macro structures it is
identified that the sample welded at pressure 3.3kgf possess small holes,
which clearly reveals that the sample welded at the weld pressure 3.7kgf weld
pressure is better as shown in figure 7.5 (a), 7.5 (b) & 7.5 (¢). The same result

was proved in the TSFL, hardness and nugget diameter examinations.

The microstructural study shows that the sample welded at a
pressure of 3.7kgf is having very fine grains when compared with the samples
welded at the pressure at 3.3kgf and 3.5 kgt as shown in Figure 7.5 (d, e & 1).
The microstructural images show the occurrence of course austenite and
ferrite mode. In addition to that, the presence of high chromium content in
AIS5052 promotes more ferrite content. The presence of dendritic ferrite on
the nugget zone was also identified and this dendrite ferrite was almost

normal to weld interface as presented in the above Figure 7.5(d, e & f).

The nugget diameter was measured using a video measurement
system (VMS) 2010F and the measured values of the nugget diameter of the
samples welded at three different weld pressure are tabulated in Figure 7.5.
From the nugget diameter values, it is identified that the maximum nugget
diameter was obtained for the sample welded at maximum weld pressure of

3.7kgf.

SEM & EDAX analysis

The SEM and EDAX tests were carried using Scanning Electron
Microscope on the sample welded at the maximum weld pressure at 3.7kgf
and its corresponding SEM images and EDS plot are shown are shown in

Figure 7.6 (a) and (b) respectively.
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Figure 7.6 (a) SEM image of the sample welded at the weld pressure of
3.7kgf (b) EDS plot of the sample welded at weld pressure
3.7kgf

From the Figure 7.6 (a) and (b) it is identified that the no elemental
changes occur in the samples and the elemental table shows the presence of
chromium and Magnesium at a high percentage in the plot. The elements

present in the sample welded at maximum weld pressure of 3.7kgf are given

in Table 7.2.

Table 7.2 Weight percentage of elements on the sample welded at 3.7kgf




110

Factography test

The fracture surface of the TSFL sample welded at the maximum
weld pressure of 3.7kgf was analyzed using SEM to reveal the fracture
surface morphology and the fracture surface image was shown in Figure 7.7.
From the figure 7.7, it is identified that the grains are elongated and possess a
lot of crest and trough-like appearance. Which clearly indicates the ductile

mode of failure.

GEG 15 0kV 62.1mm x100 SE

Figure 7.7 Factography images of TSFL tested sample welded at the
weld pressure 3.7kgf.

7.1.3 Analysis of corrosion test results

The corrosion test was carried out based on the potentiodynamic
polarization method for the sample welded at the maximum weld pressure of
3.7kgf. and their corresponding TAFEL data model was listed in table 7.3.
The obtained TAFEL plot for AIS5052 similar joints welded at 3.7 kgf as
shown in figure 7.8. From the table 7.3 & figure 7.8, it is identified that the

maximum corrosion rate is found to be about 6.294mm/Y ear.
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Table 7.3  TAFEL Data Model Data for AIS5052 similar joint welded
at the weld pressure 3.7kgf

Tafel data model for AISI 304-AIS5052 for 3.7KN weld pressure
E. Corr V -0.0751
ICor. A 1.17E-05
I Cor. A/em’ 0.000732
Rp ohm 3641
ba V/dec 0.204
bc V/dec 0.189
C. Rate mm/y 6.294
v Corrosionrateanalysis
1.0
0.5
0.0
o
< |
= -0.5_]
o
1.0
T i T i T i T
-5 -4 -3 -2
Log(Current /A) A

Figure 7.8 TAFEL plot for AISI 304 similar joints welded at 3.7Kgf weld
pressure
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Mechanical and Metallurgical Investigation of AISI1020 —
AISI1020 Joints

This section discusses in detail about the results obtained from
TSFL, microhardness, nugget diameter and corrosion test for AISI1020-

AISI1020 similar joints.

Analysis of TSFL and hardness

The TSFL test samples were prepared from ERSW welded joints
according to 1SO14273 standard as shown in Figure 7.9, then the samples
were tested using Instron 250 kN. The failed TSFL specimens are shown in
Figure 7.9. From the Figure 7.9, it is identified that all the samples are failed

at the weld nugget region.

Figure 7.9 Photographic view of TSFL test samples of AISI1020
Similar joints before testing.
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Figure 7.10 Photographic image of TSFL tested samples of AISI1020 —
AISI1020 similar welded joints after testing.

The TSFL test results for the samples welded at three different weld

pressure are shown in Figure 7.11.

TSFL

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

TSFL (kN)

pressure 3.3 kgf pressure 3.5kgf pressure 3.7kgf
Pressure(kgf)

Figure 7.11 TSFL test results for the samples welded at three different
weld pressure conditions for AISI1020 Similar joints.
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From the Figure 7.11, it is noted that the maximum ultimate tensile

strength was obtained for the sample welded at pressure 3.7kgf.

The results obtained from the TSFL and microhardness tests were

given in Table 7.4.

Table 7.4 Results obtained from TSFL and microhardness tests for
AISI1020 similar joints

Weld Parameters Micro
TSFL
Sample no Power | Time | Pressure (kN) Hardness
(W) | (sec) | (kg (VHN)
AISI1020— 15 10 3.3 0.51 191.5
AISI1020 -1
AISI1020 — 15 10 3.5 0.65 208.8
AISI1020 -2
AISI1020 — 15 10 3.7 0.91 267.5
AISI1020 -3

From the Table 7.4, it is clearly identified that increase in weld

pressure increases the TSFL strength.

Similarly, the microhardness samples were prepared from the
ERSW joints welded at three different weld pressure and it was etched by

sodium hydroxide solution as shown in Figure 7.12 (a).

The hardness test was conducted using a Vickers microhardness

tester for a load of 1 kg. The results obtained from the test are shown in
Figure 7.12 (b).
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Figure 7.12(a) Photographic view of microhardness samples of
AISI1020 similar joints

Micro hardness
300

250
200
150

100

Mlcro hardness (VHN)

50

pressure3.3 kgf pressure3.5kgf pressure3.7kgf

Pressure (kgf)

Figure 7.12(b) Microhardness test result for the samples welded at
various weld pressures

From the Figure 7.12(b) it is identified that maximum hardness
values were obtained for the sample welded at the maximum weld pressure of
3.7kgf. Therefore, it was observed that the hardness values are directly

proportional to the weld pressure as tabulated in Table 7.6.
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Analysis of Metallurgical results

The macro, micro, SEM, EDAX and factography analysis test was
carried out on the AISI1020- AISI1020 joints and the results are discussed in

the section below.

Macro, Microstructural study, and nugget dimension study

The macro and microstructural examinations were carried out on
AISI1020- AISI1020joints welded at different weld pressure 3.3 kgf, 3.5 kgf
and 3.7kgf and their corresponding images are shown in Figure 7.13(a) to (f).

Pressure . Nugget Diameter
Micro Image Macro Image
(kN) (mm)

33 4.0

3.5 4.5
(c) (d)

3.7 5.1
(H

Figure 7.13 (a) to (f) shows the Macro-micro image and Nugget diameter
of the AISI1020 similar joints welded at various weld
pressure
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The macrostructural images show that the sample welded at the
weld pressure 3.7kgf is having defect free nugget and no holes were
identified. Similarly, while comparing the nugget zone macro structures it is
identified that the sample welded at pressure 3.3kgf possess small holes,
which clearly reveals that the sample welded at the weld pressure 3.7kgf weld
pressure is better as shown in figure 7.13 (b), 7.13 (d) & 7.13(f). The same

result was proved in the TSFL, hardness and nugget diameter examinations.

The microstructural study shows that the sample welded at a
pressure of 3.7kgf is having very fine grains when compared with the samples
welded at the pressure at 3.3kgf and 3.5 kgf as shown in Figure 7.13 (a, ¢ &
e). The microstructural images show the occurrence of course austenite and
ferrite mode. In addition to that, the presence of high chromium content in
AISI1020 promotes more ferrite content. The presence of dendritic ferrite on
the nugget zone was also identified and this dendrite ferrite was almost

normal to weld interface as presented in the above Figure 7.13(a, c& e).

The nugget diameter was measured using a video measurement
system (VMS) 2010F and the measured values of the nugget diameter of the
samples welded at three different weld pressure are tabulated in Figure 7.13.
From the nugget diameter values, it is identified that the maximum nugget
diameter was obtained for the sample welded at maximum weld pressure of

3.7kgf.

SEM & EDAX analysis

The SEM and EDAX tests were carried using Scanning Electron
Microscope on the sample welded at the maximum weld pressure at 3.7kgf
and its corresponding SEM images and EDS plot are shown are shown in

Figure 7.14 (a) and (b) respectively.
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Figure 7.14 (a) SEM image of the sample welded at the weld pressure of
3.7kgf (b) EDS plot of the sample welded at weld pressure

3.7kgf

From the Figure 7.14 (a) and (b) it is identified that the no

elemental changes occur in the samples and the elemental table shows the

presence of chromium and Magnesium at a high percentage in the plot. The

elements present in the sample welded at maximum weld pressure of 3.7kgf

are given in Table 7.5.

Table 7.5 Weight percentage of elements on the sample welded at 3.7kgf

Base(286) ptl

92.20 7.80
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Factography test

The fracture surface of the TSFL sample welded at the maximum
weld pressure of 3.7kgf was analyzed using SEM to reveal the fracture
surface morphology and the fracture surface image was shown in Figure 7.15.
From the figure 7.15, it is identified that the grains are elongated and possess
a lot of crest and trough-like appearance. Which clearly indicates the ductile

mode of failure.

CEG 15.0kV 61 2mm x120 SE

Figure 7.15 Factography images of the TSFL tested sample welded at
weld pressure 3.7kgf.

Analysis of corrosion results

The corrosion test was carried out based on the potentiodynamic
polarization method for the sample welded at the maximum weld pressure of
3.7kgf. and their corresponding TAFEL data model was listed in table 7.6.
The obtained TAFEL plot for AISI1020 similar joints welded at 3.7 kgf as
shown in figure 7.16. From the table 7.6 & figure 7.16, it is identified that the

maximum corrosion rate is found to be about 3.032mm/Year.
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Table 7.6 TAFEL Data Model Data for AISI1020 similar joint welded
at the weld pressure 3.7kgf

Tafel data model for AISI1020-AIS11020 for 3.7kgf weld pressure

E. Corr V -0.7135
ICor. A 5.64E-06
I Cor. A/em’ 0.000352
Rp ohm 4091
ba V/dec 0.069
bc V/dec 0.227
C. Rate mm/y 3.032
v Corrosion rateanalysis
1.0_]
0.5_]
0.0
= ]
E -0.5_]
3 |
-1.0_]
s 5 L4 5 L 4
Log(Current/A) A

Figure 7.16 TAFEL plot for AISI1020 for welded at 3.7Kgf weld pressure
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OPTIMIZATION OF ERSW PROCESS PARAMETERS FOR
AIS5052(SS)-AISI1020(MS),AISI1020(MS)-  AA1008(Al)
AND  AIS5052(SS)-AA1008(Al) DISSIMILAR JOINTS
USING RSM

Based on the feasibility study conducted the main operational
parameters and their levels were selected. In this work, three input process
parameters at three levels (i.e.) weld power, weld time and weld pressure are
considered. In the RSM model the CCRD design was selected for this
analysis. The interaction effect between the various weld input process
parameter on mechanical properties and nugget diameter was validated with
the developed model. In this work, the optimization process was carried out
on AIS5052(SS)-AISI1020(MS), AISI1020(MS)-AA1008(Al) and
AIS5052(SS)-AA1008(Al) dissimilar joints and the obtained results were

discussed in the section below.

RSM Results for AIS5052-AI1S11020 Dissimilar Joints

The RSM model was created based on CCRD model by
considering three important process parameter with three levels (i.e.)
power(55 to 65 W), pressure (3.4 to 3.8 kgf) and time (1.5 to 2.5 seconds) was
considered for welding of AIS5052(SS)-AISI1020(MS) dissimilar joints. The
various process parameters and their levels selected for the present study were

listed in Table 7.7.

Table 7.7 Process Parameters and their levels for AIS5052(SS)-
AISI1020(MS) dissimilar joints

Levels
Parameters | Unit Symbol
Low (-1) |Medium (0)| High (+1)
POWER W) A 55 60 65
PRESSURE |(kgf) B 34 3.6 3.8
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TIME

(second)

1.5

2.5
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Based on Table 7.7, the mathematical model was developed for
optimizing the weld process parameters by taking power (55-65W), Pressure
(3.3 to 3.8kgf) and time (1.5 to 2.5sec) as input parameters as stated in various
literature and trail experiments conducted. The 17 experimental runs were
performed in a randomized order based on CCRD design matrix as given in
table7.17.1. The TSFL and hardness samples were prepared as shown in
figure 7.16.1 (a) and (b) respectively.

(a)  TSFL specimen of AISI304- (b)  Hardness test sample of
AISI1020 AISI304-AIS11020

Figure 7.16.1 (a) and (b) TSFL specimen of AIS5052-AIS11020 and
Hardness test sample of AIS5052-A1S11020

The tested TSFL sample, hardness sample and nugget images were

shown in Figure 7.17(a) to 7.17(0).
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Bottom | Top view
Top view
TSFL |Cross-sectional view of of the
Nugget (mm) | of the top
(KN) |macrostructure the top bottom
sheet
sheet sheet
High
(9.8)
Medium
(7.3)
(b) (e) (h) (k) (n)
Low
(5)
(c) () (i) ) (0)
Figure 7.17(a) to (0) Cross-Sectional Macrostructure and Nugget

images of the TSFL samples

The welded AIS5052-AISI1020 dissimilar joint possess high,

medium and low TSFL values were analyzed using macrostructural and

nugget images as shown in Figure 7.17(a) to (o). from the figure it is

identified that the depth of penetration of the sample possess high TSFL joint
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is higher when compared to medium and low TSFL samples as shown in

Figure 7.17 (a) to (c) similarly, the nugget diameter of the sample possess

high TSFL strength is higher when compared to other TSFL samples.

Table 7.17.1 L17 (3°) Orthogonal array used in design experiments with
three parameters at three levels for AIS5052-AI1S11020

Coded values

Actual values

Std | Run
A:Power |B:Pressure| C:Time | A:Power | B:Pressure | C:Time

A\ kgf S w kgf S
2 1 1 -1 0 65 34 2
11| 2 0 -1 1 60 34 2.5
3 3 -1 1 0 55 3.8 2
6 4 1 0 -1 65 3.6 1.5
14| 5 0 0 0 60 3.6 2
4 6 1 1 0 65 3.8 2
16 | 7 0 0 0 60 3.6 2
5 8 -1 0 -1 55 3.6 1.5
1 9 -1 -1 0 55 34 2
12 | 10 0 1 1 60 3.8 2.5
15| 11 0 0 0 60 3.6 2
13| 12 0 0 0 60 3.6 2
9 | 13 0 -1 -1 60 34 1.5
7 | 14 -1 0 1 55 3.6 2.5
8 | 15 1 0 1 65 3.6 2.5
10 | 16 0 1 -1 60 3.8 1.5
17 | 17 0 0 0 60 3.6 2
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The TSFL, microhardness and nugget diameter values are tabulated

in Table 7.17.2.

Table 7.17.2 TSFL, micro Hardness and Nugget diameter values of

AIS5052-AISI1020 dissimilar joints

Factor Factor | Factor | Response Response Response
1 2 3 1 2 3
A: Power B: C: Time| Hardness ltlugget TSFL

Std | Run Pressure Diameter
W kgf S VHN mm kN
2 1 65 3.4 2 490 5.652 9.2
11| 2 60 3.4 2.5 423 5.012 7.9
3 3 55 3.8 2 421 4.662 7.3
6 4 65 3.6 1.5 509 5.897 9.5
14| 5 60 3.6 2 320 6.39 9.3
4 6 65 3.8 2 546 6.45 9.8
16 | 7 60 3.6 2 320 6.39 9.3
5 8 55 3.6 1.5 359 4.604 5.8
1 55 34 2 335 4.876 5
12 | 10 60 3.8 2.5 530 5431 9
15| 11 60 3.6 2 320 6.39 9.3
13| 12 60 3.6 2 320 6.39 9.3
9 | 13 60 34 1.5 420 5.015 7.2
7 | 14 55 3.6 2.5 369 4.612 6.5
8 | 15 65 3.6 2.5 530 5.924 9.5
10 | 16 60 3.8 1.5 504 4.949 9.2
17 | 17 60 3.6 2 320 6.39 9.3
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Figure 7.17.1 The TSFL, microhardness and nugget diameter values of
AIS5052 and AISI1020

The Table7.17.2 and Figure 7.17.1 both clearly show the TSFL
9.8kN, Microhardness 543 VHN and nugget diameter 6.45 at the maximum
weld the pressure of 3.7kgf.
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To obtain the influencing ERS welding process parameter for TSFL

strength. The interaction effects plots were obtained. The interaction effect

results obtained from DOE software for the 3D response, 2D contour effects

of the input process parameters such as pressure, power, time on the nugget

diameter, TSFL, hardness are given in Figure 7.18 (a) to 7.18 (f). The

Figure 7.18 (a) to (e) shows the interaction effects between power versus

pressure, power versus time and pressure versus time.

TSEL (kh)

B: Pressure (kN)

TSFL (kN)

38

55 57 59 61 63 65

A Power (W)

Figure 7.18 (b)

TSFL (k)

C Time (5)

TSFL (kN)

A Power (W)

Figure 7.18 (c)

Figure 7.18 (d)

Figure 7.18 (Continued)
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TSFL (kN)

047801

TSFL {kN)
C: Time {S)

B: Pressure (kM)

Figure 7.18 (¢) Figure 7.18 (f)

Figure 7.18 (a) to (f) Various interaction plots 3D (a, ¢, e¢) and 2D (b, d,
f) plots for TSFL.

Interaction effect on ERSW weld input process parameters for

TSFL strength

The interaction effect was achieved by the design of expert
software for both the 2D and 3D responses of input process parameters such

as pressure, time and power on TSFL are shown in Figures 7.18 (a) to (7.18 1).

The Figure 7.18 (a) shows the 3D surface plot which indicates all
the points are within the plot. Similarly, 7.18 (b) indicates the 2D contour plot
between power versus pressure. The plotted results show blue colored value is
lesser and green colored values are average and red colored value is higher
which indicates that the TSFL decreases with the increase in power. The
TSFL is high at power 65w. It has good agreement with various works

discussed literature reviews.
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The Figure 7.18 (c) shows the 3D surface plot where indicates all
the points are within the plot. Similarly, 7.18 (d) indicates the 2D contour plot
between power versus Time. The plotted results show blue colored value is
lesser and green colored values are average and red colored value is higher,
which indicates that the TSFL decreases with the increase in power. The
TSFL is high at higher at the power of 65w. It has good agreement with

various literary works reviews.

The Figure 7.18 (e) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.18 (f) indicates the 2D contour plot between
pressure versus time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
TSFL decreases with the pressure. The TSFL is high at pressure 3.8kgf. it has

good agreement with various literature reviews.

Optimizing weld input process parameter for microhardness

To obtain the influencing ERS welding process parameter for
Microhardness strength. The interaction effects plots were obtained. The
interaction effect results obtained from DOE software for the 3D response, 2D
contour effects of the input process parameters such as pressure, power, time
on the hardness are given in Figure 7.19 (a) to 7.19 (f). The
Figure 7.19 (a) to 7.19 (f) shows the interaction effects between power versus

pressure, power versus time and pressure versus time.
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Interaction effect weld input process parameter for

microhardness

The interaction effect was achieved by the design of expert
software for both the 2D and 3D responses of input process parameters are

pressure, time and power on hardness are listed in Figures 7.19 (a) to (7.19 f).

The Figure 7.19 (a) to (7.19 f). shows 3d and 2D responses of
hardness. The Figure 7.19 (a) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.19 (b) indicates the 2D contour plot between
power versus pressure. The plotted results show blue colored value is lesser
and green colored values are average and red colored value is higher and the
hardness decreases with the power. The hardness is high at power 65w. it has

good agreement with various literature reviews.

The Figure 7.19 (c) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.19 (d) indicates the 2D contour plot between
power versus Time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
hardness decreases with the power. The hardness is high at power 65w. it has

good agreement with various literature reviews.

The Figure 7.19 (e) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.19 (f) indicates the 2D contour plot between
pressure versus time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
hardness decreases with the pressure. The hardness is high at pressure 65w. it

has good agreement with various literature reviews.
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Optimizing weld input process parameter for nugget diameter

To obtain the influencing ERS welding process parameter for
nugget diameter. The interaction effects plots were obtained. The interaction
effect results obtained from DOE software for the 3D response, 2D contour
effects of the input process parameters such as pressure, power, time on the
nugget diameter, TSFL, hardness are given in Figure 7.20(a) to 7.20(f). The
Figure 7.20(a) to 7.20(f) shows the interaction effects between power versus

pressure, power versus time and pressure versus time.

Mugget Diamtere (mm)

MNugget Diamtere (mm)

B: Pressure (kN)

B: Pressure (kM)

A Power (W)

(b)

Nugget Diamtere (mm)

hugget Diamtere (mm)

C: Time {5)

55 57 5% 61 63 65

A: Power (W)

() (d)

Figure 7.20 (Continued)
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Nugget Diamtere (mm)

Mupget Diamtere (mm)

C: Time (S)
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B: Pressure (kM)

(e) )

Figure 7. 20 (a) to (f) Various interaction plots for nugget diameter.

figure (a,c,e) shows 3D plots and figures (b,d,f)
shows the 2D plots.

Interaction effect weld input process parameter for nugget

diameter

The interaction effect was achieved by the design of expert
software for both the 2D and 3D responses of input process parameters are

pressure, time and power on Nugget diameter are listed in Figures 7.20 (a) to
(7.20 1).

The Figure 7.20 (a) to (7.20 f). shows 3d and 2D responses of
Nugget diameter. The Figure 7.20 (a) is 3D surface plot indicates all the
points are within the plot. Similarly, 7.20 (b) indicates the 2D contour plot
between power versus pressure. The plotted results show blue colored value is
lesser and green colored values are average and red colored value is higher
and the Nugget diameter decreases with the power. The Nugget diameter is

high at power 65w. It has good agreement with various literature reviews.
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The Figure 7.20 (c¢) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.20 (d) indicates the 2D contour plot between
power versus Time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
Nugget diameter decreases with the power. The Nugget diameter is high at

power 65w. it has good agreement with various literature reviews.

The Figure 7.20 (e) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.20 (f) indicates the 2D contour plot between
pressure versus time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
Nugget diameter decreases with the pressure. The Nugget diameter is high at

pressure 65w. It has good agreement with various literature reviews.

RSM Results for AISI1020-AA1008 Dissimilar Joints

The RSM model was created based on CCRD model by
considering three important process parameter with three levels (i.e.) power
(55 to 65 W), pressure (3.4 to 3.8 kgf) and time (1.5 to 2.5 seconds) was
considered for welding of AISI1020-AA1008 dissimilar joints. The various
process parameters and their levels selected for the present study were listed

in Table 7.7.

Based on Table 7.7, the mathematical model was developed for
optimizing the weld process parameters by taking power (55-65W), Pressure
(3.3 to 3.8kgf) and time (1.5 to 2.5sec) as input parameters as stated in various
literature and trail experiments conducted. The 17 experimental runs were
performed in a randomized order based on CCRD design matrix as given in
table7.17.3. The TSFL and hardness samples were prepared as shown in
figure 7.20.1 (a) and (b) respectively.
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(a) TSFL specimen of AISI1020-AA2024 | (b)  Hardness test sample of
AISI1020-AA2024

Figure 7.20.1 (a) and (b) TSFL specimen of AISI1020-AA1008 and
Hardness test sample of AISI1020-AA1008

The tested TSFL sample, hardness sample and nugget images were

shown in Figure 7.20.2 (a) to 7.20.2(0).

The welded AISI1020-AA1008 dissimilar joint possess high,
medium and low TSFL values were analyzed using macrostructural and
nugget images as shown in Figure 7.20.2(a) to (o). from the figure it is
identified that the depth of penetration of the sample possess high TSFL joint
is higher when compared to medium and low TSFL samples as shown in
Figure 7.20.2 (a) to (c). similarly, the nugget diameter of the sample possesses

high TSFL strength is higher when compared to other TSFL samples.
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Figure 7.20.2(a) to (o) Cross-Sectional Macrostructure and Nugget

images of the TSFL samples
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Table 7.17.3 L17 (3’) Orthogonal array used to design experiments with
three parameters at three levels AISI1020-AA1008

Coded Values
Std | Run A:Power | B:Pressure | C:time
A: Power | B: Pressure | C:time

W Kegf S w Kgf S
1 16 -1 -1 0 55 34 2
5 17 -1 0 -1 55 3.6 1.5
7 3 -1 0 1 55 3.6 2.5
3 9 -1 1 0 55 3.8 2
9 4 0 -1 -1 60 34 1.5
11| 13 0 -1 1 60 34 2.5
15 1 0 0 0 60 3.6 2
17 2 0 0 0 60 3.6 2
16 6 0 0 0 60 3.6 2
14 7 0 0 0 60 3.6 2
13 | 14 0 0 0 60 3.6 2
10 | 12 0 1 -1 60 3.8 1.5
12 | 11 0 1 1 60 3.8 2.5
2 8 1 -1 0 65 34 2
6 5 1 0 -1 65 3.6 1.5
8 10 1 0 1 65 3.6 2.5
4 15 1 1 0 65 3.8 2
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Table 7.17.4 TSFL, micro Hardness and Nugget diameter values of
AISI1020-AA1008 dissimilar joints

Factor 1 | Factor 2 |Factor 3|Response 1| Response 2 | Response 3
Std | Run [A: Power B C:time | Hardness Nugget TSFL
Pressure Diameter
W Kgf S VHN mm kN
1 16 55 34 2 104.8 4.945 0.555
5117 55 3.6 1.5 112 4.644 0.814
7 3 55 3.6 2.5 118 4.712 0.708
3 9 55 3.8 2 121.3 4.722 1.489
9 4 60 3.4 1.5 124 5.128 1.218
11| 13 60 34 2.5 122 5.109 1.411
151 1 60 3.6 2 95 6.889 2.615
17| 2 60 3.6 2 95 6.889 2.615
16 | 6 60 3.6 2 95 6.889 2.615
14| 7 60 3.6 2 95 6.889 2.615
13| 14 60 3.6 2 95 6.889 2.615
10 | 12 60 3.8 1.5 134 4.822 2.173
12 | 11 60 3.8 2.5 159.4 5.568 2.145
2 8 65 3.4 2 152 5.654 2.221
6 5 65 3.6 1.5 137.8 5.944 2.324
8 | 10 65 3.6 2.5 178 5.934 2.334
4 | 15 65 3.8 2 154 6.459 2.378
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Figure 7.20.3 The TSFL, microhardness and nugget diameter values of
AISI1020-AA1008

The Table 7.20.1.1 and Figure 7.20.3 both clearly show the TSFL
2.615kN, Microhardness 159.4 VHN and nugget diameter 6.889mm at the

maximum weld pressure of 3.7kgf.
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Optimizing weld input process parameter for TSFL strength

To obtain the influencing ERS welding process parameter for TSFL

strength. The interaction effects plots were obtained. The interaction effect

results obtained from DOE software for the 3D response, 2D contour effects

of the input process parameters such as pressure, power, time on the nugget

diameter, TSFL, hardness are given in Figure 7.21(a) to (f). The

Figure 7.21 (a) to (e)shows the interaction effects between power versus

pressure, power versus time and pressure versus time.

TSFL

B: Pressure (KN)

TSFL

55 -7 53 61 63 55

A Power (KW

(b)

TSAL

Cttime (5)

A Pawer (KW)

C time (S)

TSFL

55 57 53 81 63 55

A: Power (KW)

(d)

Figure 7.21 (Continued)
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C: time (S)

B: Pressure (KN)

(e) )

Figure 7.21 (a) to (f) Various interaction 3D (a,c,e) and 2D (b,d,f) plots
for TSFL.

Interaction effect on ERSW weld input process parameters for

TSFL strength

The interaction effect was achieved by the design of expert
software for both the 2D and 3D responses of input process parameters are

pressure, time and power on TSFL are listed in Figures 7.21 (a) to (7.21 f).

The Figure 7.21 (a) to (7.21 f). shows 3d and 2D responses of
TSFL. The Figure 7.21 (a) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.21 (b) indicates the 2D contour plot between
power versus pressure. The plotted results show blue colored value is lesser
and green colored values are average and red colored value is higher and the
TSFL decreases with the power. The TSFL is high at power 65w. It has good

agreement with various literature reviews.
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The Figure 7.21 (c) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.21 (d) indicates the 2D contour plot between
power versus Time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
TSFL decreases with the power. The TSFL is high at power 65w. It has good

agreement with various literature reviews.

The Figure 7.21 (e) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.21 (f) indicates the 2D contour plot between
pressure versus time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
TSFL decreases with the pressure. The TSFL is high at pressure 65w. it has

good agreement with various literature reviews.

Optimizing weld input process parameter for microhardness

To obtain the influencing ERS welding process parameter for
Microhardness strength. The interaction effects plots were obtained. The
interaction effect results obtained from DOE software for the 3D response, 2D
contour effects of the input process parameters such as pressure, power, time
on the hardness are given in Figure 7.22 (a) to 7.22 (f). The
Figure 7.22 (a) to 7.22 (f) shows the interaction effects between power versus

pressure, power versus time and pressure versus time.
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Figure 7.22 (a) to (e) Various interaction plots for hardness, figure
(a,c,e) shows 3D plots and figures (b,d,f) shows the

2D plots.
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Interaction effect weld input process parameter for

microhardness

The interaction effect was achieved by the design of expert
software for both the 2D and 3D responses of input process parameters are

pressure, time and power on hardness are listed in Figures 7.22 (a) to (7.22 f).

The Figure 7.22 (a) to (7.22 f). shows 3d and 2D responses of
hardness. The Figure 7.22 (a) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.22 (b) indicates the 2D contour plot between
power versus pressure. The plotted results show blue colored value is lesser
and green colored values are average and red colored value is higher and the
hardness decreases with the power. The hardness is high at power 65w. it has

good agreement with various literature reviews.

The Figure 7.22 (c¢) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.22 (d) indicates the 2D contour plot between
power versus Time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
hardness decreases with the power. The hardness is high at power 65w. it has

good agreement with various literature reviews.

The Figure 7.22 (e) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.22 (f) indicates the 2D contour plot between
pressure versus time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
hardness decreases with the pressure. The hardness is high at pressure 65w. it

has good agreement with various literature reviews.
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The Figure 7.22 (c) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.22 (d) indicates the 2D contour plot between
power versus Time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
hardness decreases with the power. The hardness is high at power 65w. it has

good agreement with various literature reviews.

The Figure 7.22 (e) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.22 (f) indicates the 2D contour plot between
pressure versus time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
hardness decreases with the pressure. The hardness is high at pressure 65w. it

has good agreement with various literature reviews.

Optimizing weld input process parameter for nugget diameter

To obtain the influencing ERS welding process parameter for
nugget diameter. The interaction effects plots were obtained. The interaction
effect results obtained from DOE software for the 3D response, 2D contour
effects of the input process parameters such as pressure, power, time on the
nugget diameter, TSFL, hardness are given in Figure 7.23(a) to 7.23(f). The
Figure 7.23(a) to 7.23(f) shows the interaction effects between power versus

pressure, power versus time and pressure versus time.
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Figure 7.23 (a) to (f) Various interaction plots for nugget diameter.
figure (a,c,e) shows 3D plots and figures (b,d,f)
shows the 2D plots.
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Interaction effect weld input process parameter for Nugget

diameter

The interaction effect was achieved by the design of expert
software for both the 2D and 3D responses of input process parameters are
pressure, time and power on Nugget diameter are listed in Figures 7.23 (a) to

(7.23 ).

The Figure 7.23 (a) to (7.23 f). shows 3D and 2D responses of
Nugget diameter. The Figure 7.23 (a) is 3D surface plot indicates all the
points are within the plot. Similarly, 7.23 (b) indicates the 2D contour plot
between power versus pressure. The plotted results show blue colored value is
lesser and green colored values are average and red colored value is higher
and the Nugget diameter decreases with the power. The Nugget diameter is

high at power 65w. It has good agreement with various literature reviews.

The Figure 7.23 (c¢) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.23 (d) indicates the 2D contour plot between
power versus Time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
Nugget diameter decreases with the power. The Nugget diameter is high at

power 65w. it has good agreement with various literature reviews.

The Figure 7.23 (e) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.23 (f) indicates the 2D contour plot between
pressure versus time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
Nugget diameter decreases with the pressure. The Nugget diameter is high at

pressure 65w. It has good agreement with various literature reviews.



149

RSM Results for AIS5052-AA1008 Dissimilar Joints

The RSM model was created based on CCRD model by
considering three important process parameter with three levels (i.e.)
power(55 to 65 W), pressure (3.4 to 3.8 kgf) and time (1.5 to 2.5 seconds) was
considered for welding of AIS5052-AA1008 dissimilar joints. The various
process parameters and their levels selected for the present study were listed

in Table 7.7.

Based on Table 7.7, the mathematical model was developed for
optimizing the weld process parameters by taking power (55-65W), Pressure
(3.3 to 3.8kgf) and time (1.5 to 2.5sec) as input parameters as stated in various
literature and trail experiments conducted. The 17 experimental runs were
performed in a randomized order based on CCRD design matrix as given in
table7.17.6. The TSFL and hardness samples were prepared as shown in
figure 7.23.1 (a) and (b) respectively.

HHIRERANAI
(RN

LT

(a)  TSFL specimen of AISI304- (b) Hardness test sample of
AA2024 AISI304-AA2024

Figure 7.23.1 (a) and (b) TSFL specimen of AIS5052-AA1008 and
Hardness test sample of AIS5052- AA1008
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The tested TSFL sample, hardness sample and nugget images were

shown in Figure 7.23.1.1 (a) to (o).

TSFL Cross-sectional

(KN) macrostructure

Nugget (mm)

Top view of

the top sheet

Bottom view of the

top sheet

Top view of the

bottom sheet

High
(3.648)

Medium
(2.489)

(e)

(k)

Low

(1.157) - "

(©)

(@)

M

Figure 7.23.1.1 (a) to (0) Welded TSFL sample, hardness sample, and
nugget images

The welded AIS5052-AA1008 dissimilar joint possess high,

medium and low TSFL values were analyzed using macrostructural and

nugget images as shown in figure 7.23.1.1 (a) to (o). from the figure it is

identified that the depth of penetration of the sample possess high TSFL joint

is higher when compared to medium and low TSFL samples as shown in

figure 7.23.1.1 (a) to (c¢) similarly, the nugget diameter of the sample possess

high TSFL strength is higher when compared to other TSFL samples.
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Table7.17.5 L17 (3’) Orthogonal array used to design experiments with

three parameters at three levels SS-AL

Coded Values
Std | Run A:Power | B:Pressure | C:time
A: Power | B: Pressure | C:time

W Kgf S W Kgf S
15 1 0 0 0 60 3.6 2
17 2 0 0 0 60 3.6 2
7 3 -1 0 1 55 3.6 2.5
9 4 0 -1 -1 60 34 1.5
6 5 1 0 -1 65 3.6 1.5
16 6 0 0 0 60 3.6 2
14 7 0 0 0 60 3.6 2
2 8 1 -1 0 65 34 2
3 9 -1 1 0 55 3.8 2
8 10 1 0 1 65 3.6 2.5
12 | 11 0 1 1 60 3.8 2.5
10 | 12 0 1 -1 60 3.8 1.5
11| 13 0 -1 1 60 34 2.5
13 | 14 0 0 0 60 3.6 2
4 15 1 1 0 65 3.8 2
1 16 -1 -1 0 55 34 2
5 17 -1 0 -1 55 3.6 1.5

The TSFL, microhardness and nugget diameter values are tabulated

in Table 7.17.6.
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Table 7.17.6 TSFL, micro Hardness and Nugget diameter values of
AIS5052-AA1008 dissimilar joints

Factor 1| Factor 2 |Factor 3| Response 1| Response 2 |Response 3
Std | Run (A: Power B: C:time | Hardness Nugget TSFL
Pressure Depth
W kgf S VHN mm kN
15 1 60 3.6 2 114 4.335 3.165
17 2 60 3.6 2 114 4.335 3.165
7 3 55 3.6 2.5 135 4.555 2.085
9 4 60 34 1.5 133 4.552 2.489
6 5 65 3.6 1.5 143.34 4.622 2.899
16| 6 60 3.6 2 114 4.335 3.165
14| 7 60 3.6 2 114 4.335 3.165
2 8 65 34 2 144 4.814 2912
3 9 55 3.8 2 132 4.624 1.928
8 | 10 65 3.6 2.5 166 4.899 3.456
12 | 11 60 3.8 2.5 172 4.972 3.648
10 | 12 60 3.8 1.5 155 4.722 2.148
11| 13 60 34 2.5 148 4.664 2.598
13| 14 60 3.6 2 114 4.335 3.165
4 | 15 65 3.8 2 162 5.112 3.11
1 16 55 34 2 120 4.432 1.518
5|17 55 3.6 1.5 136 4.445 1.157
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Figure 7.23.2 The TSFL, microhardness and nugget diameter values of
AIS5052 and AA1008

The Table 7.17.6 and Figure 7.23.2 both clearly show the TSFL
3.165kgf, Microhardness 172 VHN and nugget diameter 5.113mm at the

maximum weld pressure of 3.7kgf.
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To obtain the influencing ERS welding process parameter for TSFL

strength. The interaction effects plots were obtained. The interaction effect

results obtained from DOE software for the 3D response, 2D contour effects

of the input process parameters such as pressure, power, time on the nugget

diameter, TSFL, hardness are given in Figure 7.24 (a) to 7.24 (f). The

Figure 7.24 (a) to (e) shows the interaction effects between power versus

pressure, power versus time and pressure versus time.
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Figure 7.24 (Continued)
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Figure 7.24 (a) to (f) Various interaction plots for TSFL figure (a,c,e)
shows 3D plots and figures (b,d,f) shows the 2D

plots.

Interaction effect weld input process parameter for TSFL

strength

The interaction effect was achieved by the design of expert software
for both the 2D and 3D responses of input process parameters such as pressure,

time and power on TSFL are shown in Figures 7.24 (a) to (7.24 1).

The Figure 7.24 (a) shows the 3D surface plot which indicates all
the points are within the plot. Similarly, 7.24 (b) indicates the 2D contour plot
between power versus pressure. The plotted results show blue colored value is
lesser and green colored values are average and red colored value is higher
which indicates that the TSFL decreases with the increase in power. The
TSFL is high at power 65w. It has good agreement with various works

discussed literature reviews.
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The Figure 7.24 (c) shows the 3D surface plot where indicates all
the points are within the plot. Similarly, 7.24 (d) indicates the 2D contour plot
between power versus Time. The plotted results show blue colored value is
lesser and green colored values are average and red colored value is higher,
which indicates that the TSFL decreases with the increase in power. The
TSFL is high at higher at the power of 65w. It has good agreement with

various literary works reviews.

The Figure 7.24 (e) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.24 (f) indicates the 2D contour plot between
pressure versus time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
TSFL decreases with the pressure. The TSFL is high at pressure 3.8kgf. it has

good agreement with various literature reviews.

Optimizing weld input process parameter for microhardness

To obtain the influencing ERS welding process parameter for
Microhardness strength. The interaction effects plots were obtained. The
interaction effect results obtained from DOE software for the 3D response, 2D
contour effects of the input process parameters such as pressure, power, time
on the hardness are given in Figure 7.25 (a) to 7.25 (f). The Figure 7. 25 (a) to
7.25 (f) shows the interaction effects between power versus pressure, power

versus time and pressure versus time.
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Figure 7.25 (a) to (f) Various interaction plots for TSFL figure (a,c,e)
shows 3D plots and figures (b,d,f) shows the 2D

plots
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Interaction effect weld input process parameter for

microhardness

The interaction effect was achieved by the design of expert
software for both the 2D and 3D responses of input process parameters are

pressure, time and power on hardness are listed in Figures 7.25 (a) to (7.25 f).

The Figure 7.25 (a) to (7.25 f). shows 3d and 2D responses of
hardness. The Figure 7.25 (a) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.25 (b) indicates the 2D contour plot between
power versus pressure. The plotted results show blue colored value is lesser
and green colored values are average and red colored value is higher and the
hardness decreases with the power. The hardness is high at power 65w. it has

good agreement with various literature reviews.

The Figure 7.25 (c) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.25 (d) indicates the 2D contour plot between
power versus Time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
hardness decreases with the power. The hardness is high at power 65w. it has

good agreement with various literature reviews.

The Figure 7.25 (e) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.25 (f) indicates the 2D contour plot between
pressure versus time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
hardness decreases with the pressure. The hardness is high at pressure 65w. it

has good agreement with various literature reviews.
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Optimizing weld input process parameter for nugget diameter

To obtain the influencing ERS welding process parameter for TSFL
strength. The interaction effects plots were obtained. The interaction effect
results obtained from DOE software for the 3D response, 2D contour effects
of the input process parameters such as pressure, power, time on the nugget
diameter, TSFL, hardness are given in Figure 7.26 (a) to (f). The Figure 7.26
(a) to (f) shows the interaction effects between power versus pressure, power

versus time and pressure versus time.
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B: Pressure (KN)
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S
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15 55 A Power (KW) 55 57 5 6 63 65
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Figue 7.26 (Continued)
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Figure 7.26 (a) to (f) Various interaction plots for TSFL figure (a,c,e)
shows 3D plots and figures (b,d,f) shows the 2D
plots.

7.2.3.3.3 Interaction effect weld input process parameter for nugget

diameter

The interaction effect was achieved by the design of expert
software for both the 2D and 3D responses of input process parameters are
pressure, time and power on Nugget diameter are listed in Figures 7.26 (a) to

(7.26 ).

The Figure 7.26 (a) to (7.26 f). shows 3D and 2D responses of
Nugget diameter. The Figure 7.26 (a) is 3D surface plot indicates all the
points are within the plot. Similarly, 7.26 (b) indicates the 2D contour plot
between power versus pressure. The plotted results show blue colored value is
lesser and green colored values are average and red colored value is higher
and the Nugget diameter decreases with the power. The Nugget diameter is

high at power 65w. It has good agreement with various literature reviews.
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The Figure 7.26 (c¢) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.26 (d) indicates the 2D contour plot between
power versus Time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
Nugget diameter decreases with the power. The Nugget diameter is high at

power 65w. it has good agreement with various literature reviews.

The Figure 7.26 (e) is 3D surface plot indicates all the points are
within the plot. Similarly, 7.26 (f) indicates the 2D contour plot between
pressure versus time. The plotted results show blue colored value is lesser and
green colored values are average and red colored value is higher and the
Nugget diameter decreases with the pressure. The Nugget diameter is high at

pressure 65w. It has good agreement with various literature reviews.

Confirmation Test Result for Optimized Condition of

Dissimilar Joints

In this work, 8 confirmation test was conducted to check the
accuracy of the developed model. The confirmation test was carried out based
on the parameters selected randomly that should be within the range selected
for the RSM test. The predicted values from the RSM and the experimentally

obtained values from the confirmation test conducted are given in Table 7.8.

The Table 7.8 shows the confirmation test results and RSM
obtained results to check the desirability of both investigations. Based on the
table 7.8 it clearly identified that the pressure time and power are within the
range and its corresponding TSFL and hardness values are also within the

range of both predicted and experimented data.
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Table 7.8 Result of confirmation and predicted values by RSM

. Hardness
Sample | Pressure | Time | Power| TSFL (kN) (VHN) Desirability
No. (kgf) | (sec)| (W)
RSM | EXP | RSM | EXP

1. 3.6 2 | 51.59] 6.17 | 6.14 354 359 0.99513
2. 3.8 1.5 55 7.29 | 7.24 415 412 0.99314
3. 3.4 2.5 55 | 7.19 | 7.15 408 409 0.99443
4. 34 1.5 55 6.54 | 6.52 364 365 0.99692
5. 3.8 2.5 55 8.94 | 891 472 473 0.99662
6. 3.6 2 60 8.75 | 8.71 450 456 0.99542
7. 3.26 2 60 | 793 | 7091 421 423 0.99745
8. 3.6 2 60 | 8.60 | 8.58 451 455 0.99767

The Table 7.8, it is clearly identified that the predicted values

from RSM for each response are much closer to the experimental results. The

error percentage between predicted and experimental value are within the

allowable range, hence it is evident that the developed RSM model can able to

predict the TSFL, hardness and nugget diameter for any combination of weld

pressure, weld power and weld time within the range of parameters selected

for experimentation.

The Confirmation experiments have been conducted to validate the

weld input process parameters and the optimum value for obtaining better

TSFL, Hardness and nugget diameter.
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PREDICTION OF ERSW PROCESS PARAMETER FOR
WELDING OF  SS-AISI1020, SS-AL, AISI1020-AL
DISSIMILAR JOINTS

The ANOVA is used to find out the significance factor statistically.
It gives the clear idea about how far the ERSW input process parameters,

mechanical properties and the level of significance are to be considered.

Prediction of Process Parameters ERSW Welded SS-AISI1020,
Dissimilar Joints Using ANOVA

This section illustrates the ANOVA response for TSFL,
Microhardness, nugget diameter of ERSW joints welded at various input

conditions for SS-AISI1020 dissimilar joints.

ANOVA results for TSFL analysis

The experimental values arrived according to the CCRD method is
mentioned in Table 7.8. The experimental results will be examined through
RSM to get the empirical relationship for good responses. The estimated
values show that the relationship in or near the local and central point of the
model. The all values within the confidence interval is about 99.5% with the
adaption of F-test and design expert software package 9.0.31. The end model
has been finalized after finding the coefficients of significance. The final

mathematical model has been used to find and calculate the TSFL.

The final TSFL mathematical equation has been arrived and given

in Equation (7.1), which has the coded variables A, B and C
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Table 7.9 Results of ANOVA for TSFL (AIS5052-A1S11020)

Source |Sum of Squares|df|Mean Square| F-value | p-value

Model 5.14 9 0.5708 2487.68 |< 0.0001 [significant

A-Power 3.30 1 3.30 14388.51({< 0.0001

B-Pressure 0.6413 1 0.6413 2795.08 [<0.0001

C-Time 0.0287 1 0.0287 125.12 |<0.0001

AB 0.1436 1 0.1436 625.86 [<0.0001

AC 0.0202 1 0.0202 88.01 [<0.0001

BC 0.0288 1 0.0288 125.51 |<0.0001

A? 0.6152 1 0.6152 2681.42 |<0.0001

B2 0.1343 1 0.1343 585.16 [<0.0001

C? 0.1384 1 0.1384 603.17 [<0.0001

Residual 0.0016 7 0.0002

Lack of Fit 0.0016 3 0.0005

Pure Error 0.0000 4 0.0000

Cor Total 5.14 16
Std. Dev. | 0.0151 | R? 0.9997
Mean 4.41 Adjusted R? 0.9993
CV. % 0.3431 | Predicted R? 0.9950

Adeq Precision | 159.3328
Coded Equation

(TSFL)"0.7=4.76363 + 0.642396 * A + 0.283134 * B + 0.0599053 * C + -
0.189473 * AB +-0.0710502 * AC +-0.0848507 * BC + -0.382256 * A2 + -

0.17857 * BA2 +-0.181297 * C"2

(7.1)
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From the Table 7.9, the actual coefficient of determination of
R’obtained from ANOVA table is 0.9997, which is less than the 1%. The
adjacent coefficient of determination R” of the developed model is 0.9993
which is less than the actual R% which indicates that the developed model is
highly significant. Similarly the R? value and predicted R*value are in good
agreement. the optimized ANOVA table for TSFL shows that the ability of
the developed model to predict the parameters is about 99% confidence level
and the p values are less than 0.001. The experimentally obtained values are
in good agreement with predicted values. Based on the R* value, it is
concluded that Equation (7.1) is able to predict the TSFL more accurately and

the results are highly reliable as stated in various literature.
Checking of data and adequacy of the model

The plots show the externally studentized residual and internally
studentized residuals achieved by design expert software for TSFL as shown
in Figure 7.17.1 (a) to (d). In that plots, the residuals are very near to the
straight line, which indicates that the errors are normally distributed.
Similarly, the plot run number versus internally studentized residuals is
shown in Figure 7.17.1 (d). The plot shows that all residuals are falling
between — 6 to 6. Which is also has a better agreement when compared with

the various literature reviews.
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ANOVA results for hardness analysis

The experimental values arrived according to the CCRD method is

mentioned in Table 7.10. The experimental results will be examined through

RSM to get the empirical relationship for good responses. The estimated

values show that the relationship in or near the local and central point of the
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model. The all values within the confidence interval is about 99.5% with the
adaption of F-test and design expert software package 9.0.31. The end model
has been finalized after finding the coefficients of significance. The final
mathematical model has been used to find and calculate the TSFL. The final
TSFL mathematical equation has been arrived and given in Equation (7.2),

which has the coded variables A, B, and C.

Checking of data and adequacy of the model

The plots externally studentized residual and internally studentized
residuals are achieved by design expert software for TSFL as sown in Figure
7.18.1 (a) to (d). In that plots, the residuals are very near to the straight line,
which indicates that the errors are normally distributed. Similarly, the plot run
number versus internally studentized residuals is shown in Figure 7.18.1 (d).
The plot shows that all residuals are falling between — 6 to 6. which is also

has better agreement with the various literature reviews.

From the Table 7.10, the actual coefficient of determination of
R’obtained from ANOVA table is 0.9990, which is less than the 1%. The
adjacent coefficient of determination R” of the developed model is 0.9976
which is less than the actual R?, which indicates that the developed model is
highly significant. Similarly the R? value and predicted R*value are in good
agreement. the optimized ANOVA table for TSFL shows that the ability of
the developed model to predict the parameters is about 99% confidence level
and the p values are less than 0.001. The experimentally obtained values are
in good agreement with predicted values. Based on the R* value, it is
concluded that Equation (7.2) is able to predict the TSFL more accurately and

the results are highly reliable as stated in various literature.



168

Table 7.10 Results of ANOVA for hardness(AIS5052-A1S11020)

Source |Sum of Squares|dfMean Square |F-value| p-value

Model 3.166E-13 9| 3.517E-14 | 752.40 |<0.0001 |significant

A-Power 7.125E-14 1| 7.125E-14 |1524.25|<0.0001

B-Pressure 2.008E-14 1| 2.008E-14 |429.48 |<0.0001

C-Time 7.079E-16 1| 7.079E-16 15.14 | 0.0060

AB 5.730E-15 1| 5.730E-15 | 122.58 |<0.0001

AC 6.670E-19 1| 6.670E-19 | 0.0143 | 0.9083

BC 1.272E-16 1| 1.272E-16 2.72 | 0.1431

A? 3.316E-14 1| 3.316E-14 | 709.25 |<0.0001

B2 8.225E-14 1| 8.225E-14 |1759.47|<0.0001

C? 8.131E-14 1| 8.131E-14 |1739.43|<0.0001

Residual 3.272E-16 7| 4.675E-17

Lack of Fit 3.272E-16 3| 1.091E-16

Pure Error 0.0000 4 0.0000

Cor Total 3.169E-13 16
Std. Dev. | 6.837E-09 | R? 0.9990
Mean 2.862E-07 | Adjusted R? 0.9976
C.V.% |2.39 Predicted R? 0.9835

Adeq Precision | 65.5763

Coded equation

(Hardness)"-2.53= 4.59167e-07 + -9.43754e-08 * A + -5.00962e-08 * B + -
9.40689¢-09 * C + 3.78496e-08 * AB + 4.08347¢-10 * AC + -5.6385e-09 *
BC + -8.87375e-08 * A"2 +-1.39765e-07 * B2 + -1.38967e-07 * C"2

(7.2)
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ANOVA results for nugget diameter analysis

The experimental values arrived according to the CCRD method is
mentioned in Table 7.11. The experimental results will be examined through
RSM to get the empirical relationship for good responses. The estimated
values show that the relationship in or near the local and central point of the
model. The all values within the confidence interval is about 99.5% with the
adaption of F-test and design expert software package 9.0.31. The end model
has been finalized after finding the coefficients of significance. The final

mathematical model has been used to find and calculate the TSFL.
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The final TSFL mathematical equation has been arrived and given

Table 7.11 Results of ANOVA for Nugget diameter(AIS5052-A1S11020)

Source | Sum of Squares |df| Mean Square | F-value | p-value

Model 1.09 9 0.1207 213.26 | <0.0001 | significant

A-Power 0.4368 1 0.4368 771.68 | <0.0001

B-Pressure 0.0131 1 0.0131 23.19 | 0.0019

C-Time 0.0044 1 0.0044 7.76 0.0271

AB 0.0318 1 0.0318 56.24 | 0.0001

AC 0.0000 1 0.0000 0.0180 | 0.8972

BC 0.0078 1 0.0078 13.87 | 0.0074

A2 0.0918 1 0.0918 162.09 {<0.0001

B? 0.1693 1 0.1693 298.98 [<0.0001

C? 0.2727 1 0.2727 481.76 | <0.0001

Residual 0.0040 7 0.0006

Lack of Fit 0.0040 3 0.0013

Pure Error 0.0000 4 0.0000

Cor Total 1.09 16
Std. Dev. | 0.0238 | R? 0.9964
Mean 3.06 Adjusted R? 0.9917
C.V.% | 0.7788 | Predicted R? 0.9419

Adeq Precision | 36.8763
Coded Equation

(Nugget Diameter)*0.65=3.33869 + 0.233678 * A + 0.040512 * B +

0.0234309 * C+0.0892117 * AB + 0.00159428 * AC + 0.0442989 * BC + -

0.147622 * A*2 +-0.200492 * BA2 +-0.254503 * C"2.

(7.3)
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From the Table 7.11, the actual coefficient of determination of
R’obtained from ANOVA table is 0.9964, which is less than the 1%. The
adjacent coefficient of determination R” of the developed model is 0.9917
which is less than the actual R?, which indicates that the developed model is
highly significant. Similarly the R? value and predicted R*value are in good
agreement. the optimized ANOVA table for TSFL shows that the ability of
the developed model to predict the parameters is about 99% confidence level
and the p values are less than 0.001. The experimentally obtained values are
in good agreement with predicted values. Based on the R* value, it is
concluded that Equation 7.3 is able to predict the TSFL more accurately and

the results are highly reliable as stated in various literature.

Checking of data and adequacy of the model

The plots externally studentized residual and internally studentized
residuals are achieved by design expert software for TSFL as sown in
Figure 7.19.1 (a) to (d). In that plots, the residuals are very near to the straight
line, which indicates that the errors are normally distributed. Similarly, the
plot run number versus internally studentized residuals is shown in
Figure 7.19.1 (d). the plot shows that all residuals are falling between — 6 to 6.

which is also has better agreement with the various literature reviews.
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7.3.2 Prediction of Process Parameters ERSW Welded AISI1020-AL
Dissimilar Joints using ANOVA

This section illustrates the ANOVA response for TSFL,
Microhardness, nugget diameter of ERSW joints welded at various input

conditions for AISI1020-AL dissimilar joints.

ANOVA results for TSFL analysis

The experimental values arrived according to the CCRD method is
mentioned in Table 7.12. The experimental results will be examined through
RSM to get the empirical relationship for good responses. The estimated
values show that the relationship in or near the local and central point of the
model. The all values within the confidence interval is about 99.5% with the
adaption of F-test and design expert software package 9.0.31. The end model
has been finalized after finding the coefficients of significance. The final

mathematical model has been used to find and calculate the TSFL.

The final TSFL mathematical equation has been arrived and given

in Equation 7.4, which has the coded variables A, B, and C.

7.3.2.1.1 Checking of data and adequacy of the model

The plots externally studentized residual and internally studentized
residuals are achieved by design expert software for TSFL as sown in Figure
7.21.1 (a) to (d). in that plots, the residuals are very near to the straight line,
which indicates that the errors are normally distributed. Similarly, the plot run
number versus internally studentized residuals is shown in Figure 7.21.1 (d).
the plot shows that all residuals are falling between — 30 to 30. which is also

has better agreement with the various literature reviews.
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Table 7.12 Results of ANOVA for TSFL(AISI1020-AA1008)

Source |Sum of Squares|dfiMean Square| F-value | p-value

Model 0.0003 9 0.0000 1893.60 |< 0.0001 [significant

A-Power 0.0002 1 0.0002 10485.91{< 0.0001

B-Pressure 0.0000 1 0.0000 2089.48 [<0.0001

C-time 3.283E-06 1| 3.283E-06 | 164.75 |<0.0001

AB 0.0000 1 0.0000 748.36 |<0.0001

AC 2.106E-06 1| 2.106E-06 | 105.70 |<0.0001

BC 1.542E-06 1| 1.542E-06 77.39 1<0.0001

A? 0.0000 1 0.0000 2425.62 |<0.0001

B? 6.580E-06 1| 6.580E-06 | 330.19 |<0.0001

C? 7.070E-06 1| 7.070E-06 | 354.76 |<0.0001

Residual 1.395E-07 7| 1.993E-08

Lack of Fit|  1.395E-07 3| 4.650E-08

Pure Error 0.0000 4 0.0000

Cor Total 0.0003 16
Std. Dev. | 0.0001 R? 0.9996
Mean 1.01 Adjusted R? 0.9991
C.V.% |0.0140 | | Predicted R? 0.9934

Adeq Precision | 136.5521
Coded formula

(TSFL)"0.01 = 1.00798 + 0.00511094 * A + 0.00228148 * B + 0.000640643
* C + -0.00193093 * AB + -0.00072568 * AC + -0.000620951 * BC +
-0.00338833 * A*2 +-0.00125014 * B"2 + -0.00129582 * C"2 (7.4)

From the Table 7.12, the actual coefficient of determination of
R’obtained from ANOVA table is 0.9991, which is less than the 1%. The
adjacent coefficient of determination R” of the developed model is 0.9934
which is less than the actual R?, which indicates that the developed model is
highly significant. Similarly the R? value and predicted R*value are in good
agreement. The optimized ANOVA table for TSFL shows that the ability of
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the developed model to predict the parameters is about 99% confidence level
and the p values are less than 0.001. The experimentally obtained values are
in good agreement with predicted values. Based on the R* value, it is
concluded that Equation 7.4 is able to predict the TSFL more accurately and

the results are highly reliable as stated in various literature.
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ANOVA results for hardness analysis

The experimental values arrived according to the CCRD method is

mentioned in Table 7.13. The experimental results will be examined through
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RSM to get the empirical relationship for good responses. The estimated

values show that the relationship in or near the local and central point of the

model. The all values within the confidence interval is about 99.5% with the

adaption of F-test and design expert software package 9.0.31. The end model

has been finalized after finding the coefficients of significance. The final

mathematical model has been used to find and calculate the TSFL.

The final TSFL mathematical equation has been arrived and given

in Equation 7.5, which has the coded variables A, B and C.

Table 7.13 Results of ANOVA for Hardness (AIS11020-AA1008)

Source |Sum of Squares|df|Mean Square |F-value| p-value

Model 2.193E-12 9| 2.436E-13 |283.66 |<0.0001 significant

A-Power 3.327E-13 1| 3.327E-13 | 387.35|<0.0001

B-Pressure 6.700E-14 1| 6.700E-14 | 78.00 [<0.0001

C-time 2.537E-14 1| 2.537E-14 | 29.53 | 0.0010

AB 2.213E-14 1| 2.213E-14 | 25.77 | 0.0014

AC 2.586E-15 1| 2.586E-15 3.01 | 0.1263

BC 9.499E-15 1| 9.499E-15 11.06 | 0.0127

A? 4.230E-13 1| 4.230E-13 |492.43 |<0.0001

B? 5.232E-13 1| 5.232E-13 |609.07 [<0.0001

C? 6.062E-13 1| 6.062E-13 | 705.72 |<0.0001

Residual 6.013E-15 7| 8.589E-16

Lack of Fit 6.013E-15 3| 2.004E-15

Pure Error 0.0000 4 0.0000

Cor Total 2.199E-12 |16
Std. Dev. | 2.931E-08 | | R? 0.9973
Mean 6.728E-07 | | Adjusted R? 0.9937
CV.% |4.36 Predicted R? 0.9562

Adeq Precision | 43.6892
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Coded formula
(Hardness)™

=1.16635e-06 + -2.03933e-07 * A +-9.15155e-08 * B + -5.63106e-08 * C +
7.43864e-08 * AB + -2.5426e-08 * AC + -4.87303e-08 * BC + -3.16947¢-07
* A2 +-3.52492e-07 * B2 +-3.79431e-07 * C*2 (7.5)

From the Table 7.13, the actual coefficient of determination of
R’obtained from ANOVA table is 0.9973, which is less than the 1%. The
adjacent coefficient of determination R” of the developed model is 0.9937
which is less than the actual R?, which indicates that the developed model is
highly significant. Similarly the R? value and predicted R*value are in good
agreement. the optimized ANOVA table for TSFL shows that the ability of
the developed model to predict the parameters is about 99% confidence level
and the p values are less than 0.001. The experimentally obtained values are
in good agreement with predicted values. Based on the R* value, it is
concluded that Equation 7.5 is able to predict the TSFL more accurately and

the results are highly reliable as stated in various literature.

7.3.2.2.1 Checking of data and adequacy of the model

The plots externally studentized residual and internally studentized
residuals are achieved by design expert software for TSFL as sown in
Figure 7.22.1 (a) to (d). in that plots, the residuals are very near to the straight
line, which indicates that the errors are normally distributed. Similarly, the
plot run number versus internally studentized residuals is shown in
Figure 7.22.1 (d). the plot shows that all residuals are falling between — 6 to 6.

Which is also has better agreement with the various literature reviews.
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ANOVA results for nugget diameter analysis

The experimental values arrived according to the CCRD method is
mentioned in Table 7.14. The experimental results will be examined through
RSM to get the empirical relationship for good responses. The estimated
values show that the relationship in or near the local and central point of the
model. The all values within the confidence interval is about 99.5% with the
adaption of F-test and design expert software package 9.0.31. The end model
has been finalized after finding the coefficients of significance. The final

mathematical model has been used to find and calculate the TSFL.

The final TSFL mathematical equation has been arrived and given

in Equation 7.6, which has the coded variables A, B and C

7.3.2.3.1 Checking of data and adequacy of the model

The plots externally studentized residual and internally studentized
residuals are achieved by design expert software for TSFL as sown in
Figure 7.23.1 (a) to (d). In that plots, the residuals are very near to the straight
line, which indicates that the errors are normally distributed. Similarly, the
plot run number versus internally studentized residuals is shown in
Figure 7.23.1 (d). The plot shows that all residuals are falling between — 30 to

30. which is also has better agreement with the various literature reviews.
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Table 7.14 Results of ANOVA for Nugget diameter(AISI1020-AA1008)

Source |Sum of Squares|df|Mean Square|F-value| p-value
Model 256.47 9 28.50 128.30 |< 0.0001 |significant
A-Power 57.04 1 57.04 256.81 |<0.0001
B-Pressure 1.54 1 1.54 6.94 | 0.0337
C-Time 1.34 1 1.34 6.05 | 0.0435
AB 5.29 1 5.29 23.84 | 0.0018
AC 0.0247 1 0.0247 0.1111 | 0.7487
BC 2.58 1 2.58 11.63 | 0.0113
A? 36.48 1 36.48 164.25 |<0.0001
B2 56.45 1 56.45 254.14 |<0.0001
C? 76.41 1 76.41 344.02 {<0.0001
Residual 1.55 7 0.2221
Lack of Fit 1.55 3 0.5183
Pure Error 0.0000 4 0.0000
Cor Total {258.03 16
Std. Dev. | 0.4713 | | R? 0.9940
Mean 16.40 Adjusted R? 0.9862
C.V.% |2.87 Predicted R? 0.9036
Adeq Precision | 28.6676

Coded equation

(Nugget Diameter)*1.59 = 21.5114 + 2.67021 * A+ 0.439006 * B + 0.409882

* C+1.15047 * AB + -0.0785426 * AC + 0.803548 * BC + -2.94354 * AN2 +

-3.6614 * BA2 +-4.25994 * CA2

(7.6)
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From the Table 7.14, the actual coefficient of determination of
R’obtained from ANOVA table is 0.9940, which is less than the 1%. The
adjacent coefficient of determination R” of the developed model is 0.9862
which is less than the actual R% which indicates that the developed model is
highly significant. Similarly the R* value and predicted R*value are in good
agreement. the optimized ANOVA table for TSFL shows that the ability of
the developed model to predict the parameters is about 99% confidence level
and the p values are less than 0.001. The experimentally obtained values are
in good agreement with predicted values. Based on the R* value, it is
concluded that equation 7.6 is able to predict the TSFL more accurately and

the results are highly reliable as stated in various literature.

7.3.3 Prediction of Process Parameters ERSW Welded SS-AL
Dissimilar Joints Using ANOVA

This section illustrates the ANOVA response for TSFL,
Microhardness, nugget diameter of ERSW joints welded at various input

conditions for SS-AL dissimilar joints.
ANOVA results for TSFL analysis

The experimental values arrived according to the CCRD method is
mentioned in Table 7.15. The experimental results will be examined through
RSM to get the empirical relationship for good responses. The estimated
values show that the relationship in or near the local and central point of the
model. The all values within the confidence interval is about 99.5% with the
adaption of F-test and design expert software package 9.0.31. The end model
has been finalized after finding the coefficients of significance. The final

mathematical model has been used to find and calculate the TSFL.

The final TSFL mathematical equation has been arrived and given

in Equation 7.7, which has the coded variables A, B and C
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Table 7.15 Results of ANOVA for TSFL(AIS5052-AA1008)

Source |Sum of Squares|df|Mean Square|F-value| p-value

Model 7.88 9 0.8751 156.09 [<0.0001 |significant

A-Power 4.05 1 4.05 721.63 {<0.0001

B-Pressure 0.2168 1 0.2168 38.67 | 0.0004

C-time 1.20 1 1.20 213.44 1< 0.0001

AB 0.0112 1 0.0112 2.00 | 0.1998

AC 0.0344 1 0.0344 6.14 | 0.0424

BC 0.4837 1 0.4837 86.28 [<0.0001

A? 1.32 1 1.32 235.32 |<0.0001

B2 0.2390 1 0.2390 42.63 | 0.0003

C? 0.1787 1 0.1787 31.87 | 0.0008

Residual 0.0392 7 0.0056

Lack of Fit 0.0392 3 0.0131

Pure Error 0.0000 4 0.0000

Cor Total 7.91 16
Std. Dev. | 0.0749 | | R? 0.9950
Mean 2.69 Adjusted R? 0.9887
CV.% |2.78 Predicted R? 0.9207

Adeq Precision | 41.9888
Coded Equation TSFL

3.165 + 0.711125 * A + 0.164625 * B + 0.38675 * C + -0.053 * AB +
-0.09275 * AC + 0.34775 * BC + -0.55975 * A"2 + -0.23825 * B"2 + -0.206

*CM2

(7.7)
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From the table7.15, the actual coefficient of determination of
R’obtained from ANOVA table is 0.9950, which is less than the 1%. The
adjacent coefficient of determination R” of the developed model is 0.9887
which is less than the actual R?, which indicates that the developed model is
highly significant. Similarly the R? value and predicted R*value are in good
agreement. The optimized ANOVA table for TSFL shows that the ability of
the developed model to predict the parameters is about 99% confidence level
and the p values are less than 0.001. The experimentally obtained values are
in good agreement with predicted values. Based on the R* value, it is
concluded that Equation 7.7 is able to predict the TSFL more accurately and

the results are highly reliable as stated in various literature.

7.3.3.1.1 Checking of data and adequacy of the model

The plots externally studentized residual and internally studentized
residuals are achieved by design expert software for TSFL as sown in
Figure 7.24.1 (a) to (d). In that plots, the residuals are very near to the straight
line, which indicates that the errors are normally distributed. Similarly, the
plot run number versus internally studentized residuals is shown in
Figure 7.24.1 (d). The plot shows that all residuals are falling between —

6 to 6. Which is also has better agreement with the various literature reviews.
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ANOVA results for hardness analysis

The experimental values arrived according to the CCRD method is
mentioned in Table 7.16. The experimental results will be examined through
RSM to get the empirical relationship for good responses. The estimated
values show that the relationship in or near the local and central point of the
model. The all values within the confidence interval is about 99.5% with the
adaption of F-test and design expert software package 9.0.31. The end model
has been finalized after finding the coefficients of significance. The final

mathematical model has been used to find and calculate the TSFL.

The final TSFL mathematical equation has been arrived and given

in Equation 7.8, which has the coded variables A, B, and C.

7.3.3.2.1 Checking of data and adequacy of the model

The plots externally studentized residual and internally studentized
residuals are achieved by design expert software for TSFL as sown in
Figure 7.25.1 (a) to (d). In that plots, the residuals are very near to the straight
line, which indicates that the errors are normally distributed. Similarly, the
plot run number versus internally studentized residuals is shown in
Figure 7.25.1 (d). The plot shows that all residuals are falling between —

6 to 6. Which is also has better agreement with the various literature reviews.
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Table 7.16 Results of ANOVA for Hardness(AIS5052-AA1008)

Source |Sum of Squares|df|Mean Square|F-value| p-value
Model 2.581E-06 9| 2.868E-07 | 71.18 |<0.0001|significant
A-Power 3.696E-07 1| 3.696E-07 | 91.75 |<0.0001
B-Pressure 2.207E-07 1| 2.207E-07 | 54.80 | 0.0001
C-time 9.098E-08 1| 9.098E-08 | 22.58 | 0.0021
AB 1.652E-11 1| 1.652E-11 |0.0041 | 0.9507
AC 3.485E-08 1| 3.485E-08 8.65 | 0.0217
BC 7.765E-10 1| 7.765E-10 |0.1927 | 0.6739
A? 2.348E-07 1| 2.348E-07 | 58.28 | 0.0001
B2 5.150E-07 1| 5.150E-07 | 127.83 |<0.0001
C? 9.354E-07 1| 9.354E-07 |232.18 |[<0.0001
Residual 2.820E-08 7| 4.029E-09
Lack of Fit|  2.820E-08 3| 9.400E-09
Pure Error 0.0000 4 0.0000
Cor Total 2.609E-06 |16

Coded formula for hardness =

0.00281474 + -0.000214943 * A + -0.000166113 * B + -0.000106642 * C +
2.03217e-06 * AB + -9.3339¢-05 * AC + 1.39329¢-05 * BC + -0.000236128
* A"2 +-0.000349727 * B2 +-0.000471328 * C"2

(7.8)

From the table7.16, the actual coefficient of determination of

R’obtained from ANOVA table is 0.9997, which is less than the 1%. The

adjacent coefficient of determination R* of the developed model is 0.9993

which is less than the actual R%, which indicates that the developed model is

highly significant. Similarly the R* value and predicted R*value are in good
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agreement. the optimized ANOVA table for TSFL shows that the ability of
the developed model to predict the parameters is about 99% confidence level
and the p values are less than 0.001. The experimentally obtained values are
in good agreement with predicted values. Based on the R* value, it is
concluded that equation 7.8 is able to predict the TSFL more accurately and

the results are highly reliable as stated in various literature.
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ANOVA results for nugget diameter analysis

The experimental values arrived according to the CCRD method is
mentioned in Table 7.17. The experimental results will be examined through
RSM to get the empirical relationship for good responses. The estimated
values show that the relationship in or near the local and central point of the
model. The all values within the confidence interval is about 99.5% with the
adaption of F-test and design expert software package 9.0.31. The end model
has been finalized after finding the coefficients of significance. The final

mathematical model has been used to find and calculate the TSFL

The final TSFL mathematical equation has been arrived and given

in equation 7.9, which has the coded variables A, B and C

Table 7.17 Results of ANOVA for Nugget diameter (AIS5052-AA1008)

Model 0.0000 9| 4425E-06 | 72.75 | <0.0001 | significant
A-Power 9.004E-06 | 1 | 9.004E-06 | 148.03 | <0.0001
B-Pressure 4.026E-06 | 1 | 4.026E-06 | 66.19 | <0.0001
C-time 2.571E-06 | 1 | 2.571E-06 | 42.27 | 0.0003
AB 2.792E-09 | 1 | 2.792E-09 | 0.0459 | 0.8365
AC 1.671E-07 | 1 | 1.671E-07 | 2.75 0.1414
BC 9.495E-08 | 1 | 9.495E-08 | 1.56 0.2517
A? 4.801E-06 | 1 | 4.801E-06 | 78.94 | <0.0001
B 0.0000 1 0.0000 198.84 | <0.0001
c? 4.708E-06 | 1 | 4.708E-06 | 77.40 | <0.0001
Residual 4.258E-07 | 7| 6.082E-08
Lack of Fit | 4.258E-07 | 3 | 1.419E-07
Pure Error 0.0000 4 0.0000
Cor Total 0.0000 16
Std. Dev. | 0.0002 | | R? 0.9894
Mean 0.0105 | | Adjusted R? 0.9758
CV.% |2.35 Predicted R? 0.8307
Adeq Precision | 24.1041
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Coded equation:

(Nugget Diameter)” =-0.706377 + 0.00517207 * Power + 0.306188 *
Pressure + 0.0262357 * time + -2.64187e-05 * Power * Pressure + -8.17463e-
05 * Power * time + -0.00154066 * Pressure * time + -4.27137e-05 *
Power™2 + -0.0423706 * Pressure”2 + -0.00422959 * time”2. (7.9)

From the Table 7.17, the actual coefficient of determination of
R’obtained from ANOVA table is 0.9894, which is less than the 1%. The
adjacent coefficient of determination R” of the developed model is 0.9758
which is less than the actual R% which indicates that the developed model is
highly significant. Similarly the R* value and predicted R value are in good
agreement. the optimized ANOVA table for TSFL shows that the ability of
the developed model to predict the parameters is about 99% confidence level
and the p values are less than 0.001. The experimentally obtained values are
in good agreement with predicted values. Based on the R* value, it is
concluded that Equation 7.9 is able to predict the TSFL more accurately and

the results are highly reliable as stated in various literature.

7.3.3.3.1 Checking of data and adequacy of the model

The plots externally studentized residual and internally studentized
residuals are achieved by design expert software for TSFL as sown in
Figure 7.26.1 (a) to (d). in that plots, the residuals are very near to the straight
line, which indicates that the errors are normally distributed. Similarly, the
plot run number versus internally studentized residuals is shown in Figure
7.26.1 (c). the plot shows that all residuals are falling between — 6 to 6. Which

is also has better agreement with the various literature reviews.
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RESULTS OF CORROSION STUDY

In the present world, scenario materials will fail much earlier due to
the application in the certain intrinsic operating environment. Among this
intrinsic operating environment corrosion failure is the one of the major
failures as reported in various literature. Therefore, the testing of the material
in corrosion environment is very important among the various corrosion test

for evaluation of the corrosion rate, potensio dynamic polarization is the
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predominant technique. In this technique, the potential of the electrode will be
varied in different ranges by applying suitable current on the electrode. In this
work the potentiodynamic polarization test was conducted on the AIS5052-
AISI1020, AISI1020-AA1008 and AIS5052-AA1008 dissimilar joints welded
using the ERSW process at the optimum parameters. The results obtained

from this test are discussed in detail in the below sections.

Corrosion Rate Analysis on AIS5052-AISI1020 dissimilar

ERSW welded joints at optimum Condition

The potentiodynamic polarization test was carried out on the
AIS5052-AIS11020 ERSW joint welded at the optimum condition and the

sample used in this study are shown in figure 7.27.

Figure 7.27 Corrosion Tested Sample Image of AIS5052-A1S11020

The TAFEL data plot table 7.18 and TAFEL data model are shown
in figure 7.28. From table 7.18 and figure 7.28 shows that the maximum

corrosion is found that 2.103mm/y.
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Table 7.18 Optimized Corrosion
rate ana]ysis Y Corrosion rate analysis
E. corrV -0.243
icor. A 391E-06 05
I Cor. A/lcm”2 0.000244 ool
RpOhm 5819 g
baV/dec 0.161 g
bcV/dec 0.078 e | | | ‘
i i -4Log(Curr-:nt IA) i A
C. Rate mm/y 2.103 Figure 7.28 Corrosion rate
analysis(optimized)

Corrosion Rate Analysis on AISI1020-AA1008 dissimilar
ERSW welded joints at optimum Condition

The potentiodynamic polarization test was carried out on the
AISI1020-AA1008 ERSW joint welded at the optimum condition and the

sample used in this study are shown in figure 7.29.

Figure 7.29 Corrosion Tested Sample Image of AISI1020-AA1008

The TAFEL data plot table 7.19 and TAFEL data model are shown
in figure 7.30. From table 7.19 and figure 7.30 shows that the maximum
corrosion is found that 5.788mm/y.
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Table 7.19 Optimized Corrosion
rate analysis v Corrosion rate anaysis

E. corrV -0.6988 o5

icor. A 1.08E-05 .

ICor. Alem™2  |0.000673 s

RpOhm 2202

baV/dec 0.062 " = = . : :

bcV/dec 0.471 Log(Current /A) A

C. Rate mm/y 5.788 Figure 7.30 Corrosion rate
analysis(optimized)

Corrosion Rate Analysis on AIS5052-AA1008 dissimilar ERSW

welded joints at optimum Condition

The potentiodynamic polarization test was carried out on the
AIS5052-AA1008 ERSW joint welded at the optimum condition and the

sample used in this study are shown in figure 7.31.

Figure 7.31 Corrosion Tested Sample Image of AIS5052-AA1008

The TAFEL data plot table 7.20 and TAFEL data model are shown
in figure 7.32. From table 7.20 and figure 7.32 shows that the maximum

corrosion is found that 7.836mm/y.
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Table 7.20 Optimized Corrosion
rate analysis

Corrosion rate analysis

0.5

0.0

Potential

-0.5

z3 13
Log(Current /A)

E. corrV -0.2035
icor. A 1.46E-05
I Cor. A/em”2 0.000911
RpOhm 2040
baV/dec 0.206
bcV/dec 0.103

C. Rate mm/y 7.836

Figure 7.32 Corrosion rate

analysis(optimized)

Comparison of corrosion rate of AIS5052-A1S11020, AISI1020-

AA1008 and AIS5052-AA1008 joints.

CORROSION RATE MM/YEAR

'l

AISI304-AIS11020 AISITOZ0-AA2024
DISSIMILAR IOINTS

AIS1304-AAZD24

Figure 7.33 Corrosion rate of AIS5052-AISI11020, AISI1020-AA1008 and
AIS5052-AA1008 joints
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The corrosion rate of all the dissimilar joints welded at optimum
process parameters is compared in figure 7.33. From the figure 7.33, it is
identified that the maximum corrosion rate of AISI 304-AA2014 was
7.836mm/year. Similarly, the maximum corrosion rate of AISI1020-AA2014
was 5.788 mm/year and maximum corrosion rate of AISI 304-AIS11020 was
2.103mm/year. This results clearly show the lesser corrosion rate occurs on

AIS5052-AISI1020 than AISI1020-AA1008 and AIS5052-AA1008.

7.6 SUMMARY

This chapter describes in detail about various test results obtained
from a various mechanical tests such as TSFL, microhardness and nugget
diameter. The metallurgical studies of SEM, EDAX and Factography test was
also discussed. The corrosion test results of dissimilar joints were discussed in
detail for optimum condition. The optimization and prediction results
obtained for optimizing and predicting the ERSW weld process parameters
using RSM and ANOVA was also discussed. The confirmation test results
clearly indicate that the developed model is much accurate in predicting and
optimizing the ERSW process parameters. The next chapter presents the
major conclusion obtained from the detailed experimental and optimization

study conducted in this present work.
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CHAPTER 8

CONCLUSION AND SCOPE OF FUTURE WORK

From the elaborated experimental works and a computational study
conducted based on the research objective and methodology the following

important conclusions are drawn:

WELDING OF AISI 304 SIMILAR JOINTS USING ERSW
WELDING PROCESS AT DIFFERENT WELD PRESSURE

From the experimental investigation carried out on welding of AISI
304 similar joints using ERSW welding process by varying the weld pressure
and keeping the power and time as constant. The summarized results obtained

from this study are given below:

1. From the TSFL results is identified that the maximum 1.85kN
tensile strength was obtained for the sample weld at pressure

3.7Kgf. All the TSFL samples are failed at the nugget zone.

2. The hardness test results showed that for the ERSW welded
samples are having higher hardness value at nugget zone when
compared to the base region. When comparing the hardness
value of the nugget zone welded at various weld pressures
reveals that the maximum hardness value of 220.2 VHN was

obtained from the sample weld at the weld pressure of 3.7kgf.
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3. The macrostructure, microstructure, SEM image was taken at
the nugget zone shows that the high hardness solidification
mode. The nugget zone consists of coarse austenitic ferrite
mode and similarly, the presence of high chromium content in
AISI 304 promotes the formation of ferrite content. The
increasing in weld pressure causes the reduction in the size of
intermediate phasing which causes an increase in hardness and

TSFL strength.

4. The fracture surface SEM images show fine dimples with large
crest and trough high appearance. The fracture surface shows

more ductile mode failure due to the presence of fine dimples.

5. The chemical characterization and elemental analysis of all the
samples welded at various weld pressure are executed by EDAX
analysis, which shows that the presence of iron-chromium and

cobalt in the spot welded joints.

6. The TAFEL plotted obtained from the potentiodynamic
polarization method for the ERSW sample welded at 3.5.kgf
and 3.7 kgf weld pressure shows that the sample welded at
3.7kgt weld pressure posses low corrosion rate when compared

to the sample weld at 3.5kgf weld pressure

WELDING OF AISI 1020(MS) SIMILAR JOINTS USING
ERSW WELDING PROCESS AT DIFFERENT WELD
PRESSURE

From the experimental investigation carried out on welding of AISI

1020 similar joints using ERSW welding process by varying the weld
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pressure keeping power and time as constant. The summarized results

obtained from this study are given below:

1.

From the TSFL results is identified that the maximum 0.91kN
tensile strength was obtained for the sample weld at pressure

3.5kgf all the TSFL samples are failed at the nugget zone.

The hardness test results showed that for the ERSW welded
samples are having higher hardness value at nugget zone when
compared to the base region. When comparing the hardness
value of the nugget zone welded at various weld pressures
reveals that the maximum hardness value of 267.5(VHN) was

obtained from the sample weld at the weld pressure of 3.7kgf.

. The macrostructure, microstructure, SEM image was taken at

the nugget zone shows that the high hardness solidification
mode. The nugget zone consists of coarse austenitic ferrite
mode and similarly, the presence of high chromium content in
AISI 1020 promotes the formation of ferrite content. The
increase in weld pressure causes the reduction in the size of
intermediate phasing, which causes an increase in hardness and

TSFL strength.

The fracture surface SEM images show fine dimples with large
crest and trough high appearance. The fracture surface showed

more ductile mode failure due to the presence of fine dimples.

. The chemical characterization and elemental analysis of all the

samples welded at various weld pressure are executed by EDAX
analysis, which shows that the presence of iron, chromium, and

cobalt in the spot welded joints.
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6. The TAFEL plotted obtained from the potentiodynamic
polarization method for the ERSW sample welded at 3.3kgf and
3.7kgf weld pressure shows that the sample welded at 3.7kgf
weld pressure possess low corrosion rate when compared to the

sample weld at 3.5kgf weld pressure.

OPTIMIZATION OF WELD INPUT PROCESS
PARAMETERS ON MECHANICAL PROPERTIES AND
NUGGET DIAMETER OF ERSW AIS5052-AISI1020,
AISI1020-AA1008 AND AIS5052-AA1008 DISSIMILAR
JOINTS USING RSM TECHNIQUE

For the identification of influencing of ERSW process parameters
on dissimilar joints the weld trials are carried out on AIS5052-AISI1020,
AISI1020-AA1008 AND AIS5052-AA1008 dissimilar joints and its
corresponding mechanical properties and nugget diameter are investigated. In
this work, the RSM model was used to optimize the weld input process
parameters. The experimental trials were carried out based on the central
composite rotable design (CCRD) model and the following conclusions are

drawn:

Optimization using RSM for AIS5052-AIS11020 Joints

In the RSM optimization technique, central composite rotable
design model design was applied to identify the most dominant ERSW weld
process parameters that influence the mechanical properties and nugget
diameter of AIS5052-AISI1020 joints and the following conclusions are

inferred
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. The full factorial CCRD model involves 3 independents at 3
level where applied which addresses the various ranges of

power, time and weld pressure.

. The regression analysis was carried out and a (cubic or
quadratic) model was developed. From the regression analysis,

the various response surface and contour plots were obtained.

. For TSFL, hardness and nugget diameter as a function of ERSW
weld input process parameter were analyzed. The developed
RSM  model reveals that the optimal TSFL strength,
microhardness and nugget diameter was obtained. For the
sample welded at the power of 55W weld time 1.5 seconds and

weld pressure 3.5Kgf.

. This study also reveals that the developed RSM model can
accurately find out the optimum ERSW weld input process

parameters for welding of AIS5052-AIS11020 joints.

. Similarly, the confirmation experiments are conducted in order
to check the accuracy of the developed model and it is identified
that the predicted values for each response variable are much
closer to the experimentally obtained value from the
confirmation test. The percentage of error obtained between the
predicted and experimental values are within the permitted

level.

. Therefore, it clearly implies that the developed mathematical
model can efficiently use to predict the TSFL, microhardness
and nugget diameter for any combination of current, time and
welding  pressure  within the range of performed

experimentation.



202

7. The RSM technique can able to model the response in terms of

significant parameters their interaction and square terms.

. The results obtained from the RSM model for welding of

AIS5052-AISI1020 dissimilar joints using ERSW process
reveals that the weld pressure is the most influencing process

parameter followed by current and time.

Optimization using RSM for AIS5052-AA1008 Joints

In the RSM optimization technique, central composite rotable

design model design was applied to intensity the most dominant ERSW weld

process parameters that influences the mechanical properties and nugget

diameter of AIS5052-AA1008 joints and the following conclusions are

inferred

l.

The full factorial CCRD model involves 3 independents at 3
level where applied which addresses the various ranges of

power, time and weld pressure.

The regression analysis was carried out and a (cubic or
quadratic) model was developed. From the regression analysis,

the various response surface and contour plots were obtained.

. For TSFL, hardness and nugget diameter as a function of ERSW

weld input process parameter were analyzed. The developed
RSM model reveals that the optimal TSFL strength,
microhardness and nugget diameter was obtained. For the
sample welded at the current of 55W weld time 1.5seconds and

weld pressure 3.5Kgf
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4. This study also reveals that the developed RSM model can
accurately find out the optimum ERSW weld input process

parameters for welding of AISI1020-AL joints.

5. Similarly, the confirmation experiments are conducted in order
to check the accuracy of the developed model and it is identified
that the predicted values for each response variable are much
closer to the experimentally obtained value from the
confirmation test. The percentage of error obtained between the

predicted and experimental values are within the permittedlevel.

6. Therefore, it clearly implies that the developed mathematical
model can efficiently use to predict the TSFL, microhardness
and nugget diameter for any combination of current, time and
welding  pressure  within the range of performed

experimentation.

7. The RSM technique can able to model the response in terms of

significant parameters their interaction and square terms.

8. The results obtained from the RSM model for welding of
AISI1020-AL dissimilar joints using ERSW process reveals that
the weld pressure is the most influencing process parameter

followed by current and time.

Optimization using RSM for AISI1020-AA1008 Joints

In the RSM optimization technique, central composite rotable
design model design was applied to identify the most dominant ERSW weld
process parameters that influence the mechanical properties and nugget
diameter of AISI1020-AA1008 joints and the following conclusions are

inferred
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. The full factorial CCRD model involves 3 independents at 3
level where applied which addresses the various ranges of

power, time and weld pressure.

. The regression analysis was carried out and a (cubic or
quadratic) model was developed. From the regression analysis,

the various response surface and contour plots were obtained.

. For TSFL, hardness and nugget diameter as a function of ERSW
weld input process parameter were analyzed. The developed
RSM  model reveals that the optimal TSFL strength,
microhardness and nugget diameter was obtained. For the
sample welded at the power of55 W weld time 1.5seconds and

weld pressure 3.5Kgf

. This study also reveals that the developed RSM model can
accurately find out the optimum ERSW weld input process

parameters for welding of SS-AL joints.

. Similarly, the confirmation experiments are conducted in order
to check the accuracy of the developed model and it is identified
that the predicted values for each response variable are much
closer to the experimentally obtained value from the
confirmation test. The percentage of error obtained between the
predicted and experimental values are within the permitted

level.

. Therefore, it clearly implies that the developed mathematical
model can efficiently use to predict the TSFL, microhardness
and nugget diameter for any combination of current, time and
welding  pressure  within the range of performed

experimentation.
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7. The RSM technique can able to model the response in terms of

significant parameters their interaction and square terms.

8. The results obtained from the RSM model for welding of
AISI1020-AA1008 dissimilar joints using ERSW process
reveals that the weld pressure is the most influencing process

parameter followed by current and time.

PREDICTION OF TSFL, MICROHARDNESS AND
NUGGET DIAMETER ON ERSW WELDED AIS5052-
AISI1020, AISI1020-AA1008 AND AIS5052-AA1008
DISSIMILAR JOINTS USING ANOVA

ANOVA was used to predict the TSFL, microhardness and nugget
diameter of AIS5052-AISI11020, AISI1020-AA1008 AND AIS5052-AA1008
dissimilar joints, The ANOVA model was developed based on the data
obtained from the experimental results. The following conclusions drawn

from the ANOVA analysis was discussed in this session:

Prediction of TSFL, Micro Hardness and Nugget Diameter on
ERSW AIS5052-AISI11020 Dissimilar Joint Using ANOVA

1. In this work, the ANOVA model was developed and the
accuracy of the developed model for predicting the output
values was tested against the experimentally obtained values.
It was identified that the developed ANOVA model can able

to produce the best performance.

2. The predictive capacity of the ANOVA model can be checked
in terms of various statistical parameters calculated such as

coefficient of determination R- square value.
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3.  The comparison of experimental values and predicted values
obtained by ANOVA model reveal that the coefficient of

determination for ANOVA is closure to unity.

4.  From the ANOVA model for predicting the output parameters
for SS-AISI1020 dissimilar joints, it is identified that the
maximum TSFL 10.5kN micro hardness 256VHN and nugget
diameter 3.8mm was obtained for the input parameter of

power (65W), Pressure (3.8kgf) and time(2sec)

Prediction of TSFL, Micro Hardness and Nugget Diameter on
ERSW Welded AIS5052-AA1008 Dissimilar Joint Using
ANOVA

1. In this work, the ANOVA model was developed and the
accuracy of the developed model for predicting the output
values was tested against the experimentally obtained values.
It was identified that the developed ANOVA model can able

to produce the best performance.

2. The predictive capacity of the ANOVA model can be checked
in terms of various statistical parameters calculated such as

coefficient of determination R- square value.

3. The comparison of experimental values and predicted values
obtained by ANOVA model reveal that the coefficient of

determination for ANOVA is closure to unity.

4. From the ANOVA model for predicting the output parameters
for AIS5052-AA1008 dissimilar joints is identified that the
maximum TSFL10.5kN, microhardness 289VHN and nugget
diameter .33mm obtained for the input parameter of power
(65W), Pressure (3.8kgf) and time(2sec)
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Prediction of TSFL, Micro Hardness and Nugget Diameter on
ERSW Welded AISI1020-AA1008 Dissimilar Joint Using
ANOVA

In this work, the ANOVA model was developed and the
accuracy of the developed model for predicting the output
values was tested against the experimentally obtained values.
It was identified that the developed ANOVA model can able

to produce the best performance.

The predictive capacity of the ANOVA model can be checked
in terms of various statistical parameters calculated such as

coefficient of determination R- square value.

The comparison of experimental values and predicted values
obtained by ANOVA model reveal that the coefficient of

determination for ANOVA is closure to unity.

From the ANOVA model for predicting the output parameters
for AISI1020-AA1008 dissimilar joints is identified that the
maximum TSFL10.5kN. microhardness 300VHN and nugget
diameter 4.4 mm obtained for the input parameter of power

(65W), Pressure (3.8kgf) and time(2sec)

FUTURE WORK

Based on the conclusion drawn in this work the following future

work was identified for further investigation:

l.

The experimental investigation may also be carried out on the

welded joints under fatigue, creep and high-temperature

applications.
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. The other optimization techniques such as ANN, Genetic
Algorithm, Taguchi method can be applied for optimization and

prediction of the weld input process parameters.

. The various simulation software such as ANSYS, SYSWELD
can be applied for simulation of an ERSW process parameter in
identifying the temperature distribution and the same can be

compared with the experimental results.

. The comparison study may be conducted by changing the

various electrode material in ERSW process.

. The comparative study may be carried out by conducting
welding using various another weld process such as laser
welding, electron beam welding, friction stir welding etc on and

AIS5052-AIS1102 AA1008 compared with the ERSW process.
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