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Abstract

Increased demand for sophisticated materials has revealed characteristics including
low density, high strength-to-weight ratio, and outstanding mechanical capabilities for
use in aircraft, shipbuilding, and railroad construction. Fusion welding, which is
frequently used for such materials, might cause cracks to form. The Welding Institute
in the United Kingdom developed and patented a revolutionary welding method
called Friction Stir Welding (FSW), which is used to join similar/dissimilar metals
and composites. As a solid-state welding method that doesn't use inert gases and
doesn't release any harmful gases when welding, friction stir welding is also known as
"green welding." FSW has several advantages over fusion welding, including a higher
joint strength, a defect-free weld, a more uniform distribution of grain structure in the

weld zone, and reduced power consumption.

The primary goal of the current study is to determine the optimal way to join
aluminium matrix composites. Stir cast AA6061-3 (wt.%) Rutile composite has been
used as the material for friction stir welding. With the help of a CNC vertical
machining centre, the specimen is welded. A scanning electron microscope is used to
perform a microstructural study of the weld area. Energy Dispersive X-ray Analysis
(EDAX) of the weld zone is carried out to examine the chemical composition.
Additionally, mechanical properties are evaluated by measuring the hardness and

tensile strength of the welded composite.

Composites that undergo friction stir welding develop an equiaxed grain structure
with a uniform distribution of reinforced particles at the weld zone. The size of the
rutile particles shrank at Nugget Zone, and the particles were observed to be
redistributed. The mechanical properties of the joint have therefore been enhanced. At
the Heat Affected Zone, the heat effect of the welding process causes the development
of coarse grain (HAZ). The obtained results were examined using a classical
approach. The joint strength of composites is improved via friction stir welding. Due
to the small grain and presence of rutile particles, the nugget zone experienced a
significant hardness increase. Experimental investigation shows that friction stir

welding of stir cast AA6061-3 (wt.%) rutile composites using a combined square and



threaded cylindrical profiled pin tool with a rotational speed of 1000 rpm and a
welding speed of 75 mm/min results in welds that are defect-free and have the best

strength.

According to the research carried out using Taguchi design of experiments, rotating
speed, welding speed, and tool pin profile are the factors that contribute most to an
improvement in mechanical strength. The Taguchi technique's optimal process
parameters and the related predicted value are experimentally verified using the

confirmation test.

The optimization of process parameters to get joints with superior mechanical
properties was done using statistical techniques as well as an evolutionary algorithm.
The usage of an optimization strategy can produce the best results for the given
problems within the constraints. To establish the optimum optimization strategy,
various multi-objective optimization strategies are compared, including Grey
Relational Analysis (GRA), Desirability Approach, and Teaching-Learning Based
Optimization (TLBO).

Additionally, a multilayer perception neural network model based on genetic
algorithms is used to predict the mechanical properties of composite joints. It is
renowned for its nonlinear mapping of intricate static data. The validation
experiments were conducted to validate the trained model. It is discovered that the
mechanical property predictions are accurate and within reasonable bounds.

Keywords: Friction Stir Welding, Aluminium Matrix Composite, Nugget Zone,
TLBO, GA-MLPNN.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL BACKGROUND

Aluminium matrix composite (AMC) refers to the class of high-performance,
lightweight aluminium-centric material with two constituent parts, aluminium being a
matrix and metal, ceramic or organic compound being a reinforcing material (Surappa
2003). These AMCs are found in a variety of applications in the locomotive,
automobile, marine, and aerospace industries due to their superior qualities over the
base material. AMCs exhibit ameliorated properties in terms of specific mass ratio,
abrasion resistance, corrosion resistance, wear resistance, etc. (Ramnath et al. 2014,
Mavhungu et al. 2017). AMCs have already replaced aluminium alloys in several
applications where the tribological behavior of the material plays a critical role
(Ozben et al. 2008, Dasgupta 2012).

The reinforcing materials are the primary load-bearing components in the AMCs.
Therefore, particles such as SiC, B4C, TiC, TiB2, ZrBz, AlxOs, fly ash, etc., which
have better mechanical properties than the matrix are selected while fabricating a
composite (Moona et al. 2018). Nowadays, minerals are transpired as potential
reinforcement materials due to their environmental facets. Rutile is a copiously
available low-cost mineral, composed of titanium dioxide (TiO2). Being a natural
form of TiOy, rutile exhibits more significant wear resistance, better electrical and
mechanical properties, and a lower coefficient of thermal expansion, which makes it
an apt reinforcement for the composites (Arora et al. 2015a).

Difficulties in joining these AMCs through conventional fusion welding processes
limit the potential application of these composites in specific industries. Effective
welds in terms of quality and strength cannot be achieved by the conventional fusion
welding process due to the formation of defects like porosities, solidification
shrinkage, liquation cracking, non-uniform distribution of reinforcements, formation
of brittle secondary phases in the weld region due to the reaction between matrix and

reinforcements (Avettand-Fénoél and Simar 2016).



Friction Stir Welding (FSW), a welding technique that is both energy and
environmental friendly, can be used to effectively address these problems. Being a
solid-state welding process, FSW eliminates all the issues allied with the traditional

fusion welding process and provides sound-quality joints.

1.2 THE HISTORY OF FSW

The FSW process is developed and patented by The Welding Institute (TWI1) in 1991,
to weld aluminium alloys. The temperature reached in the weld zone during FSW is
lower than the parent material’'s melting point. The absence of both filler rods and a
stringent welding environment made this process simple, compared to the fusion
welding process (Thomas et al. 1991). Although FSW was developed to weld
aluminum alloys, the application of FSW is efficaciously extended to join copper,
magnesium alloys, steel, metal matrix composites, dissimilar metals, and alloys. (Ma
et al. 2018).

It has been observed from the study that during FSW of aluminium, its alloys, and
AMC:s, grain structure at the weld zone was altered, resulting in varied mechanical
properties. The combined effect of frictional heat, and severe plastic strain involved
during the FSW process can develop finer grain and uniform dispersion of the
reinforcement particles in the weld zone (Mishra et al. 2005). Hence the joint strength
will improve during the FSW process. In addition, its environment friendliness,
energy efficiency, and adaptability, make FSW a green technology welding process.
The quality of the joint produced by the FSW technique is dependent on several
process variables such as rotational speed, tool traverse speed, axial thrust, tool pin
geometry, tool tilt angle, and tool material (Nandan et al. 2008). Identifying the
optimal FSW process parameters to join aluminium matrix composites is a critical
issue in realizing the process. Consequently, there is a requirement to formulate
modeling and optimization strategies for joining composite by the FSW process. Such
issues are solved by using an engineering strategy to create a mathematical model. To
study, forecast, and optimize the process factors of FSW of aluminium alloys, several
studies employed mathematical models. The downside of this strategy is that it results

in a single objective optimization or prediction procedure, which again generates a



new model to optimize more responses. An evolutionary algorithm such as a genetic
algorithm can overcome these limitations, but efficient usage of this technique
depends on the size of the population and the diversity of each solution in the given
problem. Other evolutionary algorithms such as ABC and PSO are adopted by
researchers. But successful usage of these techniques needs a proper selection of
specific parameters related to the algorithm such as scaling, crossover, and mutation
probability (Rao et al. 2011). To eliminate these limitations, an algorithm-specific
parameter-less algorithm is developed by Rao et al. 2011, known as the Teaching
Learning Based Optimization (TLBO) algorithm. It employs only general controlling
variables like the number of iterations and population size for its working.

Artificial Intelligent (Al) techniques are preferred for highly complicated and
nonlinear systems to anticipate multiple output characteristics depending on input
variables. Industries benefit from the use of Al approaches for multi-objective

prediction and optimization.

1.3TLBO AND ARTIFICIAL INTELLIGENCE

1.3.1 TLBO Algorithm

Inspired by the teaching and learning process, Rao et al. (2011) developed a TLBO
algorithm for process optimization. TLBO follows the principle of “how the teacher
influences and enhances the output of a learner in the class” (Pawar and Rao 2013).
The algorithm consists of two vital components namely Teacher and Learner. TLBO
is based on two types of learning, one is through the teacher, and the other is through
interaction among the learner known as the teacher phase and learner phase
respectively. Being a population-based technique, a bunch of students (i.e., learners)
is taken as the population in TLBO, and the subjects offered to the students are
considered independent process parameters of the optimization problem. The results

of the students are taken as the fitness value of the problem, which must be optimized.

1.3.2 GA-MLPNN

Acrtificial neural networks (ANNSs) or Neural Networks (NNs) are the heart of deep

learning algorithms whose architecture is inspired by the neural structure of a human



brain. Artificial neural networks (ANNSs) are extensively used in solving complex
problems like image recognition, indoor localization, peak-to-average power
reduction, radar waveform generation, cancerous tissue identification, etc. (Mumali
2022). There are several types of ANNs namely Modular Neural Network,
Feedforward Neural Network, Radial Basis Neural Network, etc. A more advanced
form of the feed-forward neural network using the backpropagation method is the
multilayer perception neural network (MLPNN). Genetic Algorithm (GA) was
inspired by Darwin's evolutionary theory, which attempts to mimic the mechanics of
natural selection and genetics. Each parameter represents a gene, and each solution
represents a chromosome. A fitness (objective) function is used by GA to assess the
fitness of each member of the population.

Neural networks have various tools like high convergence rates, different learning
rules, different training algorithms, alternate transfer functions, etc. to improve the
results or to achieve some required properties of the trained networks. However, when
it comes to model building, the neural network has issues with interpretability and
complexity. Thus, as the network’s training develops, several attempts have been
made to keep the gradient descent algorithm from becoming stuck in local minima.
The GA can scan multiple areas at once and has no restrictions on network topology.
GA also offers the ability to choose solutions and does not require a back propagation
technique. Hence by combining these two GA and MLPNN, we can overcome the

problem of MLPNN being stuck in local minima.

1.4 PROPOSED WORK SUMMARY

A wide range of AMCs are being used in structural applications because of their
higher strength-to-weight ratio and excellent mechanical properties. These composites
are widely used in automobile, locomotive, and spaceship applications. However, the
fabrication of AMCs involving joining through a conventional welding process leads
to the deterioration of the properties of AMCs. By using friction stir welding, these
issues can be solved. Finding the process variables to carry out individual experiments
to get the appropriate joint strength is highly challenging. To analyze the FSW
parameters, the orthogonal array approach (OA) (Taguchi design of experiment) aids



in achieving the optimum results. FSW trials were performed based on response
surface methodology-based face-centered central composite design and the
correlational models between the input process parameters and output responses have
been developed. Conventional optimization methods such as the desirability approach
and Taguchi-based grey relational analysis technique and Population-based
evolutionary optimization technique namely TLBO have been applied for
optimization. Further work is done to develop a prediction model for composite joints
fabricated with friction stir welding. The GA-MLPNN-based prediction technique is
chosen because it is capable of correctly predicting the yield strength, ultimate tensile
strength (UTS), and hardness of the joint for the specified tool traverse speed/welding
speed, rotational speed, and tool pin geometries. Validation experiments are run to
validate the predicted model.

1.5 ORGANIZATION OF THE THESIS

In the present study, the investigation is conducted to evaluate the characteristics of
AA 6061- 3wt% Rutile composites welded by the FSW technique. The influence of
operational parameters on the joint properties was studied. Additionally, a meticulous
analysis of the experiment was done using the orthogonal array (OA) technique.
Single and multi-objective optimization was done using statistical techniques and
evolutionary algorithms. Finally, a prediction model is developed using GA-MLPNN
Technique. Various stages of these investigations are presented in the following six
chapters as described below.

Chapter 1 explains the background along with the hurdles encountered and the
motivation to carry out the present study. The objectives and an overview of the
present investigation are also stated here.

Chapter 2 elucidates a detailed survey of the literature on the FSW process and its
relevance in the joining of aluminium matrix composites. The manufacturing process
used to produce AMCs is described, emphasizing the stir-casting process. The FSW
process was explained briefly along with the material flow during the process. The
joint characteristics (such as metallurgical and mechanical) of the welded composite
are briefly discussed. The influence of process variables on the joint properties is



presented. The mathematical model developed for the multi-response analysis and
optimization of the welding process is highlighted. The application of the ANN
technique in the field of FSW process to predict mechanical properties is also
emphasized. The goals and objectives of the current thesis have been established in
light of the gaps discovered during a thorough literature review. This chapter also
covers the use of Taguchi DOE, ANOVA, RSM, Grey Relational Analysis,
Desirability Approach, and TLBO as well as a synopsis of the literature review,
problem statement, objectives of the study, scope, and work plan.

Chapter 3 provides a thorough overview of the chosen experimental and measurement
procedures to obtain the results of AA-6061-3wt% rutile composites being joined by
friction stir welding. The detailed process for stir casting of composites, welding these
composites to achieve superior weld quality, preparing specimens for various studies,
and testing specimens to measure hardness and tensile strength are also included.
Chapter 4, explicates the characterization of as cast composite, quality of FS welded
joints, Taguchi technique analysis of FSW process variables, and use of MLPNN
technique for prediction of composite joint strength and hardness. The mechanical and
metallurgical characteristics of the composite have been thoroughly examined and
described. In FSW, the rotational speed, welding speed, and tool pin profile are varied
in an initial attempt to determine the operating range to get the defect-free joints.
Defects and their sources have also been thoroughly addressed. On those specimens
that were defect-free, more investigation was conducted, and even their metallurgical
and mechanical characterizations were reviewed.

Further, it discusses the analysis of the operational parameters employed to carry out
the FSW process and the effect of those parameters on output responses using the
Taguchi design of experiments. Response surface methodology is used to develop a
mathematical model (response equation) for the analysis and prediction of output
responses. Further, Multi response optimization is performed using conventional Grey
Relational Analysis (GRA) and Desirability Approach (DA) and using TLBO,
Prediction of process response is carried out by using GA-MLPNN.

Chapter 5 offers the general conclusion derived from the current research along with

suggestions for future research directions.



CHAPTER 2

LITERATURE SURVEY

The relevance of the present work on friction stir welding of AA6061-3(wt%) rutile
composites has been emphasized in Chapter 1. The current chapter concentrates on
the work of numerous researchers in the field of developing aluminium matrix
composites, FSW of alloys, welding of composites, and optimization and prediction
techniques used in the present study. This chapter conducts and presents a
comprehensive, in-depth, and critical literature assessment. The survey results include
statistics and recommendations for a rigorous approach to experimental work, as well
as an overview of previous work. The following key categories constitute the survey:

e Processing of Aluminium Matrix Composites (AMCSs)

e Stir casting

e Welding of AMCs

e Friction Stir Welding (FSW) concepts

e Material Selection

e Material flow

e Microstructural changes in the weld area

o Effect of operational parameters on joint quality and Strength

e Analysis, Optimization, and Prediction Technique

e Application of FSW

e Limitations of FSW

2.1  PROCESSING OF ALUMINIUM MATRIX COMPOSITES

The emerging trends and advanced technologies have put forward the need for novel
materials that possess an excellent combination of properties like high strength-to-
weight ratio, improved toughness, better thermal, wear, and corrosion resistance in
comparison with conventional monolithic materials. Composite materials, a derivative
of conventional materials, exhibit superior thermo-physical and mechanical

properties, substituting monolithic materials such as aluminium alloys, ferrous alloys,



and titanium alloys in several applications. The composite materials are composed of
continuous phase (matrix) and discrete phase (reinforcements) constituents. Based on
the type of reinforcements, composites are categorized as continuous fiber,
discontinuous fiber, and particulate reinforced composite. Similarly, based on the
chemical and physical nature of the matrix, composites are classified as metal or
ceramic, or polymer matrix composites along with newly emerged carbon matrix and
intermetallic matrix composites.

Metal matrix composites (MMCs) are transpired as promising materials in various
industries due to their excellent, customizable physical, mechanical, and electrical
properties as per the requirement. These materials exhibit higher strength-to-weight
ratio, stiffness, corrosion and creep resistance, and abrasion resistance, both at room
temperature and at elevated temperatures. Out of different MMCs, composites with
aluminium as a matrix have gained attention from various industries such as
locomotive, marine, automotive and aerospace industries in a variety of applications.
Depending on the reinforced materials, Aluminium Matrix Composites (AMCSs)
exhibit improved physical and thermo-mechanical properties which can be tailored as
per the requirement (Mustansar et al. 2019). However, the potential application of
these AMCs for a specific application is limited due to a few drawbacks of these
AMCs. The industry-ready material must possess homogeneous distribution of
reinforced particles in the composite, better wettability, no/minimum porosity, and be
chemically inert. The ease of joining these composites through the welding process is
also a deciding factor in employing these materials for industrial applications.

AMCs can be prepared using different processing techniques. These techniques are
broadly classified into in-situ synthesis and ex-situ synthesis processes. In the in-situ
process, the formation of reinforcements in the aluminium matrix takes place by a
single-step chemical reaction, which results in clean interfaces, better
wettability/bonding, and reduced safety-related issues. One of the in-situ synthesis
techniques is the XD process where a mixture of metallic and ceramic powders is
heated above the melting temperature of metals (Mitra et al. 1993). In another
process, ceramic reinforcements (TiB>) are formed in the aluminium matrix through a
chemical reaction (Herbert et al. 2008) However, the in-situ synthesis process faces

some limitations such as kinetic and thermodynamic restriction which limits the size,
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shape, and volume fraction and nature of the reinforcement as well as composition
achieved during specified chemical reaction conditions. Some of the ex-situ synthesis

processes are mentioned hereunder.
2.1.1 Powder Metallurgy

In this technique, fine metallic material and reinforcements with specific
compositions are blended, pressed into a required shape, and bonded together with the
help of degassing, heating, and thermo-mechanical treatments (Ravichandran et al.
2015). As it is a solid-state technique to prepare the composite, defects related to
solidification such as porosity and shrinkage can be avoided in this process and

reinforcement can be distributed homogeneously in the matrix.
2.1.2 Stir casting

This method, often known as the vortex technique, is the most basic and widely
applied technique in the industry. Here reinforcements in the form of discontinuous
hard particles are introduced into the matrix melt, stirred using an impeller at an
elevated temperature, and then poured into a mold to get solidified in the required
shape (Surappa 2003). Stir casting is a technique that can be utilized for industrial-

scale mass manufacturing as it is less costly than other technigues.
2.1.3 Liquid metal forging or Squeeze casting

In this method, molten metal is poured into a mold cavity which is prefilled with
fibers of the required size, shape, orientation, and volume fraction and is then
subjected to an extremely high pressure for a specific time to get a final shape
(Lawrence W. Cisko 1993).

2.1.4 Semi-solid powder processing

The required quantity of metal powder and reinforcements are first mixed. Further,
this mixture is preheated to transform into a semisolid state and subsequently

subjected to high pressure to form the metal matrix composite (Guo and Tsao 2000).


http://www.google.com/search?tbo=p&tbm=pts&hl=en&q=ininventor:%22Lawrence+W.+Cisko%22

2.1.5 Diffusion bonding

In this process, preforms or continuous fibers are sandwiched between the layers of
matrix foils and high pressure is applied at elevated temperature to form a composite
by establishing a bond between reinforcement and the matrix through inter-diffusion
(James 1997).

2.1.6 Rheo-casting or Compo-casting

The preheated short fibers or particulates are added into a highly viscous slurry of the
metal matrix which is partially solid, by vigorous stirring. By continuous agitation,
the viscosity of slurry reduces, leading to the mutual interaction among the

reinforcements and matrix thus improving wetting and bonding between them.

2.1.7 Physical vapor deposition

Here, fibers are continuously fed through the high-pressure region of matrix material
to form a thick metal coating on the fiber after condensation. An array of coated fibers

are then assembled and hot-pressed to get a metal matrix composite.

2.1.8 Friction stir processing (FSP)

In this method, surface composites are prepared by severe plastic deformation and
stirring of the workpiece material induced by a non-consuming FSP tool. Composites
prepared by FSP techniques are free from pores, particles are uniformly distributed
and fine equiaxed grain structures are produced in the composite.

In the processing of AMCs, stir casting has emerged as one of the promising methods,
currently employed commercially as it has many advantages like simplicity,
flexibility, and capability to manufacture a large quantity of products. Stir casting is
the most favorable technique among all the available methods, because, in principle, it
allows traditional metal production methods to be utilized, and allows exceptionally
large parts to be produced, resulting in the reduction of the final product cost.

Composite preparation cost by stir casting technique is about one-third of that by the

10



other methods and it is projected to be one-tenth when used in high-volume
production (Hashim et al. 1999).

2.2 STIR CASTING

In the processing of AMCs through the stir casting route, reinforcement particles are
stirred intensively in the molten aluminium alloy. Stirring of particles enables the
proper distribution of agglomerated particles in molten alloy ensuring homogeneous
distribution of reinforcements in the molten matrix.

Stir casting process parameters and the amount of reinforcements in the composites
decide the quality and mechanical properties of the composites (Hashim et al. 1999).
The critical points to be considered during the stir casting process are, a) Wettability
between the matrix and reinforcement, 2) uniform dispersion of reinforcements in the
matriX, ¢) Negligible or minimum porosity, and d) chemical reaction during the
process.

In the stir casting process, achieving homogeneous dispersion of reinforcements in the
matrix is one of the critical factors, which has a direct impact on the properties of the
prepared composites. Uniform dispersion of the particles strongly depends on stirring
time and speed, slurry viscosity, wettability, temperature, amount of gas entrapment,
and the rate of solidification. Some of the major factors which affect the
microstructure of cast composites are nucleation of particles, pushing of particles by
the liquid-solid interface, settling of the particles in the matrix melt, and the chemical
reaction between matrix and reinforcements at elevated temperature. The most
observed issue in the stir casting process is the settling of particles in the bottom of
the molten matrix during melt holding and while casting due to gravity. The
mechanical properties of the composite are impacted by the heterogeneous
distribution of the reinforcements in the matrix caused by particle settling.

Wettability between reinforcements and the matrix, affects the bonding quality among
the constituents of the composite, thereby, controlling its final properties (Soltani et
al. 2017). Wettability depends on the surface tension of the liquid matrix, the
reinforcement’s surface energy, and the interfacial energy between the matrix and
reinforcements. By reducing the surface tension of the liquid metal matrix, increasing

the surface energy of the reinforcement, and decreasing interfacial energy between
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solid reinforcements and molten metal matrix, wettability can be improved (Ghandvar
et al. 2015). To achieve enhanced wettability, different techniques are employed such
as the addition of alloying elements to the molten matrix, coating of reinforcements,
and treating the reinforcement particles (Suthar and Patel 2018).

The presence of porosity is one of the key issues in the cast AMCs. During the stir-
casting process, porosity may occur at the interface of the matrix and reinforcement.
The size, dispersion, and volume fraction of the reinforcements in cast AMCs play a
critical role in controlling the mechanical behavior of the composites (Bhandare and
Sonawane 2013). Porosity in the cast material results in some of the defects such as
ductility reduction, fracture of particles in the matrix-reinforcement interface due to
the voids coalescence, failures initiated at the places of pores in the matrix, reduced
corrosion resistance, and poor surface finish. The factors which assist the formation
of porosity are, a) Entrapment of gas during stirring and mixing, b) hydrogen
evolution, c¢) process variables like stirring speed, holding time, position, and size of
the impeller, and d) shrinkage of the cast during solidification. Porosity in the
composite cannot be eliminated, but it can be reduced to the minimum level by
several methods such as degassing the molten matrix, bubbling of inert gas through
the molten material, proper selection of process variables such as stirring speed,
impeller size and its position in the melt, holding time, casting under pressure and
solid state post-processing of the cast composite like rolling the cast composite to
close the pores (Yigezu et al. 2013).

During the stir-casting process, dissolution of reinforcement may take place when the
molten matrix is heated beyond a certain limit. These particles react with the matrix to
form a brittle, needle-like secondary phase which deteriorates the mechanical
properties of the composite. Thus, the mechanical property of the composite depends
on the processing parameters and methods used to synthesize the composite material.
Moses et al. (2016) investigated the impact of stirring time, stirring speed, blade
angle, and casting temperature on the mechanical characteristics of an AL6061-TiC
composite synthesized using the stir-casting process. To reduce porosity, prevent TiC
particles from clustering and segregating at grain boundaries, and have these particles
distributed uniformly throughout the matrix, optimal values of the aforesaid factors

are required.
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Pazhouhanfar and Eghbali (2018) have prepared TiB, reinforced AA6061 matrix
composite and have revealed that an increase in the TiB2 content (up to 9 %) increases
the tensile strength of the composite without compromising on elongation. To
improve the wettability, KoTiFe was added and TiB. particles were preheated to
250°C before adding to molten AA6061.

Thiagarajan et al. (2015) have investigated aluminium matrix-based hybrid composite
by incorporating TiO2 and Graphite with varying compositions. Mechanical properties
such as tensile strength and hardness were improved with an increase in reinforcement
contents, but clustering and non-homogeneous dispersion of particles were observed
at a higher volume fraction of these particles (15% TiO2 and 3% of Gr) due to the
settling of hard particles at the bottom of the melt.

Aigbodion and Hassan (2007)have concluded that the volume fraction of SiC particles
in the composite will have a direct relationship with the porosity level. As the amount
of reinforcement in the composite rises, the porosity level rises as well, lowering the
mechanical properties of the composite. Bhandare and Sonawane (2013) have
reported that in SiC reinforced AA6061 matrix composite, wettability was achieved
by keeping the matrix at a semisolid state. Further, it was observed that getting
uniform distribution of particles in the liquid state was difficult to achieve. Preheating
the mold drastically reduced the porosity level in the composite, which in turn
enhanced the mechanical properties as reported by Bhandare and Sonawane (2013).
Bharath et al. (2019) incorporated two stage stir casting process to produce AA2014-
Al;0O3 composite. Adding reinforcement in two stages with a small interval in
between and stirring the molten material before and after adding, drastically reduced
the agglomeration of the particles in the matrix. Composites with higher volume
fractions of reinforcements were prepared successfully with uniform distribution of
particles without clustering.

Inegbenebor et al. (2018) worked on SiC reinforced AA6061 composite by varying
SiC grit size and concluded that smaller grit size enables proper mixing and uniform
dispersion, thereby enhancing the mechanical properties of the composite.

Li et al. (2016) developed an aluminium matrix composite with a high volume

fraction of B4C by adopting a modified stir-casting process. Progressively adding
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B4C, Vacuum stirring, bottom pouring, vacuum casting, and in-air ingot cooling
techniques were used to get high-quality composites in their study.

Soltani et al. (2017) have reported that shorter stirring periods and higher stirring
temperature assist in incorporating SiC particles into the molten aluminium matrix
and form a strong bond with it. But with higher temperatures, defects such as

shrinkage, and porosity components, increased deteriorating mechanical properties.

2.3 WELDING OF ALUMINIUM MATRIX COMPOSITES

The promising properties of AMCs, make them employed in various industries such
as automotive, marine, aeronautical, nuclear energy, etc. Various welding techniques
were used to join metal matrix composites and are depicted in Figure 2.1.

Zhang et al. (1999) employed the vacuum brazing technique to join Al/SiCp MMC
and found that the bonding quality in SiCp/ SiCp interface or Al/SiCp interface was
poor and for the same process parameter, the joint strength reduces as the volume of
the reinforcement-SiCp increases. Also, the results showed that, as the particle size
increases, the joint strength decreases.

The vacuum diffusion bonding technique was adopted by Zhang et al. (1999a) to join
SiC reinforced AMCs and observed that the strength of the diffusion joint varies
inversely with the volume fraction of SiC particles. In addition, it was observed that
achieving satisfactory joining quality in the dissimilar Al/SiCp diffusion joint is much
more difficult.

Lei et al. (2011) studied plasma arc welding of SiCp/Al MMCs using Ar-N2 mixture
as plasma gas and Ti as filler material and showed that harmful Al4C3z needle-like
phases are eliminated in the weld zone but other defects were still present in the joint
such as slender, needle-like AIN phase, bulky AlsTi phase, and segregation of
particles. Further, the maximum joint strength achieved was 70% of that of the base
material.

Urefia et al. (2000) adopted TIG welding to join AA2014/SiC composite and observed
that severe microstructural changes happened along the depth of the weld. The top
region of the weld area consists of completely dissolved SiC particles and brittle
Al4sCs flakes. The middle region had partially dissolved SiC particles and smaller
Al4C3 flakes whereas the bottom region had Al4Cs crystals. Further, it was observed
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that joint strength was about 50 % of the base material. Xi-he et al. (2009) performed
TIG welding of Al-SiCp composites using Al-Si filler and Argon-Helium shielding
gas. The use of gas helps in arc stability and the addition of filler assists in depressing
harmful reactions at the matrix-particle interface, thus improving the quality of the
joint. However, the non-uniform distribution of particles could not be avoided in the
weld region.

Salazar and Barrena (2003) have carried out metal inert gas welding of
AAT7020/Al,03 using Al-Si and Al-Mg fillers. It has been observed that the
mechanical properties of joints deteriorate as a result of hardening precipitates
dissolving at higher temperatures. The joint strength was reduced to 60% of that of
the base material.

Wang et al. (2000) have utilized a modified laser beam welding process to weld
Al6061/SiCp composite by adding Ti as an alloying element. The formation of
harmful needles like AlsCs is eliminated and superior quality weld was formed but
some large pores were found in the partly melted zone. Storjohann et al. (2005)
reported that during laser welding of Al>O3 reinforced AA6061 matrix composite
using laser welding, clustering of Al>Os particles and porosities was observed in the
weld region, which drastically reduced the mechanical properties of the joint.

Bassani et al. (2007) worked on laser welding of A359/SiC composite using a CO>
Diode laser source. Welding with CO: laser results in the dissolution of SiC particles
and the formation of Al4Cs which makes the weld zone harder compromising the
toughness of the joint. Whereas the use of a Diode laser reduces the formation of
brittle Al4Cs, the laser has limited penetration. Guo et al. (2012a) studied laser
welding of AA1100/B4+C composite with and without Ti filler. Needle-like AIB; and
Al3BC phases were observed in the weld zone joined without filler. The addition of Ti
foil reduces the formation of harmful phases, instead, TiC, TiBz, and AlsTi phases
formed in the weld which improved the joint strength. Meng et al. (2013) used a laser
welding technique to join TiB,-reinforced metal matrix composite and reported that as

the volume fraction of TiB: increases, the weld quality deteriorates.
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Figure 2.1 Classification of the welding process to join the MMCs.

Chen et al. (2006) have studied the electron beam welding of LD2/SiCp composite
and reported that an interfacial reaction occurs forming Al4Cz precipitates. The size
and quantity of Al4Csz are less in lower heat input and both are increased at higher heat
input. Mechanical properties of the joint degrade at higher heat input due to the

formation of brittle phases.

2.3.1 Key issues in welding of aluminium matrix composites.

AMCs are composed of aluminium. An aluminium alloy as matrix and hard
reinforcement with the volume fraction varying from 0.1% to 60 %. AMCs are
considered ideal, lightweight with high strength and new generation material.
However, the use of this material in specific industrial applications has been limited
due to the difficulties involved in joining these materials by conventional welding

methods. There are several key issues associated with the welding of AMCs.

2.3.1.1 Solidification effects

Particulate aluminium matrix composites are reinforced with non-metallic
reinforcements such as Al20s, SiC, TiC, TiB2, B4C, YiO., etc. In comparison with the
matrix material, these reinforcements have different weights which results in

segregation and settling at the bottom of the matrix when it is in a molten state.
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In a molten state, the weld pool of composite is more viscous than the pure aluminium
or alloy weld pool. The higher viscosity of the weld pool restricts the flow of material
and reduces the heat transfer by the convective method. This greatly affects the grain
structure and stress formation in composite during solidification. This type of
solidification effect is commonly found in the fusion welding process and also these
are difficult to control. While joining composites, it is necessary to select the welding
technique carefully to prevent the dissolution of reinforcements and the heterogeneous
packing density of the particles resulting from the transfer of reinforcements into the

weld zone.

2.3.1.2 Chemical reactions

From the literature, it is observed that some conventional fusion welding methods are
used to weld a few particular AMCs. It is necessary to control the temperature during
welding to prevent the dissolution of reinforcement particles, interdiffusion, and the
development of hard, brittle harmful secondary phases in the weld zone. For example,
in welding of SiC reinforced AMCs, SiC reacts with the molten aluminium alloy at
elevated temperature and forms needle-like AlsCs and thus increases the silicon
content in the weld zone during solidification. Likewise, graphite or carbon particles
react with the molten matrix to form detrimental phases. The presence of moisture
affects the welding process as the metal carbides decompose releasing hydrocarbon
gases, which enhance the weld susceptibility to corrosion and degradation of joint
strength. The chemical compatibility of reinforcement and matrix for a given welding
technique largely depends on the material and the type of process.

Most of the fusion welding processes work on higher thermal energy, which cannot be
applied to join AMCs. For instance, most of the laser energy used in the welding
process is absorbed by the reinforcements in comparison with the matrix, in the
narrow weld zone of high heat flux. So, to minimize the detrimental reaction between
the reinforcement particles and the molten metal, it is required to automate the fusion

welding process by carefully controlling welding speed and temperature.

2.3.1.3 Joint preparation
Before welding, joint preparation is necessary for some of the welding processes. As

composites are reinforced with hard particles, these composites exhibit low ductility,
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and high wear resistance and are difficult to machine using standard cutting tools of
steel. AMCs with a high volume percentage of reinforcements (40-60%) behave like
hard ceramic material which makes them hard to machine. While preparing the AMC
joint before the specific welding, the operational parameters such as speed, feed, and
force must be carefully selected and controlled to prevent the tearing of the composite
panel or to avoid cracking. The use of diamond or diamond-coated tools is necessary
to machine AMCs during joint preparation.
According to the literature, it is found that the joining of composite by conventional
welding process has several drawbacks such as
e Formation of porosities and inclusion of impurities due to high solubility of
gases in the molten matrix
e Non-uniform dispersion of reinforcement in the weld region, and dissolution
of particles
e The production of needle-like, brittle secondary phases is due to the
detrimental interaction between reinforcement and matrix.
e Clustering of particles when they are of nano size, or on account of poor
wettability
o Defects related to solidification like, shrinkage, porosity, and cracking
e Extremely high residual stress and distortion as a result of the matrix's and the
reinforcement's different thermal expansion coefficients.
These defects affect the weld's quality and degrade the AMCs' mechanical qualities.
Solid-state welding has emerged as a viable technology for joining AMCs to produce
joints of excellent quality. The temperature reached during solid-state welding is
lower than the work piece melting point. As a result, all defects related to the material
solidification are removed.
The friction stir welding method for joining aluminium alloys was developed and
patented by The Welding Institute (TWI) in 1991 (Threadgilll et al. 2009). The
precipitation-hardening aluminium alloys such as 7XXX and 2XXX series, are
successfully joined by the FSW process, which is otherwise difficult to weld using the
traditional fusion welding process (Cavaliere 2013). Further attempts are made to
successfully join Cu, Mg, Ti alloys, aluminium, magnesium, steel-based metal matrix

composites reinforced by carbides (SiC, TiC or B4C), oxides (Al.O3 or Y203), nitride
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(AIN), borides (ZrB., TiB>) or silicide precipitates (M2Si) (Heidarzadeh et al. 2020).
Prolific literature has shown FSW can successfully be used to join difficult-to-weld
materials with enhanced mechanical qualities and no weld defects (Avettand-Fénoél
and Simar 2016). However, in contrast to aluminium alloys, the presence of
reinforcing components limits the range of welding conditions in AMCs.

In recent years several researchers have worked on FSW of aluminium matrix
composites. The detailed study on FSW has inferred the following important aspects
of the process. First, AMCs which are reinforced with up to 30 (vol %) of hard
ceramic particles joined successfully and superior quality weld with superior
mechanical properties and without any defects were obtained using the FSW process.
Further metallurgical study of friction stir welded joint revealed that no chemical
reaction between matrix and composite was observed in the weld zone (Parikh et al.
2019). Second, the distribution of reinforcement particles was homogeneous, and no
clustering of particles was observed in the weld zone as revealed by the
microstructural studies. In comparison with the base material, the size of the particles
was drastically reduced in the weld zone due to the collision among the particles,
abrasion, and fragmentation action of the tool (Li et al. 2018). Thirdly, FSW of AMCs
resulted in better and enhanced mechanical properties in the joints in comparison with
AMC:s joined by tungsten inert gas welding (TIG) (Mufioz et al. 2008). These factors
make FSW a potentially viable route to join AMCs. Further, its fundamental benefits
such as enhancement in joint efficiency, high production accuracy, and cost reduction
have resulted in FSW as one of the attractive welding solutions for difficult-to-weld

aluminium series like AA2*** 6*** 7*** and their composites.

2.4 CONCEPT OF FRICTION STIR WELDING

Industrial application of the AMCs mainly depends on the successful and effective
joining technique. The presence of reinforcement particles makes it difficult for fusion
welding methods to satisfy the joining requirement of composites. Solid-state welding
of AMCs has a greater advantage over traditional fusion welding. In the year 1991,
“The Welding Institute”, Cambridge (Thomas WM et al. 1991), developed a welding
technique to weld aluminium without melting it, named friction stir welding (FSW).

The FSW process is similar to milling, except instead of removing material, it joins it.
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The welding process can be performed on a dedicated FSW machine or by using a
conventional milling machine. One type of FSW machine is shown in Figure 2.2,
FSW process was found to be an environmentally friendly versatile, and energy-
efficient process.

Figure 2.2 Friction stir welding machine (Courtesy: ETA Technology Pvt. Ltd. India,
Friction Stir Welding Machine)

The fundamental requirements of the FSW process are a constant heat source, regular
workpiece motion concerning the tool, uniform deformation of the material, and
consolidation in the weld zone. Figure 2.3 displays a schematic illustration of the
FSW process. In this process, a non-consumable tool with a pin and shoulder
constructed of a tougher material is utilized. The revolving FSW tool is inserted into
the workpiece's adjacent edges until its shoulder meets the surface. The tool is made
to travel along the weld line after a short dwell time. The friction between the rotating
tool and stationary workpiece during the insertion of a rotating tool causes a
significant amount of heat to be generated, which plasticizes the workpiece at the
weld zone. Rotating shoulders also generate frictional heat at the tool-workpiece
surface interface and help compaction of material below the shoulder. The solid joint
is formed using frictional heat and heat caused by the severe deformation of material
due to applied axial force (Buffa et al. 2008).

FSW tool serves three important purposes i.e., a) develop sufficient frictional heat in

the parts to be welded by friction between the workpiece and revolving tool (Shoulder
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and pin), b) Induce proper material flow in the weld region, c) Constrain and act as a
reservoir for the heated material under the shoulder (Zhang et al. 2012). The heat is
developed due to the friction of the revolving FSW tool probe and shoulder with the
workpiece and by the deformation of the material in it. The workpiece material
around the FSW tool probe gets softened due to the localized heat. Combined linear
translation and rotational movement of the tool enable the transfer of the softened
plasticized material from the front side along the perimeter of the tool probe to the
rear end of the tool probe. Thus, the plasticized material fills the gap left by the tool
for onward movement. The tool shoulder limits material movement away from its
bottom surface and exerts an axial force on the plasticized material that has softened.
Under the shoulder, the material solidifies and creates a solid joint.

The tool's combined rotation and translation motion separates the weld zone into two
areas. The side where the tool translation direction is the opposite of the tool
rotational direction is known as the retreating side, and the side where they are equal

is considered the advancing side.

Downward

7Z-load Normal
Direction

) ,', - Welding
< e Direction
Tool Rotation C

(counterclockwise) Tool Tf_a"SYefse
Direction

s Shoulder

7 Pin

Aancing Side

20 I /'

Stir Zone

Onion Rings —

Retreating Side

Figure 2.3 Friction Stir Welding terminology (Lin et al. 2020)

The welding process variables are the key controlling features of the FSW process.
These process variables influence the generation of frictional heat and flow of
plasticized material and ultimately affect the microstructure, joint quality, and
mechanical properties of the joint. The process variables are tool rotational speed,
welding speed, tool pin geometry, tool tilt angle, and axial force. The relative angle

between the workpiece and the axis of the tool is called the tool tilt angle.
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The detailed procedure of the FSW technique is shown in Figure 2.4(a-f) along with
the velocity vector values along all three axes as VX, Vy, and Vz. The first step is to
plunge the tool into the adjoining edges of the workpiece as shown in Figure 2.4a.
The revolving tool approaches the workpiece at a constant speed (Vz) in this stage
whereas the velocity vector along the other two axes is zero. The depth of plunging
depends on the workpiece thickness, tool probe height, and axial force. The next step
as shown in Figure 2.4b is dwell time where the tool is rotating at a constant speed,
but the linear movement of the tool was absent hence all the velocity vectors become
zero. In the next stage, the revolving tool is made to travel along the weld line at a
predefined constant tool traverse/welding speed Vx as shown in Figure 2.4c, keeping
the other two velocity vectors zero. The second dwell period is depicted in Figure
2.4d, where the tool traverse is stopped but the tool remains continuously revolving at
a constant speed. Velocity vectors in all three axes are zero. Figure 2.4e shows the
final stage of the process where the tool is retracted from the workpiece with a

constant velocity of Vz and velocity along the other two directions is zero.
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Figure 2.4 Schematic representation of friction-stir welding process (Courtesy:
NASA/TM--1999-209876)

Material flow in the weld zone is largely dependent on two criteria. One is a result of
the extrusion process, in which the plasticized, softened material is forced outward by
the combined action of the tool probe moving within the workpiece and the applied

axial force. Another is due to the driving force developed due to the rotation of the
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tool probe. The flow of material in the FSW process is discussed in detail in the

following sections.

2.5 MATERIAL SELECTION

AAB6061 is one of the most widely employed materials for structural application. The
use of AAGB061 in a variety of applications is mainly due to its few favorable
properties such as easier formability, heat treatable, corrosion resistance, and good
mechanical properties. These properties make AA6061 one of the important materials
in aerospace, automotive, locomotive, and marine application.

One of the major inventions in the new material is the development of aluminium
matrix composites (AMCs). They provide a profile of properties in such a way that
existing monolithic materials are hard to offer it. AMCs are tested and employed in a
lot of functional, structural, and non-structural applications in various industries.

The aerospace and automotive industries have a growing demand for inexpensive,
lightweight materials. Also, due to environmental factors, research and development
in mineral reinforced composites were started, which found their uses in the various
parts of the automotive and defense industries. Minerals have emerged as a viable
replacement for the ceramic reinforcements that are frequently employed in AMCs
due to their low cost, availability, and environmentally benign behavior. Few natural
minerals have great potential to be used as particulate reinforcements in composite
manufacturing. Natural minerals like sillimanite, bauxite, corundum, talc, feldspar,
etc. in the form of particles were used in the fabrication of aluminium alloy matrix
composite for a variety of wear-resistant and structural applications. Rutile is one of
the abundantly available, low-cost minerals, composed mainly of titanium dioxide
(TiO2). Being a natural form of TiO», rutile exhibits superior wear and corrosion
resistance, better electrical and mechanical properties, lower coefficient of thermal
expansion, higher thermal shock resistance, and thermal stability at elevated
temperatures. Maity et al. (1995) processed Al-TiO2 composite by stir casting method
and studied the effect of volume fraction of reinforcement on particle distribution,
void formation, and solidification process. It was reported that, though the wettability
during stir casting was improved by the addition of magnesium into the melt, the
addition of TiO2 only up to 3% mixes properly with the melt. However, up to 20% of
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Al>;0O3 and SiC can be incorporated into the molten aluminium. This is because TiO>
has a much lower apparent density compared with SiC and Al>Oz. The ratio of density
to apparent density is much greater in the case of rutile particles, which probably
leads to improper incorporation of particles in the matrix during the addition of TiO:
beyond 3%. Ramesh et al. (2005) fabricated AA6061/TiO2 composite through a liquid
metallurgy route and evaluated its mechanical properties. The study revealed that
TiO2 was homogeneously distributed in the matrix when its volume percentage was
less and as the volume fraction increases, the agglomeration of particles was
observed. The composite exhibited a lower wear coefficient and higher hardness
compared to the base aluminium alloy. Chaudhury and Panigrahi (2007) reinforced
rutile particles with Al-2Mg using spray forming and sir casting techniques to
evaluate the recrystallization kinetics of Al-2Mg-TiO2> composites. The study
revealed that faster recrystallization in cast condition occurred due to the thermal
stresses induced into the composite owing to the thermal mismatch between the TiO>
particle and Al matrix. Additionally, a significant improvement in the composites'
mechanical properties was seen.

Elango and Raghunath (2013) investigated the tribological behavior of the stir-cast
LM25+SiC+TiO,. The study showed that increasing the volume content of TiO; in
the composite reduces the wear rate due to the hardened nature and lubricating
properties of the TiO2. The composite also exhibited high strength and hardness.
Arora et al. (2015a) investigated the effect of TiO2 particle size on the wear properties
of LM13 aluminium alloy reinforced with TiO> composite. As the particle size
becomes smaller and smaller, the wear resistance of the composite increases. Even at
elevated temperatures, the composite exhibited better wear-resistant properties,
making it an ideal material for IC engine parts and structural elements exposed to
wear at higher temperatures. Kumar and Rajadurai (2016) studied the influence of
natural rutile on the microhardness and wear properties of aluminium matrix-based
hybrid composite. The addition of rutile enhanced both the density and microhardness
of the composite compared to the base material. The composite showed better wear
and mechanical properties. Yoganandam et al. (2016) evaluated the mechanical

properties of TiO> reinforced AA6082 matrix composite prepared using a semi-solid
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compo casting method. The study inferred that the addition of TiO2 enhances the
tensile strength of the composite significantly.

Gupta et al. (2019) used sillimanite and rutile minerals as reinforcement in the LM27
aluminium alloy matrix and evaluated their mechanical properties. The addition of
rutile particles resulted in the refinement of the Si phase in the composite. The
coefficient of friction was less in rutile reinforced composite due to its lubricating
effect.

Abraham et al. (2019) worked on 6063/TiO, composite fabricated via friction stir
processing (FSP) and evaluated microstructure and mechanical properties. Up to 18
(vol %) of rutile particles were successfully incorporated into the matrix element
without clustering of the particles. A higher number of particles deteriorates the
mechanical behavior of the composites due to the agglomeration of TiO2 particles.
Rutile reinforced composite can find its application as wear-resistance components
such as pistons, cylinder heads, and brake drums in the automobile sector and pump
bodies in mineral processing industries Arora et al. (2015b). AA6061-Rutile
composite is mainly proposed for automobile and avionics parts such as engine piston
and connecting rods, valve and valve parts, brake pistons, hydraulic pistons various
fittings used in marine, aircraft, etc., contactors, couplings, and structural parts such as

bicycle hubs and bike frames (Sivasankaran and Alaboodi 2016).

2.6 MATERIAL FLOW PATTERN

The flow of material during the FSW process is complex and many mechanisms are
presented to describe it. It involves plastic deformation during the process and
complex material movement (Li et al. 1999). The geometry of the tool, the welding
parameters, and the kind of joint design all have a significant role in the material flow
pattern in FSW. During FSW, plunging the tool into the workpiece creates a cavity in
the workpiece and the shape of it is dependent on tool pin geometry. Interaction
between the rotating tool and the workpiece generates frictional heat which plasticizes
the workpiece material around the rotating pin. The plasticized material is covered by
the adjacent colder workpiece material and the bottom back plate. The material flow
path is decided by this arrangement and the combined tool motion (both rotation and
translation) along the weld direction. The material present at the leading side of the
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workpiece can gradually plasticize and travel to the retreating side due to two distinct
modes known as tool pin-driven and shoulder-driven flows. Further softened
plasticized material flows through the retreating side of the weld zone and gets
deposited at the rear side of the tool to form a solid joint (Colligan 1999a) (Seidel and
Reynolds 2001). The typical flow pattern of materials in the FSW process is depicted
in Figure 2.5. Colligan (1999b) experimented to evaluate the material flow pattern in
dissimilar aluminium alloys namely AA6061 and AA7075. Grooves are made along
the welding direction at different distances and small steel balls called tracers are
inserted in these grooves to understand the material flow pattern. Radiographic
examination of friction stir welded specimens revealed that distinct parts of the
workpiece show different flow patterns. The threads or grooves on the FSW tool pin
enable the forcing of stirred material into the downward direction. Similar to an
extrusion operation, the softened material is transported around the tool probe's
retreating side. It was noted that the pattern of material flow on the advancing and
retreating sides differs (Seidel and Reynolds 2001). The shoulder of the tool rather
than the tool probe threads affects the plasticized material flow at the top region of the
weld zone, up to 1/3 thickness of the weld zone (Guerra et al. 2002). Due to the tool
shoulder profile, a substantial amount of softened material flows to the advancing side
from the retreating side at the top region of the weld zone. As a result, the flow of
material in the weld region causes complex material movement along the weld line as

well as vertical mixing of the material.

"'.‘_, ----------------- ...__“. Weld
Rol:% Relrcatin‘g/ Direction
Dll' t'bn side / ‘/

0 tool rotation

Advancing side

2mm

Figure 2.5 Material flow pattern in FS weld one [ Hamilton et al. (2008)] (a) Nugget

top region and (b) Nugget cross-section.
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2.6.1 Realization Mechanism of Friction Stir Weld

There are two types of material flow during FSW known as pin driven and shoulder
driven. During shoulder-driven flow, the softened material is transferred from the
retreating side, through the shoulder surface. The transferred material gets deposited
at the top of the advancing side with forging action caused by the tool. Whereas
during pin-driven flow, the material moves around the periphery of the tool pin, layer
by layer due to the extrusion process, and is stacked continuously along the weld line.
As it is observed by Sinha et al. (2008), the extrusion of material around the pin and
the shearing effect of the shoulder results in layer-by-layer material movement in the
weld zone. Once the pin-driven and shoulder-driven materials interact at the retreating
side, the softened material flows to the advancing side. As this interaction progresses,
the merging of material driven by both pin and shoulder takes place. If there is
sufficient temperature and hydrostatic pressure developed, then material flows and
fills the weld cavity (Kumar and Kailas 2008a). Figure 2.6 shows a schematic

representation of material flow driven by pin and shoulder during the FSW process.

RS

@)

Figure 2.6 (a) Weld cavity formation due to tool insertion (b) material flow driven by
a pin, (c) Merged material flow driven by both pin and shoulder and (d)
Pulling of base material into NZ (Courtesy: Kumar and Kailas 2008b)
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2.6.2 Influence of FSW Tool on Material Flow

The microstructural features obtained after the friction stir welding process closely
resembles the microstructures that resulted in hot worked (Extrusion and forging)
aluminium alloys (Arbegast 2008). The different mechanical processing regions
formed during the FSW process are depicted in Figures 2.7 (a-b). Conventional metal
working models can be used to model the flow of material in the FSW process. The
metal working model includes different zones such as preheating, initial deformation,
extrusion followed by forging and finally cooling of the metal. Similarly, in FSW, the
region in front of the tool pin is considered a preheating zone. As a result of
mechanical deformational heat and frictional heat developed by the interaction
between the hard rotating tool and the stationary workpiece, the temperature at the
preheating zone steadily rises.

The thermal characteristics of the material and the welding speed affect the heat
transfer rate during the FSW process. The heat generated at the tool-workpiece
interface raises the temperature of the workpiece above a critical point, causing the
material to soften and plasticize. Additionally, the induced stress is greater than the
critical flow stress of the material, which causes the flow of material during the FSW
process. As shown in Figure 2.7 (a-b), the material is forced both downward into the

extrusion zone and upward into the shoulder zone.

(a) Upper Material Feeds (b}

Shoulder Zone TOOL ROTATION

L
=3
PIN TOOL SHOULDER
REAR Shoulder FRONT WELDING DIRECTION <tmmmem

PIN TOOL TIP

Forging
Zone

Wortex Swirl
Zone

ExTRUSION FORGING ZOQ

ZONE COOL DOWN

. " IMITIAL ZONE
Initial Defarmation
Zons DEFORMATION

ZOMNE

PRE-HEAT ZONE

Figure 2.7 (a) Pattern of Material flow and (b) zones of mechanical processing
created during friction stir welding (Courtesy: Mishra et al. 2005).

As the tool probe rotates in the workpiece, a small vertex swirl zone is formed below
the probe tip. The material captured in this zone experiences vortex flow patterns. In

the extrusion zone having a fixed width, the material circulates the probe from leading
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to the trailing edge. The critical isotherm on each side of the tool controls the
extrusion zone width, where the attained temperature and the amount of stress are
inadequate to let the flow of materials. The forging zone, where the cavity is
generated by the tool moving forward, comes after the extrusion zone. Hydrostatic
pressure forces the plasticized material from the tool front into the cavity. The tool
shoulder both applies downward forging force and allows for the restriction of the
softened material in the cavity. The material in the shoulder zone is dragged forcefully
to the advancing side from the retreating. A post-heat or cool zone follows the forging
zone, where the plasticized material cools either naturally or artificially.

The materials at the weld region go through three distinct types of flows during FSW.
As the tool spins within the workpiece, the softened material is first transferred along
the periphery of the tool. Next, the threads of the tool probe transmit the plasticized
material in the downward direction in close vicinity to the tool, causing an equivalent
quantity of material that is distant from the pin to travel upward. The workpiece and
the tool also move relative to one another. A sound FSW joint is produced by the
combined influence of these flows. The width of the flow area for recirculating
plasticized material is determined by the rate of heat transfer, welding process
parameters, and material qualities.

According to Zhang et al. (2005), the material flow on the retreating side differs from
the advancing side. Figures 2.8 (a) through (b) and 2.9 show the flow of material
during FSW. The material flow was simulated using finite element analysis. A study
found that at the advancing side, softer material develops a fluidized bed, closer to the
probe and moves around the probe. But on the retreating side, the material never
moves into the rotational zone. Several revolutions later, the material on the

advancing side begins to slough off behind the probe.
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Figure 2.8 The material flow when u =2 mm/s, ® = 390 rpm at a) Advancing side, b)
Retreating side (Zhang et al. 2005)
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Figure 2.9 Flow of material when the tool rotates in a clockwise direction (Fonda et
al. 2004)

The material flow pattern in a threaded pin is depicted in Figure 2.10. A threaded
profile pin aids in confirming that the plastically deformed material is evenly
dispersed around the tool probe, as well as from the upper to lower weld portions and
vice versa. According to Fernandez and Murr (2004), the threaded profile pin reduces
mean particle size by 25% as opposed to the threadless pin, which reduces mean
particle size by 7%. The thread pitch is another key factor in FSW. The pitch will
behave more like a drill than a stirrer if it is between 1.40 and 2.0 mm. The workpiece

material is pushed outward as a result of this impact, forming chips.

Figure 2.10 Helical pattern material flow around threaded probe (Fernandez and Murr
2004)



Similar mechanical and metallurgical characteristics were demonstrated when 0.85
mm and 1.10 mm thread profile pin pitch was employed by Boz and Kurt (2004).
Hattingh et al. (2008), claim that an FSW tool having a threaded pin promotes plastic
flow and assists the downward movement of material when the orientation of a thread
is in the opposite direction of the spindle rotation.

According to Schneider et al. (2006), the maker tracer approach can be used to
examine the flow of material that is plastically deformed in the FSW process at the
weld region. The titanium and lead wire, which served as a marker, was positioned,
below the material top region (approximately 1.3 mm) on the advancing side. Periodic
trace patterns made up of segments with an arc form were seen on this side.

Chen and Cui (2008) used the pin-breaking approach to investigate the flow of
material in threaded probes. It was observed that the sheared layer entirely detached
from the pin with each tool rotation. A void is created rear of the tool on both sides as
it moves forward. By forcing a separated layer to flow into this cavity, a nugget is

created by the shear zone material.
2.7 DEVELOPMENT OF MICROSTRUCTURE AT WELD REGION

The investigation of the microstructural development of FS welded aluminium alloys
has received considerable interest. The composition of the material and the heat
treatment produce variations in the size and morphologies of the grain and
crystallographic textures in aluminium alloys. Threadgill (1997)made the initial
attempt to classify the weld zone depending on microstructures (Friction stir welds in
aluminium alloys, Bulletin, March 1997). Figure 2.11 depicts the various
microstructure zones that emerged at the weld site after welding. The weld zone is
seen to be divided by the system into four distinct regions namely Nugget Zone or Stir
Zone (NZ or SZ), Thermo-Mechanically Affected Zone (TMAZ), Heat Affected Zone
(HAZ), and Unchanged Base Material (BM).
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Tool Movement Direction

Figure 2.11 FSW Optical cross-section (Heidarzadeh et al. 2020)
2.7.1 Unaffected Base Material

This material, which is located distant from the weld site and has not been distorted,
might have gone through a negligible thermal cycle during the welding. The thermal

cycle has no impact on the material's mechanical characteristics or microstructure.

2.7.2 Heat-Affected Zone

No plastic deformation has been observed in this region. However, this region
experiences thermal energy, which facilitates it to reform the grain at HAZ. As a
result, the grains in this zone are a little bit bigger than those in the base material.
Thermal energy contributes to the over-aging of precipitates in precipitation-
strengthening alloys, which deteriorates their mechanical properties ((Zhang et al.
1999a) (Jata et al. 2000), (Schubert et al. 2001),(Meng et al. 2021). The welding
parameters determine how much heat is supplied to the workpiece at HAZ. According
to the research so far, welding parameters greatly rely on the nature and purpose of
the operation. As a result, the size and characteristics of the HAZ vary significantly.
((Mishra et al. 2005), (Heidarzadeh et al. 2020)).

Figure 2.12(a-d) depicts the Scanning Electron Microscopy (SEM) images of the
various weld zones of friction stir welded materials as examined by Liu et al. (2011).
TMAZ depicts the elongated and highly extruded grains on the advancing side (Figure
2.12(a)). However, on the retreating side (Figure 2.12(b), it has been observed that the
boundary between the TMAZ and the nugget zone is unclear. The HAZ displays a
grain structure (Figure 2.12(c)) comparable to the parent material as shown in Figure
2.12(d) since it does not experience any heating cycle or plastic deformation. (Liu et
al. 2011).
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2.7.3 Thermo Mechanically Affected Zone (TMAZ)

The grain’s plastic deformation is a defining feature of TMAZ. Due to its vicinity to
the NZ, the area is more susceptible to high temperatures. The shearing of grains,
which results from the combined force of tool translation and rotating movement, is
what causes the plastic deformation in TMAZ. The weld depth and proximity to the
nugget zone affect the plastic deformation in the TMAZ.

The grains nearer to the weld center and towards the tool shoulder experience a higher
deformation. The deformation of the grains decreases as one moves away from the
weld center ((Kwon et al. 2002), (Mishra et al. 2005). The line separating the TMAZ
and HAZ is not always clear. However, a technique based on angular distortion has
been created to define the TMAZ's outer boundary (Woo et al. 2006). The
strengthening precipitates near the nugget zone dissolve due to the substantially
higher temperature in the TMAZ, and the strengthening precipitates near the HAZ

coarsen, which results in a significant loss of strength.
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Figure 2.12 SEM images of the (a) TMAZ - Advancing side (b) TMAZ - Retreating

side (c) HAZ and (d) BM. (Courtesy: (Liu et al. 2011)
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The welding conditions have a significant impact on the precise boundary between the
dissolved and coarsened particles. As a result, the eventual distribution of
precipitation depends on the zone's time-temperature history (Woo et al.2006, Mishra
R.S et al. 2005). In the TMAZ, a zone between the base metal and NZ, elongated
grains with upward orientation were observed around the nugget zone (Jata et al.
2000)ata K.V.et al.2000, Mishra R.S et al. 2005). On the advancing side, this
transition zone is sharp but it appears to be rather dispersed on the retreating side.
Higher local shear arising from the opposite direction of workpiece motion and the
tool rotation results in a sharp transition in the advancing side (Khalilabad et al.
2022).

2.7.4 Nugget Zone / Stir Zone

A nugget zone, also known as a stir zone, is characterized by a recrystallized region
(Mishra et al. 2005, Sato et al.1999, Rhodes et al.1997, Mahoney et al.1998, and Ma
et al. 2003). It also describes the area that the tool pin had previously occupied.
Depending on the welding process parameters, the material's heat conductivity, the
built temperature, and the tool shape affect the size of the nugget zone. According to
Mishra et al. (2005), the nugget shape can be further divided into elliptical and basin-
shaped subcategories. According to Sato et al. (1999), the nugget's basin shape is
generated in the FSW of the AA6063-T5 plate. Due to the exceptionally high heat
produced at the interface of the workpiece and the tool shoulder, the broader nugget
region was produced on the upper surface of the weld zone.

Meanwhile, in the FSW of AA7075-T6 plates, the elliptical nugget shape was
developed as reported by Rhodes et al. (1997) and Mahoney et al. (1998). Ma et al.
(2003) looked at the nugget morphology at various process parameters. The
researchers concluded that lower rotating speeds produce basin-shaped objects, while
higher rotational speeds produce elliptical objects. How the material flows in the
different regions of the weld such as top, middle, and bottom was distinguished by
Zhang et al. (2009), resulting in a weld nugget with an inverse trapezoidal form.
Figures 2.13 (a) and (b), respectively, show the generic butt joint profile and different
joint profiles with typical nuggets.
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Figure 2.13 (a) Generalized butt joint profile (b) Other types of joint profiles
(Terry Khaled 2005)

2.7.5 Influence of probe diameter on Nugget Size

The correlation between nugget size and probe size was discovered by Reynolds
(2000) The impact of probe diameter on nugget size is seen in Figure 2.14. The
nugget's size is said to be somewhat greater than the probe's diameter, except where
the probe tapers to a hemispherical termination at the bottom of the weld.
Additionally, it was seen that the NZ takes a circular shape with a bigger diameter

near the weld's midsection.
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Figure 2.14 Influence of probe diameter on Nugget Size (Reynolds 2000)

2.7.6 Variation in grain size and its impact on joint properties

According to the principle of strengthening, limiting or obstructing the motion of
dislocation makes a material stronger as well as harder. The FSW process results in
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slip or dislocation motion since it is connected to plastic deformation. For the
following two reasons, the grain boundary functions as a barrier to dislocation

motion:

» The rise in crystallographic misorientation is what causes the dislocation of
grains with various orientations.
» The irregularity at the grain boundary causes he slip planes of grains to be out
of alignment.
Compared to coarse grains, the material with fine grains is harder and stronger. The
Hall-Petch equation states that the yield strength changes depending on the grain size
(Sato et al. 2003).
oy = 0o + kyd™/? 2.1)

Here “d” represents the average diameter of the grain, g, is the “friction stress” which
is the total resistance of the crystal lattice against the dislocation movement and k,,is a

constant known as the “locking parameter” that represents the relative hardening
contribution of borders of the grain which acts as the barriers to slip across the
boundaries of the grain.

Grain size has an impact on yield strength (H. Suzuki et al. 1963), as seen in Figure
2.15, where yield strength is calculated as a function of the d™/? of FS welded joints
created with various welding conditions. It demonstrates the relationship between
grain size and yield strength. As grain size reduces, the yield strength increases. The
size of the grain is controlled by synchronizing the solidification rate from the liquid

state and plastic deformation rate and by appropriate heat treatment methods.
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Figure 2.15 Correlation between yield strength and the grain size (H. Suzuki 1963,
William 2007)

Figure 2.16 displays the grain size distribution within the nugget zone of the friction
stir welded AA7050 at various points. At the nugget zone's top, the grain size tends to
be larger, and as one proceeds toward the nugget zone's bottom, the grain size tends to
be smaller. (Mahoney et al. 1998) studied FSW of a 6.35mm thick plate and found
that the grain size differs between the advancing and retreating sides. It was observed
that the size of the grains varied from 5.3 microns at the top to 3.2 microns at the
bottom of the weld zone. Similar to this, the difference in grain size between the
advancing and retreating sides is 5.1 microns to 3.5 microns. The variable
temperatures and heat dissipation in the nugget zone are the causes of the variance in

grain size.
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Bottom
Figure 2.16 Grain size at various locations on the nugget region of FS welded Al7050
(Mahoney et al. 1998).

Because the workpiece is in contact with the back plate, which acts as a heat sink, the
peak temperature and thermal cycle are lower at the bottom of the nugget zone than at
the top. The nugget bottom experiences a lesser temperature and reduced path of heat
flow, the growth of the grains effectively slows down, producing larger grains during
recrystallization. It is evident that as plate thickness rises, the temperature difference
between the weld nugget's bottom and top widens, producing a larger range of grain

sizes.
2.8 THE IMPACT OF PROCESS PARAMETERS ON WELD QUALITY

The friction stir welding process used to join aluminium alloy and AMC is affected by
the tool's geometry, material, and operational parameters. Tool rotational speed, tool
traverse/welding speed, and axial/thrust force are common operational parameters in
the FSW process. These parameters play an important factor in producing high-
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quality weldments as they aid in producing the frictional heat required for solid-state

welding and encourage fine grains at the weld zone.

2.8.1 FSW tools

An FSW tool is one of the crucial elements in the welding process and is essential for
its success. A rotating non-consumable tool typically has a probe with a variety of
forms and a round shoulder. Frictional heating and deformation of the material, which
are primary purposes of the FSW tool, is followed by the transport of the softened
material from the front of the tool to the rear side to establish the joint, as the tool
moves ahead. The probe is regarded as the weakest component in the process because
of the intense strains and high temperatures that are created during welding (DebRoy
et al. 2012). Inappropriate tool material and form selection result in tool wear, which
affects both the weld properties and the life of the FSW tool. (Zeng et al. 2006).

The FSW tool life when joining aluminium alloys was investigated by DebRoy et al.
(2012). Tool wear and life are influenced by the material of the tool and workpiece,
operation parameters, the thickness of the workpiece, and tool shape. Using AISI
1080 steel on one side and soft metal aluminium on the other, Chen et al. (2004)
tested the FSW of dissimilar metals. Weld zones have been seen to have multiple
porosities and tool breakage. Due to a worn-out tool, inter-metallic compounds were
also seen in the nugget region.

The joint characteristics of AA6061, FS welded with a tool having a threaded probe,
were investigated by (Zeng et al. 2006). The tensile test revealed that the joint
strength of the welded composites is considerably impacted by tool wear. Thus, it is
essential to describe the properties of tool materials and shapes.

2.8.1.1 Tool Materials

The choice of tool material has been covered in several publications. Before choosing
the material for the tool, it is crucial to ensure that the tool has a basic manufacturing
shape that will save production costs and produce a suitable stirring effect
(Padmanaban et al. 2009). Friction stir welding was initially used to join soft metals,
such as aluminium alloys, that can be simply deformed by tool steel. (Steuwer et al.
2006) (Leitdo et al. 2009)(Tarasov et al. 2014). Steel is a material that is inexpensive
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to process into the required shape and size, is widely accessible, and whose properties
can be established. However, when welding composites, the presence of hard particles
increases the rate of tool wear (Prado et al. 2001). Prado et al. (2001) attempted to
investigate tool wear during the welding of the composite material AA6061-20%
Al>Oz. According to the study, tool wear increases as rotational speed increases.

Based on the research conducted thus far on the selection of the tool material and self-
optimized tool wear, it seems that the tool has improved in terms of both stirring
effect and wear.(Shindo et al. 2002) (Prado et al. 2003) (Fernandez and Murr 2004).
The threaded probe of steel material was used by (Shindo et al. 2002) on the welding
of AI359-20%SiC. A self-optimized form (without threads) produced an excellent,
uniform weld without adding any more tool wear on the pin.

After some testing with the FSW tool having a featureless plain probe (without
threads/sharp edges), a self-optimized tool shape was achieved. A superior quality
weld with this optimum shape is produced without any tool wear. Most of the time,
poor process parameter selection results in tool wear. Rapid tool wear results from
slow welding speed and high rotational speed. A self-optimized tool shape's process
parameters were described by (Fernandez and Murr 2004). The study discovered that,
because the threads are loaded with work material, tool wear initially decreases as
rotation speed drops and welding speed increases. Due to the tool's self-optimized
shape, there will not be any wear after it has traveled over three meters. Table 2.1
summarizes research on the types of tool materials and workpiece materials used in
the FSW of MMC:s.

Table 2.1 Tool material, workpiece material, and reinforcement used for FSW of

composites.
Base Reinforcement ]
Material (Vol. 9%/ Wt %) Tool material Author
AA 6061 Al>O3 (20) Tool Steel rado et al. (2003)
A359 SiC (20) Steel Fernandez et al. (2004)
AA 6063 B4C (6 and 10.4) | 4340 steel Chena et al. (2004)
AA6061 Al>O3 (20) Ultra-hard Marzoli et al. (2006)
AZ91 SiC (10) Tool steel Won-Bae Lee et al. (2006)
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AA2124 SiC (25) HSS Steel Huseyin et al (2007)
AA7005 Al>03 (10) Ferro-Titanite Ceschini et al. (2007)
AA2009 SiC (15) Steel Feng et al. (2007)
AA2009 SiC (15) Steel Feng et al. (2008)
A356 SiC (15) D2 tool steel Amirizad et al. (2008)
AA7005 Al203(10) Steel Cavaliere et al. (2008)
AA6061 Al203 (20) Ferro-Titanite Pirondi et al. (2008)
AC4A SiC (30) WC-Co hard alloy | (Liu etal. 2015)

(Moradi Faradonbeh et al.
Al B4C (2) H13 Hot work steel

2018)
AA6061 SiC/ Fly ash H13 Tool steel (Sachin et al. 2018)
AAG6061 B4C (15- 30 wt%) | Cermet (Ni-TiC) | (Li et al. 2018)
AA6092 SiC/17.5p-T6 AISI H13 (Salih et al. 2019)

2.8.1.2 Tool Geometry

The FSW method relies heavily on tool geometry to transfer the softened material and
control the traverse rate. Heat is created when the rotating FSW tool is inserted into
the workpiece due to friction between the workpiece and the tool pin. The
deformation of the material results in the production of heat as well. The area of
contact between the two expands immediately after the tool shoulder comes into touch
with the workpiece surface. Due to this friction between the workpiece and the
shoulder increases, causing a greater quantity of heat to be produced. In thin sheets,
the shoulder produces most of the heat. The pin, however, generates most of the heat
in thick sheets. The ratio of the shoulder-to-pin dimension is crucial from a heating
perspective. According to a study carried out by Padmanaban and Balasubramanian
(2009), the shoulder limits the soft, plasticized material. This material extrudes from
the tool's retreating side to its advancing side during the welding operation. The
shoulder traps these materials, which are then consolidated behind the traversing tool
to create a smooth surface finish. The second function of the tool is to mix and
transfer the material.

Mishra et al. (2005) assert that the homogeneity of the microstructure and the joint
properties are influenced by the tool geometries, tool traverse speed or welding speed,
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and rotational speed. According to Lorrain et al. (2010), the ratio of shoulder to pin
diameter, the surface angle of the shoulder, pin size, and shape are the most crucial
characteristics. The following discussion covers the numerous tool geometry factors
that impact weld quality.

2.8.1.3 Diameter of FSW tool shoulder

The impact of the FSW tool shoulder diameter has received a lot of attention. Most of
the heat is produced by the tool shoulder (Mehta et al. 2011b) (Elangovan and
Balasubramanian 2008a), and the material flow field is mostly established by its
control over the plasticized material (Kumar and Kailas 2008b). The effect of
shoulder size on peak temperature, thermal cycle, torque, and power needs during
FSW of AA7074-T6 was investigated by (Mehta et al. 2011b). The relationship
between peak temperature and shoulder diameter is seen in Figure 2.17. The study
found that when shoulder diameter grows, so does the temperature. During the
welding operation, the tool shoulder must inhibit the soft material from escaping, and
neither the traverse force nor the total torque should be excessive. According to
(Elangovan and Balasubramanian 2007) the contact area expands with increasing tool
shoulder diameter. resulting in generating more frictional heat which broadens the
TMAZ and HAZ (Kumar and Kailas 2008b). As a result, it has been assumed that the
quantity of frictional heat created decreases as the diameter does. Because there is less
friction, there is less weld merging, which lowers the quality of the weld. Therefore,
the highest strength is only achieved by a tool with the ideal shoulder diameter. Arora
et al. (2011) proposed a method to control the ideal shoulder diameter by considering
the two torque components namely sticking torque (MT) and sliding torque (ML).
The relationship between the total torque and the diameter of the shoulder is shown in
Figure 2.18. The targeted torques are determined by the axial pressure, tool geometry,
and flow stresses in the workpiece. They claimed that by examining the relationship
between sticking torque and shoulder diameter, the ideal diameter of the tool could be

determined.
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Figure 2.18 Shoulder diameter versus torque (Courtesy: Arora et al. 2011)

2.8.1.4 Tool Shoulder Surface

The workpiece contact surface of the shoulder is also a crucial component of the tool
design, according to a literature review. To promote material deformation, to provide
correct material mixing, and to serve as a reservoir for the forging action to achieve a
better surface finish, several features were used in the surface (Mishra et al. 2005)
(Venkateshkannan et al. 2014). Figure 2.19 displays features of the probes that are
frequently used. Concave-shaped tools provide high-quality welds, and their design
and manufacturing are simple. The tool has a slight angle (6 to 10°) from the pin base
to the shoulder edge (Mishra et al. 2005).
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During the tool's final stage of plunging, a little amount of material is driven into the
cavity formed by the concave shoulder. The stored material in this cavity undergoes
the tool shoulder's forging action. While the tool moves forward in its forward
traverse motion, fresh softened material is pushed into this cavity, replacing the
material that was previously stored in the flow of the pin. Using a concave-shaped
shoulder, (Vilaga et al. 2007) examined friction stir welding of AA5083-H1 alloy.
The shoulder's concave shape generated a clean surface finish. Further investigation
into the impact of surface concavity on mechanical properties was conducted by
Venkateswaralu et al. (2013).

Shoulder End Surface
J
Flat Concave Convex
T
Featured C:@
i
Concentric Circles Scrolls Grooves Knurling Ridges

Figure 2.19 Geometries of tool shoulder, which makes contact with workpiece
surface, (Courtesy: (Mahakur et al. 2021)

The study entailed adding a flat surface to the shoulder's perimeter to change the
surface concavity. The results showed that 2-mm flat shoulder surfaces followed by 7-
degree concavities had higher tensile strength, which was thought to be more suitable
for generating adequate tensile strength.

2.8.1.5 Tool Pin Geometry

To achieve better mechanical properties, a variety of tool pin shapes have been
published in the literature (Sued et al. 2014) (Raturi et al. 2019). The pin profile must
be designed to keep the most plasticized material in the weld cavity (Kumar and
Kailas 2008a). The most common shapes used in the FSW process were cylindrical or
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tapered with or without threads, including square, triangular, Flared-Triflute, and
Skew-stir. (Thomas et al. 2003).

Additional heat is produced in the case of a tool having a threaded probe and
encourages material to flow vertically in the threading direction. (Sued et al. 2014) .
Left-hand threaded tools are typically rotated clockwise, while right-hand tools are
rotated anticlockwise. According to (Boz and Kurt 2004) study, high-pitch threaded
profile pins behave more like drills than stirrers, with material coming out in the
shape of chips (Fernandez and Murr 2004). According to (Seidel and Reynolds 2001),
joints with improved mechanical properties were obtained using a threaded profile pin
having a pitch in the range of 0.8-1.1 mm (Elangovan and Balasubramanian 2008b)
processed AA2219 using various tool geometries.

Figure 2.20 depicts different tool geometries employed in the FSW process and their
dynamic orbits. The eccentricity of the triangle and square-shaped tool pins permits
incompressible material to travel around the pin profile (Thomas and Nicholas 1997).
The dynamic orbit and eccentricity of the pin are related. The dynamic orbit is linked
to the eccentricity of the spinning softened material. The flow direction of softened
material is regulated by the static-to-dynamic volume ratio of the FSW tool. The
presence of a flat surface assists in a pulsating stirring action of softened plasticized

material.

Pin profile Portion of dynamic orbit  No. of pulses per second (for 1500rpm/25rps)

Nil
Nil
Nil

100

Note: Pulses{s=rotational speedxnumber of flat faces=25x4=100pulses/s.

Figure 2.20 Pin profile's impact on dynamic orbit and pulsing action (Elangovan and

Balasubramanian 2008c)
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2.8.1.6 Diameter of tool pin

In their study, Rajakumar et al. (2011) emphasized the significance of the diameter of
the tool pin in achieving high-quality FSW joints. The pin diameter determines the
volume of material being stirred. The amount of material stirred will likewise be
smaller if the tool's diameter is smaller, and vice versa. A smaller volume of material
is heated more effectively when a smaller pin diameter, a slower welding speed, and a
faster rotational speed are combined. This causes turbulence in the flow of material
and the formation of coarse grain structure. On the other hand, a bigger volume of
material receives less heat input due to low welding and rotational speeds and large
pin sizes. This results in inadequate material flow and plasticization.

For a given shoulder diameter, a tool with a higher pin diameter results in inadequate
heat generation because of the broader contact area, which leads to defects in the
TMAZ's advancing side (Rajakumar et al. 2011). The pin profile affects the flow of
plasticized soft material, which also impacts the weld characteristics (Choi et al.
2010). The shapes of the few most popular tool pins are depicted in Figure 2.21.
Compared to a cylindrical pin, a triangular or "trifluted” tool pin improves the flow of
material. (Mahakur et al. 2021).

Left hand helix on
outer diameter lands

f

Figure 2.21 Typical pin geometries. (a) Threaded cylindrical (b) Three flat threaded
(c.) Triangular (Courtesy: Sun et al. 2009) (d) Trivex (Courtesy:
Colegrove et al. 2004) (e) Threaded conical (f) Triflute (Courtesy: Rowe
and Wayne 2006)
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To examine the impact of tool geometries on the joint strength and grain structure of
Al-TiB, MMCs, Vijay and Murugan (2010) used 18 different FSW tools. They
changed the tool pin contour as well as the shoulder-to-pin diameter ratio (D/d). When
compared to joints prepared using tools with straight pins, welds made with taper
profile pin tools exhibit coarser grains. The tool pin profile affects the tensile strength
of the friction stir welded specimen as well. The joints made using square tools
showed better tensile strength than joints made with conventional tools because of the
pulsating stirring action of the square flat surfaces.

Joints prepared with tapered square pins exhibited reduced tensile characteristics as
tapered tools sweep less material than the straight square pin tool does. Due to its
similarity to a straight cylindrical pin at high rotational speeds, octagonal profiled tool
pins do not show any pulsating activity. Figure 2.22 displays the various tool pin

profiles that were employed for the investigation.

Straight square pin - D/d ratio: 2.8, 3,32 Straight hexagon pin - D/d ratio- 2.8, 3, 3.2

AV

Straight octagon pin - D/d ratio; 2.8, 3, 3.2 _j— Taper square pin - D/d ratio: 2.8, 3, 3.2

L Taper hexagon pin - D/d ratio: 2.8, 3, 3.2 M Taper octagon pin - D/d ratio: 2.8, 3, 3.2

Figure 2.22 FSW tools with different pin profiles (Vijay and Murugan 2010)
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The change in dynamic orbit caused by the rotating tool improves the tensile
characteristics of the joints created by tools with square probes (Elangovan and
Balasubramanian 2008b). In most cases, the FSW tool's static-to-dynamic volume
ratio dictates the direction of material flow to the trailing side of the tool probe from
the leading side. The impact of the profile of the tool pin on the percentage of
elongation of the FS welded AMCs is shown in Table 2.2. The table demonstrates
that, except for the octagon pin tool, the tool pin profile does not affect the percentage
elongation. This is due to the parent metal's inclusion of ceramic particles, which
greatly lowers the material's elongation. Like its effect on tensile strength, tool
geometry also affects joint efficiency. When the AMC is welded with a square probe
tool, the joint efficiency is good; however, when the AMC is welded with a tapered
square probe tool, the joint efficiency is low.

Table 2.2 Friction stir welded Al-TiB> composite—joint properties (Courtesy: (Vijay
and Murugan 2010)

Tool pin profile Average- Average tensile | -Joint
(%) elongation | strength (MPa) | efficiency (%)
Octagon 3.39 240.00 84.81
Hexagon 5.83 262.29 92.68
Square 6.37 28151 99.47
Octagon Tapered 6.22 245.27 86.67
Hexagon Tapered 6.67 247.89 87.59
Square Tapered 5.32 223.33 78.92

Tool pins with threads and flutes help to improve material flow, increase heat
production rate, and affect axial and transverse forces because of the increased
interfacial surface. Mahmoud et al. (2009) assessed the friction stir processing of SiC
reinforced aluminium matrix composite using four tool geometries: circular without
thread, circular with thread, triangular, and square. While the circular tool had
significantly less wear than the flat facing tools, the square probe produced a more
evenly distributed distribution of SiC particles than the other tools. Elangovan and

Balasubramanian (2008) investigated five tool profiles for the welding of AA6061
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alloy: cylindrical (straight tapered and threaded), triangular, and Square. They found
that for the set axial forces, the square pin-shaped tools produced welds free of

defects.

2.8.2 Effect of tool rotational speed

The investigation on the impact of the rotational speed of the FSW tool on weld
property revealed that the rotational speed affects the proper mixing of material and
sufficient heat generation (Rajakumar et al. 2011) (Kumar and Murugan 2014).
Regardless of the welding speed, less heat is produced at lower rotational speeds
which results in improper material mixing. Rajkumar et al. (2011) investigated the
impact of rotational speed on the ultimate tensile strength (UTS). The outcome
showed that the amount of heat developed by friction is primarily influenced by
speed. If less heat is produced, less heat will also be provided to the base material,
which will affect the formation of softened plasticized material and its flow in the
weld region. As a result, FSW has a lower value than UTS. Heat generation is more at
high rotational speeds, hence heat supplied to the workpiece is also more. As a result,
NZ has softer plasticized material, which causes turbulence in the flow of material
and the formation of coarse grains in the region. Ashok et al. (2014) studied the
impact of tool rotational speed on UTS and reported that the UTS rises with rotational
speed up to a certain point before declining as rotational speed goes up further

(Palanivel et al. 2012, Periyasamy 2012).
2.8.3 Effect of tool traverse speed/ welding speed

The tool traverse speed or the welding speed controls the heat exposure time, thereby
governing the amount of heat delivered to the workpiece during the FSW process.
(Rajakumar et al. 2010) (Kumar and Murugan 2014). A smaller amount of heat will
be delivered if less heat is created. The joint properties are affected by the nature of
material flow and the distribution of the temperature across the FSW joint. The
pin/shoulder shape and operational parameters majorly influence the flow of material
and thermal distribution. Nandan et al. (2008) and Sharma et al. (2012) found that as
welding speed increases, percentage elongation (% El), joint efficiency, and ultimate

tensile strength (UTS) decreases.
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Furthermore, as welding speed is increased and tool rotational speed is decreased, the
minimum hardness region moves towards the weld nugget zone from the initial HAZ.
As welding speeds increase, stirring is no longer sufficient. The material does not
move enough from the tool's advancing side to its retreating side. The softened area
decreases due to the increased welding speed since there is less heat generated and the
plasticized material cools faster. According to Mohsen et al. (2011), higher levels of
SiC particle segregation in the NZ produce lower traverse speeds to minimize grain
size in specimens with SiC particles.

On the other hand, increased traversal speed results in SiC particle accumulation and
lower microhardness values. The effect of the rotational/welding speed ratio (w/v) in
FSW was studied by Abbasi et al. (2006). A modest decline in the effective tensile
characteristics was seen when (w/v) is increased, due to increased softening of the
material resulting from the higher heat input. In addition, raising the (w/v) ratio
caused a larger weld nugget to form as a result of a rise in heat input and a simpler
flow of material. Therefore, when the (o/v) ratio grows, the likelihood of developing
an "incomplete root penetration™ fault decrease. According to Peng Dong et al.
(2013), the tensile characteristics of the weld grow together with the welding speed.
This is because less heat input at faster welding speeds weakens 0' precipitate
development and transformation. As a result, the softened region is reduced in size
and the weakest spot is moved to the TMAZ, which is next to the NZ, with minimal
loss of strength during the measurement of the tensile strength (Liu et al. 2011,

Rajamanickam et al.2008, Rajamanickam et al 2014)
2.8.4 Impact of Axial Force on joint properties

Axial force is another factor that must be considered during FSW. Only a little
amount of data is currently accessible to realize the influence of axial force on the
UTS (Krishna et al. 2002, Kumar et.al. 2008, Elangovan et al 2008 Jayaraman et al.
2009) According to Krishna et al. (2002), an axial force is the key factor influencing
the pattern of material flow. Due to the lower axial force, a poorly plasticized material
is produced at the weld's top. According to Kumar et al. (2008), bonding happens
when two surfaces are brought close to interatomic tensions. The softened material in

the weld zone is propelled to the end of the extrusion process by axial force.
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The depth to which the pin plunges is also a function of axial force. Whenever the
axial force is less, a tunnel fault exists at the base of the weld region. If the axial force
is too high, the material will move as a flash on both the advancing and retreating
sides of the weld zone. This causes thinning of the weld and lowers the weld's
strength. The axial force has been shown to increase the tensile strength of AA6061
alloy joints made by FSW, according to Elangovan et al. (2008). At an axial force of
6kN, coarser grains with clustered strengthening precipitates were produced. A coarse
grain with finely dispersed strengthening precipitates was generated with an axial
force of 8 KN. According to Jayaraman et al. (2009), the strength of joints rises with
increasing axial force up to a point before they start to fall.. Lower axial forces caused
by improper material flow result in a defect in the weld region. The UTS decreases at
higher axial force due to the thinning effect and the heterogeneous distribution of Si

particles.
2.9 MECHANICAL PROPERTIES
2.9.1 Hardness

The information found in the literature on the mechanical properties of FS welded
metal matrix composites is discussed in this section. Marzoli et al. (2006) stated that
there was a loss of hardness in the nugget zone and noted that it was highly unusual
based on their research on FSW of AA6061/20% Al,O3 composite. For an
A356/15%SiC composite, Amirizad et al. (2006) reported that the weld zone's
hardness (Nugget and TMAZ) is higher than the base material (Shettigar et al. 2013,
Shettigar et al. 2014, Lee et al. 2006, Khodabakhshi et al. 2013). While welding an
AA6061/B4C (3-7wt%) composite, Kalaiselven (2014) made similar observations.
The nugget zone's size shrank while the quantity of SiC particles increased because of
particle fragmentation (Murugan and Ashok Kumar, 2013). The increase in hardness
was caused by the homogenous distribution of these broken particles. After
conducting a hardness test on friction stir-welded, heat-treated (T4) AA2124 alloy
reinforced with a 25% SiC particle composite, (Uzun 2007) concluded that the low
hardness value achieved at HAZ was caused by the annealing effect in the weld zone.
It was determined that the second phase particle dissolution caused the increased
hardness at TMAZ on both sides of the weld zone.
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Ceschini et al. (2007) examined the impact of FSW on the evolution of the grain
structure and joint characteristics in extruded AA7005-10% Al>Oz composite.
According to their analysis, TMAZ had the highest level of hardness when compared
to NZ, HAZ, and parent material. Friction stir welding of AA2009/15%SiC heat-
treated (T6) composite was carried out by Feng et al. (2008) who observed that the
hardness of the weld zone is affected by the distribution of strengthening precipitates,
grain, and dislocation density. During FSW, the coarse precipitates partially dissolve
and then re-precipitate due to natural aging. The hardness rises because of this
phenomenon.

The increase in hardness at NZ was subsequently attributed to the recrystallization of
grains (Murugan and Ashok Kumar 2013), (Yang et al. 2019) and the fragmentation
of hard particles (Morisada et al. 2006a). According to (Chen et al. 2009), the
hardness of friction stir welded AA6063 — (0-10.5%) B4C composite was reduced
after heat treatment in the nugget one. (Nami et al. 2011) have worked on the FSW of
the Al-Mg2Si composite and studied the influence of several tool pass in the weld
region. Due to an increase in the number of passes of the FSW tool, the nugget zone
width increased while hardness decreased. Higher heat input and slower cooling rate
enable grain growth, thereby decreasing the width of the weld zone.

According to (Dinaharan and Murugan 2012a), NZ in AA6061-(5/10) ZrB> composite
shows an improvement in hardness value compared to the base material. (Ni et al.
2013) observed the W shape hardness profile during FSW of AA2009-17 (vol.) % SiC
composite. Yigezu et al. (2014) studied the impact of tool shoulder diameter on
hardness. They concluded that hardness increases as the rotational speed and shoulder
diameter increase. ((Vijayavel et al. 2014) (Murugan and Ashok Kumar 2013).

2.9.2 Tensile Properties

In contrast to the FS welded aluminium alloys, very few publications have been made
about the evolution of the tensile characteristics of MMCs. The mechanical
characteristics of the friction stir welded AA2009 -15(Vol%) SiCp composite were
studied by Feng et al. in 2008. Precipitation strengthening, which is the outcome of
the FSW thermal cycle, increased the tensile and yield strength. The strength of the

composite is also increased by fine grain and hard tiny particles (Xu et al. 2009;
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Murugan and Ashok Kumar 2013; Feng et al. 2008; Xie, Ma, & Geng, 2008; Park et
2010) (Morisada et al., 2006, Vijayavel et al. 2014). Both the longitudinal and
transverse direction tensile strengths are lower than the basic material after heat
treatment at the T4 condition. According to Minak et al. (2010), friction stir welding
AA6061 reinforced with 22(Vol.) % Al.O3 composite results in joints with joint
strengths of up to 99%.

The impact of tool pin profile on the joint strength of an Al reinforced with 10 (wt.) %
TiB2 composite has been studied by Vijay et al. (2010). Table 2.2 lists the strengths
obtained using various pin profiles. Joints made using square tools demonstrated more
tensile strength than joints made with other tool profiles, while tapered square tools
had the lowest strength. According to Nami et al. (2011), the rotating speed of a
friction stir-welded Al-15 (wt.) % Mg.Si composite affects its tensile strength
(Khodabakhshi et al. 2013). Up to a certain point, an increase in rotational speed
enhances the joint's tensile strength. VVoid and tunnel defects were seen as the rotating
speed was increased further. Thus, tensile strength is consequently reduced.
According to Gopalakrishnan and Murugan (2011), an increase in the Ti % results in
an increase in the joint's UTS (Dinaharan 2012). UTS increases when the welding
speed decreases. The FS welded composite's UTS rises as axial force increases up to a
limit of 9 kN. before declining with increasing axial force after that point.

The weldability of composite (AA1100-16(Vol.) % B4C with alloy (AA6063) was
examined by (Guo et al. 2012b). The failure occurs at the base material and the UTS
of the welded joint strength is comparable to the UTS of the base material. According
to (Wang et al. 2013), friction stir welded joints of the same material, AA2009
augmented with 15(Vol.) % SiC composite, demonstrated a considerable increase in
strength when compared to as-FSW joints of the same material. According to Ni et al.
(2013), the heat generated during FSW causes the strength and ductility to decrease
due to softening at the HAZ.

The FSW of Al reinforced with nanoparticles of Al2Os (2 Vol.%) composite,
manufactured by powder metallurgy process, has been reported by Khodabakhshi et
al. (2013). Strength and percentage of elongation increase as the heat input factor
rises. The mechanical characteristics of friction stir welded composites are shown in
Table 2.3.
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Table 2.3 FSW process variables and joint efficiency of AMC joints

Tool
. Welding| Axial .
Base . Tool Rotational Joint
.| Tool Material Speed | force . Ref.
Material Geometry Speed . Efficiency
mm/min| (kN)
RPM
Combined
AAG06L/ ombine
45Cu/ Tool Steel (60 [Square and 210-1400  50-80 90 % (Prabhu et
ssic  HRO) Threaded ° lal. 2016)
15-6-5.7
Bozkurt
AA z(;mdz )
2124/ |- Cylinder thread|1120 40 - 81
) Boumerzou
25SiC
g 2018)
6061/20
Al>,O3 (Cavaliere
- - 800 56 - 83.87
7005/10 et al. 2004)
AlO3
AA Cylinder thread
H13 Steel y (Cioffi et
2124/ 48 HRC 20-7.95to 550 75 8.5 86.5 al. 2013)
25SiC 6.35-7.62 '
AA , . (Periyasam
High-Speed  |Cylinder thread
6061/10 Steil P 1;'6 - 1100 45 b 74 yetal.
SiC ' 2013)
Cylindrical
AA2009/ with Triangular (Ni et al.
. Cermet . 1000 50 - 77
17 SiC tip 2013)
14-5-2.7
AAGOGL/ High carbor_l Square (Kalaiselva
high chromium 997 78 9.3 96.83 netal.
12 B,C 18-6-5.7
steel (62 HRC) 2014)
Tapered (7°)
Al/Mg.S Cylindrical Nami et al.
AN 113 Steel ylindrical 110 1400 J12s | |00 [NaM
i Threaded 2011)
18-6-5.7
AA
Ultra-hard Cylindrical (Marzoli et
6061/20 . 700 300 - 70
material 20-8-? al. 2006)
AlO3
AA Wear resistant |Cylindrical (Minak et
6061/ Y 880 260 | |99
steel 64 HRC (15-4-? al. 2010)
22 Al,0s
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Cylindrical (Peddavara
Al/4.5Cu|M2 Steel(62
. ( Threaded 18-6-|710-1400 |63 - - pu et al.
/TiB.  |HRC)
5 2017)
AA Cylindrical
4 (Feng et al.
2009/15 |Steel Threaded 24-8-|600 5 - 95
. 2008)
SiC ?
AA Ultra hard Conical 20-8 (Wang et
2009/ 15 800 100 82 ;
. Cermet 5.8 al. 2014)
SiC
D h
LM25/5 |HSS Coated  |19.5-6/4-5.7 (Devanatha
. A 1200-1800 [20-60 |6/7/8 n and Babu
SiC with TiAIN Tapered
2014)
Dinaharan
High carbon (
AAAB061/ high chromium Square 1150 50 6 94-95 and
7B, Stgel (62 HRQ) 18657 Murugan
2012a)
Al/4. | Shoul Th 18-7- K
/ _5Cu S'Fee _S ou_der readed 18 500 20 6 89 (Kumar et
/10TiC [Titanium pin 4.8 al. 2014a)
. (Murugan
High carbon
AA6061- Ashok
006 high chromium Square 1000-1400 |25-85 [3-7 93.42 and Asho
T6/AINp 18-6-5.7 Kumar
steel (62 HRC)
2013)
Combined
AAG061/ .
Tool Steel (60 [Square and (Shettigar
4.5Cu/ 710-1400 [50-80 |- 90 %
. HRC) Threaded et al. 2013)
10SiC
15-6-5.7
Ashok
AAB061/ High carbon Square E(usmar and
high chromium [ 1200 55 5 [93.42
AINp 18-6-5.7 Murugan
steel (62 HRC)
2014)
Al/12Si/
. Steel Shoulder |Threaded (Yigezu et
10TiIC | . . 710-100  [20-40 |- -
Titanium pin  |18/20/22-7-5.8 al. 2014)
Kalaiselva
high carbon ( ISV
AAGBO6L/| . . |Square n and
high chromium 997 78 9.3 96.83
12 B,C steel (62 HRC) 18-6-5.7 Murugan
2013)
. |High carbon . (Vijay and
Al/10 Ti \arious tool
high chromium| . . 2000 30 19.6 [99.47 Murugan
B. pin profile
steel 2010)
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2.10 OPTIMIZATION AND PREDICTION TECHNIQUE

Modeling and analyzing the relationship between input and output variables is the
most crucial step in solving engineering challenges. Generally, two key modeling
methods are used. These models are classified as analytical and empirical. Statistical

models and neural network models are the further divisions of empirical models.
2.10.1 Statistical Model

A statistical model employs parameterization (fixed in parametric form) and
determined form (polynomial form). In data collection, this technique seeks to
measure both complicity and a specific fact. To attain the required joint strength,
researchers have proposed several technigques to enhance the weld efficiency of the
materials. In the case of FSW of composite, the process parameters, the tool
geometry, and the tool shape all affect the joint strength. (Gopalakrishnan and
Murugan 2011, Dinaharan and Murugan 2011, Kalaiselven 2012, Kalaiselvan et al.
2013, Murugun et al. 2013, Periyasamy et al. 2013, Anand Kumar et al. 2014, Ashok
Kumar et al. 2014). Nowadays, emphasis is placed on finding ways to improve joint
efficiency by adapting prediction and optimization algorithms. To anticipate and
analyze the impact of process parameters on UTS of the AA6061 (3-7)%TiC
composite joined, utilizing friction stir welding,(Gopalakrishnan and Murugan 2011)
devised a second-order polynomial equation. According to their findings, the tool pin
profile and welding speed are the two most important variables in the prediction
model, but tool rotational speed plays a minimal role in predicting UTS. (Dinaharan
and Murugan 2012b) (AA6061/ZrBy) and (Kalaiselvan and Murugan 2012)
(AA6061/B4C) stated that the generalized reduced gradient method can be used to
optimize process parameters. The selected process parameters are axial force, welding
speed, and rotational speed particle percentage. According to the report, the
optimization technique was successfully used to automate the FSW process. Using a
mathematical model, (Kalaiselvan and Murugan 2013) also investigated the impact of
process variables on the UTS of friction stir-welded AA6061/B4C composite.
Rotational speed, welding speed, axial force, and reinforcing percentage are all the

input process variables considered. They discovered that the UTS increased as the
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percentage of reinforcement increased. As the thrust force welding speed and
rotational speed were raised, the UTS displayed an increasing pattern to a certain
extent. A reduction in the UTS was seen as these process parameters were increased
further. The investigation of friction stir welded joints of AA6061-(0 to 20 Vol.) %
AlINp composite by (Murugan and Ashok Kumar 2013) supports the same finding.
Periyasamy et al. (2013) et al. reported employing a desirability approach to multi-
criterion optimization of FSW parameters for welding of AA6061 matrix reinforced
with 20 (Vol.) % SiC (Silicon carbide). (Kumar et al. 2014b) claim that a full
quadratic multiple regression equation was employed to examine the correlation
between the output responses and input parameters. The link between the response
control factor and the response parameters is linear and square. To forecast and
optimize the process variables during FSW of an AAG6061-T6/AINp composite,
Ashok Kumar and Murugan (2014) used a central composite design matrix.
High-quality welds with superior properties can be obtained by choosing the relevant
process variables with their optimum values. Several techniques exist to predict the
optimum process parameters. Bhushan and Sharma (2019) espoused Taguchi
techniques and mathematical models to evaluate the interrelationship among the FSW
process variables and different mechanical properties of the FS welded joints.
Taguchi-based Grey Relational Analysis (TGRA) technique was adopted by (Kasman
2013) for multi-response optimization of FSW parameters to join dissimilar aluminum
alloys. The robustness of the GRA technique was tested by conducting the
confirmation trials using optimum process variables. The TOPSIS technique was used
by (Prabhu et al. 2018) for the optimization of multiple responses of FSW process
parameters to join AMCs. The study revealed that the process parameter values
obtained from this technique provided better closeness coefficient values. (Palanivel
et al. 2013) employed the Analysis of Variance (ANOVA) technique to find the
significant factors and used Response Surface Methodology (RSM) to understand the
interactions of various FSW process parameters. (Sreenivasan et al. 2019) optimized
FSW of AA7075-SiC composite through genetic algorithm by using fitness function
and predicted maximum value of hardness and tensile strength. Recently, (Parida and
Pal 2015) proposed a fuzzy-assisted Taguchi approach for optimizing parameters of
the FSW process with multiple responses such as tensile strength, tensile elongation,
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and hardness. Multi-objective problems are converted into single-objective
optimization problems using a fuzzy inference system. ANN with a backpropagation
algorithm was developed by (Shojaeefard et al. 2013) for FSW of dissimilar alloys
and performed multi-response optimization using the Particle Swarm Optimization
(PSO) method. (Prasanth and Hans Raj 2018) applied the Artificial Bee Colony
(ABC) algorithm to evaluate the optimal combination of process variables to attain
better joint characteristics of FS welded dissimilar aluminium alloys.

From the available literature, it is learned that several traditional methods were used
for the optimization of the FSW process, but these methods do not work well over a
wider range of problems and often they offer a local optimum solution. Evolutionary
algorithms such as GA can overcome these limitations, but efficient usage of this
technique depends on the size of the population and the diversity of each solution in
the given problem. Other evolutionary algorithms such as ABC and PSO are adopted
by researchers. But successful usage of these techniques needs a proper selection of
specific parameters related to the algorithm such as scaling, crossover, and mutation
probability (Rao et al. 2011). Choosing suitable algorithm-specific variables for a
given problem is itself a major task in these optimization techniques. To eliminate
these limitations, an algorithm-specific parameter-less algorithm developed by (Rao
and Patel 2013) is known as Teaching-Learning-Based Optimization (TLBO
algorithm). It employs only general controlling variables like the size of the

population and the number of iterations for its working.
2.10.2 Modelling of Neural Networks

Minsky from MIT formulated an Artificial Neural Network (ANN), which is widely
employed by researchers in numerous institutions, professions, and government
organizations to solve a variety of issues, including signal/image processing, process
control, and automation, the prediction of system failure or malfunction, and
production process optimization (Isaac et al. 2018). Due to ANN's ability in
addressing nonlinear problems without an association between input and output
parameters, it has gained widespread attention and use.

An artificial neural network (ANN) is a data processing network that finds

unidentified dependencies between input and output variables. Many interconnected
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information processing units make up the ANN network. This technique allows for
better prediction of the behavior of very large, complicated, nonlinear systems with a
lot of input and output variables. The network's design and learning techniques, which
were utilized to build the network using experimental input and output data, are the
only sources of mapping capabilities employed by the prediction system. The network
learns by examining the patterns in the input and output data it receives during
training. The network can then apply this knowledge to forecast how unknown input
parameters would behave. ANNSs are categorized as single-layer feed-forward neural
networks (SLFFNN), multilayer feed-forward neural networks (MLFFNN), and
recurrent neural networks (RNN) based on their architecture. (Sharkawy 2020).

The manufacturing process is highly nonlinear and complex. The process is
comprised of various input data, with no relationship between input and output data.
that can represent the process's behavior mathematically. Only a few studies utilizing
ANN to forecast the mechanical characteristics of FS welded alloys have been
published. (Okuyucu et al. 2007) used an ANN model to try and predict the
mechanical characteristics of FS welded aluminium alloy. An SLFFNN using a back
propagation learning technique was utilized to train, test, and predict the joint
properties. Considered output characteristics are hardness at the nugget zone, yield
strength, percentage elongation, and tensile strength. Rotational and welding speed
are considered input elements. The measured values and the projected values showed
a strong connection with each other. The effectiveness of neural networks utilizing the
Gradient Decent (GD) and Levenberg-Marquardt (LM) learning methods has been
studied by Yousif et al. (2008). The GD learning algorithm uses a 1st order
approximation, while the LM learning method uses a 2nd order Taylor series
performance metric. As a result, LM learning performed better than GD. Response
Surface Method (RSM) and ANN models have been compared by Lakshminarayanan
et al. (2009) in estimating the tensile strength of FS welded AA7039 alloy. The use of
ANN and FEM to forecast the average grain size during the FSW process was studied
by Livan Fratini et al. (2009). The ANN model was fed the FEM model's output
values in order to forecast the outcome. Plastic strain, Strain rate, temperature, and
Zener Hollowmon parameters are the network’'s input parameters. The precise

prediction of grain size was made using the feed forward with back_propagation
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model. Additionally, the predictability of the same model for the lap joint and T joints
was examined, and good predictability was discovered.

By employing rotating speed, welding speed, and tool probe geometry as input
variables, the Multilayer Perception Neural Network (MLPNN) model, according to
Kudzanayi Chiteka (2014), was able to forecast tensile strength with accuracy.
MLPNN is an enhanced version of a feed-forward neural network employing a
backpropagation algorithm. The neural network has various tools like high
convergence rates, different learning rules, different training algorithms, alternate
transfer functions, etc. to improve the results or to achieve some required properties of
the trained networks. However, when it comes to model building, the neural network
has issues with interpretability and complexity. Thus, numerous attempts have been
made to prevent the gradient descent method from being stuck in local minima as the
network's training progresses. The genetic algorithm (GA) has no limits on network
structure and can simultaneously scan various areas. In addition to allowing for
solution selection, GA does not necessitate the employment of a back propagation
method. Thus, by combining these two GA and MLPNN, we may be able to resolve

the problem of MLPNN becoming stuck in local minima.

2.11 DEFECTS IN FSW

Any kind of defect compromises a component's functionality. In FSW the defects
related to the melting of the workpiece and solidification, such as porosity, cracks,
destructive phases, intermetallic phases, etc. are entirely eradicated as the material
does not undergo melting. However, due to improper process parameter selection,
defects such as pin/worm/tunnel holes, less penetration depth, piping defects, and
kissing bonds are discovered in the weld zone (Elangovan and Balasubramanian
(2007), Elangovan and Balasubramanian (2008a), Lakshminarayanan and
Balasubramanian (2009), Mehta and Badheka (2016), Langari and Kolahan (2019),
Soni et al. (2017). Both material flow and energy balance were attained under ideal
process conditions. The amount of heat produced during the hot working procedure
was sufficient to lower the material's resistance to deformation. Heat also impacts
microstructural changes including coarse grain, recrystallization, grain reorientation,

and dissolving of strengthening precipitate. Material resistance to deformation and
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changes in its microstructure are both greatly influenced by the chemical composition
of the substance. At extremely low temperatures, some materials experience
metallurgical characteristic changes, while others do not experience any changes until
higher temperatures are reached. Nonbonding and void formation are symptoms of
too-cold processing conditions. A hot processing condition is one where there is an
excessive flow of material, which causes undesirable mechanical property degradation
and material expulsion like a flash.

Two approaches were used to create hot processing conditions. 1) The produced
temperature is above the material’s solidus temperature. 2) Although the temperature
developed is getting close to the solidus, the direct deformation zone's heat loss is
being adequately reduced to cause unintended thermal softening of the workpiece. But
the welded materials' mechanical qualities deteriorated. (Daniela Lohwasser and Zhan
Chen 2010). The FSW method generates a lot of heat, which causes the surface to
have blisters or surface galling (Leal et al. 2008, Arbegast, 2008). Thermal softening
of the workpiece occurs away from the tool shoulder's border with further heat
increase. After that, the tool shoulder initiates throwing out/ ejecting material in the
form of a flash rather than constraining it. (Arbegast 2008, Singh et al. 2011, Leitdo et
al. 2012, Palanivel et al. 2012, Cioffi et al. 2013,) As a result, there is not enough
material in the weld zone, which causes defects at the weld region's surface.
Sometimes, when FSW is performed using thrust force rather than a tool position
control system, severe thermal softening renders the material immediately beneath the
shoulder incapable of withstanding the axial thrust force pressing on it. Due to this,
the material thins, resulting in a reduction in thickness. The pin can scrape against the
back plate, rupturing the workpiece at the weld's root and causing extra material to
flash out of the weld zone because of the fixed probe length and the thinning impact
on the material. This is depicted in Figure 2.25, titled "Excessive Flash". Nugget
collapse occurs when there is an excessive soft material flow from the shoulder to the
pin-driven region (William J. Arbegast 2008). According to J. Adamowsk et al.
(2007), Tunnel or worm faults originate from incorrect material mixing due to
insufficient or overly high rotational speed combined with an inadequate thrust force.
According to Chionopoulos et al. (2008), the tool's poor design may potentially
contribute to defects. When opposed to a conical type of tool, a screw-type tool can
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only join a small number of components. Ayad et al. (2012) showed that the
emergence of a tunnel hole at the junction of TMAZ and NZ was caused by high
rotational speed and welding speed. According to Zhang et al. (2012), a tunnel defect
developed in the weld zone at higher and lower welding speeds with higher rotating
speeds.

According to Oosterkamp et al. (2004), due to the breakdown of the oxide layer
during the welding, a kissing bond was developed in the weld zone. Insufficient
stretching of the contact surfaces surrounding the welding pin causes the oxide layer
to break up. In an Al alloy that had been FS-welded, Sato et al. (2004) and Sato et al.
(2005) used TEM to study the microstructure near the zigzag line. The oxide coating
on the butt surface is broken up into particles and spread throughout the zigzag line's
cross-section during the FSW process. Hua-Bin Chen et al. (2006) researched FSW
defects. According to the study, insufficient heat production and frictional force led to
the formation of the kissing bond. Finding a kissing bond using a non-destructive
method is exceedingly challenging. According to Sato et al. (2005), kissing bonds
encourage cracks. Insufficient penetration depth or a short tool length are the two
causes of lack of penetration depth. A shorter tool's length could be the result of tool
wear. The increase in welding speed while maintaining constant rotational speed is
what causes the wormhole to start near the bottom of the weld. Tools constructed of
brittle materials will cause heated holes to appear at low processing temperatures. Due
to insufficient material flow towards the bottom of the NZ, the wormhole grows with
the welding speed. There are signs that the creation of the wormhole defect depends
on the relationship between rotation speed and welding speed (Adamowski 2007,
Dinaharan 2012, Kalaiselvan and Murugan, 2013, Murugan and Kumar, 2013). As
seen in Figure 2.23, Daniela Lohwasser and Zhan Chen, (2010) and Chaitanya
Sharma et al. (2012) detected several defects in the FSW process. They observed that
the square tool pin profile had a greater eccentricity and generated the least amount of
weld defects. The ratio of the tool's static volume to its dynamic volume is used to
characterize the eccentricity. The flat faces produced a pulsing movement that

enhanced the stirring process.
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Figure 2.23 Friction Stir Welding defects (Zettler and Vugrin 2003)

2.12 APPLICATIONS OF FSW (Courtesy: Mishra et al. 2005)

2.12.1 Marine and Shipbuilding Industries

The Marine and Shipbuilding industries were the first to select and utilize the FSW

technology for commercial purposes. The following applications are appropriate for

the process::

>

YV V VYV V V V

Panels for decks, sides, bulkheads, and floors
Marine and transport structures

Offshore accommodation

Refrigeration plant

Aluminium extrusions

Masts and booms, e.g., for sailing boats.

Helicopter landing platforms

2.12.2 Aviation industry

Friction stir welding is being used in the aerospace sector to create prototype and

production parts. For use in military and civilian aircraft, there are opportunities to

weld ribs, skins to spars, and stringers. Friction stir welding has been used to replace

almost 60% of the rivets in the Eclipse 500 airplane. When compared to fabrication
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and machining from solid, this has many benefits, including lower manufacturing

costs and weight savings. Friction stir welding has been utilized to complete

longitudinal butt welds in fuel tanks made of aluminium alloys for spacecraft. By

welding the sheets before forming, The procedure could potentially be used to expand

the size of sheets that are sold commercially. Therefore, the FSW procedure can be

used for:

>

vV Vv VYV V VYV V

Space vehicle’s Cryogenic fuel tanks

Wings, fuselages, empennages

External throw-away tanks for military aircraft
Aviation fuel tanks

Various structural components

Scientific and military rockets

Repair of faulty MIG welds

2.12.3 Locomotive industry

The bullet train components, made from aluminium extrusions, may be FS welded,

such as freight wagons, railroad tankers, rolling stock, underground carriages, and

trolley cars.

2.12.4 Land transportation

Automotive businesses are choosing the FSW method for their industrial applications.

The following are the applications:

>

VvV V VYV V V V

Wheel rims

Truck bodies

Space frames

Chassis cradles
Mobile cranes
Armour plate vehicles
Tail lifts for truck
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2.12.5 Other industry sectors

In addition, FSW can be used for:

> Refrigeration panels

> Electric motor housings (in production)
> Gas tanks and gas cylinders

> Cooking equipment and kitchens etc.

2.13 SUMMARY AND KNOWLEDGE GAP

This assessment of the literature concludes that ceramic and mineral-reinforced
aluminium alloys are superior to conventional aluminium alloys in applications
demanding strength and increased stiffness. Rutile particles can be used to strengthen
the AA6061 alloy, which is very beneficial to the aerospace and automotive
industries. Due to the development of dangerous intermetallic phases and the
segregation of mineral and ceramic particles, fusion welding of these composites
presents significant challenges. Friction Stir welding is a solid-state joining process
used for welding aluminium metal matrix composites (MMCs). In the aircraft sector,
the FSW of aluminium alloys and MMCs is in great demand due to its low cost and
high efficiency, in turn substituting the traditional joining technologies. According to
research, the most promising tools for friction stir welding of mineral reinforced
aluminium metal matrix composites are a square profile probe and a threaded profile
probe tool. It has been noted that there hasn't been much research done on rutile
particle reinforced aluminium MMCs, and there hasn't been much discussion on
friction stir welding of AA6061-3(wt%) rutile composites. As a result, this composite
is used as the subject of an investigation to examine how well FSW joins them and to
connect the correlations between structure and properties. To create strong welds, tool
geometry is crucial. A cylindrical threaded probe and concave shoulder are well-
known features of the welding tool, even though there isn't much information
available in the existing literature due to the proprietary character of tool designs.
Furthermore, because the FSW process is dynamic, a recurrent neural model will
work well as a prediction model. The application of MLPNN or any of its derivatives

in the FSW process has not received much attention.
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The investigation of the effects of the FSW technique and welding parameters on the
mechanical characteristics and microstructural alterations of AA6061-3 (wt%) rutile

composites is explained in the current work.
2.14 STATEMENT OF PROBLEM

An aerospace engineer is interested in the materials and methods used to build
vehicles for transportation. The prospects and opportunities in the transportation and
aerospace sectors have substantially grown because of improvements in the materials
utilized in these sectors. But these developments also necessitate complex technology,
including the right joining method. Critical structural components frequently need
joints, which must be as strong and durable as possible under high-intensity static and
dynamic stresses.

The FSW process has many benefits over traditional welding processes as it is a
totally solid state. Traditional arc welding methods locally liquefy the workpiece,
leaving behind large grains and high residual stresses that, when the workpiece cools,
significantly deteriorate the material's characteristics. Additionally, arc welding
frequently calls for the employment of a filler material, which alters the composition
of the joint and adds the filler's weight to it. When riveting, mechanical fasteners must
be added, and pieces may need to be thicker at fastening points to boost strength, both
of which add weight to the component. in comparison to standard plates, it could
potentially lead to decreased tensile characteristics and fatigue life. The aerospace and
transportation industry must address the issue of strength loss and weight gain. A
thorough study of the characteristics of friction stir welds under static and dynamic
loads is required to apply FSW in critical components. The AA6061 alloy used in the
transportation sector is one very popular aluminium alloy that could profit from using
FSW joints. This alloy is reasonably priced, has excellent strength, and is ductile. The
alloy does, however, have some disadvantages. As a result, the use of composites
based on the AA6061 alloy and reinforced with the appropriate ceramic particles has
grown recently. These alloy-based composites are typically MIG (Metal Inert Gas)
welded, laser welded, or riveted in industrial settings. These procedures could,
however, be costly and unreliable, impair macroscopic qualities, or add weight and
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reduce strength. If the required research is done on FSW joints of AA6061 alloy-
based composite, FSW offers a financially advantageous alternative.

Joints are subjected to a wide range of environmental conditions, compound
pressures, and moments in industrial applications. Friction stir welded joints contain
highly varied microstructures and residual stresses that have an impact on the
performance of the material in addition to complex loading scenarios. Finally, the
inherent material characteristics along with static and dynamic loads may result in the
joint failing sooner than anticipated. It would be challenging to isolate the factors that
cause failure if all loads and environmental factors were integrated into a single test.
Tests for static and dynamic loads were conducted to simulate the friction stir welds
behavior in real applications. In this manner, information on the joint's performance
for the two main types of loading was gathered. This knowledge improves
comprehension of the behavior of FS welded components.

The current work describes the typical welding procedures, points out the issues they
raise, goes into great detail about FSW, and outlines its development. For the FSW
study, AA6061-3(wt%) rutile composite was chosen since it is difficult to weld using

traditional welding techniques.

2.15 OBJECTIVES OF THE CURRENT WORK

The primary objective of the study is to understand the relationship among the FSW
operating variables namely tool rotation speed, tool traverse/welding speed, tool probe
geometry, and the FSW process responses using the Taguchi technique. The
microstructural changes in the weld zone and the mechanical properties of the welded
composites were considered FSW process responses. The evolution of the
microstructure at the composite weld zone for various combinations of rotating speed,
welding speed, and tool pin profile is examined. The optimization of the process
variable and prediction of these variables which give better joint properties are
performed using statistical and evolutionary techniques. The following goals have
been established after taking into consideration the current advances in the field of
FSW:
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Carry out Friction Stir Welding of Al6061-3%Rutile composites to investigate
the role of tool geometry, tool rotational speed, and welding speed in obtaining
defect-free welds.

Microstructural study of composites welded through FSW technique, to
analyze the grain refinement and redistribution of reinforced particles at
welded zone.

Assess the mechanical properties of the welded composite like tensile
strength, hardness, and % elongation.

Analyze the impact of process variables on friction stir welding of composites
through the Design of Experiments and optimization of the process using
statistical techniques.

Use of an appropriate evolutionary method to simulate the correlation between
FSW process variables and their impact on the mechanical properties of the

joints.

2.16 SCOPE

Based on the targeted objective, the investigation's scope includes;

a.

Experimentally investigate the impact of process variables on the joint
efficiency of the FS welded composites.

Explore the possibility of analyzing the impact of tool geometries on the
microstructure and mechanical behavior of composites.

Analyzing the effect of process parameters and tool pin profile on the ultimate
tensile strength of the composite.

Use suitable optimization techniques to optimize the process parameters which
yields superior mechanical properties.

The modeling of GA-MLPNN correlates the friction stir welding variables
with the ultimate tensile strength, hardness, and percentage elongation of the

composites.
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2.17 DIRECTION FOR PRESENT WORK

The main objective of this study is to increase our understanding of the static and
dynamic behavior of friction stir-welded AA6061-3(wt%) rutile composite joints.
Reducing manufacturing costs and improving component strength over conventional
joining techniques employed with the AA6061-3(wt%) rutile composite, would help
the transportation industry to find the viability of the FSW process to join this
composite. The secondary goal of this study is to identify correlations between the
microstructural properties arising from various sets of FSW process factors and the
static and dynamic performance of butt joints in the AAG6061-3(wt%) rutile

composite.
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Chapter 3

RESEARCH METHODOLOGY

According to the literature study presented in the previous chapter, there is a lot of
research being done in the field of friction stir welding (FSW) of hard-to-weld
materials. As observed in the survey, much research is done on the joining of particulate
aluminium matrix composite by the solid-state welding process. The current work
emphasizes on FSW of rutile reinforced AA6061 composite, the formation of grain
structure at the weld region, and the effect of operational variables on the joint
properties. The mechanical properties of the FSW joints were studied for various
combinations of process parameters such as tool rotational speed, tool traverse speed,
and tool profiles, by conducting experiments at a few specific points, providing a
glimpse of the possible FSW of the said material. However, the industrial application
needs more information so that the process may be successfully employed and
optimized based on either controlling input factors or output reactions. Therefore, the
issue at hand is the market acceptance of technological advances. The end user, or the
industry, will benefit more by expanding the data by including more combinations of
input factors and associated output responses. The GA-MLPNN model, which provides
a correlation between process parameters and output responses, will offer the necessary
solution for improving the database. The following is an outline of the research:
e Preparation of rutile reinforced 3(wt %), AA 6061 matrix composite, followed by
characterization using Scanning Electron Microscope (SEM).
e Performing friction stir welding of composites to identify the range of operational
variables which gives defect-less joints for different tool pin profiles.
e Determining the modification in microstructural and mechanical properties of the
composites through Scanning Electron Microscopy, tensile test, and hardness test.
e Using the Taguchi approach to assess the impact of operational variables on the
joint properties.
e Performing multi-response optimization of FSW process using both conventional

statistical technique as well as with nature-inspired evolutionary algorithm.



e Developing the empirical model using soft computing techniques to predict the
mechanical properties of the composite joints.

In the beginning composite material is prepared and tools with different probe profiles

were designed. Experiments were planned and conducted which covered all the aspects

mentioned above. Figure 3.1 depicts the overall methodology followed in the study.

Composite Preparation by stir casting

r

Friction Stir Welding of compaosites with different combination of
process parameters and tool pin geometries

e w
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Figure 3.1 Flowchart of the methodology followed

3.1 PREPARATION OF COMPOSITE MATERIAL

Depending on the kind of reinforcing elements, shape, size, and morphology, the
composites were prepared by various techniques such as squeeze casting, stir casting,
liquid infiltration, spray deposition, vacuum hot pressing, powder metallurgy, and
friction stir processing (FSP) (Lloyd 1994)(Mustansar et al. 2019). Among various
processing methods, stir casting is one of the promising, commercially viable methods

to process AMCs (Hashim et al. 1999). In the present study, a modified stir casting
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technique was used to fabricate AMCs using AA6061 alloy as matrix and rutile with
an average size of 10 um as reinforcement particulate. Table 1 lists the chemical
composition of AA6061 matrix material. Figure 3.2a and figure 3.2b show the rutile

particle’s SEM image and Rutile particles as received condition respectively.

Table 3.1 Chemical composition of matrix material (in wt. %)

Copper | Magnesium | Silicon (wt. Iron Manganese | Aluminium
4.5 08-12 0.4-0.8 0.7 0.15 Remaining

B mimr o mEm.
Figure 3.2a SEM image of rutile Figure 3.2b Rutile particles as
particles received condition

Figure 3.3 shows the flowchart of the bi-stage stir casting process. A 3.0 kg ingot of
AAB061 Al alloy was melted at 800 °C in a ceramic crucible using an electric furnace.
The setup was covered to avoid the absorption of gases. Hexachloroethane tablets were
added to the molten metal for degassing the melt. To enhance the wettability of
reinforcement with the molten metal, 1 wt.% Mg was added to the molten AA6061
matrix. The addition of Mg improved the wettability of the reinforcement by reducing
the surface tension of the molten metal. Adding beyond 1 wt.% Mg into the melt altered
the viscosity of the melt and thereby imperiled the proper distribution of the particles
(Taylor et al. 2013).

Simultaneously, rutile particles of given quantities were preheated at 700 °C for 1 h to
remove any moisture content from the particle. Preheating also enhanced the wettability
of the particle by forming a layer of oxide on its surface. Before adding particles, the
melt was stirred using a graphite-coated steel stirrer to form the vortex. The stirrer was

immersed at 1/3 vortex from the top surface and operated at a speed of 300 r/min.
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Preheated particles were added to the melt at a constant temperature of 800 °C, in two
steps to avoid the agglomeration of rutile particles in the molten metal. The addition of
particles into the melt in a single step severely altered the viscosity of the melt, thereby
affecting the proper mixing of particles in the matrix. The addition of particles into the
melt in two steps separated by a small-time interval greatly enhanced the proper
dispersion of particles in the matrix. Stirring continued for 5 minutes after the addition
of the particles. Nitrogen gas was purged on the surface of the melt during stirring to
reduce oxidation. Finally, the composite was poured into the die and preheated at a
temperature of 450 °C. Preheating the die prevented molten metal from suddenly
dropping in temperature as it encountered the die and kept the slurry molten throughout

the pouring process.

Melt aluminum alloy 6061 at

R00°C in a ceramic crucible

Form the vortex in the melt by

vigorous stirring of melt at 300

rpm, using graphite coated steel
stirrer

Degasify the melt by adding
hexachloroethane tablet

A

Add 1wt% of Mg to the melt

A

Addition of portion of preheated
rutile into the melt, till the
viscosity of the melt is unaltered

Preheat the rutile particles at
700°C

Preheat the mould at 450°C

Pour the composite melt into
preheated steel mould

\ 4

Continue the stirring, maintain
the temperature at 800°C, form
the vortex for addition of
remaining particles.

P
<«
y

A

Addition of remaining preheated
particles followed by vigorous
stirring of melt for 5 mins at 300
rpm and purge nitrogen gas

Figure 3.3 Schematic representation of the bi-stage stir casting process
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Figure 3.4 represents a step-by-step process of stir casting. With the use of a milling
machine, the cast composite is machined to obtain the desired shape and dimension to

perform the FSW of the composite.

Figure 3.4 Various phases of stir casting process: a) Molten AA6061 in the crucible,
temperature 800°C, b) Addition of Hexachloroethane tablets to molten
metal followed by slag removal, c) Addition of Magnesium d) Stirring of
melt to form vortex e) Addition of Rutile particle to molten metal during
stir condition, f) Stirring of molten metal for 10 mins to obtain uniform
distribution of Rutile particles g) Nitrogen purging h) Composite before
pouring and i) Pouring of composite into a die.

3.2 WELDING MACHINE

Readymade FSW machines are available to perform welding operations. However, the
cost of this equipment is high. A CNC vertical machining center can also be utilized as
an FSW machine. The main challenges in using a machining center as an FSW machine

are designing an appropriate fixture to hold the workpiece, placing it accurately with
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the FSW tool, and supporting it throughout the welding operation. Based on the
requirement, DTC 250 (Drilling, Tapping, and Machining Centre) 3-axis Computer
Numerical Control machine (SPARK) supplied by ACE Manufacturing system has
been chosen. A vertical milling machine depicted in Figure 3.5 is used for FSW.

‘ 'l

]

Figure 3.5 Vertical Milling Machine

3.3 EXPERIMENTAL WORK

The cast composite AA6061- 3wt% Rutile is machined to obtain the required shape and
size (100mm in length, 50mm in width, and 5mm in thickness) using a milling machine.
To avoid the abutting joint faces being driven apart, the welding plates were set on a
steel support plate and secured tightly. The backing plate must be able to withstand the
normal forces brought on by FSW. Figure 3.6 depicts the experimental setup used to
perform the FSW process. The fixture was tilted to an angle of 2°in the direction of the
tool travel path (Krishna et al. 2014). The rotating FSW tool was inserted into the
workpiece's adjoining edges until its shoulder made contact with the surface with
sufficient axial force. The tool was kept at the initial inserted location with the shoulder
touching the work surface for a dwell period of 20 seconds to achieve the necessary

frictional heating. The machine table was then set to a predetermined welding speed.
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After a dwell time of 20 seconds, the rotating tool was lifted as it approached the farthest

point of the joint.

Figure 3.6 Experimental Setup

The weld that had just been made would be hot, thus a cooling period of 30 minutes
was allowed to pass while it was clamped. The welded workpiece was then taken out,
and a fresh set of work parts was clamped for more welding. The same procedure was
repeated for all other experiments. The FSW process parameters and their values are

shown in Table 3.2.

Table 3.2 Experimental Process Parameters.

Tool Rotational Speed (rpm)

750 1000 1250
_ 60 Tl T4 T7
Welding speed
_ T2 T5 T8
(mm/min)
90 T3 T6 T9

3.4 TOOLS FOR FSW

For the joining procedure to be successful, the FSW tool is crucial. A rotating non-
consumable tool typically has a probe with a range of shapes and a circular shoulder.
The fundamental function of the tool is to heat the workpiece by producing friction and
distortion and directing the flexible softened material around the tool probe to create a
solid joint. Cylindrical or tapered probe profiles, either with or without threads, are the

most often used probe profiles.(Thomas et al. 2005). Complex probe profiles such as
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triangular, square, Skew-stir, and Flared-Triflute also have been used as added features
to the tool probe which improves the flow path of plasticized material (Rai et al. 2011).
The mixing capacity of the tool probe is mainly dependent on the ratio of swept volume
to the static volume of the probe. The plain cylindrical probe has a ratio of one, whereas
the addition of features such as flat edges, threads, and flutes in the probe increases the
ratio. Based on the available literature, the two most common types of tool probe
profiles were selected for the study namely threaded cylindrical and square probes. A
threaded cylindrical probe (Diameter 6mm and 1 mm pitch) used in the present study
has a ratio of 1.01, whereas a square probe has a ratio of 1.57. The threaded cylindrical
probe has a left-hand thread, that pushes the material downwards along the probe
surface when it is rotating in a clockwise direction. This phenomenon assists in
improved mixing action (Zhang et al. 2012). AMCs welded with the square probe have
displayed the excellent quality of weld with improved UTS. Pulsating effects produced
by the sharp edges of the square probe enable fragmentation and homogeneous
distribution of reinforced particles and reduction in grain size (Hassan et al. 2012).

A new type of tool probe was also designed to evaluate the combined effect of threaded
cylindrical and square probes. The pin is a combination of thread and square shape. The
threaded profile is made at the base of the tool probe towards the shoulder, followed by
a square section at the tip of the probe. The pin's height must be only a little bit less
than the depth of the workpiece or the weld. The work piece has a 5 mm depth.
Therefore, the pin's height is taken as 4.7 mm. (BIST et al. 2016). The range of shoulder
diameters that are most frequently employed is 2.5 to 3 times the probe diameter.
Maintaining a shoulder to pin diameter ratio of less than 4 and greater than 2 will
prevent overheating and underheating. (Vijayavel et al. 2014). The shoulder-to-pin
diameter ratio in the current investigation is maintained at 3. To accomplish welding
operations, a CNC vertical milling center is utilized. The shoulder is manufactured with
a concave shape at the bottom, and a 7° inclination is given perpendicular to the tool's
vertical axis. It functions as an accumulator and produces enough heat for welding. To
dissipate heat more quickly both before and after welding, the shoulder's height should
be greater than its diameter. The tool's other end needs to have a suitable gripping
mechanism. The tool material must have qualities like the ability to sustain impact load

during plunging, resistance to high temperatures, resistance to wear, and compressive
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load. Since tool steel M2 has the majority of the qualities mentioned above, it has been
chosen. The hardness of the FSW tool has a significant impact on the
friction_coefficient ('u’). The amount of friction that happened between the stationary
workpiece and the revolving tool, and the coefficient of friction, "u" are directly
proportional to one another. Therefore, it can be inferred that the tool hardness will
determine how much heat is produced during the FSW process as well as how resistant
the material is to wear (Rajakumar et al. 2010). The joint's strength depends on the
amount of heat produced at the weld zone. The strength of the joints would deteriorate
if the heat generated at the weld zone is insufficient. The Thermo Mechanical Affected
Zone (TMAZ) may develop defects on the retreating side as a result of the increased
heat produced at the weld zone, which will promote grain growth and severely cluster
the precipitates at the NZ. Lower hardness is generated in NZ as a result of this. The
higher strength of the joints was achieved, according to Rajakumar et al. (2011), when
they were formed using tools with hardness ranging from 45 HRC to 55 HRC.

In this study, three distinct types of tools were manufactured and heat-treated to a tool
hardness of 62 HRC. Schematic representations of FSW tools are shown in Figure 3.7.
(Threaded cylindrical, square, and combination of square and threaded cylindrical pin
profiled tool). Hereafter, the tool with the Threaded Cylindrical probe is represented by
TC, the Square Profile probe by Sqg, and the Combination of Square and Threaded
Cylindrical probe tool by CSTC. Figure 3.8 depicts the FSW tools with different probe

geometries used in the study.

3.5 DESIGN OF FSW FIXTURE

Fixture's main goal is to shorten the specimen's operating-process setting time. The
fixture was made with the need that it holds the specimen firmly and allows for rapid
part switching. Butt joints are the most common kind of weld joint. There is no
restriction on the specimen’s length, but the width of the workpiece after the weld must
be 100mm (two butting plate width is 100 mm). A groove, of 14mm depth and width
of 100mm with press fit tolerance was made on the fixture base to hold the specimen
rigidly. The depth includes backing plate thickness and 60% to 80% of the workpiece
thickness. The backing plate's primary role during welding is to support the workpiece.
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The upward supporting plate is provided to avoid lifting the plate during welding. The
material of the fixture must have less thermal conductivity. The base fixture material is
made of chromium steel. The backing plate and supporting plate are made of mild steel.

Figure 3.9 shows the FSW fixture setup.
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Figure 3.7 Friction Stir Welding tool with a) Threaded cylindrical pin, b) Square pin,
and c) Combination of Square and Threaded cylindrical pin.

. W

Figure 3.8 Fabricated and heat treated Friction stir welding tool with a) Threaded

cylindrical pin, b) Square pin, and ¢) Combination of Square and Threaded

cylindrical pin
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Figure 3.9 FS welding Fixture setup

3.6 SECTIONING OF TEST SPECIMENS OF FRICTION STIR WELDED
AA6061-3wt% RUTILE COMPOSITE JOINT

To prepare the specimens for microstructural analysis, hardness tests, and tensile testing
friction stir welded AA6061 — 3(wt%) Rutile composite plates were sectioned and
formed as shown in Figure 3.10. Surfaces that were across the joint and perpendicular
to the welding direction were chosen for the microstructural analysis and hardness
measurements. Wire EDM (Electro Discharge Machine) was used to section the

samples.

Tensile test Specimen Specimen far
~—50 Microstructure test

<
e i

i

Hardness test specimen

-1 100 \>E\h/ 1;2 L

Friction stir welded composite

Figure 3.10 Schematic representation of specimens used for characterization
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3.7 CHARACTERIZATION OF FRICTION STIR WELDED AA6061-3wt%
RUTILE COMPOSITE JOINT

3.7.1 X-Ray Diffraction (XRD) Analysis

XRD analysis of friction stir welded AA6061- 3(wt%) Rutile composite was performed
using an X-ray diffractometer (JEOL made - DX-GE-2PModel), operated with Cu-Ka
at 20 mA and 40KV, to detect the various phases existing in the as-cast as well as in
the FS welded composites. For all composite specimens, the 26 range is set between
20° and 80° to cover all of the phases' significant intensity peaks. The NZ samples were
chosen for the analysis since NZ experiences maximum temperature during FSW. The
dimensions chosen for this are 6 mm by 5 mm by 3 mm. JCPDF data files were used to

analyze the diffracted data and find peaks associated with different constituent phases.

3.7.2 Analysis of Microstructure

An incredibly helpful investigation instrument for displaying the surface details of the
specimen is the scanning electron microscope (SEM). Secondary electron imaging
modes of the SEM (Model: JSM-6380LA, JEOL) observations have been used, along
with Energy Dispersive X-Ray Analysis (EDX) on the welded composite to disclose
the microstructure at various areas. 20kV is the working voltage. For joints that were
constructed using the TC tool, the regions where microstructural pictures have been
obtained are shown in Figure 3.11. Joints formed with the Sq tool also exhibit a similar
type of weld region. Images have been captured at the top region of the nugget, Middle
region of the nugget, Bottom region of the nugget, advancing side of the TMAZ region,
and the retreating side of the TMAZ region. According to the American Society for
Testing and Materials standard (ASTM) E112-10, the line intercept method was used

to determine the average grain size.

Figure 3.12 shows the SEM image of NZ of composite FS welded using the CSTC tool.
The nugget zone is slightly different than the one shown in Figure 3.11, as this weld is
performed with a tool having a combination of threaded cylindrical and square pins.
Each pin develops a different type of material flow, which alters the nugget region as

shown in Figure 3.12. A threaded pin offers a uniform flow of materials from top to
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bottom of the pin, whereas a square pin offers proper mixing of the material,
fragmentation, and homogeneous dispersion of reinforcement and enables grain

refinement.

Figure 3.11 Image of FSW specimen, showing advancing and retreating side, Nugget
zone with onion rings, Thermo mechanically affected zone (TMAZ), and
Heat affected zone (HAZ)

Figure 3.12 Image of composite joint FS welded using CSTC tool, showing advancing
and retreating side, Nugget zone, TMAZ, HAZ.

3.7.3 Testing of Mechanical Properties

3.7.3.1 Hardness test

Testing has been done on the friction stir welded components for hardness, tensile
strength, yield strength, and percentage elongation. The material's hardness is measured
using a Vickers macro hardness tester with a 5 kg indentation load applied for 15
seconds. The area for the hardness test was selected on the same plane as the
microstructural studies. The hardness of the specimens is checked at the central axis of
the specimen. The measurement is taken at 3mm intervals to a span of 15 mm on either
side of the nugget region. Figure 3.10 illustrates the specimen dimensions and
measuring distances for the hardness test. Following the hardness test, the diagonal
length of indentation in each sample was accurately measured. Equation 3.1 is used to
calculate the Vickers Hardness Number:

P
H, = 1.854— (3.1)

Where P stands for the indentation load in kgs, and d for the mean diagonal length in

mm. When determining a specimen’s hardness, it's crucial to make sure that the distance
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between the indentation marks is at least three times the diagonal distance. This is
employed to prevent elastic deformations from affecting the accuracy of the hardness

readings and to reduce measurement errors for diagonal length.

3.7.3.2 Tensile test

The specimens considered for performing the tensile test were machined as per ASTM
E8M-04 standard. Utilizing SEM, microstructural analysis was performed on the
specimens' broken surfaces after being subjected to tensile testing. The tensile test was
performed on as-cast composites and the specimens were welded at different process
parameter combinations. Table 3.3 displays the schedule for the tensile tests. A
universal testing machine was used for the test. The tensile test will be conducted at a
cross-slide speed of 0.5 mm/min. Three samples from each case were taken into account
for the tensile test. For further examination, the average tensile strength of these
samples was used. Figure 3.10 depicts the schematic representation of the tensile test
specimen. The machined test specimens for tensile strength are shown in Figure 3.13.
The fixture arrangement in the universal testing machine used for the test was shown

in Figure 3.14.

The joint efficiency (%) (Joint strength) of each FS welded joint is calculated by using
equation 3.2 (GENG et al. 2019)

. .- A t th of the joint
Joint efficiency (%) = verage strength of the join

X100 (3.2)

Base material Strength
Equation 3.3 is used to represent the relative error in terms of a percentage, which refers
to the inaccuracy in predicting each process parameter (Ghetiya et al. 2016)

Experimental UTS—Predicted UTS
Experimental UTS

Relative error (%) = x 100 (3.3)

Figure 3.13 Machined tensile test specimens
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Figure 3.14 Fixture setup for tensile test on the universal testing machine

Table 3.3 Schedule for tensile testing FSW composites

Across the joint Along the joint
Tool Welding Tool Welding
Tool probe Tool probe
Rotational Speed Rotational Speed
‘ profile ‘ profile
Speed (rpm) | (mm/min) Speed (rpm) | (mm/min)
750, 1000, TC, SQ, TC, SQ,
60, 75, 90 1000 60, 75, 90
1250 and CSTC and CSTC

3.8 DESIGN OF EXPERIMENT AND ANALYSIS

By predicting which parameters have an impact on the process performance, the main
goal of the design of the experiment and analysis is to give a succinct explanation of
how to successfully decrease and regulate process variance. By appropriately changing
the process parameter values, variation in the result can be reduced. The tests in this
study effort are carried out using an orthogonal array (OA). OA is one approach that is
most adaptable to a range of circumstances. The design of the experiment includes two
or more parameters with different levels. Every level of statistical variation exists. To
identify the contributing factors, the results of the test combinations are monitored, and
the entire collection of findings is examined. The trials were carried out to evaluate how

well the technique worked. Experiments can be made to take less time and cost less

85



money by using better designs. Figure 3.15 depicts a general representation of a process

that has some variables (X) that can be controlled and some variables (Y) that cannot.

Controllable Factor (x)

Input ( Process | » Output

=

Uncontrollable Factor (z)

Figure 3.15 General representation of a manufacturing process.

The experiments' goals are as follows:
1. Determining the variable that has the greatest influence on the result of .
2. 'Y must be defined and set so that it always approaches the desired nominal
value.
3. Xaffects Y in some way. Since a change in X will cause Y to vary, the amount
of Y's variability should be less.
4. Determining and adjusting the influential X to minimize the impact of Z

variables.

3.8.1 Phases of Taguchi Experiment

In Table 3.2, the controlling variables for welding composites are listed. The welding
process uses three control factors: rotational speed, welding speed, and tool pin profile.
The following factors were taken into consideration when designing experiments based
on Taguchi's OA. 1. The number of factors and how they interact, 2. Process varying
levels. Three factors, each with three levels, were taken into consideration in the current
study. It was ultimately decided to disregard the second-order interaction between the
variables to save time and resource usage. Each variable with three levels has two
DOFs, giving the process a total of six DOFs. Using Taguchi's method, the experiment's
DOF should be lower than or equal to the chosen OA. Hence in this analysis, L9 OA
with 8 DOF was chosen. The implications of the OA design will result in a reduction

of the experiments from 27 to 9.
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3.8.2 Signal-to-noise (S/N) ratio

To keep the variance at an ideal level, the best suitable control factor can be chosen
based on the output behavior. The variance in the output can be calculated by applying
the Taguchi technique to change the repetition data into a distinct value. The transition
can be seen in the signal-to-noise ratio (S/N). There are three S/N ratios available
depending on the characteristics. In that, to analyze the response, the “larger is better”

equation is used (Delir Nazarlou et al. 2021)

Larger is better:

8 = —10 log (32 ¥2,,) (3.4)

Yim is the output response of k™ quality behavior in the I trial, at the m'" test.

3.8.3 Analysis of Variances

The statistical method known as analysis of variance (ANOVA) is employed to predict
how the process variables and how they interact with one another will impact the quality
attributes (Bhushan and Sharma 2019). To assess whether there are any significant
differences between the means of a variety of observational groups, each of which has
a normal distribution, ANOVA employs tests based on variance ratios. The significant
parameter that influences the performance characteristics can be identified using the
percentage contribution. Furthermore, based on a 95% confidence level, the F-test,
which bears Fisher's name (1925), can be used to pinpoint the parameter that
significantly affects the quality features. Usually, the parameter has a bigger impact on
performance if F has a greater value. To ascertain the design parameters and their
interaction, which have a substantial impact on the performance characteristics, an
ANOVA is conducted using Minitab 17 software (2015).

3.8.4 Multi-Response Optimization by Statistical Technique

To determine a system or a process that incorporates unknown information, numerous
statistical optimization techniques are applied. The Taguchi method is one of the most
widely utilized optimization strategies for engineering issues. For the optimization of a
problem with many responses, the Taguchi is insufficient. The Taguchi method

combined with grey relational analysis is thought to be an efficient method for solving
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and analyzing a problem with various responses. This technique examines a process

where the impact of parameters on the responses is unclear or lacking.
The GRA technique uses the following steps:

v" Normalizing the initial data. This is also called the grey relational generation.
The grey relational coefficient calculation.

The grey relational grade calculation.

Finding the ideal combination.

Carrying out an analysis of variance (ANOVA).

Prediction of the optimal grey relational grade (GRG) value.

AN NN N NN

Performing the confirmation experiment.

3.8.5 Response Surface Methodology

Central composite design (CCD) is adopted in this study for fitting a second-order
response surface. CCD contains a set of trail experiments, a set of trail experiments at
axial points, and a set of trail experiments at center points. In CCD, axial points are
used to provide an estimation of the curvature of the response surface while center
points (essentially random replicates of experimental runs at the center point) are
included to reduce the model prediction error and provide uniform precision, which
ensures the equal variance of prediction in the design space or response surface. Such
uniform precision in the design space protects against bias because of the presence of
higher-order terms in the response surface (Karthikeyan and Balasubramanian 2010).
The center points in CCD provide a check for uniform precision, process stability,
variance of prediction, and protection against bias. A uniform precision design offers
more protection against bias in the regression coefficients [Montgomery 1991]. In CCD
the total number of experiments required to be conducted is determined by a formula
(2% + 2k +c) where k is the number of factors in the study, 2 is the number of trial
experiments, 2k is the number of axial and c is the number of central points. The
suggested number of central points for three factors varies from five to six
[https://onlinecourses.science.psu.edu/stat503/node/59]. Many researchers have
considered six random test trials at a center point, as a trade-off between the suggested

value of ¢ and available resources, in their experimental studies (Rajakumar et al.
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2010)(Krishna et al. 2014). Accordingly, in this study central composite design matrix
with three factors at three levels that consists of 20 sets of coded experimental
conditions (23 = 8 sets of trail experiments, 6 sets of experimental trails at axial or star
points, and 6 sets of experimental runs at center points), are considered to estimate the
linear, quadratic two-way interactions of the FSW three process variables (tool
rotational speed, tool traverse speed, and tool geometry) on the four response variables

(yield strength, ultimate tensile strength, hardness, and % elongation).

3.8.6 Desirability Approach

Several statistical methods were used to solve multi-response tasks such as constrained
optimization problems, contour plot overlaying for responses, and desirability
approach. The latter is desired as it is simple to adopt, and it offers flexibility in
prioritizing and giving prominence to each response. In the desirability approach,
multiple responses were combined into a dimensionless number, as a performance
measure called as desirability function. In this technique, each measured response is
converted into a unit-less entity in an interval of (0, 1) where a higher value represents
that the response is more desirable whereas a low value represents response is highly
undesirable. Based on the requirement, three types of criteria can be adopted to solve
the problems, i.e., maximization of the response, minimization of the response, or
response equal to the target value. In the present study, for all the responses,
maximization of the response criteria is selected as a higher value of these responses
represents better joint performance. The desirability of each response is calculated
using the following equation 3.5 (Periyasamy et al. 2013).
di = (L) 35

Hi—Li

Where Li<Yi<Hi

The nature of the desirability function for each objective can be altered using weights.
These weights help in emphasizing the lower or upper bounds or the target value.
Weights can be varied between 0 and 1, and when weight is equal to 1, di will vary from
0 to 1 in linear mode. In the desirability function, an importance r can be assigned to

each response with other responses and it can vary from 1 to 5 where value 5 is the
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most important value represented as (+++++) and 1 represents the least important value

and shown as (+).

When the various levels of significance were assigned to various responses, then the

overall objective function is given by (Periyasamy et al. 2013).
roy Y/
D = ([T, d;"") 'zmi 3.6

3.9TLBO ALGORITHM

Inspired by the teaching and learning process, Rao et al. (2011) developed a TLBO
algorithm for process optimization. TLBO follows the principle of “how the teacher
influences and enhances the output of a learner in the class” [Rao et al. 2012]. The
algorithm consists of two vital components namely Teacher and Learner. TLBO is
based on two types of learning: one through the teacher, and the other through
interaction among the learners, known as the teacher and learner phases. Being a
population-based technique, a bunch of students (i.e., learners) is taken as the
population in TLBO, and the subjects offered to the students are considered
independent process parameters of the optimization problem. The results of the students
are taken as the fitness value of the problem, which has to be optimized. Fig. 3.16

depicts the flowchart of the working of the TLBO algorithm.

Level | - Teacher Level:

At this level, the teacher tries to enhance the average results of the class in his subject.
Assume there are ‘n’ learners and ‘m’ subjects. Let the learner be denoted by k, varying
from 1 to n, and the subject is denoted by j, varying from 1 to m, and iteration be denoted
by ‘1’. At any iteration, the average result of the learner in a subject is represented by
M;i. By considering all the subjects from the total learner population, the best overall
results (i.e., A total-kbest, i) are taken as the output/result of the best learner, denoted by
knest. The best learner is then renamed as a teacher in the algorithm, as a teacher is
usually a better-learned person. The difference between the average result of a learner
in each subject and the value corresponding to the best learner (i.e., teacher) is presented
as (Rao et al. 2011),
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Mean Dif fj i = 1i(Aj kvest,i — TrM; i) 3.7
Where Aj xpest,i is the result of the best learner in the subject/variable ‘j’, r; represents

random number within the interval of 0 and 1 and T is the teaching factor and it takes

values either 1 or 2. Value of the T is calculated by (Rao et al. 2011)

Tr = round|[1 + rand(0,1){2 — 1}] 3.8
The prevailing solution is revised based on the Mean Diff; x; in the teacher phase as

per the below equation (Rao et al. 2011)

A]'-,k,l- = Ajx; + Mean Diffjx; 3.9

Here A;, ; is the revised value of 4;, ;. Finally, accept A4;, ; if it provides a higher
function value. All these values are maintained and transferred to the learner level as

input values at the end of the teacher level.
Learner level:

Usually, by interacting among themselves, learners enhance their knowledge. For the

given size of population ‘n’, the learning process at this level is formulated as follows:

4

Choose any two learners F and G randomly, such that Ay ri # Atotai—ci
(Where Ayprqi-p;  and Ajppeqi—¢; are the revised values of Aeorg—g; and Aeorai—,i

respectively at the end of the previous level) (Rao et al. 2011)

Al

Y ’ g . ’ ’
ipi = Ajpi Y 1i(Airi —Aig)y 1 Aporai-ri < Atotai-c,i 3.10

j
" _ ! ! ! - ! !
Ajpi= Ajpi T 1i(Ajci —Airi)s T Awrai-ri > Atotai-c,i 3.11

Accept A},F,i if the function value provided by this is better than the previous condition.
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Figure 3.16 Flow chart of TLBO algorithm (Rao et al. 2011)
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3.10 GENETIC ALGORITHM - MULTILAYER PERCEPTION NEURAL
NETWORK (GA- MLPNN)

3.10.1 The architecture of Multilayer Perception Neural Network (MLPNN):

MLPNN is an enhanced version of a feed-forward neural network employing a back
propagation algorithm. It consists of three layers — input, hidden and output layer. The
schematic arrangement of MLPNN is shown in Figure 3.17.

o §E :::'__.®_>Yield
T s Strenght

3 %ﬂﬂ: ‘0—'@—' Ultimate Tesile

g ’ Strength
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¥

Output Layer(y,

Hidden Layer (y,'"))

Figure 3.17 Schematic Diagram of MLPNN

3.10.1.1 Input layer:

The input layer is the first layer which receives the data that must be processed further
to the next hidden layer. The input layer consists of a set of signals x}({m that is

xfo) ....,x,EO) are called artificial neurons. The output of these neurons is sent to

hidden layers for further processing.

The equation of the output can be written as (Jin et al. 2022):

v = (=), 3.12

xl(l) is the weighted or the total sum of the input signals,

0
xl(l) =Y, W,Ell) x,(c ) 3.13

f(xl(l)), is a nonlinear function. W,Ell) are the weights that act as the coefficients in the

nodal summation of neural networks.
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Summation of each neuron also includes a dc bias term. The dc bias term adjusts the
operating point during the calculations. For example, in equation 3.13 if we set x(()o) =

1, wg?) would be the biased term for this neuron.

3.10.1.2 Hidden layer:

The hidden layer consists of an activation function that helps in the smooth adaptation
of the network’s weights and biases. Hidden layers can have many numbers of layers
like the first hidden layer, second hidden layer, etc., and for each hidden layer the
number of neurons can be specified. The nonlinear function generally used in neural
networks from the signal processing application is the sigmoid or tanh function, as
shown in Figure 3.20, equation 3.14 (Jin et al. 2022)

ex_ e—x

eX+e™X

3.14

y = f(x) = tanh(x) =

The output of the hidden layer passes the neurons to the output layer which is given by
equations 3.15 and 3.16 (Anarghya et al. 2018)

L
it G \ X M [y
—_ —).-r\_w"m'j z:/ : | > v,V
® & ' .

Input  Multiplication Summing Nonlinear Ouput
Signals by weights ~ Junction  funciton signal

Figure 3.18 Representation of individual neurons with sigmoid nonlinearity.

D = f(x2), 3.15
x,(lz) = Ym=o0 W,(lf,)l x,(,? 3.16

3.10.1.3 Output layer

The output layer consists of linear summation to ease the calculation of high-density

nonlinear data/neurons from the hidden layer.
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3.10.2 Back propagation Algorithm

The back propagation algorithm is a supervised learning method used during the
learning phase of neural networks to adapt coefficients smoothly. A known intended
signal is compared to the network's output in this supervised learning technique to
provide a gauge of the network's performance during the learning phase. Back
propagation is a steepest-descent procedure in which the error signal first modifies the
output layer weights, then travels on to the hidden layer weights, and finally returns to
the input layer. The discrepancy between the neural network's current output signal and
the desired output signal is known as the error signal. Feed-forward networks operate
in such a way that the input signals are passed to the output signal but there is no error
generation. The back propagation algorithm has error generation in the learning phase
which is propagated from the output back to the input to adjust the weights as shown in
Figure 3.19. Equation 3.17 gives the error between the desired signal and the output of
this network (Anarghya et al. 2018)

e=d—y® 3.17

Figure 3.19 Schematic diagram of the back propagation algorithm used to compare the
output of a multiplayer perception with a desired signal for supervised

learning.

The back propagation algorithm uses can use various adaptation functions to adjust the
weights in neurons. Here the ij — th weight in each neuron is adjusted in proportion to

the gradient of the squared error to the weight of h — th layer, (Madhiarasan 2022)

95



de?
ij
where u is a convergence factor, and it might be different for each weight.

For the output layer with weights in Figure 3.19. wl(z) , this gradient is (Madhiarasan
2022)

oe? de? ay?

=2 = 22
6wl(2) 6wl(2) awl(z)

3.19

3.10.3 MLPNN methodology

3.10.3.1 Data normalization

The ability of a neural network to learn and generalize is enhanced by data variety,
which can be achieved by reducing data similarity. As a result, both input and output
data were normalized within the range of [0, 1] using equation 3.20 (Anarghya et al.
2018)

Xp = Ymax” Ymin (x - xmin) + Ymin 3.20

Xmax— Xmin

3.10.3.2 MLPNN Procedure

In this experiment, rotational speed, welding speed, and tool geometry is chosen as the
neurons for the input layer. The output layer consists of yield strength, ultimate tensile
strength, hardness, and %elongation. The network type of the MLPNN is a
backpropagation algorithm with a training function in the hidden layer as gradient
descent with momentum and adaptive learning rate backpropagation (GDX). The
intermediate transfer function or the processing function was chosen as the sigmoidal
or tanh function. In GDX there are factors like learning rate and momentum rate that
can be adjusted to control the pace of the learning algorithm. MLPNN also depends on
the number of neurons in the hidden layer and the momentum rate. In this experiment

neural network analysis was done using MATLAB.
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3.10.4 Genetic Algorithm (GA)

Darwin's evolutionary theory served as an inspiration for GA, which tries to replicate
the workings of genetics and natural selection. Each solution stands in for a
chromosome, whereas each parameter represents a gene. GA evaluates each population
member's fitness using an objective fitness function. To enhance unacceptable results,
the best solutions are picked at random using a selection (for instance, roulette wheel)
mechanism. Since GA tends to select subpar answers, locally imprisoned good

solutions can be extracted using other solutions.
3.10.4.1 Initial population:

The GA method begins with either produced population or a population chosen at
random. The diversity of this population can be increased by using specific functions,
such as the Gaussian random distribution. Each chromosome has a set of variables that
correspond to the genes. To increase population variety and increase the likelihood of
finding acceptable regions, the initialization process' main objective is to distribute the

solutions as evenly as possible across the search area.
3.10.4.2 Selection:

The primary source of inspiration for this element of the GA algorithm is natural
selection. In the natural selection process, the strongest or the fittest individual has a
better chance of survival. The same concept is applied here in GA fittest chromosome
genes contribute more to the future generation of the same species. There are many
methods for creating the next generation like a roulette wheel, Boltzmann selection,
steady state selection, single point cross-over, double point cross-over, truncation

selection, etc.
3.10.4.3 Crossover:

After the fittest chromosomes are selected a new generation should be created. In
nature, the chromosomes of male and female genes are merged to form a new
chromosome. Here also in the genetic algorithm, two-parent chromosomes or solutions
are merged by the operator to produce new chromosomes (children/solution). The

various operators that perform this operation are single-point crossover, double-point
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crossover, heuristic crossover, multi-point crossover, etc. Single- and double-point

crossover is shown in Figure 3.20. (Sreenivasan et al. 2019)

Single-point Double point

P:\
o T T

Solutions

Chitren T TTTTTTTTT] CITTTTTTTT]

Solutions

Crossover
Point

Figure 3.20 Schematic diagram of single and double point cross-over.

3.10.4.4 Mutation:

The mutation is a process where the newly obtained genes from crossover are altered.
This is shown in Figure 3.21. Because a large mutation rate would turn GA into a
primitive random search, the mutation rate is always kept low in GA. The mutation
operator maintains the population diversity by introducing an additional level of
randomization. This operator increases the likelihood of avoiding local solutions while
preventing solutions from becoming identical in the GA algorithm. Some of the
mutation methods are Gaussian, Supervised mutation, Power mutation, etc. (Falco et
al. 2002)

Parent
e LT TTTTTTT]

Solutions

chidren T T TTTTTT1]

Solutions

Mutated

Chromosomes

Figure 3.21 Change in one or more genes in the children's solutions by mutation

operator after the crossover phase
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3.10.4.5 Fitness Evaluation:

In this method altered genes are subject to fitness evaluation function like mean square
error. A minimum threshold value is kept as a criterion for the evaluation of fitness

depending on the experiment.

If the values of genes are within the threshold limit, they are accepted as new genes. If
the values of genes are not within the threshold limit, then they are sent as the initial

population. This evaluation is done to reduce the over-fit population.
3.10.5 GA-MLPNN

The neural network has various tools like high convergence rates, different learning
rules, different training algorithms, alternate transfer functions, etc. to improve the
results or to achieve some required properties of the trained networks. However, when
it comes to model building, the neural network has issues with interpretability and
complexity. Thus, as the network's training develops, several attempts have been made

to keep the gradient descent algorithm from becoming stuck in local minima.

The genetic algorithm (GA) can scan multiple areas at once and has no restrictions on
network topology (Katoch et al. 2021). GA also offers the ability to choose solutions
and does not require a back propagation technique. Hence by combining these two GA
and MLPNN, we can overcome the problem of MLPNN being stuck in local minima
(Isaac et al. 2018). MLPNN is given the initial data and the initial weights and biases
of the neural network are the required population for GA. After the initial population is
given GA undergoes selection, crossover, mutation, and fitness evaluation. The fitness
function here is a mean square error (MSE). Only if the MSE value is less than 0.005
then the population is considered as the fittest. This population is again sent to the neural
network as updated weights and biases for further processing. The GA's altered initial
weights and biases are being used to train a backpropagation algorithm as shown in
Figure 3.22. This is how MLPNN's local search may be transformed into a global
search. The GA population size value of 25, mutation rate value of 0.3, and crossover

rate value of 0.6 were chosen for operating GA in this experiment.
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Chapter 4

RESULTS AND DISCUSSION

The current chapter deals with the systematic characterization of the as-cast AA6061
matrix reinforced with 3(wt%) rutile particles using XRD, SEM/EDX microanalysis.
The mechanical properties of the composites, such as hardness and tensile strength, are
also evaluated. An orthogonal array has been utilized to investigate the relationship
between the input process variables and the output responses of FSW. Multi-objective
optimization of the FSW process is done using statistical methods and evolutionary
algorithms. Based on input process data, GA-MLPNN models have bee'n constructed
to forecast the hardness, yield strength, ultimate tensile strength, and % elongation of
the welded composites. The findings of the study are presented and extensively

discussed in the following parts:

4.1 AS-CAST AA6061-3(wt%) RUTILE COMPOSITES -
MICROSTRUCTURAL AND MECHANICAL CHARACTERIZATION

The phases of the as-cast composite have been evaluated, and the grain structure has

been examined. The results are presented in the following parts:
4.1.1 X-ray Diffraction Analysis

X-Ray diffraction (XRD) [Rigaku Miniflex 600 (5th gen), Make Rigaku] was used in
the scanning range of 10° <26 < 80° with an increment of 0.05° to determine the details
about various elements present in the prepared composites (Mahto et al. 2019). XRD
also provides information about the existence of any other phases in the cast
composites. XRD images shown in Figure 4.1 indicate the existence of TiO:
particulates within the matrix. XRD images indicate that Aluminium and TiO: are the
primary constitutional phases existing in the prepared composite and also imply the

absence of intermetallic phases and impurities in the composite.
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Figure 4.1 X-Ray Diffraction form displaying s the peaks of Al, TiO2 in as-cast
AA6061-3 (wt%) rutile composite.

4.1.2 Scanning Electron Microscopic (SEM) Analysis

The SEM image of the as-cast AA6061-3(wt%) rutile composite is shown in Figure
4.2(a), displaying a typical dendritic structure (Arora et al. 2015). When the nucleation
is poor and the liquid is not inoculated, it must be undercooled before the solid forms.
A small solid protuberance called a dendrite that forms at the interface is encouraged
to grow in these conditions due to the undercooling of the liquid before solidification.
As the solid dendrite expands, the latent heat of fusion is transferred into the
inadequately cooled liquid, pushing its temperature toward the freezing point. The
duration and speed of stirring have an impact on grain size. Faster stirring and shorter
processing times ought to produce smaller grains (Bhushan and Kumar 2011).

The typical grain size of the as-cast AA6061-3(wt%) rutile composite was found to be
78+4pm. It was found that the rutile particles were distributed rather uniformly
throughout the matrix without clustering together. The addition of magnesium into the

melt during the fabrication of the composite produces a transitory layer between the
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matrix and the reinforcements which greatly enhances the wettability (Yigezu et al.
2013). The low wetting angle of the transitory layer reduces the surface tension of the
liquid matrix resulting in the surrounding of particles with a similar structure of matrix
alloy and the particles (Singh et al. 2017). The proper wetting of rutile particles results
in uniform distribution of the particles.

The aggregation of hard reinforcing particles, which frequently reduces the composite's
toughness, is the most important defect of AMCs that has been seen in the past. The
stir-cast composite does not include this kind of defect. The reason for better dispersion
of rutile particles in the matrix without agglomeration of particles could be due to the
bi-stage addition of the particles into the melt. The improved bi-stage addition of
particles into the melt probably controls the viscosity of the molten matrix. When
preheated reinforced particles were added all at once to the molten alloy, the viscosity
of the melt increased, which creates a problem in the proper stirring of the melt.
Possibly bi-stage addition of particles eliminates the difficulty in stirring thereby
avoiding agglomeration of particles (PRABHU et al. 2019). This results in a fairly
uniform dispersion of reinforcing particles in the AA6061 matrix.

Spot EDX was done at the region of interest to find out the presence of elements and
peaks of the elements present in that location are shown in Figure 4.2 (b). During the
stir-casting process, the rutile particles are mixed within the solution and are trapped by
converging dendrites in the intercellular regions. The rutile particles influence the
recrystallization creating nucleation sites during solidification (Sajjadi et al. 2012)
(Karbalaei Akbari et al. 2015).

Related Article: PRABHU, S. R., SHETTIGAR, A. K., HERBERT, M. A, and
RAQO, S. S. (2019). “Microstructure and mechanical properties of rutile-reinforced

AA6061 matrix composites produced via stir casting process.” Trans. Nonferrous
Met. Soc. China (English Ed., 29(11), 2229-2236.
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Figure 4.2 (a) Microstructure of as-cast AA6061-3(wt%) rutile composite, (b) EDX
spectrum of the region of interest showing peaks of Al, Ti, O2, Si, and Mg

Figures 4.3 (a to f) show the SEM/EDX mapping (area) of the prepared composite
showing the elements Al, Ti, Oz, Mg, and Si, respectively. The EDX map of the Ti
element in Figure 4.3 (c) and the appearance of the peak which belongs to the TiO>

phase in the XRD pattern, confirm the presence of TiO> particles in the composites.
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Figure 4.3 (a) SEM image of base material - AA6061-3(wt%) rutile composite, EDX
maps of (b) aluminium, (c) Titanium, (d) Oxygen, (€) Magnesium and (f)
Silicon

4.1.3 Mechanical properties of AA6061-3(wt%0) rutile composite

The degree to which a substance is resistant to plastic deformation brought on by
indentation depends on its hardness. The Vickers hardness value of AA6061-3(wt%)
Rutile composite was found to be 84+3 VHN. With the presence of rutile particles, the
hardness of specimens increased up to 50% compared to that of the base matrix alloy.
The inclusion of hard particles into the less hard ductile matrix enhances the hardness
by various mechanisms (Pazhouhanfar and Eghbali 2018). Harder reinforced particles
act as hurdles for the movement of dislocation. The presence of small individual hard
reinforcements in the matrix can hamper the motion of dislocations, provided these
reinforcements are stronger than the base material in which they are reinforced.
Compared to the matrix, rutile particles have higher stiffness and hardness and enhance
the matrix's resistance to plastic deformation. Hence, the hardness of the composites
also increases. Also, the reinforced particles improve the hardness of the composites by
reducing the grain size of the matrix material (Nwobi-okoye et al. 2019). In stir casting,
hard particles are added to the molten matrix and these particles offer preferred
heterogeneous nucleation sites for matrix grains. Matrix microstructure gets refined by

the inclusion of rutile particles. This leads to an increase in the hardness of composites.

105



In general, tensile characteristics depend on microstructure, distribution of
reinforcements, and precipitates. The Ultimate Tensile Strength (UTS), yield strength
(YS), and percentage elongation (% EI) are calculated based on load-displacement
graphs generated from the tensile test. It was observed that the YS and UTS of the
composite remarkably increased with the addition of rutile particles, at the expense of
ductility. The addition of hard particles into the ductile matrix improves the load-
bearing capacity and results in higher yield strength. Grain refinement due to the
addition of rutile particles also contributes to the increase of yield strength (Sharma et
al. 2015). Grain boundaries act as obstacles to the movement of dislocation, increasing
yield stress. Also, as per the Orowan mechanism, uniformly dispersed, high-volume,
finer and stable particles act as obstacles to the movement of dislocations (Shin et al.
2014). Hence the dislocation loops developed surrounding the particles increase the
stress required for deformation resulting in higher strength. On the contrary, the brittle
nature of rutile particles reduces the ductility of AMC. This could be due to the
existence of Rutile which leads to strain hardening during deformation, thereby
reducing its ductility (Rajesh et al. 2016).

To understand the mechanism of failure, the fracture surface produced from the tensile
test is studied. The measured values of YS, UTS and % Elongation of AA6061-3(wt%)
rutile composite are 130 = 4 MPa, 190 + 6 MPa and 9.5% = 0.2, respectively. Particle-
Matrix interfacial bonding strength plays a vital role in evaluating the fracture mode of
the AMCs. During deformation, particle fracture will occur if the interfacial bonding
strength is high. On the other hand, if the bonding strength is poor, decohesion between
the rutile and the aluminium matrix will occur before the particle fracture (Ceschini et
al. 2007a). Fig. 4.4 depicts the particle fracture mode for the AMCs having strong
interfacial bonds. The presence of tear ridges and dimples on the fracture surface
indicates a ductile fracture. The reinforcements (rutile particles) were visible at the
bottom of the dimples. The voids begin at the matrix-particle interface because there
are particles present inside the dimples. Another indication that the fracture spreads by

inter-dendritic separation is the presence of dendritic nodules on the fracture surface.
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Figure 4.4 The fracture surface of AA6061-3(wt%) Rutile composite
4.2 FRICTION STIR WELDING OF AA6061 -3(wt%) RUTILE COMPOSITES

The friction stir welding technique was successfully used to join the AA6061-3(wt%)
rutile composite material under a variety of process parameters. Figure 4.5 displays the
specimen after welding. The side of the half plate which faces the clockwise rotation of
the tool along the welding direction is known as Advancing Side of the welded
composite. The other side where the rotation of the tool and weld directions are opposite
is the retreating side. Investigation and correlation with process parameters have been
made about the structural characteristics and the hardness change at the weld zone of
friction stir welded AA6061-3(wt%) rutile composite material. On the surface of the
weld, a semicircular shape has been achieved that is identical to that created during the

milling process (see Figure 4.5).

Figure 4.5 Friction stir welded AA6061-3(wt%)rutile composite specimen
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The wake effect during FSW was created by the friction between the tool shoulder and
the horizontal movement on the surface of the plate (Ceschini t al. 2007a) (Salih et al.
2019). All joints provide the uniform appearance of semicircular geometry. On the
surface of the weld, there weren't any noticeable voids or excessive flashes. The tool

probe creates a keyhole at the end of the weld as a tool retracts from the weld.
4.2.1 ldentifying the working range for various tool probe geometries

The initial phase of the work involved the identification of the range for process
variables to obtain defectless weld using different tool probe geometries. Sound joints
are obtained when the perfect combination of process variables is selected. It is crucial
to establish and select the ideal welding parameters to achieve effective joint strength.
The parameters considered in this work are the- rotation of the tool, speed of the welding
and profiles of the pin. Table 4.1 tabulates the nature of the defect that occurred during
the welding of composites. By carrying out FSW at a tool traverse speed of 2700 mm/min
and rotational speed of 500 rpm using a tool with Threaded Cylindrical (TC) pin, a less
amount of heat is generated. At the same time, higher heat generation is observed at a
tool traverse speed of 50 mm/min and rotational speed of 1500 rpm. Pinhole, wormhole,
and tunnel defects have been observed in a few process parameter combinations as
listed in Table 4.1. In the case of the tool with a Combined Square and Threaded
Cylindrical (CSTC) pin, the lesser heat input was seen at a tool traverse speed of 100
mm/min and rotational speed of 750 rpm. And, higher heat input was seen at tool
traverse speed of 50 mm/min and rotational speed of 1250 rpm. The Square (SQ) probe
tool demonstrated a defect-less working range comparable to the CSTC tool. The
amount of heat developed during welding is mainly dependent on rotational speed
irrespective of tool traverse speed. The tool traverse speed determines only the quantity
of heat supplied to the weld region (Salih et al. 2019). While the tool traverse speed
controls the heat exposure period and subsequent cooling rate, the rotational speed has
a greater impact on the generated peak temperature. Low tool rotational speed inhibits
material temperature from rising sufficiently, preventing the deformed material from
absorbing enough heat thereby increasing the resistance to material flow. Because the
material cannot adequately undergo the hot forging process that the tool generates,

some imperfections, such as pin holes and wormholes, persist in the weld region
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(Rezaei et al. 2011). Increased frictional heat results in higher heat induced in the NZ
at higher rotating speeds. This causes the components to be mixed and stirred more
vigorously which causes turbulence in the material flow (Rajakumar et al. 2011).
Tunnel defects arise from excessive turbulence in the material flow. It has been seen
that the size of the tunnel hole likewise grows as the welding speed rises. (Tutunchilar
2012). Higher welding speed leads to a lower heat supply to the weld region, causing a
lack of bonding and the formation of defects (Yang et al. 2019).

By examining the weld zone for micro and macro-level flaws like tunnel defects,
wormholes, and pinholes, the viable working ranges for rotating speed, tool
traverse/welding speed, and tool probe geometries were determined after completing
numerous trial operations. Table 4.2 lists the quality of the weld obtained for different
rotational speed and welding speed combinations. In Table 4.2 ‘%’ mark indicates a
joint with welding defects whereas ‘v indicates a defect-free welded joint. For various
kinds of tools, there are different feasible working ranges. In comparison to SQ and
CSTC tools, the TC tool's workable operating range is wider. The FSW tool's threads
aid and direct the flow of material around the pin and from top to bottom, which reduces
the formation of flaws. Due to their lower ductility, AMCs have smaller practical
working ranges than aluminium alloys. (Pandiyarajan et al. 2019). The upper and lower
limitations for each parameter level are listed in Chapter 3. Additional investigation
was conducted for the parameters that lead to joints free of flaws for three different

FSW tool probe geometries.

Table 4.1 Macrographs of FS welded AA6061-3 (wt%)Rutile composite to find the
working range of process variables for tools with TC, SQ, and CSTC probes.

Rotatio Weldi -
eldin e
Tool Probe nal : ) 7P
) speed Macro image of Causes of Defect
Profile speed )
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Pin Inadequate heat
hole generation
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Table 4.2 Weld quality at different rotational and welding speed combinations for a)
TC, b) SQ, and c¢) CSTC tool

a) Threaded Rotational Speed(rpm)
Cylindrical pin 500 750 1000 1250 1500
50 x v v v x
Welding 60 v v ‘4 ‘4 v
Speed 75 4 v v v v
(mm/min) 90 X v v v v
100 x v v x x
b) Square Pin Rotational Speed(rpm)
500 750 1000 1250 1500
50 X x v x x
Welding 60 v v v v x
Speed 75 4 v v v v
(mm/min) 90 X v v v v
100 x x v x x
c) Combined square Rotational Speed (rpm)
and a threaded
eylindrical pin 500 750 1000 1250 1500
50 x v v x x
Welding 60 v v v v v
Speed 75 v v v v v
(mm/min) 90 X v 4 v v
100 X x v x x
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4.3 MACRO AND MICROSTRUCTURAL ANALYSIS OF AA6061-3(wt%o)
RUTILE COMPOSITE JOINTS FORMED USING TOOL WITH
THREADED CYLINDRICAL (TC) PROBE

4.3.1 Macro Analysis of AA6061-3(wt%b) rutile composites joints

The defect-free joint produced by a TC tool at various rotational speeds and tool
traverse speeds is shown in Table 4.3. To achieve defect-free joints, it is important to
generate enough heat and ensure adequate material flow through careful process
parameter selection. Table 4.3 displays the defect-less joints that were seen in the weld
area in addition to the cases described in Table 4.1. At lower rotational speeds, a basin-
shaped nugget zone is seen; as the rotational speed increases, an elliptical-shaped
nugget zone is seen (Mishra et al. 2005). The macro photographs in Table 4.3 support

this observation.

Table 4.3 Macro structural pictures of AA6061-3(wt%)Rutile composites FS welded

using TC tool
Expt. No Rotational Speed | Welding S-peed Macro image of-FS welded
(rpm) (mm/min) composite
- =0 o0 LY
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4.3.2 Microstructural Analysis of AA6061-3(wt%) rutile composites.

Utilizing SEM, the microstructure of the friction stir-welded specimen was studied. The
material is deformed plastically, and the grain is refined because of the tool's swirling
action at the weld region. Compared to the base material, the microstructure of the weld
zone showed a substantial alteration. Figure 4.6 displays the micro picture of one such
sample. It demonstrates the steady transformation of the microstructure at the weld

center from the initial coarse, undeformed base material grains to fine, equiaxed grains.

Based on the evolution of microstructure, (Threadgill 2007) has reported that the weld
zone can be divided into four regions, which is confirmed in this work and Figure 4.6
shows these regions as follows.:

i) Nugget Zone (NZ) is the location where fine equiaxed grains were created, according
to Fernandez et al. (2017). Particles are rearranged from clustered and non-uniform
dispersion in the parent material to uniform distribution in the weld NZ as a result of
frictional heat caused by vigorous tool stirring in the workpiece (Mishra et al. 2003).

ii) Due to the vigorous swirling of the tool, the NZ is surrounded by grains that are

severely distorted and elongated. (Meng et al. 2021). This region is referred to as the
Thermo Mechanical Affected Zone (TMAZ). In contrast to the other zones, the
TMAZ region's breadth is seen to be extremely small, which is consistent with
research by (Dong et al. 2013). Incomplete recrystallization occurs in the TMAZ
zone because there is less plastic deformation there than in the NZ region. TMAZ
reveals that TiO> particles and grains are arranged at an angle. In the TMAZ an
extended grain boundary with parallel band-like dispersion of particles is seen as a
result of heat developed by friction and plastic deformation brought on by applied
forces. (Kalaiselvan et al. 2014).

iii) Between TMAZ and parent material is a region known as the Heat Affected Zone
(HAZ). At HAZ, the material is affected by the thermal cycle, but no plastic
deformation was observed here. Due to this, the grains are bigger than the parent
material at the HAZ. (Parikh et al. 2019).

iv) Parent Material (PM), whose microstructure and mechanical properties are
unaltered during the FSW process (Mishra et al. 2003).

113



Figure 4.6 SEM image displaying four distinct zones of FS welded AA6061-3(wt%)
Rutile Composite.

4.3.2.1 Microstructural analysis of Interfacial area of TMAZ and NZ

The SEM image of the interfacial area of TMAZ and NZ of FS welded composite is
depicted in Figure 4.7 When compared to the TMAZ region, the NZ had a lot of tiny
particles. This is because the abrasive action of the rotating tool along with the collision
of hard reinforced particles creates a lot of tiny particles in NZ. The severe stirring of
the tool uniformly disperses the tiny particles in the NZ. The uniformly distributed
small particles lead to an increase in the load-bearing ability of the composite(Sharma
et al. 2015).

Figure 4.7 SEM image of interfacial zone of TMAZ and NZ of FS welded composite

The dispersion of various elements in the NZ of FS welded composite is depicted in
Figure 4.8 (ato f). In NZ, every element is equally distributed. Fine equiaxed grains are
created by the vigorous swirling of the tool in NZ's center. When compared to other
probes, the weld produced by the CSTC tool shows fine equiaxed grains. The
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interaction of the tool with the workpiece develops frictional heat that plasticizes the
material and the rotating tool pin facilitates severe stirring of the parent material
resulting in dynamic recrystallization in the weld zone. (Jain et al. 2019). Through
extreme plastic deformation, dynamic recrystallization (DRX) significantly accelerates
grain refining. Hence fine grains and uniform distribution of particles were observed at

NZ in comparison with the other zones.

('::30 ac TAl K. ——— 300 pym SiK ——= 300 ym TiK

Figure 4.8 FS Welded AA6061-3(wt%)rutile composite joint; (a) SEM image of NZ;
and EDX map of b) Mg, ¢) O2 d) Al, e) Si and f) Ti elements.

Figure 4.9 represents an SEM image of the region of interest at NZ, quantitative results
and EDX spot analysis of FS welded AA6061-3(wt%) rutile composite joint. Area
mapping of the nugget zone was done as shown in Figure 4.9 and is analyzed through
EDX. As shown in Figure 4.9, peaks corresponding to Al, Si, Ti, Mg, and O, elements

have been seen.

Quantitative results

[Full Scale 1191 cts Cursor: 16.667 (1 cts) ke!

m Electron mage 1 o Mg Al Si Ti

Figure 4.9 Friction Stir Welded AA6061-3(wt%)rutile composite joint; Showing
region of interest, quantitative results, and EDX spectrum showing the

existence of Al-Mg-Ti-O-Si peaks.
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SEM image of the NZ focusing on the quantitative analysis of the elements present and
EDX spot analysis plots of FS welded AA6061-3(wt%)rutile composite joint is shown
in figure 4.10. EDX confirmed that the circular-shaped objects in the SEM image are
the rutile particle. EDX spot analysis revealed that the peaks corresponded to Ti and O.
At the end of the rutile particles, tiny cracks have been seen, which served as proof that

the rutile particles broke down in the NZ.

Quantitative results

Weight%

100§m Electron Image 1

Figure 4.10 FS Welded AA6061-3 (wt%) rutile composite joint showing SEM image

of NZ, Quantitative analysis of the elements EDX spectrum with Tiand O

peaks

SEM image of the NZ with particles, quantitative analysis of the elements, and EDX
spot analysis plots of FS welded AA6061-3(wt%) rutile composite is shown in Figure
4.11. The bright spots present in the SEM image are Al elements surrounded by rutile
particles, and the stir zone's EDX map confirms this with the associated peaks. The
stirring movement of the FSW tool is responsible for the numerous tiny precipitates
found in NZ. These precipitates, which were first found near the boundary of the grains

in the parent material, are evenly dispersed throughout NZ.

Weight%
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[Full Scale 846 cts Cursor: 0.000

Electron Image 1

Figure 4.11 FS Welded AA6061-3 (wt%) rutile composite joint showing SEM image
of NZ, quantitative analysis of the particles, and EDX map displaying Al,
Ti, and O peaks.
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The SEM image shown in Figure 4.12 depicts the evidence for the breaking down of
rutile particles. Due to the stirring effect of the FSW tool, the reinforcements with sharp
edges strike one another and break into little particles. The breaking also happens as a
result of the rotating tool's abrasive action. (Kumar and Murugan 2014).

g SR e Ry U T £ i A 5
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WD = 5.0mm Mag= 500X Time :15:4755

Figure 4.12 SEM image of NZ displaying the breakage of Rutile particles
4.3.2.2 Microstructure variation in the weld zone.

The SEM images of an FS welded AA6061-3(wt%) rutile composite that was joined
using the TC tool at tool traverse speed and rotational speed of 75 mm/min 1000 rpm
respectively are shown in Figure 4.13 (ato e). As shown in Figure 4.13(a-c), the average
grain size at the top, middle, and bottom of the NZ is 4.8+0.13, 4.5+0.19, 3.9+0.11 um,
respectively. 4.13. Table 4.3 lists the measured grain size values at the NZ of the
composite welded using different process parameter combinations. The grains are
getting smaller from the top to the bottom surface of the weld zone (Mishra et al. 2005).
The centrifugal force experienced by the top portion of the NZ is usually higher than
the bottom region of NZ (Xu et al. 2009). The metal surface was subjected to a slight
extrusion crushing force during recrystallization, which produced a larger crystal
nucleus. The workpiece heats up in the meantime as a result of the shoulder rubbing
motion. Higher temperatures and slower cooling rates at the shoulder-workpiece
interface enable grain growth (Ahmed et al. 2021). The frictional heat generated at the
tool pin-workpiece interface is lower because the tool pin's penetration depth is less
than the thickness of the workpiece. As a result, there is insufficient plasticization and
material flow in the bottom section of NZ. The back plate, on which the workpiece was

kept, not only supports the workpiece against the axial force but also acts as a heat sink.
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The heat generated at the weld region is transferred to the back plate by conduction
thereby increasing the cooling rate. This suppresses grain growth, resulting in finer
grains at the bottom of the NZ. This is in agreement with the conclusions reported by
(Li and Liu 2013). Grain size variation has two main mechanisms affecting it: (1) Heat
input results in annealing, which increases grain size; (2) Continuous dynamic
recrystallization because of the tool pin's stirring action results in the formation of new
nucleation sites, which results in a decrease in grain size. The fact that a fine structure
is obtained in the stir zone of the specimens, as shown by these results, suggests that
the second mechanism is prominent (Barmouz et al. 2011). The microstructure
observed at the TMAZ (both sides of NZ) is depicted in Figure 4.13(d and e).

Rotational speed = 1000

] (b) Middle of NZ, grain size
rpm; Welding speed = 75
. approx. = 4.5+0.19 um
mm/min o
o (c) Bottom of NZ, grain size
(@) Top of NZ, grain size
approx. = 3.9+0.11 um
approx. = 4.8+0.13 pm

(d) Advancing side of NZ
and  transition  zone
(TMAZ and HAZ)

(e) Retreating side of NZ
and transition zone (TMAZ
and HAZ)

Figure 4.13 Scanning Electron Micrograph of AA6061-3(wt%)rutile composite
friction stir welded using TC tool with the rotational speed of 1000 rpm
and welding speed 75 mm/min.

Related Article: Prabhu, S. R. B., Shettigar, A. K., Herbert, M. A,, and Rao, S.

S. (2019). “Microstructure evolution and mechanical properties of friction stir welded

AA6061/rutile composite.” Mater. Res. Express, 6(8).
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At the TMAZ, non-homogeneous coarser grains that were severely distorted, elongated,
and bent were seen. The weld generated at a lower rotational speed has slightly smaller
grains than the weld produced at a greater rotational speed, as shown in Table 4.4. This
phenomenon may be due to the specimen with the lower rotating speed producing
slightly less heat than the specimen with the greater rotational speed, which inhibits the
grains' ability to grow further. According to Table 4.4, the top of the NZ of the weld
made at a tool traverse speed of 60 mm/min and rotational speed of 1250 rpm showed
the largest average grain size of 6.5 microns. However, the sample welded at a traverse
speed of 90 mm/min and a rotating speed of 1000 rpm has the smallest average grain
size. It is obvious that higher rotational speed generates a large amount of heat and
lower welding speed assists in transferring this heat to the material thereby decreasing
the cooling rate. This phenomenon results in the grain growth and coarsening of grains.
The quantity of heat produced is lesser at a low rotational speed. Also, the quicker tool
traverse speed led to lesser heat transfer to the weld zone due to reduced frictional time.
More strain was induced due to the prevailing low heat condition resulting in dynamic
recrystallization. This phenomenon leads to the grain refinement and formation of finer
grains. Additionally, the reinforced rutile particles at the grain borders inhibit grain
growth due to a pinning effect, hence the size of the grains becomes smaller and finer
(Abioye et al. 2019). Figure 4.14 depicts the microstructure of the weld region of the
composite obtained through the FSW process using the TC tool.
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Figure 4.14 Size of the grains at the NZ of FS welded AA6061-3(wt%)rutile composite
using TC tool
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Table 4.4 Grain size at different locations of the NZ of FS welded AA6061-3(wt%)

rutile composite joint obtained using TC tool

Experiment Rotational Welding speed Average Grain size (1um)
No. speed (mm/min) Top Middle Bottom
(rpm)
1 750 60 6.3+0.15 5.9+0.11 5.310.21
2 750 75 5.4+0.17 4.91+0.14 4.3+0.09
3 750 90 5.9+0.12 5.3+0.16 4.7+0.13
4 1000 60 5.61£0.11 5.1+0.18 4.840.12
5 1000 75 4.8+0.13 4.5+0.19 3.910.11
6 1000 90 5.1+0.15 4.8+0.12 4.4+0.11
7 1250 60 6.5+0.11 6.1+0.24 5.7+0.13
8 1250 75 5.6+£0.15 5.1+0.12 4.5+0.18
9 1250 90 5.8+0.16 5.4+0.12 4.84+0.16

44 MACRO AND MICROSTRUCTURAL ANALYSIS OF AA6061-3(wWt%)
RUTILE COMPOSITE JOINTS FORMED USING TOOL WITH SQUARE
(SQ) PROFILE PROBE

4.4.1 Macro Analysis of AA6061-3(wt%b) rutile composites joints

The macro images of the AA6061-3(wt%) Rutile composite FS welded with different
combinations of welding speeds of 60, 75, and 90 mm/min and rotational speeds of 750,
1000, and 1250 rpm, using a tool with Square (SQ) probe is listed in table 4.5. For every
instance of welding with an SQ tool, the NZ displayed a basin shape. The geometry of
the tool is mostly responsible for the change in nugget shape. (Mishra et al. 2005)
(Mohammadzadeh Jamalian et al. 2016). The softened material in the weld zone must
be properly stirred and mixed for it to flow around the pin. The material that has been
agitated is extruded from the front to the back of the pin by the tool as it moves forward.
The material flow around the probe is dependent on its geometry. Tool probe
geometries with flat faces are allied with eccentricity, which assists the incompressible

material to move around the probe. The material is trapped in the flats and then released
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behind the tool, promoting more effective mixing. The addition of the flats was also
shown to increase the temperature and nugget area (Zhang et al. 2012). A flat surface
on the tool probe changes the tool's dynamic to static volume ratio. For the SQ tool,
this ratio is found to be 1.57. Compared to other tools studied in this work, the SQ tool
sweeps more material. Additionally, the square tool's flat faces cause the flow of the
plasticized material to agitate pulsatingly. For rotational speeds of 750, 1000, and 1250
rpm, respectively, the SQ tool generates 50, 66, and 83 pulses per second. When a weld
junction is made with a TC tool, there is no pulsating effect.

Table 4.5 Macrostructural images of AA6061-3(wt%) rutile composites FS welded at

different process parameter combinations using SQ tool

Experiment Rotational Welding Speed | Macro image of composite
No Speed (rpm) (mm/min) with 3% Rutile
1. 750 60 -
2. 750 75 -
3. 750 90 -
4. 1000 60 -
5. 1000 75 t
6. 1000 90 —
7. 1250 60 i
8. 1250 75 -
9. 1250 90 -

4.4.2 Microstructure of AA6061-3(wt%) Rutile composite joint

The SEM images of AA6061-3(wt%) Rutile composite joint, FS welded using SQ tool,
with tool traverse speed and rotational speed of 75 mm/min and 1000 rpm respectively,
are shown in figure 4.15 (a - e). The distribution of grains at the different locations of

the NZ is depicted in Figure 4.15 (a-c). Table 4.6 lists the measured average grain size
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for different process parameter combinations. The average size of the grains is found
to be 4£0.09 um at the top, 3.3£0.15 um at the middle, and 2.9+£0.15 um at the bottom
of the NZ. Figure 4.15 (d) and (e) depicts the advancing and retreating side of the
TMAZ where bent and elongated grains were observed.

Rotational speed = 1000 ) )
. b) Middle weld NZ grain
rpm: Welding speed = 90 ]
. size approx. = 3.3+0.15um
mm/min )
) (c) Bottom weldNZ grain
(@ Top weld NZ grain

) size approx. = 2.9+£0.15um
size approx. =4=+0.09 pm

(d) Advancing side of NZ
and transition region
(TMAZ and HAZ)

e) Retreating side of NZ
and transition  region
(TMAZ and HAZ)

Figure 4.15 Scanning Electron Micrograph of AA6061-3(wt%) Rutile composite joint
friction stir welded using SQ tool with the rotational speed of 1000 rpm

and welding speed of 75 mm/min.

The grain size at the nugget zone of the FS welded composite joined using the SQ tool
is shown in Figure 4.16. It is obvious that for all joints, the grain size increases at the
top of the nugget zone and decreases as one moves toward the nugget region's bottom.
The joint fabricated at a rotational speed of 1250 rpm and welding speed of 60 mm/min
exhibited a higher grain size of 5.9+0.12 microns. The weld zone's grains became
coarser due to the higher heat conditions present at the lower welding speed (60
mm/min). On the other hand, the smaller average grain size of 4+0.09 microns is
obtained in sample 5, which is FS welded with rotational speed and tool traverse speed
of 1000 rpm and 75 mm/min respectively. The higher welding speed, which results in
an optimal heat input due to a reduced friction period, is what causes the smaller average

122



grain size. The increased strain and strain rate brought on by the prevailing low heat
situation is also responsible for the more dynamic re-crystallization. (Kumar et al. 2014)
(Feng et al. 2008) which in turn contributes to grain refinement. Further, the pinning
effect of rutile particles (Sivasankaran et al. 2011) which are mostly located at grain

boundaries, inhibits the grain growth and resulting in smaller grains.

Table 4.6 Size of the grains at different locations of the NZ of AA6061-3(wt%) Rutile

composite joint fabricated using SQ tool

) Tool Traverse Average Grain size (um)
Experiment )
Rotational speed )
No. ] Top Middle Bottom
speed (rpm) | (mm/min)
1 750 60 5.7£0.13 4.8+0.15 4.3+0.1
2 750 75 4.7+0.12 4+0.21 3.2+0.08
3 750 90 5.4+0.09 4.7+0.13 4.1+0.14
4 1000 60 4.9+0.19 4+0.11 3.6+0.12
5 1000 75 4+0.09 3.3£0.15 2.9+0.15
6 1000 90 4.4+0.16 3.7£0.19 3.1+0.21
7 1250 60 5.9+0.12 5.3£0.21 4.6+0.21
8 1250 75 5.1+0.11 4.6+0.13 3.7£0.14
9 1250 90 5.5+0.19 4.8+0.18 4.3+0.22
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Figure 4.16 Grain size at NZ of FS welded AA6061-3(Wt%) Rutile joint produced
using SQ tool
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45 MACRO AND MICROSTRUCTURAL ANALYSIS OF AA6061-3(wt%)
RUTILE COMPOSITE JOINTS FORMED USING TOOL WITH COMBINED
SQUARE AND THREADED CYLINDRICAL (CSTC) PROFILE PROBE

4.5.1 Macro analysis of AA6061-3(wt%) Rutile composites joint

The macro images of the AA6061-3(wt%) Rutile composites FS welded, with different
combinations of welding speeds of 60, 75, 90 mm/min and rotational speeds of 750,
1000, and 1250 rpm and by using CSTC tool, are shown in Table 4.7. In all instances
where welding was done with the CSTC tool, the NZ displayed a mixed basin and
elliptical shape. The geometry of the tool is mostly responsible for the change in the
nugget's shape (Mishra et al. 2003). The relationship between dynamic and static
volume determines how plasticized material flows from the front side of the rotating
tool to back side. For the CSTC tool, this ratio is measured to be 1.28.

Table 4.7 Macrostructural images of AA6061-3(wt%) Rutile composites FS welded at

different process parameter combinations, using CSTC tool

Experiment | Rotational Welding Speed | Macro image of composite
No Speed (rpm) (mm/min) with 3% Rutile
1. 750 60 -
2. 750 75 i
3. 750 90 -
5. 1000 75 _
6. 1000 90 -
7. 1250 60 i
0 1250 % i
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4.5.2 Microstructure of AA6061-3(wt%) Rutile joint

Figure 4.17 (a - f) shows the SEM images of AA6061-3(wt%) Rutile composite FS
welded using the CSTC tool with rotational speed and tool traverse speed of 1000 rpm
and 75 mm/min respectively. Figure 4.17 (b-d) shows the measured size of the grains
at four distinct locations of the NZ, i.e. near the top of the threaded cylindrical pin, just
above and below the interfacial region of square and threaded probe, and near the

bottom region of the square probe.

Figure 4.17 Scanning Electron Micrograph of AA6061-3(wt%) Rutile composite joint

friction stir welded using CTSP tool with the rotational speed of 750 rpm
and welding speed of 60 mm/min, showing grain size distribution at (a)
Retreating side TMAZ, (b) nugget top region, (c) nugget middle region of
the specimen welded by threaded cylindrical tool, (d) nugget middle
region of specimen welded by square tool (e) nugget bottom region and
(f) Advancing side TMAZ

Table 4.8 lists the size of the grains measured at various regions of FS welded joints
obtained using different process parameter combinations. The grain size measured near
the top, just above the interfacial region, just below the interfacial region, and at the
bottom region of the NZ are 3.4+0.12, 3.1+0.06, 3.1+0.22 and 2.8+0.11um,
respectively. The resultant grain size is significantly lower than the parent material.
Additionally, for various combinations of process parameters, the grains in NZ for
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samples welded by the CSTC tool are smaller than the TC tool samples. This is caused
by the combined action of the tool pin's threaded section and flat, square faces, which
affect the stirring effect and fragmentation of both grains and the reinforcing particles.
The TMAZ's retreating and advancing sides are depicted in Figures 4.17(a) and (f),
respectively. On both sides of the TMAZ, elongated and rotated grain formations have

been seen.

Table 4.8 Measured size of the grains at the top, middle, and bottom of the NZ of AA-
6061-3(wt%) Rutile composite weld fabricated at various process parameter

combinations using CSTC tool

Average Grain size (um)
Expt Rotational| Welding Above the Below the
No. speed speeo! o initerfacial in?erfacial Bottom
(rpm) | (mm/min) region of TC| region of TC
and SQ and SQ
1 750 60 54+0.12| 4.6x0.1 4.840.14 4.3+0.11
2 750 75 4.3+0.11| 3.8+0.15 4+0.21 3.4+0.13
3 750 90 5+0.08 4.340.11 4.5+0.14 4.1+0.19
4 1000 60 45+0.17| 3.8+0.09 4.1+0.18 3.5+0.21
5 1000 75 3.4+0.12| 3.1+0.06 3.1+0.22 2.8+0.11
6 1000 90 4.1+0.09| 3.5%0.07 3.7£0.17 3.4+0.19
7 1250 60 5.6£0.09| 4.9+0.14 5.1+0.18 4.610.16
8 1250 75 4.9+0.13| 4.3+0.11 4.5+0.19 3.910.11
9 1250 90 5.2+0.15| 4.5+0.2 4.7+0.19 4.2+0.12

The plots for grain size distribution at the NZ of FS welded AA6061-3(wt%) Rutile
composite using the CSTC tool are shown in Figure 4.18. It has been observed that the
average grain size in the NZ of the joint fabricated using the CSTC tool is less than the
samples obtained from the TC tool. FSW tool having square probe exhibits higher
swept volume to static volume ratio. Therefore, it develops pulsating stirring action in
the flowing material, resulting in greater amount of deformation, which through dynamic

recrystallization leads to the formation of finer grains. On the other hand, the threaded pin
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also ensures the enhanced mixing of the deformed material, assisted by the threads of
the tool. The threaded pin also ensures that the plastically deformed workpiece material
is transported from the top to the bottom of the pin (Fernandez and Murr 2004). The
stirring effect and the material flow created by the tool pin profiles need to have both
horizontal and vertical movement. The threads assist in the vertical flow of material
whereas horizontal flow is driven by the ‘flat’ feature of the tool pin (Sued et al. 2014).
As the CSTC tool has both features, it performs well and produces excellent quality
welds. The primary barrier involved in restricting dislocation movement the grain
boundaries, therefore materials with smaller grains were stronger because they would
place greater limits on dislocation movement. (Chowdhury et al. 2010). Therefore, the
strength of the joint fabricated by a combination of square and threaded tools is
anticipated to be higher than the joint produced using a tool having a threaded probe.
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Figure 4.18 Size of the grains at NZ of FS welded AA6061-3(wt%) rutile composite
joint produced using CSTC tool

4.6 FS welded AA6061-3(wt%) rutile composite joint — Mechanical properties

The composition, weight proportion of hard reinforcements in the matrix, distribution
of reinforcements in the matrix, and processing techniques all affect the mechanical
properties of metal matrix composites. (Haghshenas 2016) (Moona et al. 2018). The
tensile strength of the AA6061-3(wt%) Rutile composite joint is affected by various
factors such as rutile particle and precipitate distributions at the weld zone, the

morphology of the grains, processing temperature, and intermetallic phase formation
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(Ramesh et al. 2005). Rutile particles are usually used in metal matrix composite
preparation to enhance their mechanical and wear properties. Increased brittleness at
the price of matrix ductility caused by a higher weight percentage of rutile particles in
the matrix causes a decrease in strength. (Maity et al. 1995). To assess the joint's
performance and broaden the potential applications of FSW for joining composites,

mechanical tests have been carried out.
4.6.1 Measurement of Hardness at weld zone
4.6.1.1 Distribution of hardness at weld zone, FS welded using TC tool

One of the key process parameters in the FSW process is the tool rotational speed. By
creating frictional heat between the FSW tool's contact surfaces (Shoulder and probe)
and the workpiece material, it transforms the material into a plastic state. The
plasticized material surrounding the pin is mixed and stirred by it. (Kalaiselvan and
Murugan 2013) The inclusion of reinforcement particles increases the nucleation sites,
which causes the matrix's grain size to shrink. (Ceschini et al. 2007b). Plots are shown
in Figure 4.19 for the FSW joints of the AA6061-3(wt%)rutile composite that was made
using a TC tool at different speeds of rotation of 750, 1000, and 1250 rpm, respectively,
while the speed of welding (transverse speed) was maintained at 60 mm/min. On both
sides of the weld line, the hardness is determined. Finer grain size and work hardening
due to higher dislocation density as a result of severe plastic deformation during the FSW
process contributed to increase in hardness in the NZ than the base material (Ravindiran et
al. 2016). A high plastic strain developed due to the severe stirring of the tool which
results in the rearrangement of reinforcements from the clustered and non-uniform
dispersion in the parent material to a uniform dispersion in the weld NZ (Prasad et al.
2021). This was evident in every sample that was welded using different process
parameter combinations. On both sides of NZ, a decline in hardness was seen as the
distance from the center increased. At a zone between the NZ and parent material,
commonly referred to as the Heat Affected Zone (HAZ), a decreased hardness value
has been seen. This is mainly due to the softening of grains brought on by the thermal
cycle caused by the motion of the rotating tool in the workpiece material. When
compared to the advancing side, a higher hardness value was noticed on the retreating

side. This difference in hardness distribution results from an uneven field of plasticized
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material flow on both sides of the welded joint, in which the retreating side faces less
plastic strain than the advancing side. More deformation heat is produced as a result,
raising the temperature on the advancing side close to the weld centre. According to
Aval et al. (2011) higher peak temperatures on the advancing side result in greater grain
coarsening and strengthening precipitate dissolution, because of which the advancing
side is less hard than the receding side. NZ is more homogeneous at low welding speeds
compared to high welding speeds because a higher heat input per unit weld produces a
more uniform distribution of the temperature. The hardness value was found to decrease
as the rotational speed rose from 1000 rpm to 1250 rpm at a constant tool traverse speed
of 60 mm/min. This is mostly caused by an increase in heat intake. The weld material
experiences higher temperature and strain rate as a result of the increased heat input
(Murugan and Ashok Kumar 2013). If enough heat is produced during the FSW
process, the work material plasticizes and is moved to the retreating side from the
advancing side. The transferred material cools down and consolidates at the rear side
of the tool by the forging process. (Bodaghi and Dehghani 2017). Refinement of the
grains and strain hardening by deformation affect the hardness of the FSW joint. The
joint manufactured at rotational speed and tool traverse speed of 1000 rpm and 60
mm/min, respectively, exhibits the highest hardness value of 106 VHN. The joint that
was created at a rotational speed of 1250 rpm and a tool traversal speed of 60 mm/min
had the lowest hardness value, which is 89 VHN.
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Figure 4.19 Distribution of hardness at NZ of AA6061-3 (wt%) Rutile composite FS

welded using a TC tool at rotational speeds of 750, 1000, and 1250 rpm,

maintaining tool traverse speed constant at 60 mm/min.
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Plots of the hardness variation across the FS welded joint of the AA6061-3(wt%) rutile
composite, manufactured using a TC tool at varied rotating speeds of 750, 1000, and
1250 rpm, respectively, and constant tool traverse speed of 75 mm/min, are shown in
figure 4.20. The stirred, plasticized material flows to the rear of the tool probe from the
front side due to the rotation of the revolving tool. The heat transfer rate, which in turn
impacts the time of exposure to frictional heat is determined by the welding speed.
(Malopheyev et al. 2016). As a result, during FSW, the welding speed has a significant
impact on the rate of heating and cooling in a thermal cycle. The heat per unit length
reduces when the welding speed rises from 60 mm/min to 75 mm/min, increasing the
hardness value. The hardness significantly decreased when the rotational speed was
raised from 1000 to 1250 rpm while the welding speed was maintained at 75 mm/min.
Large-sized grains occur as a result of the improved heat supply and slower cooling rate
caused by the faster tool rotation.(Hassan et al. 2012). The joint that was constructed at
a rotational speed of 1000 rpm and a welding speed of 75 mm/min exhibits the
maximum hardness value of 118 VHN. The lowest hardness (100 VHN) is observed in

a joint manufactured with a rotating speed of 1250 rpm and a tool traverse speed of 75

mm/min.
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Figure 4.20 Distribution of hardness at NZ of AA6061-3 (wt%) Rutile composite FS
welded using a TC tool at rotational speeds of 750, 1000, and 1250 rpm,

maintaining tool traverse speed constant at 75 mm/min.

The Distribution of hardness at NZ of AA6061-3(wt%) Rutile composite FS welded at

rotational speeds of 750, 1000, and 1250 rpm and constant welding speed of 90mm/min
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using the TC tool is shown in figure 4.21. Maximum hardness (110 VHN) is observed
for a rotational speed and tool traverse speed of 2000 rpm and 90 mm/min, respectively.
A lower hardness value of 96 VHN was achieved with a rotational speed of 1250 rpm
and a welding speed of 90 mm/min. Similar to this, 750 rpm rotation and 90 mm/min
welding yielded 99VHN hardness. However, when the rotational speed and welding
speed increase, the stirring action of the FSW tool becomes noticeably weaker. As a
result, at these speeds, the weld defects can be seen. The hardness value decreases with
increased welding speed. High rotational speed and rapid welding speed have caused
rutile particles to agglomerate and collect, which lowers the hardness of the material.
Lower hardness readings are caused by the heterogeneous distribution of rutile particles
in the region of measurement at higher rotating speeds (1250 rpm) and faster welding
speeds (90 mm/min).
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Figure 4.21 Distribution of hardness at NZ of AA6061-3 (wt%) Rutile composite FS
welded using a TC tool at rotational speeds of 750, 1000, and 1250 rpm,

maintaining tool traverse speed constant at 90 mm/min.

4.6.1.2 Variation in the distribution of hardness across AA6061-3(wt%) Rutile
composite joint FS welded using Combined of Square and Threaded
Cylindrical (CSTC) probe tool.

The variation of the hardness across the FS welded AA6061-3(wt%) Rutile composite

joint fabricated using a CSTC tool at different rotational speeds of 750, 1000, and

1250rpm with a constant tool traverse speed of 60 mm/min is depicted in Figure 4.22.

It was found that regardless of the tool's rotational speed, the nugget zone’s hardness is
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significantly higher than that of the parent material. There are two main reasons for the
higher hardness of the NZ:

(i) In comparison with the base material, the grains are smaller and finer in the nugget
zone, and refinement of grains plays a major role in material strengthening. The Hall-
Petch equation states that as the size of the grain decreases, the hardness increases.

(if) The small particles of intermetallic compounds are also beneficial to hardness

improvement, according to the Orowan hardening mechanism.

The swirling effect of the FSW tool results in significant plastic strain in the weld zone.
Redistribution of the reinforcement from non-uniform and agglomerated conditions in
the parent material to uniform dispersion in the NZ is responsible for the difference in
hardness between the HAZ and NZ. The primary causes of property improvement in
NZ are also due to the homogenous distribution of rutile particles and their dispersion
throughout the matrix. There is a very apparent separation between the TMAZ and the
NZ. The alignment of rutile grains and particles in the inclined direction is seen in
TMAZ. Due to heat produced by friction and plastic deformation brought on by applied
stresses in TMAZ, an extended grain boundary with the parallel band-like distribution
of particles was observed (Figures 4.6 and 4.7) (Abraham et al. 2019). The lowest
hardness was recorded in the HAZ for all the joints fabricated. The retreating side
exhibits higher hardness than the advancing side. This variation in the hardness is
brought on by the uneven plastic flow on two sides of the weld NZ. In comparison to
the retreating side, the advancing side encounters larger plastic strains, which in turn
causes more deformation heat. As a result, the temperature on the advancing side is
higher than the temperature on the retreating side near the weld center. More coarsening
and disintegration of stronger precipitates occur on the advancing side as a result of
higher peak temperatures. As a result, the advancing side has lesser hardness than the
retreating side. (Aval et al. 2011). It was discovered that the nugget region's hardness
decreases when the rotational speed increased from 1000 t01250 rpm due to an increase
in heat generation. The joint that was constructed with rotational speed and tool traverse
speed of 1000 rpm and 60 mm/min, respectively, had the greatest hardness of 115 VHN.
In contrast, the joint that was constructed at a rotating speed of 1250 rpm and a welding

speed of 60mm/min had the lowest hardness measured at 97 VHN.
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Figure 4.22 Distribution of hardness at NZ of AA6061-3 (wt%) Rutile composite FS
welded using a CSTC tool at rotational speeds of 750, 1000, and 1250

rpm, maintaining the tool traverse speed constant at 60 mm/min.

The distribution of hardness at NZ of AA6061-3(wt%) Rutile composite FS welded at
rotational speeds of 750, 1000, and 1250 rpm maintaining tool traverse speed at 75
mm/min using the CSTC tool is depicted in figure 4.23. The joint specimen with the
maximum hardness of 128 VHN was made using a tool traverse speed of 75 mm/min
and a rotating speed of 1000 rpm. On the other hand, the joint that was created at a
welding speed of 75Smm/min and a rotating speed of 1250 rpm had the lowest hardness
measured at 109 VHN. The lowest hardness is observed in the region represented as
HAZ, where softening of grains may have occurred. The highest hardness was observed
in the nugget zone. Hardness was improved as the tool traverse speed was raised from
60 to 75 mm/min. This is due to a decrease in the amount of heat exposed per unit
length of the weld zone as welding speed increased from 60 to 75 mm/min. High plastic
strain from the stirring of the FSW tool caused the particles to move from an
agglomerated and non-uniform dispersion in the parent material to a homogenous
dispersion in the NZ. (Li et al. 2018). On both sides of the NZ (referred to as TMAZ in
the plot), where the material is thermally affected and plastically deformed, a somewhat
increased hardness in contrast to the base material can be seen. Elongated grains were
observed in the TMAZ. In all the samples, the hardness of TMAZ had slightly higher
values than that of HAZ. The work hardening and second-phase particle dissolution
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brought on by severe plastic deformation is responsible for the rise in hardness in the
TMAZ. (Raturi et al. 2019).
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Figure 4.23 Distribution of hardness at NZ of AA6061-3 (wt%) Rutile composite FS
welded using a CSTC tool at rotational speeds of 750, 1000, and 1250

rpm, maintaining tool traverse speed constant at 75 mm/min.

The hardness variation across the FS welded joints of AA6061-3 (wt%) rutile
composite fabricated using a CSTC tool at different rotational speeds of 750, 1000, and
1250 rpm while maintaining tool traverse speed at 90 mm/min, is shown in Figure 4.24.
The joint that was constructed with a rotating speed of 1000 rpm and a welding speed
of 90 mm/min exhibits the highest hardness value of 120 VHN at the nugget zone. The
joint that was constructed with a rotational speed of 1250 rpm and a tool traverse speed
of 90 mm/min has the lowest value, which is 105 VHN. The hardness obtained was
significantly less at higher rotational speeds (1250 rpm) and faster welding speeds
(90mm/min). The same causes that were mentioned in section 4.6.1.2 earlier also

contribute to this phenomenon.
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Figure 4.24 Distribution of hardness at NZ of AA6061-3 (wt%) Rutile composite FS
welded using a CSTC tool at rotational speeds of 750, 1000, and 1250

rpm, maintaining tool traverse speed constant at 90 mm/min.

4.6.1.3 Variation in hardness of NZ of AA6061-3(wt%) Rutile composite joints FS
welded using Square Profile Pin tool

The plots in Figure 4.25 show the hardness distribution in the NZ of FS welded
AAB061-3(wt%) Rutile composite joint, welded using an SQ tool at three different
rotational speeds, 750, 1000, and 1250 rpm. The tool transverse speed was kept constant
at 60 mm/min. The hardness was measured on both sides of the weld center. The
rotational speed primarily affects the relative velocity between the stationary workpiece
material and the rotating tool. As a result, the welding speed has little impact on the rate
of heat creation. High welding speeds typically result in lower temperatures and heat
input. (Cam and Mistikoglu 2014). Lower welding speed results in more heat being
applied to the materials, which enhances plastic deformation of the material and the
creation of an efficient weld joint. Because of the increased influence of dynamic
recrystallization, the homogenous distribution of rutile particles, the abundance of
small, rounded particles, and the reduced grain size, FS welded samples exhibit better
hardness in the nugget zone compared to the base material. (Pratap et al. 2020) . Due to
particle collisions, the small particles created by the tool's stirring action wear down the
surface of the larger particles, giving them a spherical form. (Shettigar et al. 2013). The

hardness reduced as the rotating speed rose from 1000 rpm to 1250 rpm. The heat
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produced also rises as the rotational speed does, which causes the grain to become
coarser and less hard. The hardness produced at TMAZ is less than the nugget region
but greater than the parent material, as it is on either side of the weld nugget, i.e., on
the retreating and advancing sides. The HAZ zone, which is in between the TMAZ and
the base material, is subjected to the temperature cycle and there is no mechanical
deformation. As a result, HAZ has been shown to include coarse grains, and as a result,
the acquired hardness is lower than that of the base material. The joint that was
constructed with a rotating speed of 1000 rpm and a welding speed of 60 mm/min
exhibits a higher hardness value of 105 VHN. The joint was constructed at a rotational
speed of 1250 rpm and a welding speed of 60 mm/min. has the lowest hardness value
of 88 VHN.
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Figure 4.25 Distribution of hardness at NZ of AA6061-3 (wt%) Rutile composite FS
welded using the SQ tool at rotational speeds of 750, 1000, and 1250 rpm,
holding the tool traverse speed constant at 60 mm/min.

Figure 4.26 shows the variation in the hardness of the composite FS welded with varied
mixes of rotational speed and tool traverse speed. The plot of hardness distribution
indicates that the NZ had a higher hardness value than the base composite regardless of
tool rotating speed and welding speed. The following are the causes of the increase in
hardness in NZ:

1) Grain size has been refined and reduced compared to the original material. The

strength of the material is significantly influenced by the grain size. The Hall-Petch
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equation states that the relationship between the material's hardness and grain size is
inverse.

2) According to the Orowan hardness equation, the uniform distribution of rutile
particles in the nugget zone contributes to the rise in hardness.

In NZ, the tool's swirling effect led to considerable plastic deformation, which created
fine grains. Rutile particles rounded and broke when they were struck firmly against
one another. In NZ, these rutile particles are uniformly dispersed, with a reduction in
size and a rise in quantity. (Moradi Faradonbeh et al. 2018). In TMAZ, the material is
thermally affected and plastically deformed, exhibiting a slightly lower hardness value
than the NZ. Elongated grains were observed in TMAZ. All of the samples' hardness
results showed that the TMAZ region had slightly greater hardness values than the HAZ
zone. In HAZ, lower hardness is attained. The thermal cycle, which caused grain
coarsening and softening, is the main cause of the decrease in hardness in the HAZ. The
joint that was constructed with tool traverse and rotational speeds of 75 mm/min and
1000 rpm, respectively, exhibits the maximum hardness value of 116 VHN. The joint
manufactured with a rotating speed of 1250 rpm and tool traverse speed of 75 mm/min

has the lowest hardness value of 99 VHN.
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Figure 4.26 Distribution of hardness at NZ of AA6061-3 (wt%) Rutile composite FS
welded at rotational speeds of 750, 1000, and 1250 rpm and a constant tool

traverse speed of 75 mm/min using the SQ tool.

The hardness variation in the NZ of FS welded AA6061-3(wt%) Rutile composite joint
welded using SQ tool at different rotational speeds of 750, 1000, and 1250 rpm and
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constant tool traverse speed of 90 mm/min is depicted in figure 4.27. The maximum
hardness value is reached with a tool traverse speed of 90 mm/min and a rotational
speed of 1000 rpm. The hardness value decreases between 1000 and 1250 rpm as a
result of an increase in heat output. The hardness value decreases with increased
welding speed. This may be mainly caused by the agglomeration or buildup of rutile
particles in NZ as a result of fast rotating and welding speeds. Therefore, at higher
rotational speeds (1250 rpm) and higher welding speeds (90mm/min), the
heterogeneous distribution of rutile particles in the weld zone would lead to undesirable
results. The joint that was constructed at a rotational speed of 1000 rpm and a tool
traverse speed of 90 mm/min exhibits the highest hardness value of 109 VHN. The
joint manufactured with a rotating speed of 1250 rpm and tool traverse speed of 90
mm/min has the lowest hardness value of 95 VHN.
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Figure 4.27 Distribution of hardness at NZ of AA6061-3 (wt%) Rutile composite FS
welded at rotational speeds of 750, 1000, and 1250 rpm and a constant tool

traverse speed of 90 mm/min using the SQ tool

4.6.2 Measurement of tensile strength

4.6.2.1 Tensile properties of AA6061-3(wt%) Rutile composite joints Friction Stir
Welded using TC tool.

The tensile strengths of FS welded AA6061-3(wt%) Rutile composite joints using TC
tool, at different tool traverse and rotational speeds combinations are listed in table 4.9.

The UTS of joints increases as tool traverse speed is raised from 60 to 75 mm/min, and
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the UTS decreases as welding speed is increased further. The workpiece fractures at the
HAZ, close to the parent material, for samples welded at speeds less than 90 mm/min.
Beyond 90 mm/min, welding speed increases cause pinhole, wormhole, and tunnel
flaws to occur. Consequently, the specimens break at NZ (Shettigar et al. 2013).
Tensile strength is reduced as a result of this. The material that has been stirred,
traverses to the rear side from the front of the tool probe as the revolving tool advances.
The welding speed affects the rate of heat input. (Padhy et al. 2018). The tool traverse
speed controls the amount of time that frictional heat is exposed per unit weld length,
affecting the rate of heat transfer and thereby assisting grain growth. When welding
quickly, less heat is applied to the weld zone, which causes the material to cool more
quickly. The UTS also rises when the rotating speed rises from 750 rpm to 1000 rpm.
UTS decreases as rotational speed is increased further. The rotational speed and tool
traverse speed that results in the highest joint efficiency are 1000 rpm and 75 mm/min,
respectively. As the rotational speed is increased further, joint efficiency (defined in the
section on research methodology) declines. The ideal process parameter values for
FSW utilizing the TC tool are determined to be a tool traverse speed of 75 mm/min and

a rotational speed of 1000 rpm.

Table 4.9 Tensile strength of FS welded AA6061-3 (wt%) Rutile composite joints
Welded using TC tool

Rotational Welding Yield ) ) ) Joint
Ultimate Tensile | Elongation o
Speed Speed Strength efficiency
) strength (MPa) %

(rpm) (mm/min) (MPa) (%)
750 60 80+3 116 +2 82+0.1 61.05
750 75 91+2 130+3 79+0.1 68.42
750 90 84 +2 122 +£2 7.7+0.1 64.21
1000 60 95+3 136+ 3 76+0.1 71.58
1000 75 106 + 4 152+ 3 73101 80.00
1000 90 101 +3 145+ 3 71+0.1 76.32
1250 60 88+2 125+ 2 83+0.1 65.79
1250 75 99+2 142 + 4 8+0.1 74.74
1250 90 94 +2 138+ 3 76+0.1 72.63
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4.6.2.2 Tensile properties of FS welded AA6061-3(wt%) Rutile composite joints

produced using Combined Square and Threaded Profile probe tool

Table 4.10 lists the results of the tensile tests performed on FS welded AA6061-3(wt%)
Rutile composite joints, joined using the CSTC tool. At a welding speed of 75 mm/min
and a rotational speed of 1000 rpm, the joint efficiency reached its maximum value of
92.63 %. At lower rotational speed (750 rpm) and higher rotational speed (1250 rpm),
lesser joint efficiency was observed. When the rotational speed was raised to 1000 rpm
from 750 rpm, an increase in the joint efficiency was observed and it reaches the
maximum level. With subsequent increases in rotational speed, the joint efficiency
deteriorated. Low rotational speeds result in poor stirring and low tool temperatures
cause base material to not be properly consolidated. As a result, lesser joint efficacy
was attained. A faster rotational speed improves the heat and stirring conditions,
resulting in more uniform grain refinement thereby increasing the joint efficiency. A
significant increase in the rotational speed produces excess stirring, high heat, and a
lower cooling rate, leading to grain growth (Rezaei et al. 2011). Hence lower tensile

properties were obtained at a higher rotational speed.

Table 4.10 Tensile strength of FS welded AA6061-3 (Wt%) Rutile composite joints
Welded using a combined square and threaded profile pin.

Rotational Tool Yield ) ) Joint
Ultimate Tensile % o
Speed traverse Strength _ efficiency
) Strength (MPa) | Elongation
(rpm) (mm/min) (MPa) (%)
750 60 94 +3 135+ 3 8.1+0.1 71.05
750 75 106 + 3 151+3 7.7+0.1 79.47
750 90 99+2 142 £ 2 74+0.1 74.74
1000 60 110+ 4 158 £ 3 75+0.1 83.16
1000 75 128+ 4 176 £ 4 71+0.1 92.63
1000 90 118+ 3 168 + 4 7+0.1 88.42
1250 60 102 £ 3 145+ 3 8.1+0.1 76.32
1250 75 117+ 3 165+ 4 7.8+0.1 86.84
1250 90 110+ 2 160 £ 4 75+0.1 84.21
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4.6.2.3 Tensile properties of AA6061-3(wt%) Rutile composite joints Friction Stir
Welded using a Square tool

The measured tensile strength values of FS welded AA6061-3(wt%) Rutile composite
joints using the SQ tool are listed in Table 4.11. Maximum joint efficiency was obtained
at a tool traverse speed of 75 mm/min and rotational speed of 1000 rpm. When
rotational speed is raised to 1000 rpm from 750 rpm, an increase in joint efficiency is
observed and reaches a maximum value of 86%. With subsequent increases in rotational
speed, the joint efficiency dropped. The composite joint that was FS welded with the
SQ tool had a higher tensile property than joints that were FS welded using the TC tool.
This might be a result of the tool's higher dynamic-to-static volume (DV to SV) ratio
and the pulsating effect caused by the sharp edges of the tool. Higher DV to SV ratio
and pulsating effect enables sweeping of large amount of material around the pin,
generates higher temperature and assists in formation of finer grains (Mao et al. 2017;
Sivaprasad and Muthupandi 2020)

Table 4.11 Tensile strength of FS welded AA6061-3 (Wt%) Rutile composite joints
Welded using a square profile pin

Rotational Tool Yield _ _ Joint
Ultimate Tensile % o
Speed traverse | Strength ) efficiency
_ Strength (MPa) | Elongation

(rpm) (mm/min) | (MPa) (%)
750 60 87+2 124 +2 7.7+£0.1 65.26
750 75 99+3 139+2 7.3+0.1 73.16
750 90 93+2 130+ 3 7+0.1 68.42
1000 60 102 £ 3 145+ 3 72101 76.32
1000 75 117+ 3 163+ 4 6.9+0.1 85.79
1000 90 110+ 3 155+ 4 6.7+0.1 81.58
1250 60 95+2 133+3 7.8+0.1 70.00
1250 75 108 £ 2 151+4 7.3+0.1 79.47
1250 90 104 £ 2 147 £ 3 71+0.1 77.37
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4.6.2.4 Effect of tool geometries on Tensile characteristics of AA6061-3(wt%0o)

Rutile composite joints.

The bar chart in Figure 4.28 displays the UTS of the composite FS welded joints made
using various combinations of the welding speed, tool profile, and tool rotational speed.
The UTS of the FS welded composite joint grows and achieves a maximum value as
the tool rotational speed is raised to 1000 rpm from 750 rpm. By increasing the rotating
speed even more, from 1000 rpm to 1250 rpm, UTS is decreased. By generating enough
heat from friction between the contact surfaces of the stationary workpiece and the
rotating tool probe, the material gets plasticized in the vicinity of the rotating tool. The
material around the tool is mixed as a result of the tool's spinning speed. Due to
insufficient heat generation, plasticized material stirs less slowly at low rotational
speeds. Since the relative velocity between the rotating tool probe and the material
increases as rotational speed rises from 750 rpm to 1000 rpm, more heat is produced in
the NZ. As a result, the material is properly mixed. The heat generation is also larger at
higher tool rotational speeds, which causes turbulence in the material flow. While the
tool rotation speed has a major influence on the amount of heat produced by the friction
between the workpiece and the rotating tool, the welding speed affects the cooling rate.
At constant rotational speed, samples produced with welding speeds that were either
too low or too high displayed reduced tensile strength. At lower welding speed an
increase in heat input and slower cooling rate results in coarse grains (grain growth).
Due to slow welding speed, excessive stirring might lead to tunnel problems. Higher
welding speeds, however, result in insufficient heat input into the joint, which in turn
causes an insufficient stirring of softened material from the advancing to the retreating
side, contributing to tunnel flaws. Also at higher welding speeds, the amount of heat
supplied may not be sufficient to properly soften and flow the material because the
rubbing of the tool shoulder and workpiece occurs for a shorter period, leading to
defects in the welding joints and ultimately a reduction in joint strength. Therefore, both
low and high traversal rates may lead to decreased tensile strength (Salih et al. 2015).

It is obvious that, among the various tools used in the study, the CSTC tool
demonstrated maximum ultimate tensile strength at tool traverse speeds of 75 mm/min

and tool rotational speed of 1000 rpm. The pulsating effect resulted from the square
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faces of the tool probe and proper material flow guided by the tool thread, which leads
to the proper mixing of the softened plasticized material in the weld zone. Hence, the
joint strength may have increased. The joint that was constructed with a TC tool
displayed a lower UTS.

It has been observed that there is an excessive amount of heat generated in the weld
zone during experiments with extremely high rotation and high welding speed. Higher
heat input causes material to soften excessively, which makes it more likely to
experience turbulent flow. Additionally, it has been noted that there is "poor friction”
in the weld zone, which leads to slipping and insufficient material transfer to the
advancing side . These combined processes lead to the creation of defects and

exceedingly weak joint strength.
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Figure 4.28 UTS of the FS welded AA6061-3% Rutile composite joints using
Threaded, Combination of Square and Threaded Cylindrical and Square

profiled probe.
4.6.3 Tensile properties along the weld direction of AA6061-3(wt%) Rutile
composite joints FS Welded using TC, CSTC, and SQ tool

The tensile characteristics of composite joints FS welded at various process parameter

combinations are shown in Tables 4.12 to 4.14. Regardless of the tool pin profile and
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process settings, the composite joint's ultimate tensile strength is greater than that of the
parent material. The ultimate tensile strength for a threaded profile pin tool increased
when the welding speed increased to 75 mm/min from 60 mm/min with a constant
rotational speed of 1000 rpm, as shown in Table 4.12. The composite material's
maximum tensile strength is 15% higher than the base material's. The ultimate tensile
strength of a composite joint friction stir welded with a CSTC tool is displayed in Table
4.13. It is observed that as the tool traverse speed is raised to 75 mm/min from 60
mm/min, the ultimate tensile strength increases. In comparison to the base material, the
composite has a 20% higher UTS, welded at rotational speed and tool traverse speed of
1000 rpm 75 mm/min respectively. The ultimate tensile strength for joints created with
an SQ tool is displayed in Table 4.14. For composites FS welded at rotational speed
and tool traverse speed of 1000 rpm and 75 mm/min respectively, the improvement of
16% in ultimate tensile strength above the base material UTS is observed. The
production of tiny grains and the homogeneous distribution of rutile particles are what

cause the UTS to grow.

Table 4.12 Tensile properties of composites joints FS Welded using TC tool

Tool Tool traverse Increase in
) UTS %
Rotational speed ) the strength
] (MPa) | Elongation
speed (rpm) (mm/min) (%)
1000 60 20014 19.1+1 5.3
1000 75 21844 16.6+1 14.7
1000 90 2104 17.3x1 10.5

Table 4.13 Tensile properties of composites joints FS Welded using CSTC tool

Tool Tool traverse Increase in
] UTS %
Rotational speed ) the strength
) (MPa) | Elongation
speed (rpm) (mm/min) (%)
1000 60 208+3 18.3+1 9.5
1000 75 228+3 17.4+1 20
1000 90 21743 18.1+1 14.2
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Table 4.14 Tensile properties of composites joints FS Welded using SQ tool

Tool Tool traverse Increase in
. UTS %
Rotational speed ] the strength
] (MPa) | Elongation
speed (rpm) (mm/min) (%)
1000 60 2044 18.3+1 7.4
1000 75 221+3 16.8+1 16.3
1000 90 2153 17.8+1 13.2

4.7 REPEATABILITY TEST

The results of the repeatability test for the mechanical characteristics of the FS welded

composites are reported in Table 4.15. The average values of the tests and the

repeatability tests have been found to vary slightly. For every FS welded joint, the

rotational speed is maintained at 1000 rpm.

Table 4.15 Comparison of Average values of experimental results and repeatability test

results
st | Tool Welding Hardness (VHN) UTS (MPa)
No. | Profile speed Average | repeatability | Average | repeatability
mm/min
1 TC 60 1062 107 136 + 3 138
2 TC 75 118+2 116 152 +3 151
3 TC 90 110+1 111 145+ 3 147
7 CSTC 60 1152 114 158 + 3 156
8 CSTC 75 126+3 128 176 £ 4 174
9 CSTC 90 120+2 121 168 +4 169
13 SQ 60 105+1 105 145+ 3 147
14 SQ 75 1162 117 163+4 161
15 SQ 90 109+2 109 155+4 157
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4.8 ANALYSIS OF TENSILE TEST FRACTURED SURFACES OF FS
WELDED COMPOSITES

4.8.1 Analysis of fractured surfaces of tensile test performed across the weld

direction

To interpret the microstructural impacts on the fracture properties and ductility of the
composite, the analysis of fracture surfaces of tensile test specimens is useful. It is well
recognized that three primary processes regulate fracture in MMCs.: (1) Breakage of
the reinforcements, (2) voids form as a result of interfacial decohesion at the particle-
matrix interface., (3) coalescence and growth of voids in the matrix (Bozkurt and
Boumerzoug 2018). The fractured surfaces of tensile test specimens of FS welded
composite joints fabricated with tool traverse speed and rotational speed of 90 mm/min,
and 1000 rpm, respectively, using the CSTC tool are shown in Figure 4.29. The analysis
of the fractured surface indicated that the fracture was ductile. It has been observed that
all the samples were broken at HAZ, irrespective of the process variable and tool profile

combination. In all the samples, HAZ exhibited the lowest hardness.

Figure 4.29 Fractured tensile test specimen

Figure 4.30 (a-c) shows the fracture surface of composites FS welded using TC, CSTC,
and SQ tools, respectively. Fracture surface of composite joint FS welded at rotational
speed and tool traverse speed of 1000 rpm and 75 mm/min respectively using TC tool
is shown in figure 4.30(a), indicated ductile fracture. Large, shallow dimples with
tearing edges are its distinguishing feature. The fracture surface did not contain any
broken fragments. Due to greater stress, particle cracking is more prevalent when there
are clusters or agglomeration of particles. Due to the difference in the strain among the
matrix and particles, the matrix particles decohere. Figure 4.30 (b) depicts the fractured

area of composite joint FS welded at rotational speed and tool traverse speed of 1000
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rpm and 75 mm/min respectively, using the CSTC tool. The tear edges, cracks, and
dimples have been seen on the fracture surface. Figure 4.3 (c) depicts the fracture
surface of the composite joint FS welded at rotational speed and tool traverse speed of
1000 rpm and 75 mm/min, respectively, using the SQ tool. There were dimples, tear

edges, and cracks on the fracture surface. The welded composites are fractured at HAZ.

Figure 4.30 SEM images of the fractured area of AA6061-3%Rutile composite joints
friction stir welded at a rotational speed of 1000 rpm and welding speed
of 75 mm/min using: a) Threaded profile pin, b) Combination of Square

and Threaded Cylindrical Profile pin and c) Square profile pin

4.8.2 Investigation of fractured surfaces of the composite, tensile tested in the

direction of the weld

Figure 4.31 depicts the macroscopic image of the fractured area of the FS welded
composite, tested for tensile strength in the direction of the weld. Observations reveal
that the crack is has expanded at a 45° angle {plane of maximum shear) to the tensile

test axis. The shear fracture pattern typically exhibits this characteristic.

Figure 4.31 Fractured tensile specimen of FS Welded composite joint tested in the weld

direction.
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Figure 4.32 (a - d) shows the tensile fractured surface of FS welded composite joint
prepared using TC tool with different welding speeds of 60, 75, and 90 mm/min and
with a constant rotational speed of 1000 rpm. Particle and matrix disintegration
occurred in every instance. Consequently, two separate failure mechanisms are
interacting. First, the surrounding matrix has been plastically deformed, causing a
cracking of particles inside the large dimple. Rutile particles shatter as a result of stress
being applied to them during the test, which causes interfacial shearing. Because of the
high stress value, the cracks that initially formed in the particles grew and moved across
the matrix, connecting with the nearby particulates. (Urena 2000). Second, thin tearing
edges and small, shallow dimples dominate the fracture surface. Due to the weld
nugget's finer grains, small dimples were visible. (Dinaharan et al. 2012). Cracked,
broken particles and pull-out particles were observed. The failure mode was ductile.
The welded composite's facture surfaces showed fine and equalized dimples when

compared to those of the base material.

Figure 4.32 SEM image of a fractured surface of AA6061-3 (wt%) Rutile composite
joints friction stir welded using TC tool (along the weld direction) at a
constant rotational speed of 1000rpm and a) welding speed of 60 mm/min,
b) welding speed of 75 mm/min, ¢) welding speed of 90 mm/min, d) higher
magnification image showing the dimples, pullout, decohesion, and
cracked rutile particles.
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The features of fractured areas of tensile specimens that were welded at speeds of 60
mm/min, 75 mm/min, and 90 mm/min, respectively, with a constant rotating speed of
1000 rpm are shown in Figure 4.32 (a-c). Dimple fracture is evident by the presence of
dimples on the fracture surface. Due to the presence of fine, equiaxed grains in NZ, a
network of tiny dimples can be seen on the fractured surface of the FS welded
composite. Dimples, pullout, decohesion, and broken rutile particles are depicted in
Figure 4.32 (d).

The fractured surface of composite joint FS welded using the CSTC tool at a constant
rotational speed of 1000 rpm and different welding speeds of 60, 75, and 90 mm/min
are shown in Figure 4.33 (a-d).

Figure 4.33 SEM image of a fractured surface of AA6061-3 (wt%) Rutile composite
joints friction stir welded using CSTC tool (along the weld direction) at a
constant rotational speed of 1000rpm and a) welding speed of 60 mm/min,
b) welding speed of 75 mm/min, c¢) welding speed of 90 mm/min, and d)
higher magnification image showing the dimples, pullout, decohesion, and

cracked rutile particles.

The fracture surface of the joint tensile specimen created with the CSTC tool and the
joint tensile specimen created with the TC tool were both identical. The ductile fracture
was the mode of fracture. Small particles can be found at the bottom of the fine dimples

on the fractured surface. At the base of the dimple, there were also broken particles to

149



be seen. Due to the presence of fine, equiaxed grains, a network of tiny dimples can be
seen on the fractured area of the FS welded composite. The magnified image of the
fracture surface shown in Figure 4.33 (d) includes dimples, decohesion, pullout, and
shattered rutile particles.

Figure 4.34 (a - d) shows the SEM images of a fractured surface of AA6061-3 (wt%)
Rutile composite joints friction stir welded using an SQ tool (along the weld direction)
at a constant rotational speed of 1000 rpm and different welding speeds of 60, 75 and
90 mm/min. The tensile fracture analysis revealed the existence of large voids
associated with the particle-matrix decohesion, big dimples, rip ridges, and the
appearance of little dimples inside the large dimples as a result of the matrix’s ductile
failure. Due to the presence of fine, equiaxed grains in NZ, a network of tiny dimples
can be seen on the fractured area of the FS welded composite. The magnified image of
the fracture surface shown in Figure 4.34 (d) includes dimples, pullout, decohesion, and

shattered rutile particles. Deeper dimples are a sign of severe plastic deformation.

7 SEI

Figure 4.34 SEM image of a fractured surface of AA6061-3 (wt%) Rutile composite
joints friction stir welded using SQ tool (along the weld direction) at a
constant rotational speed of 1000rpm and a) welding speed of 60 mm/min,
b) welding speed of 75 mm/min, ¢) welding speed of 90 mm/min, and d)

higher magnification image showing the dimples and Rutile particles.
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4.9 ANALYSIS OF THE RELATIONSHIP BETWEEN GRAIN SIZE AND
HARDNESS

The correlation between the hardness and average grain size measured at the NZ of an
AA6061-3% rutile composite welded using a TC tool is shown in Figure 4.35. The
rotational speed and welding speed of the process have an impact on the grain size and
hardness of the FS welded composite. Coarse grains are generated in NZ when the
welding speed is low (60 mm/min) and the rotational speed is high (1250 rpm), leading
to lower hardness in NZ. The hardness is also at its lowest when the rotating speed (750
rpm) and welding speed are both low. This results from the "annealing” (softening)
effect (Xie et al. 2007). At the rotational speed of 1000 rpm and a tool traverse speed
of 75 mm/min smaller grains and the highest hardness were obtained. The increase in
hardness at NZ was caused by an enhancement in the fine-grain strengthening effect,
which dominates the annealing effect. In every instance, the hardness increases due to

the decrease in inter-particle spacing with decrease in the particle size.
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Figure 4.35 Hardness and grain size variation at the NZ of the FS welded AA6061-3%
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Rutile composite joint, welded using TC tool
Figure 4.36 depicts the correlation between the hardness and grain size at the NZ of
AA6061-3 (Wt%) Rutile composite friction stir welded utilizing the CSTC tool. Figure
4.36 makes it clear that NZ's grain size and hardness are influenced by the process
variables. As the rotating speed increases from 750 rpm to 1000 rpm, the grain size
decreases as the hardness rises. The size of the grains increases with a further rise in

rotational speed from 1000 rpm to 1250 rpm, while the hardness decreases. At a
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rotational speed of 1250 rpm and a tool traverse speed of 60 mm/min, the minimum
hardness with a coarse-grained structure is attained. Maximum hardness and small grain
sizes are achieved at 1000 rpm rotational speed and 75 mm/min welding speed. The
preceding section explained the cause of this. In comparison to the composite being
welded with the TC and SQ tool, the composite being welded with the CSTC tool
exhibits higher hardness.
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Figure 4.36 Variation of hardness and grain size at the NZ of the FS welded AA6061-
3% Rutile composite joint welded using the CSTC tool

Variation of grain size with the hardness of FS welded AA6061-3% Rutile composite

samples employing the SQ tool is shown in Figure 4.37. The average grain size

decreases while the hardness increases when the welding speed is raised from 60 to 75

mm/min with a constant rotational speed of 750 rpm.
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Figure 4.37 Variation of hardness and grain size at the NZ of the FS welded AA6061-
3% Rutile composite joint welded using the SQ tool
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When the rotating speed is increased from 750 rpm to 1000 rpm, a reduction in the
average grain size is seen. The hardness declines as welding speeds are further
increased. The material softens as a result of the increased temperature created at the
higher rotational speed of 1250 rpm compared to 1000 rpm. As a result, the grain
structure was coarse. Thus, it became apparent that NZ's hardness had decreased. At a
welding speed of 75 mm/min and a rotational speed of 1000 rpm, the finest grains with

the highest hardness were produced.

410 RELATIONSHIP BETWEEN THE NZ HARDNESS AND UTS OF FS
WELDED COMPOSITE

The relationship between the hardness and the UTS of FS welded AA6061-3% Rutile
composite joint welded at different process variable combinations using the TC tool is
shown in Figure 4.38. The relationship between hardness and UTS is direct as seen in
Figure 4.38. Poor UTS and hardness were seen when welding at 750 and 1250 rpm
while maintaining a constant 60 mm/min welding speed.
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Rotational speed generates heat, whereas welding speed determines how much heat is
applied to the material. Reduced heat supply results from decreased heat generation. To
create a joint that has sufficient strength, enough heat is necessary. Reduced heat
generation from lower rotational speeds leads to poor mixing, which lowers the UTS
and joint hardness. Similar to slower cooling rates, slower welding speeds cause more

heat to be supplied, while grain growth occurs from slower cooling rates. At 1000 rpm
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of rotational speed and 75 mm/min of welding speed, it was discovered that the weld
strength was quite near to the strength of the parent material.

The effect of tool traverse speed and rotational speed on the UTS and Hardness of the
FS welded AA6061-3(wt%) Rutile composite employing the CSTC tool is shown in
Figure 4.39. The image clearly shows that the UTS of the composite also rises as
composite hardness rises. When a composite is welded using a CSTC tool, it has a
higher hardness and UTS than when a composite is welded using a TC tool. According
to Kunnathur Periyasamy et al. (2019), the probe profile and probe diameter have a
direct impact on how much material is churned up during the welding process. The
dynamic-to-static ratio will change if the probe profile changes. The dynamic-to-static

ratio is higher with the CSTC tool. As a result, the UTS showed improvement.
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Figure 4.39 Relationship between UTS and hardness at the NZ, FS welded AA6061-
3(wt%) Rutile composite using CSTC tool

The change in UTS and hardness of the FS welded AA6061-3 (wt%) rutile composite
using the SQ tool is shown in Figure 4.40 for various rotating and welding speeds. The
composites being welded appear to have higher hardness and UTS values than the
composites being welded with a TC tool, but lower than those of the CSTC tool. The
dynamic-to-static ratio for square probe profiles is 1.57. As a result, during the welding
process, it sweeps more material (Mahakur et al. 2021). According to Kumar and Raju
(2012), the tool probe's square faces aid in creating a pulsing effect, which improves
joint strength. For a tool traverse speed of 75 mm/min and a rotational speed of 1000

rpm, increased joint strength and hardness are obtained as shown in Figure 4.40. Proper
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stirring of the material by the rotating tool and adequate heat generation led to an
increase in joint strength. It was discovered that the CSTC tool produces joints with a
higher strength than the TC and SQ tools when the joint strength of samples acquired
using the three different pin profiles was analyzed. Uniform material flow directed by
the threads and pulsing action of the square edges allow for improved heat generation,
appropriate plasticization, stirring, and consolidation of the material in the weld zone.

As a result, the joints made with CSTC tools have better mechanical characteristics.
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Figure 4.40 Relationship between UTS and hardness of the NZ, FS welded AA6061-
3(wt%) Rutile composite using SQ tool

4.11 TAGUCHI DESIGN OF EXPERIMENT

The impact of welding parameters on performance indicators such as yield strength,
UTS, hardness, and percentage elongation is assessed. Table 4.16 contains a list of the
input parameters and their corresponding levels employed for the current study. These
criteria were chosen based on a review of the literature and preliminary research. To
carry out the experiments in greater detail and examine the relevant process factors, an

L9 Taguchi orthogonal array (OA) of experiments was used.

4.11.1 Experimental results:

Table 4.17 evaluates the process parameters' impact on the output characteristics and
the corresponding S/N ratio values. All charts, designs, and analyses in the current study
were included using Minitab software. The main purpose of measuring reactions is to
produce goods and processes insensitive to noise effects (Cochran and Cox 1962). This

usually allows for the identification of the predictable results of either a product or a
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process when noise is present. The S/N ratio values with larger-the-better characteristics
are used in the present study. The process variable that has a higher S/N ratio will
produce the ideal result with the least amount of variance.

Table 4.16 Experimental design using L9 orthogonal array

Expt No. | Rotational speed (rpm) | Welding speed (mm/min) | Tool Geometry
1 750 60 1
2 750 75 2
3 750 90 3
4 1000 60 2
5 1000 75 3
6 1000 90 1
7 1250 60 3
8 1250 75 1
9 1250 90 2

Tool Geometry: 1 - Threaded Cylindrical; 2 - Combined Square and threaded
cylindrical; 3 — Square.

Table 4.17 Experimental results for each response

Exot YS (MPa) UTS (MPa) Hv (VHN) % EI
No. Expt. SIN Expt. SIN Expt. S/N ratio Expt. | S/N
Value | ratio Value ratio | Value Value | ratio
1 80 38.06 116 41.29 96 39.6 8.2 18.28
2 106 40.51 151 43.58 115 41.2 7.7 17.73
3 93 39.37 130 42.28 97 39.7 7.0 | 16.90
4 110 40.83 158 43.97 115 41.2 7.5 17.50
5 117 41.36 163 44.24 116 41.3 6.9 16.78
6 101 40.09 145 43.23 110 40.8 7.1 17.03
7 95 39.55 133 42.48 88 38.9 7.8 17.84
8 99 39.91 142 43.05 100 40.0 8.0 18.06
9 110 40.83 160 44.08 105 404 7.5 17.50
YS: Yield Strength; UTS: Ultimate Tensile Strength; Hy: Hardness; El: Elongation

156



4.11.2 Effect of process parameters on output responses ~-ANOVA

The L9 OA, shown in Table 4.16, was used to analyze the effects of process variables
on the responses such as hardness, yield strength, UTS, and % elongation. Using the
Analysis of Variance (ANOVA) computational technique, the implications, the
importance of the process parameters on the responses, and even the contribution
percentage of the parameters on the responses were determined (Ross, 1996). ANOVA
complies with the sum of squares, degrees of freedom, mean square, F-value, and P-
value. Table 4.18 — 4.21 shows the Analysis of variance for friction stir welded
composite material. It is clear from Tables 4.18 to 4.21 that the rotating speed, welding
speed, and tool geometry are important variables and affect the output responses. Based
on the P-value, the importance of the parameter is determined; if the P-value is less than
0.05, the parameter is considered significant. To determine the significant contribution
made by the process parameters on the responses, the percentage of contribution for
each process parameter is determined.
From Table 4.18, It is evident that rotational speed contributes the most to yield strength
(40.53%)), followed by tool geometry (35.70%), and welding speed (23.11%).
From Table 4.19, it can be observed that rotational speed has a major contribution of
40.47 % on UTS, followed by tool geometry of 38.03 % and welding speed of 20.48 %.
From Table 4.20, it can be observed that rotational speed has a major contribution of
50 % on hardness, followed by tool geometry of 27.94 % and welding speed of 21.48 %.
From Table 4.21, it can be observed that welding speed has the major contribution of
36.82 % on % elongation, followed by the rotational speed of 36.41 % and the tool
geometry of 26.63 %.

Table 4.18 Analysis of variance for Yield Strength (MPa)

Source DF | SeqSS |AdjSS |AdjMs | F P % contribution
Rot. Speed (rpm) | 2| 400.22 | 400.22 | 200.11 | 72.04 | 0.014 40.53
Welding Speed

(mm/min) 2| 228.22 | 22822 | 114.11|41.08| 0.024 23.11
Tool Geometry 2| 35356 | 35356 | 176.78 | 63.64 | 0.015 35.80
Residual error 2 5.56 5.56 2.78 0.56
Total 8 | 987.56
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Table 4.19 Analysis of variance for UTS (MPa)

Source DF | SeqSS | AdjSS | AdjMs | F P % contribution
Rot. Speed (rpm) | 2| 796.22 | 796.22 | 398.11 | 39.37 | 0.025 40.47
Welding Speed

(mm/min) 2| 402.89 | 402.89 | 201.44|19.92| 0.048 20.48
Tool Geometry 2| 748.22 | 748.22 | 374.11|37.00 | 0.026 38.03
Residual error 2 20.22 20.22 10.11 1.03
Total 8 | 1967.56

Table 4.20 Analysis of variance for Hardness (VHN)

Source DF | SeqSS | AdjSS | AdjMs | F P % contribution
Rot. Speed (rpm) | 2| 402.00 | 402.00 | 201.00 | 86.14 | 0.011 50.00
Welding Speed

(mm/min) 2| 172.67| 172.67 86.33 | 37.00 | 0.026 21.48
Tool Geometry 2| 224.67 | 224.67| 112.33| 48.14| 0.02 27.94
Residual error 2 4.67 4.67 2.33 0.58
Total 8| 804.00

Table 4.21 Analysis of variance for % Elongation

Source DF | SeqSS | AdjSS | AdjMs | F P % contribution
Rot. Speed (rpm) | 2 0.60 0.60 0.30 268 | 0.004 36.41
Welding Speed

(mm/min) 2 0.60 0.60 0.30 271 | 0.004 36.82
Tool Geometry 2 0.44 0.44 0.22 196 | 0.005 26.63
Residual error 2 0.00 0.00 0.00 0.14
Total 8 1.64

From Table 4.18 — 4.21, it can be concluded that rotational has a major contribution to

the output responses like yield strength, UTS, and hardness whereas % elongation was

mainly affected by tool geometry followed by welding speed.

Figure 4.41 — 4.44 represents the main effect plots for yield strength, UTS, hardness,

and %elongation of FS welded composite respectively. Tool rotational speed controls
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the amount of heat developed at the weld zone whereas, the heat exposure time and rate
of cooling are depended on welding speed. Optimum heat generation and cooling rate
are necessary for proper plasticization and appropriate material flow in the weld zone
thereby controlling the mechanical properties of the welded material. At lower
rotational speed, the heat developed is insufficient whereas at higher rotational speed,
higher heat input results in turbulent material flow. Higher strength was observed in the
sample welded at 1000 rpm. The welding speed has a major impact on the hardness, as
heat exposure time and cooling rate are dependent on it. Finer grains produce increased
hardness, according to the Hall-Petch theory. Longer exposure time results in a reduced
cooling rate thereby promoting the grain growth and formation of coarser grains.
Similarly, reduced heat supply enables the formation of finer grains due to which the

hardness of the workpiece increases.
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Figure 4.41 Effect of process parameters on yield strength
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Figure 4.42 Effect of process parameters on UTS
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Figure 4.43 Effect of process parameters on Hardness
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Figure 4.44 Effect of process parameters on % elongation
4.12 RESPONSE SURFACE METHODOLOGY

4.12.1 RSM Modelling

The response prediction using RSM was implemented using the Central Composite
Design (CCD). There were 20 trials performed, with an alpha value of 1, 8 cube points,
6 cube center points, and 6 axial points. Trials were performed to define the range of
the process parameters to create joints without faults. The association between the
process parameters and the FSW output responses is established in the current work
using CCFCD. Analysis of variance (ANOVA) was utilized to validate the model's
performance (Tables 4.22 — 4.25). Using this technique, the model's importance is

determined. The model is significant if it meets the requirement that Prob>f is less than
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0.0500. It may be said that all the proposed models are important because they all satisfy
the requirement that Prob>f'is less than 0.0500. The R2 correlation coefficient was used
to determine whether the fitted regression model was adequate. R2 must be near unity
in value. The "Pre-R-squared" values for each response are reasonably correlated with
the "Adj R-Squared" values.

From the table, it is observed that each of the process parameters and interactions

among themselves had a major influence on the process responses.

Table 4.22 Analysis of Variance of Yield Strength (MPa)

Source DF Adj SS | Adj MS | F-Value | P-Value
Model 9 5323.64 | 591.52 | 135.79 0
Linear 3 532.9 | 177.63 40.78 0
RS 1 230.4 230.4 52.89 0
WS 1 108.9 108.9 25 0.001
TG 1 193.6 193.6 44.44 0
Square 3 4784.36 | 1594.79 | 366.1 0
RS*RS 1 455.05 | 455.05 | 104.46 0
WS*WS 1 295.36 | 295.36 67.8 0
TG*TG 1 455.05 | 455.05 | 104.46 0
2-Way Interaction 3 6.38 2.13 0.49 0.698
RS*WS 1 3.13 3.13 0.72 0.417
RS*TG 1 0.13 0.13 0.03 0.869
WS*TG 1 3.13 3.13 0.72 0.417
Error 10 43.56 4.36
Lack-of-Fit 5 38.06 7.61 6.92 0.027
Pure Error 5 5.5 11
Total 19 5367.2
Table 4.23 Analysis of Variance of UTS (MPa)

Source DF | AdjSS | AdjMS F-Value | P-Value

Model 9 |8664.92| 962.77 888.65 0

Linear 3 856.2 285.4 263.43 0
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RS 1 | 4225 422.5 389.97 0
WS 1 240.1 240.1 221.62 0
TG 1 193.6 193.6 178.7 0
RS*RS 1 | 777.84 777.84 717.96 0
WS*WS 1 | 384.09 384.09 354.52 0
TG*TG 1 | 824.78 824.78 761.28 0
2-Way Interaction 3 28.38 9.46 8.73 0.004
RS*WS 1 28.13 28.13 25.96 0
RS*TG 1 0.13 0.13 0.12 0.741
WS*TG 1 0.13 0.13 0.12 0.741
Error 10 | 10.83 1.08
Lack-of-Fit 5 5.33 1.07 0.97 0.513
Pure Error 5 5.5 1.1
Total 19 | 8675.75

Table 4.24 Analysis of Variance of Hardness
Source DF | AdjSS | AdjMS | F-Value | P-Value
Model 9 |4034.09| 448.23 668.1 0
Linear 3 126.5 42.17 62.85 0
RS 1 57.6 57.6 85.85 0
WS 1 62.5 62.5 93.16 0
TG 1 6.4 6.4 9.54 0.011
Square 3 13899.09 | 1299.7 1937.22 0
RS*RS 1 | 563.78 563.78 840.32 0
WS*WS 1 | 213.84 213.84 318.73 0
TG*TG 1 | 238.78 238.78 355.9 0
2-Way Interaction 3 8.5 2.83 4.22 0.036
RS*WS 1 8 8 11.92 0.006
RS*TG 1 0.5 0.5 0.75 0.408
WS*TG 1 0 0 0 1
Error 10 6.71 0.67
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Lack-of-Fit 5 1.88 0.38 0.39 0.839
Pure Error 5 4.83 0.97
Total 19 | 4040.8

Table 4.25 Analysis of Variance of % Elongation

Source DF | AdjSS Adj MS F-Value P-Value
Model 9 2.94373 | 0.327081 50.89 0
Linear 3 1.646 0.548667 85.37 0
RS 1 0.009 0.009 1.4 0.264
WS 1 0.961 0.961 149.52 0
TG 1 0.676 0.676 105.18 0
Square 3 1.28273 | 0.427576 66.53 0
RS*RS 1 0.8046 | 0.804602 125.19 0
WS*WS 1 0.0046 0.004602 0.72 0.417
TG*TG 1 0.03273 | 0.032727 5.09 0.048
RS*WS 1 0.005 0.005 0.78 0.398
RS*TG 1 0.005 0.005 0.78 0.398
WS*TG 1 0.005 0.005 0.78 0.398
Error 10 | 0.06427 | 0.006427

Lack-of-Fit 5 0.02427 | 0.004855 0.61 0.702
Pure Error 5 0.04 0.008

Total 19 3.008

4.12.2 Regression Analysis

To determine the relationship between the process parameters and the responses,
regression analysis is chosen. The quadratic technique is utilized in the current study to
fit the model and continue the analysis of the experimental data. The resulting

regression equations are provided in equations 4.1 through 4.4.
Z[YS_MPa]=126.245+ 4.800*RS+ 3.300*WS+ 4.400*TG- 12.86*RS*RS- 10.36*WS*

WS-12.86*TG*TG+ 0.625*RS*WS+ 0.125*RS*TG+ 0.625*WS*TG (4.1)
Z[UTS_MPa]= 175.227+ 6.500*RS+ 4.900*WS+ 4.400*TG- 16.818*RS*RS- 11.818*
WS*WS-17.318*TG*TG+ 1.875*RS*WS+ 0.125*RS*TG+ 0.125*WS*TG (4.2)
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Z[Ha_VHN]=126.627- 2.400*RS+ 2.500*WS- 0.800*TG- 14.318*RS*RS- 8.818*WS*

WS- 9.318*TG*TG+ 1.000*RS*WS+ 0.250*RS*TG+ 0.000*WS*TG (4.3)
Z[%EI] = 7.2036+ 0.0300*RS- 0.3100*WS- 0.2600*TG+ 0.5409*RS*RS +0.0409*WS
*WS- 0.1091*TG*TG- 0.0250*RS*WS+ 0.0250*RS*TG- 0.0250*WS*TG (4.4)

Table 4.26 exhibits a Comparison of yield strength, UTS, Hardness, and % elongation
predicted by the RSM Model, with the experimentally determined values for friction
stir welded composites. The largest inaccuracy from the data in Table 4.26 was 3.0%,
indicating that the RSM model with quadratic terms and interaction terms is capable of

making accurate predictions.

Table 4.26 Comparison of experimentally determined yield strength, UTS, hardness,
and %elongation values with the predicted values by the RSM Model for
friction stir welded AA6061/3wt% rutile composite

Sl Yield Strength (MPa) UTS (MPa) Hardness (VHN) % Elongation

No. | Expt | Pr Error | Expt | Pr Error Expt | Pr Error | Expt | Pr Error
1 99 | 100.9 | -1.9% 142 | 1431 -0.8% 107 | 1074 | -0.4% 741 7.5 -1.0%
2 99 | 100.0 | -1.0% 139 | 138.9 0.1% 105 | 104.3 | 0.6% 73| 7.3 -0.3%
3 95| 96.0 | -1.0% 136 | 136.9 -0.7% 106 | 106.8 | -0.8% 76| 7.7 -1.1%
4 101 | 101.3 | -0.3% 145 | 146.5 -1.0% 110 | 1118 | -1.6% 71 7.1 -0.2%
5 102 | 103.9 | -1.9% 145 | 146.3 -0.9% 97 | 97.6 | -0.6% 81| 82 -0.6%
6 106 | 108.6 | -2.4% 151 | 1519 -0.6% 115 | 114.7 | 0.3% 77 1.7 -0.2%

4.12.3 Summary

The joining of AA6061/3wt% rutile composites has been experimentally studied to

determine the impact of FSW process parameters on output responses.

» The developed RSM model has generated very reasonable predictions for the

output of FSW operation, which is supported by the validation experiments.

» The single response can be predicted using the RSM technique, which lessens

the significance of the other responses. Therefore, if there are multiple
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Multi-objective optimization is the process of finding the most appropriate solution for
multiple objective functions (deals with more than one objective function). The
majority of optimization issues involve multiple objectives. Numerous objective
functions that must be minimized or maximized make up a multi-objective function
problem. All of the goals are significant; if one goal's solution is too extreme, it may be
necessary to compromise on other goals. The optimum outcomes for the given problems
within the restrictions can be achieved through the use of optimization. Here, a
comparison of the GRA, Desirability Approach, and TLBO optimization techniques is

made to determine the best optimization method.

4.13 GREY RELATIONAL ANALYSIS (GRA)

Deng (1989) proposed the Grey relational analysis, which is widely used to determine
the degree of relationship between sequences via grey relational grading (Kuo et al.
2008a). Grey relation analysis is regarded as a "black-box" method that is typically used
to pinpoint the core of a system that lacks information. To use this technique,
information is divided into two categories: black for information that is lacking and
white for abundant information. Grey simply refers to the information that is between
these two categories of black and white. In other words, the information is considered
to be grey since it is erratic and incomplete. As a result, the system with incomplete
information is referred to as a grey system. The three terms that are particularly
significant in the Grey phenomena are Grey System, Grey Number, and Grey Element.
The element with only incomplete information is designated as Grey. The Grey number,
according to the Grey system, is one with insufficient data. Similarly, the Grey relation
is related to partial information. The term "black box" designates a system without
inside information. In the case of discrete sequences, the Grey relation technique is
typically applied to determine and examine the relational grade. The Grey relation
analysis typically uses fewer data but analyses more variables, making it more

advantageous than the statistical method.
4.13.1 Response Pre-processing

Since the unit and range of one response differ from the others, preprocessing of

responses was necessary for GRA. When the scatter range of response is too large or
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when the target direction of the response is different then also response preprocessing
is to be carried out in GRA. Response preprocessing is a process of converting original
responses into comparable values. Responses are to be normalized in the range of zero
to one to make them comparable values using equation 4.5 (Kuo et al. 2008a; b). In the
present study for all the responses namely Yield strength, UTS, hardness, and %
elongation, the “larger the better” criteria were selected, as the quality of the weld was
represented by higher values of these responses. The original values of responses were

normalized as follows for the “larger the better” criteria and listed in Table 4.27.

pi(k) — minp;(k)
max p;(k) — minp;(k)

p; (k) = (4.5)

where, p;(k) and p; (k) are the values before and after response preprocessing, where
i represents the experiment number and k represents the response. Further Ag; (k)
represents the deviation of the normalized value p; (k), from the reference value pg (k).
The calculation was done for all the experiments and responses as given in equation 4.6

(Kuo et al. 2008a; b).
Doi(k) = |po (k) = p; (k)] (4.6)

4.13.2 Calculating Grey Relational Coefficient (GRC) and Grey Relational Grade
(GRG)

A grey relational coefficient (GRC) was calculated using the values obtained after
response preprocessing. GRC formulates the relationship between the actual
normalized response values with the ideal values. The GRC can be calculated using
equation 4.7.

Amin + S-Amax
AOi(k) + 6-Amax

Where A,;(k) is the deviation of the normalized value p;(k), from the reference

8:(k) =

(4.7)

value pg(k), 6 is a coefficient of identification (Kuo et al. 2008a). The value of & is
taken as 0.25 by considering the equal preference for all the variables. The GRC for
each experiment was calculated and tabulated in Table 4.28.

After calculating GRC, Grey Relational Grade was obtained by taking the

average of GRC corresponding to each experiment using equation 4.8 (Kuo et al.
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2008a). The multiple response optimization of the process variables is based on the
GRG.

1 n
pi = ng 6,(k) (48)

Where §;(k) is the GRG for the ith experiment which varies from 1 to 9 and n is the
number of responses. Table 4.28 lists the GRG for each experiment. The experiment
which is nearer to the ideal normalized value shows a higher GRG.

Table 4.27 Normalized Values of Responses

Output Response Normalized value
Expt
YS UTS Hy
No. YS UTS Hy
(MPa) | (MPa) | (VHN)

1 80 116 96 0.0000 0.0000 0.2857
2 106 151 115 0.7027 0.7447 0.9643
3 93 130 97 0.3514 0.2979 0.3214
4 110 158 115 0.8108 0.8936 0.9643
5 117 163 116 1.0000 1.0000 1.0000
6 101 145 111 0.5676 0.6170 0.7857
7 95 133 88 0.4054 0.3617 0.0000
8 99 142 100 0.5135 0.5532 0.4286
9 110 160 105 0.8108 0.9362 0.6071

YS: Yield Strength; UTS: Ultimate Tensile Strength; Hy: Hardness

It was inferred from Table 4.28 that trial 5 yields a better multi-response value among
the conducted trials since it possesses a higher GRG. It could be concluded from the
present work that the multi-response optimization of FSW process variables of AMCs
can be accomplished by transforming multi-responses into GRG.

The orthogonal experimental design helps to isolate the effect of each variable on the
grey relational grade at various levels. For instance, the welding speed at three distinct
levels was calculated by taking the mean of GRG for the trials [1,4,7], [2,5,8], and

[3,6,9]. The impact of other parameters at various levels was computed and listed in
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Table 4.29. A higher GRG implies that the product quality is closer to the best value.

Therefore, for the best performance, a higher value of GRG was preferred.

Table 4.28 Deviation Sequence, Grey Relational coefficient, Grey Relational Grade

Expt Deviation Sequence Grey Relational Coefficient Grey Relational
No. (GRC) Grade (GRG)
YS UTS Hy YS UTS Hv

1 1.0000 | 1.0000 | 0.7143 | 0.2481 0.2481 0.3160 0.2707

2 0.2973 | 0.2553 | 0.0357 | 0.5261 0.5638 0.9023 0.6641

3 | 0.6486 | 0.7021 | 0.6786 | 0.3372 0.3197 0.3272 0.3280

4 1 0.1892 | 0.1064 | 0.0357 | 0.6356 0.7562 0.9023 0.7647

5 0.0000 | 0.0000 | 0.0000 1.0000 1.0000 1.0000 1.0000

6 | 0.4324 | 0.3830 | 0.2143 | 0.4328 0.4628 0.6063 0.5007

7 | 0.5946 | 0.6383 | 1.0000 | 0.3569 0.3408 0.2481 0.3153

8 0.4865 | 0.4468 | 0.5714 | 0.4042 0.4248 0.3661 0.3984

9 | 0.1892 | 0.0638 | 0.3929 | 0.6356 0.8379 0.4565 0.6434

YS: Yield Strength; UTS: Ultimate Tensile Strength; Hy: Hardness

Table 4.29 Grey Relational Grade (GRG) Response Table

Rotational Welding Tool
Level
Speed Speed Geometry

1 0.4210 0.4503 0.3899

2 0.7551* 0.6875* 0.6907*

3 0.4523 0.4907 0.5478
Delta 0.3342 0.2372 0.3008
Rank 1 2

The total mean value of the GRG = 0.5428, * Optimum GRG levels.

The main effect plot of GRG for each process variable was depicted in Figure 4.45.

Considering larger GRG, the optimal level of variables for better mechanical properties

is rotational speed at level 2, welding speed at level 2, and tool geometry at level 2, i.e.,

1000rpm, 75mm/min, and combined square and threaded cylindrical pin.
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Figure 4.45 Main effect plot for grey relational grade

4.13.3 Validation Test

To validate the improvement in the responses based on GRG results, a confirmation

trial was performed using optimum levels of variables obtained from the TGRA. The

output responses of the welded specimens were measured and tabulated. As shown in

Table 4.30, a joint formed at the optimum value of the process parameter exhibits better

mechanical properties than the specimen obtained at trial no.5 which had a higher GRG.

This proves that TGRA can be effectively applied for the multi-response optimization

of FSW of composites.

Table 4.30 Response values of the joint at trial 5 and with optimal process variables

) Welding
) Rotational Tool YS UTS Hy
Experiment No. Speed
Speed(rpm) _ Geometry | (MPa) | (MPa) | (VHN)
(mm/min)
5 1000 75 SQ 117 163 116
Optimum Value 1000 75 CSTC 128 176 126

YS: Yield Strength; UTS: Ultimate Tensile Strength; Hy: Hardness

Related Article: Prabhu, S. R., Shettigar, A., Herbert, M. A., and Rao, S. S. (2022).

“Optimization of FSW process parameters for maximum UTS of AA6061/rutile

composites using Taguchi technique.” Sci. Iran., 29(2 B), 534-542.
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4.13.4 Analysis of variance (ANOVA)

The effects of each process variable on welding behaviour were evaluated using
ANOVA for the produced GRG data. The results are displayed in Table 4.31. It was
found that the chosen process parameters welding speed exhibited the highest
contribution to the responses followed by rotational speed and tool geometry

respectively.

Table 4.31 ANOVA of GRG

Source DF | SeqSS | AdjSS ':\/Idsj F P % Contribution
Rotational Speed | 2 | 0.5956 | 0.5956 | 0.2978 | 268 | 0.004 36.41
Welding Speed 2 | 0.6022 | 0.6022 | 0.3011 | 271 | 0.004 36.82
Tool Geometry 2 | 0.4356 | 0.4356 | 0.2178 | 196 | 0.005 26.63
Residual Error 2 | 0.0022 | 0.0022 | 0.0011 0.14
Total 8 | 1.6356

4.14 DESIRABILITY APPROACH FOR OPTIMIZATION

The optimization criteria must first be determined to do multi-characteristic
optimization using the desirability approach. The main purpose of optimization is to
maximize yield strength, ultimate tensile strength, and hardness. The input parameters
rotational speed and welding speed are used in coded form by assigning values -1 to
the minimum value and +1 to the maximum value. In the case of tool geometries,
threaded cylindrical was assigned with -1, CSTC tool with zero, and square tool with
value +1. Figure 4.46 shows the optimum values of process parameters and
corresponding output responses. In the current study, it is observed that as the rotational
speed increases the UTS increases initially, then it starts decreasing due to the turbulent
material flow. The distribution of hardness in the various weld area regions is closely
related to the UTS of the joint.
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Figure 4.46 Desirability optimization for FS welded AA6061/Rutile composite.

4.14.1 Validation Test

To validate the results of RSM, a confirmation trial was performed using optimum

levels of variables obtained from the RSM. The output responses of the welded

specimens were measured and tabulated. As shown in Table 4.32, a joint formed at the

optimum value of the process parameter exhibits better mechanical properties than the

specimen obtained by using the process parameter values suggested by TGRA. This

proves that RSM can be effectively applied for the multi-response optimization of FSW

of composites.

Table 4.32 Response values of the joint at trial 5, joints using TGRA using DA

Expt No. R()Stgzsg al V;?Selgg G Tool YS | UTS Hy
(tpm) | (mm/min) eometry |(MPa)| (MPa) | (VHN)

5 1000 75 SQ 117 163 116

Optimum Value 1000 75 CSTC 126 175 125
Optimum Value -DA| 1022.75 77.6 CSTC |126.9| 176.2 | 126.5

Experiment value 1023 78 CSTC 127 176 126

YS: Yield Strength; UTS: Ultimate Tensile Strength; Hy: Hardness
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415TLBO

The present study considers both single-objective and multi-objective optimization of
yield strength, hardness, and UTS. The TLBO algorithm employed the mathematical
models created by RSM as a fitness function.

The second-order regression models for yield strength, UTS and hardness are obtained
by using equations 4.1 to 4.3 respectively. These regression models are used for a single
objective and multi-objective optimization using the TLBO as fitness functions.
MATLAB R2019b software was used to develop the TLBO algorithm. TLBO requires
only the size of the population and the total number of iterations to develop the
algorithm. The size of the population for the current study was fixed as 20 and the
number of iterations as 50. The result of the TLBO is shown in Table 4.33.

Table 4.33 TLBO algorithm predictions and the experimental values

Response TLBO algorithm estimations Experimental values Error
function ~ FSW process variables  Response FSW process Response %
optimized value variables values

RS WS TG RS WS TG

YS(MPa) 10479 776 ~CSTC 12737 1050 78 CSTC 126 1.08
UTS(MPa) 1051.8 784 ~CSTC 176.73 1050 78 CSTC 174 154
HJ(VHN) 9793 77 ~CSTC 126.92 980 78 CSTC 127 0.06
RS:Rotational Speed (rpm); WS: Welding Speed (mm/min); TG: Tool Geometry;
YS: Yield Strength; UTS: Ultimate Tensile Strength; Hv: Hardness

Related Article: Prabhu, S. R., Shettigar, A., Herbert, M. A., and Rao, S. S.

(2022). “Parameter investigation and optimization of friction stir welded

AA6061/Ti02 composites through TLBO.” Weld. World, 66(1), 93-103.

172



4.15.1 Validation

An optimal combination of FSW process variables was obtained from equations 4.1,
4.2, and 4.3 for output responses YS, UTS, and hardness respectively using the TLBO
algorithm. Confirmation tests were performed to validate the results. Three friction stir
weld samples were prepared using a close range of process variables obtained from the
TLBO algorithm to validate its performance. Table 4.33 compares the output responses
obtained from the TLBO algorithm with the response values obtained from the
experiments. As three samples were prepared to have a close range of process
parameters, the mean value of each of the output responses were considered for
comparison with estimated response values. From the confirmation test, it can be
confirmed that the developed models are acceptable to optimize the FSW process

variable values to join AA6061/TiO> composite, using the TLBO algorithm.

4.15.2 Multi-objective optimization using TLBO

Here several objectives (either minimizing or maximizing) are optimized
simultaneously satisfying a group of constraints. It is important to find a relative
preference factor for multiple objectives based on which a composite fitness function
is constructed as a weighted summation of normalized individual objectives. This
converts a multi-objective optimization problem into an optimization problem with a
single objective. Formulated combined fitness function is then optimized to obtain one
trade-off solution.

The single-objective optimization results of the studied FSW process show that distinct
parametric settings are obtained for various responses according to the use of
algorithms. However, it is never conceivable for an operator to establish the FSW
process parameters at various operating levels in a single FSW setup in a real-time
welding environment.

Deriving a special combination of the process parameters is therefore usually advocated
to simultaneously maximize all four responses. To do this, the following multi-
objective optimization model is created, and the TLBO is then used to solve it.

In this investigation, single-objective functions are formulated as given in Egs. 4.1 to
4.3. A multi-response optimization function is created by combining the single-

objective functions mentioned above. The normalized multi-objective fitness function
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was developed by giving each of these objectives equal weights as shown in Equation
4.9.

Maximize f(x) = [w1 *Y (Yield strength) / Yield strength (max)] + [w2 *Y (UTS)
/ UTS (max)] + [w3 * Y (Hardness) / Hardness (max)] + [w4 * Y (% Elongation)
/ % Elongation (max)] (4.9)

where w1, w2, and w3 are the weights allotted to yield strength, UTS, and Hardness
respectively. Yield strength (max), UTS (max), and Hardness (Max)) are the maximum
value of the respective responses. These values are derived from the outcomes of the
single-objective optimization of the responses. Equal weight is given to each response
that is taken into account. Table 4.34 provides the solutions to this multi-objective

optimization problem.

Table 4.34 Comparison of Optimized process parameter and Output response values.

_ Welding
_ | Rotational Tool YS UTS Hy
Experiment Detail Speed
Speed (rpm) ] Geometry | (MPa) | (MPa) | (VHN)
(mm/min)
Optimum Value
from L9 OA 1000 75 SQ 117 163 116
Optimum Value
from GRA 1000 75 CSTC 126 175 125
Optimum Value | 0,5 75 776 CSTC | 1269 | 176.2 | 1265
from DA
Optimum Value
from TLBO 1024.15 77.6055 CSTC | 126.9 | 176.3 | 126.5
Experiment Value 1025 78 ~CSTC 127 177 126

YS: Yield Strength; UTS: Ultimate Tensile Strength; Hy: Hardness

4.15.3 Summary of the optimization results

This part covered both conventional and novel optimization algorithms, including
TLBO, desirability approach, and grey relational analysis. To compare the correlation
between the input variables and output responses, the quadratic regression model has

been designed. The TLBO method used the mathematical models created by the RSM
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approach as a fitness function to optimize the welding parameters. The analysis leads
to the following conclusions:
e Based on the TGRA, Desirability approach, and TLBO optimization technique,
optimized process parameters were developed.
e It can be inferred from statistical (Desirability and GRA) and evolutionary
(TLBO) optimization methodologies that the latter approach produces superior

outcomes for the considered problem.

4.16 PREDICTION OF THE FSW PROCESS USING GA MLPNN

In this section, intelligent GA-MLPNN-based prediction algorithms for FSW
operations are discussed. FSW is carried out at different rotational speeds, welding
speeds, and tool geometries. 74% of the data gathered during experimentation are used
to train the model, while the remaining data are utilized to test and validate it. The
formulation of the GA-MLPNN model for prediction of yield strength, UTS, and
Hardness of friction stir welded AA6061-3wt% rutile composite has been discussed in
this chapter.

Linear regression plotting of the overall output of GA-MLPNN is shown in Figure 4.47.
The small circles in the plot indicate the input data. The data has a decent fit and the
co-efficient of Target is nearly equal to 1 which shows that this GA-MLPNN has
excellent performance. The constant term in the y-axis of Figure 4.47 indicates it is the
error or the residue. The error is added to scale the Target to keep it as close to the
predicted output as possible. Ideally, it should be zero, here from Figure 4.47 the overall
value of error is 0.65. This shows that the GA-MLPNN prediction is good. From Figure
4.48 it can be concluded that validation and test curve are remarkably similar hence
they do not indicate any major problems with training. From Table 4.35 and Figures
4.49 10 4.52, it has been inferred that GA-MLPNN is better than MLPNN. From Tables
4.36 and 4.37, it has been observed that the average error in yield strength using
MLPNN was 0.452 whereas GA-MLPNN was 0.111. Similarly, the prediction of UTS
using MLPNN has an error of 0.644 whereas MLPNN-GA has 0.222. During the
prediction of hardness, the error value in the case of MLPNN was 0.343 whereas the
GA-MLPNN error was 0.010. Similarly, in the prediction of %elongation, the MLPNN
error value was 0.057 whereas the GA-MLPNN error was 0.005. This shows that
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combined prediction with GA-MLPNN is much better than prediction with MLPNN

alone.
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Table 4.35 Experimental Data

SI No Rotational |Welding Speed| Tool YS UTS Hy % El
Speed (rpm)| (mm/min) | Geometry | (MPa) | (MPa) | (VHN)

1 750 60 TC 80 116 96 8.2
2 750 75 TC 91 130 107 7.9
3 750 90 TC 84 122 99 7.7
4 1000 60 TC 95 136 106 7.6
5 1000 75 TC 106 152 118 7.3
6 1000 90 TC 101 145 110 7.1
7 1250 60 TC 88 125 89 8.3
8 1250 75 TC 99 142 100 8
9 1250 90 TC 94 138 96 7.6
10 750 60 CSTC 94 135 104 8.1
11 750 75 CSTC 106 151 115 1.7
12 750 90 CSTC 99 142 107 7.4
13 1000 60 CSTC 110 158 115 7.5
14 1000 75 CSTC 128 176 126 7.1
15 1000 90 CSTC 118 168 120 7
16 1250 60 CSTC 102 145 97 8.1
17 1250 75 CSTC 117 165 109 7.8
18 1250 90 CSTC 110 160 105 7.5
19 750 60 SQ 87 124 94 7.7
20 750 75 SQ 99 139 105 7.3
21 750 90 SQ 93 130 97 7
22 1000 60 SQ 102 145 105 7.2
23 1000 75 SQ 117 163 116 6.9
24 1000 90 SQ 110 155 109 6.7
25 1250 60 SQ 95 133 88 7.8
26 1250 75 SQ 108 151 99 7.3
27 1250 90 SQ 104 147 95 7.1

YS: Yield Strength; UTS: Ultimate Tensile Strength; Hy: Hardness; El. Elongation
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Table 4.36 Predicted values and corresponding Error from MLPNN

YS UTS Hy %

Error Error Error Error
(MPa) (MPa) (VHN) Elongation
81.45 1.82% | 116.54 | 0.47% 97.25 1.30% 8.44 2.95%
91.46 0.51% | 13159 | 1.22% | 108.36 | 1.27% 7.81 -1.12%
85.12 1.33% | 12429 | 1.88% 99.27 0.27% 7.62 -1.01%
95.13 0.14% | 135.35 | -0.48% | 105.14 | -0.82% 7.55 -0.67%
108.05 | 1.94% | 152.05 | 0.03% | 116.68 | -1.12% 7.40 1.36%
100.20 | -0.79% | 146.68 | 1.16% | 111.05 | 0.96% 7.28 2.60%
88.47 0.53% | 125.17 | 0.14% 90.19 1.34% 8.27 -0.33%
98.82 | -0.18% | 14236 | 0.25% | 99.40 | -0.60% 8.00 -0.05%
95.79 191% | 137.46 | -0.39% 96.50 0.52% 7.62 0.31%
95.38 1.47% | 137.77 | 2.05% | 103.49 | -0.49% 8.28 2.19%
107.38 | 1.31% | 151.12 | 0.08% | 116.03 | 0.90% 8.07 4.77%
98.85 -0.15% | 141.76 | -0.17% | 107.59 | 0.55% 7.52 1.61%
109.43 | -0.51% | 157.41 | -0.38% | 114.54 | -0.40% 7.44 -0.83%
129.00 | 0.78% 175.27 | -0.42% | 127.28 1.02% 7.21 1.53%
117.60 | -0.34% | 168.93 | 0.55% | 119.35 | -0.54% 7.00 0.06%
103.12 | 1.10% | 146.16 | 0.80% 97.38 0.39% 8.06 -0.47%
116.78 | -0.19% | 165.45 | 0.27% | 108.03 | -0.89% 7.94 1.78%
110.78 | 0.71% | 161.29 | 0.81% | 105.45 | 0.43% 7.46 -0.59%
86.30 -0.81% | 123.88 | -0.10% 94.95 1.01% 7.82 1.51%
98.96 | -0.04% | 140.93 | 1.39% | 105.77 | 0.73% 7.03 -3.66%
94.53 1.64% | 13233 | 1.79% 96.41 -0.60% 6.84 -2.22%
101.80 | -0.19% | 14559 | 0.41% | 106.08 | 1.03% 7.21 0.18%
116.91 | -0.07% | 163.20 | 0.12% | 116.37 | 0.32% 6.88 -0.29%
11042 | 0.38% | 155.81 | 0.52% | 11042 | 1.31% 6.76 0.84%
94.85 -0.16% | 133.10 | 0.07% 87.76 -0.27% 8.06 3.36%
108.73 | 0.68% | 151.63 | 0.42% | 99.20 | 0.20% 7.60 4.05%
103.46 | -0.52% | 146.12 | -0.60% 95.50 0.53% 7.21 1.51%

YS: Yield Strength; UTS: Ultimate Tensile Strength; Hy: Hardness
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Table 4.37 Predicted values and corresponding Error from GA-MLPNN

YS UTS Hy %

Error Error Error Error
(Mpa) (MPa) (VHN) Elongation
79.53 -0.58% 115.22 | -0.67% 95.48 -0.54% 8.27 0.85%
90.72 -0.31% 129.00 | -0.77% | 108.11 | 1.04% 7.84 -0.78%
85.14 1.36% 123.06 | 0.87% 98.46 -0.55% 7.68 -0.29%
93.90 -1.16% 134.56 | -1.06% | 107.54 | 1.45% 7.68 1.08%
107.54 | 1.45% 152.61 | 0.40% 116.44 | -1.32% 7.33 0.48%
100.01 | -0.98% 146.21 | 0.83% | 11243 | 2.21% 7.05 -0.66%
86.54 -1.66% 123.59 | -1.13% 90.63 1.83% 8.26 -0.53%
99.99 1.00% 143.30 | 0.91% | 99.66 | -0.34% 7.99 -0.08%
94.73 0.77% 138.37 | 0.27% 96.69 0.72% 7.65 0.64%
93.31 -0.74% 133.47 | -1.13% | 102.70 | -1.25% 8.09 -0.13%
105.35 | -0.62% 150.76 | -0.16% | 117.02 | 1.76% 7.76 0.76%
100.75 | 1.76% 143.49 | 1.05% | 107.56 | 0.53% 7.47 1.00%
110.29 | 0.27% 157.59 | -0.26% | 114.37 | -0.55% 7.53 0.43%
127.92 | -0.06% 175.26 | -0.42% | 125.66 | -0.27% 7.09 -0.15%
117.06 | -0.80% 168.52 | 0.31% | 120.29 | 0.24% 6.91 -1.25%
100.58 | -1.39% 144.56 | -0.30% 97.05 0.05% 8.14 0.51%
116.91 | -0.07% 163.53 | -0.89% | 109.35 | 0.33% 7.78 -0.21%
111.68 | 1.53% 162.56 | 1.60% | 102.40 | -2.48% 7.49 -0.14%
88.11 1.28% 126.27 | 1.83% 95.38 1.47% 7.66 -0.46%
98.82 | -0.18% 140.36 | 0.98% | 106.04 | 0.99% 7.24 -0.82%
91.22 -1.91% 132.46 | 1.89% 97.92 0.95% 7.06 0.91%
103.73 | 1.70% 146.98 | 1.36% | 107.34 | 2.23% 7.10 -1.42%
116.05 | -0.82% 162.53 | -0.29% | 110.82 | -4.46% 6.94 0.60%
110.63 | 0.58% 153.70 | -0.84% | 107.67 | -1.22% 6.76 0.96%
97.00 2.11% 134.71 | 1.28% 87.54 -0.52% 7.78 -0.20%
107.68 | -0.30% 151.55 | 0.37% 99.50 0.51% 7.32 0.27%
104.93 | 0.89% 144.07 | -1.99% 93.30 -1.79% 7.13 0.36%

YS: Yield Strength; UTS: Ultimate Tensile Strength; Hy: Hardness
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4.17 SUMMARY OF THE RESULTS

4.17.1 Characterization of as-cast AA6061-3(wt%b) rutile composites

1. The X-Ray Diffraction (XRD) analysis of as-cast AA6061-3(wt%) rutile composites
indicated the absence of peaks corresponding to intermetallic phases.

2. The SEM examination of as-cast AA6061-3 (wt%) rutile composite exhibited a
dendrite structure. Measured mechanical properties of the as-cast composite were:-
Vickers hardness value of 84+3 VHN, yield strength of 130 £ 4 MPa, Ultimate
tensile strength is 190 + 6 MPa and percentage elongation of 9.5+0.2%.

3. Tear ridges were observed on the fracture surface of the AA6061-3 (wt%) rutile

composite confirming ductile fracture.

4.17.2 Friction stir welding of AA6061 -3(wt%0) rutile composites

Utilizing three different types of tools, friction stir welding of AA6061-3(wt%) rutile
composite was done at various rotational and welding speed combinations. To analyze
the impact of process parameters, the microstructure and mechanical characteristics of

the welded specimens were examined. From this- the following conclusions are arrived.
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A. Macrostructural and Microstructural characterization of Friction Stir Welded
AA6061-3 (Wt%) Rutile composite:

Based on the macro-structural analysis and micro-structural analysis, the effect of
operational parameters on the joint qualities of AA6061-3 (wt%) Rutile composites
during FSW has been explored.

1. Examining FS welded composite joints formed using threaded probe profiles
revealed that defects were produced at rotational speeds greater than 1250 rpm and
less than or equal to 500 rpm. Similar defects were seen when the tool traverse speed
was more than 100 mm/min or less than 50 mm/min.

2. The investigation of the FS welded composites using a combined square and
threaded probe profile has shown the ensuing outcomes: -

a. Pinhole defects have been observed when the rotational speed is less than or
equal to 500 rpm and the tool traverse speed is less than 50 mm/min.
Wormholes were found when the rotating speed was less than 500 rpm and the
tool traverse speed was greater than 100 mm/min.

b. When the rotational speed is more than 1250 rpm and the welding speed is less
than 50 mm/min and more than 100 mm/min, tunnel holes were seen in the
weld zone. The process parameter window that gives defect-free welds was
slightly narrower than the window obtained for the TC tool.

3. The results of the examination of the FS welded composites utilizing a square probe
profile are displayed below: -

a. For rotational speeds of less than 750 rpm and tool traverse speeds of less than
50 mm/min, pinhole defects were developed. Similarly, for a rotational speed
of 750 rpm and a tool traverse speed of more than 100 mm/min wormhole
defects were observed.

b. When the rotational speed is more than 1250 rpm and the welding speed is less
than 50 mm/min, pinhole, and wormhole defects are observed. When the
rotational speed is more than 1250 rpm and the tool traverse speed exceeds
100 mm/min, tunnel holes, and wormholes were detected. The quality of the
welds produced by the square profile probe is identical to that of the CSTC
tool.

182



From the macro structural investigation, it can be concluded that the process
parameter window to get defect-free weld during the FSW process is wider in the
case of threaded cylindrical tools and narrower for tools with square pin. The
parameter window for the combined square and threaded cylindrical pin was in
between of square and threaded cylindrical pin. Presence of thread on the pin guides
and assist the plasticized material to flow from front to back as well as from top to
bottom of the pin. Proper material flow and consolidation of the material in the weld
region reduces the weld defects, thereby widening the process parameter window
to get quality weld.
4. The following results have been drawn from the microstructural characterization of
the welded zone of the composite FS welded employing TC, SQ, and CSTC tools.:
a. The microstructure of the FS Welded zone of the composite is divided into
four distinct regions. Namely, i) Base material, ii) HAZ, iii) TMAZ, and vi)
NZ.
b. Fine recrystallized and equiaxed grains with a size range of 2 to 7 pum were
observed in the NZ. The rutile particles were distributed uniformly in the NZ
Due to the tool’s stirring action and the collision of hard particles with one
another, the size of the rutile particles was reduced.
c. Extremely deformed, elongated grains were seen in the TMAZ region, along
with the rutile particles which are distributed in parallel bands.
d. At HAZ coarse grains were present due to the thermal cycle developed during
the FSW process.
e. In comparison to the Nugget zone’s bottom part, the top region’s grain size
was larger.
f. Smaller or finer grains were observed in the NZ of the FSW joint produced

using the CSTC tool compared to the other tool profiles.

B. Mechanical Properties of FS Welded AA6061-3 (wt%o) Rutile Composites

1. Hardness
1. The cross-section of the welded junction revealed a W-shaped pattern of

hardness distribution.
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2. The highest hardness is attained at NZ regardless of tool rotational speed,
tool traverse speed, and tool probe geometries.

3. Regardless of the tool probe geometries, the highest hardness at the Nugget
Zone of FS welded composite was achieved at rotational speeds of 1000 rpm
and a tool traverse speed of 75 mm/min. Similar to this, regardless of the
tool probe geometries, the minimum hardness of the composites at the
nugget zone was achieved at rotational speeds of 1250 rpm and a tool
traverse speed of 60 mm/min. Below is a discussion of the hardness attained
for various tool probe geometries.: -

a. TCtool :
The minimum and maximum hardness at the nugget zone of FS
welded AA6061-3 (wt%) Rutile composite is 78 VHN and 118
VHN respectively.

b. CSTC tool :
The minimum and maximum hardness at the nugget zone of FS
welded AA6061-3 (wt%) Rutile composite is 77 VHN and 128
VHN respectively.

c. SQ tool:
The minimum and maximum hardness at the nugget zone of FS
welded AA6061-3 (wt%) Rutile composite is 76 VHN and 116
VHN respectively.

4. In the hardness distribution profile of the welded composite, the annealing
effect causes the lowest hardness at HAZ.

5. Compared to the specimens welded with the SQ and TC tools, the CSTC

tool demonstrated increased hardness.

2. Tensile strength
The Following conclusions were drawn from the result of the tensile test of FS
welded AAG061-3 (wt%) rutile composites:
1. Regardless of tool rotational speed, tool traverse speed, and tool probe
geometries, the tensile test of the FS welded composite, performed normal
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to the weld axis revealed that fracture along the parent material/FSW zone
interface, on the advancing side of the joint.

2. The ductile fracture was discovered through microscopic analysis of the
fracture surfaces. It can be identified by the development of significant tear
ridges and dimples on the fracture surface.

3. Regardless of the tool probe geometries, the maximum UTS has been
achieved for a rotational speed and tool traverse speed of 1000 rpm and 75
mm/min respectively.

4. Small dimples were visible on the fractured surface of FSW composites
that tested along the weld line and the rutile particles were observed at the
bottom of these dimples

I. TC tool

1. Anincrease in the tensile strength is shown when the tool traverse speed
is increased from 60 to 75 mm/min while maintaining a constant rotational
speed. Tensile strength falls when the tool traverse speed rises to 90
mm/min.

2. Tensile strength is observed to be rising for a constant welding speed of
60, 75, or 90 mm/min and a raise in rotational speed to 1000 rpm from
750. Tensile strength begins to fall when rotational speed increases
beyond 1000 rpm.

3. For a tool traverse speed of 75 mm/min and a rotational speed of 1000
rpm, FSW of AA6061-3(wt%) rutile composite produced a maximum
joint efficiency of 75%

4. The joint efficiency rose by 15 % when the tensile test was carried out
along the weld direction

ii. CSTC tool

1. An improvement in tensile strength is seen when the tool traverse speed
is increased from 60 to 75 mm/min while maintaining a constant rotational
speed. The tensile strength falls when the welding speed rises to 90
mm/min.

2. An improvement in tensile strength is noted with a constant tool traverse

speed of 60, 75, or 90 mm/min and a rotational speed increase from 750
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to 1000 rpm. Tensile strength falls when rotational speed rises to 1250
rpm.

The maximum joint efficiency of FS welded AA6061-3 (wt%) Rutile was
93 % for a rotational speed and welding speed of 1000 rpm and 90
mm/min respectively.

The joint efficiency increased by 20 % for an AA6061-3 (wt%) Rutile
composite when the tensile test was carried out along the weld line.

iii. SQ tool

1.

The UTS increases when the tool traverse speed is raised from 60 to 75
mm/min while the rotational speed stays constant. Tensile strength
declines when the welding speed is raised to 90 mm/min.

The tensile strength improved when the welding speed was kept constant
and the rotational speed was increased to 1000 rpm from 750 rpm. Tensile
strength decreased as the rotating speed increased further.

The maximum joint efficiency of FS welded AA6061-3 (wt%) Rutile was
86 % for a tool traverse speed of 75 mm/min and a rotational speed of
1000 rpm.

The joint efficiency increased by 16 % for FS welded AA6061-3 (Wt%)
Rutile composite when the tensile test was performed along the weld line.
Smaller dimples were visible on the fracture surface of FS welded joints
along the weld direction. Additionally, fragmented rutile particles were

seen.

According to the results of the experimentation, a tool with a combined square and
threaded cylindrical probe geometry, a rotational speed of 1000 rpm, tool traverse speed
of 75 mm/min are the ideal conditions for obtaining the best joint strength when

utilizing the FSW technique to join AA6061-3(wt%) rutile composite

4.17.3 Process parameter analysis utilizing the Taguchi design of experiments

method

1. Taguchi design of the experimental method has been effectively applied to

assessing the output of FS welded composite joints.
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2. It is a reliable and effective way of figuring out the parameters of the welding
process. It is implied that the weld joint strength is significantly influenced
by the rotational speed, welding speed, and tool probe geometries.

3. The analysis of S/N ratios is used to determine the best set of process
parameters for the highest UTS (rotational speed 1000 rpm, welding speed
75 mm/min, and CSTC tool).

4. The outcomes of the experiment support the validity test.

4.17.4 Process parameter optimization using Grey Relational Analysis (GRA),
Desirability Approach (DA), and Teaching Learning Based Optimization (TLBO)

1. Based on the TGRA, Desirability approach, and TLBO optimization
technique, optimized process parameters were developed.

2. Multi-response analysis through GRA enabled to ascertain an optimal
solution. The process variable combination which resulted in maximum
GRG was the rotational speed of 1000rpm, welding speed of 75 mm/min,
and tool having CSTC pin. An enhancement of 9.5 % in YS, 8 % was
achieved in UTS, and 9% in hardness in comparison with the best trial of
the L9 array.

3. The findings of the ANOVA revealed that the joint properties are
significantly influenced by the process variables welding speed and tool
rotating speed. (with contributions of 37% and 36% respectively) followed
by tool geometry with a contribution of 27%.

4. Both the desirability approach and TLBO technique can be successfully
employed to optimize the FSW process parameters. It is clear from the
statistical (Desirability and GRA) and evolutionary (TLBO) optimization
methodologies that the desirability approach and TLBO produce the best
results.

5. The computations show that for the problem under consideration, the TLBO
technique is either on par with or outperforms the other optimization

strategies.
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4.17.5 Prediction of mechanical properties using GA-MLPNN model.

1. The developed GA-MLPNN model successfully predicted the yield
strength, UTS, hardness and percentage elongation of friction stir welded
AAB061-3 (wt%) rutile composite joints.

2. For hardness, the relative percentage inaccuracy varies from -2.1% to
1.91%, for UTS error ranges from -1.9% to 2%, for Hardness, the error
ranges from -2.2 % to 4.5 %, and for % elongation, the error ranges from -
1.1%t0 1.4 %.

3. The developed GA-MLPNN model successfully depicts the relationship
between the mechanical properties and the FSW process parameters.

The distinguishing feature of the present study is the application of the TLBO technique
to optimize the FSW process parameters, which yields more precise results than the
Taguchi technique. And the development of the GA-MLPNN model to predict the
process responses for the given set of process parameters with negligible or minimal

CITOl.
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Chapter 5

CONCLUSIONS AND SCOPE FOR FUTURE WORK

The ceramic Reinforced Aluminium Matrix Composites have attracted a lot of interest
in light of environmental considerations. But these composites' low weldability and
machinability made welding them difficult. Being a solid-state welding, FSW is
recognized as a competitive substitute for traditional welding. However, there is
relatively little information available regarding the FSW of aluminium matrix
composites reinforced with minerals. The current study clarifies the evolution of
microstructure, examines the mechanical characteristics of composite joints, and
examines the impact of process parameters on mechanical characteristics. Statistical
techniques and evolutionary algorithms were used to optimize the welding parameters
to get superior joint properties. For various process variable combinations, the GA-
MLPNN model is developed and utilized to forecast the mechanical properties of the
FSW composite. The main objective was to establish the relationship between
mechanical and structural qualities and conduct a comparative investigation of both
during the FSW process. The secondary goal was to produce defectless, sound FSW
joints, utilizing various combinations of rotating speed, welding speed, and tool
geometries. AA6061-3(wt%) rutile composites were prepared using bi stage stir casting
process. These composites were welded using a CNC vertical machining machine

equipped with the necessary FSW accessories.

5.1 CONCLUSIONS

1. Using the FSW tool with a concave shoulder, defect-free joints can be obtained. To
improve stiffness, increase axial force, and ensure optimum frictional heat build-up at
the tool-workpiece contact, the shoulder diameter was kept at three times the pin
diameter. To properly consolidate the material behind the tool pin as the tool advances
in the forward direction, the workpiece is slanted by a 2° angle. The joint strength of
the base material is improved by increasing the dynamic-to-static volume ratio of the

tool pin. The degree of defect-free welds in FS welded composites depends on the tool
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pin profiles, rotating speed, and welding speed.

2. The grain size is influenced by the process variables such as rotational speed, welding
speed, and tool pin profile. In contrast to the grain size attained for the as-cast
composite, fine equiaxed grain structures were developed at the NZ because of dynamic
recrystallization. Due to variations in the heat input condition, it was found that smaller
grains were observed at the bottom of the nugget zone compared to the top portion of
it. The stirring and abrasive activity of the tool caused numerous tiny rutile particles to
be visible at the NZ

3. On the welded region, a variation in the hardness profile was seen. NZ exhibits the
highest hardness as it possesses a fine grain structure and tiny rutile particles. Due to
the thermal impact of welding, lesser hardness was attained at HAZ. All of the tensile
specimens were seen to fracture near the HAZ, where the least hardness was found.
Optimal joint strength was obtained in a joint, friction stir welded using a tool with a
combined square and threaded cylindrical pin at a welding speed of 75 mm/min and
rotational speed of 1000 rpm.

4. According to the Taguchi orthogonal array-based design, tool rotational speed is most
significant for enhancing joint strength followed by tool pin geometries and welding
speed respectively. Soft computing techniques namely RSM, Desirability approach,
and TLBO were effectively formulated for optimization of the responses of FSW of
AA6061-3(wt%) rutile composite, and a comparative study has been performed among
these techniques. When it comes to optimization, the TLBO strategy is more successful
and produces superior outcomes than the other approaches.

5. To predict the mechanical properties of FS welded AA6061-3(wt%) rutile composite
joints, the developed GA-MLPNN model appears to be incredibly useful. The current
work has demonstrated that the results of predictions made using GA-MLPNN are

better than those made using statistical methods.

The unique aspect of the research is the use of a tool with a combined square and
threaded cylindrical profiled pin. Presence of thread in the pin enables improved
material flow in both direction, from top to bottom as well as around the pin. And the
presence of a square profile helps in sweeping more material into the weld zone due to

the higher dynamic to static volume ratio and assists in the formation of fine-grained
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microstructure due to the pulsating effect. Due to these combined effects, the CSTC
tool offers high-quality joints with improved mechanical properties.

The application of TLBO, a population-based, algorithm parameter-free optimization
technique, to enhance the process parameters of FSW to create joints with higher
mechanical properties.

To forecast the FSW responses for the specified set of input parameters, a novel GA
(genetic algorithms) MLPNN technique is devised. The GA-MLPNN algorithm makes

sure that the model avoids the possibility of becoming stuck in local minima and

consistently conducts a global search and offers the optimum solution.

5.2 IMPLICATIONS AND PURPOSE OF INCLUDING DIFFERENT SOFT
COMPUTING TECHNIQUES

Techniques | Purpose Outcome
OPTIMIZATION | Grey A statistical optimization | Multi-response

Relation technique is used to | optimization.

Analysis optimize multi-responses | Weights are to be assigned
by converting responses | to each response based on
into grey relational grade. | their significance.

Desirability | Multi-attribute Moderate  computational

Approach optimization.  Performs | time.
effectively  within  the
given border parameters.

TLBO Population-based, Provides accurate results,
algorithm parameter-free | with minimal
optimization technique. computational time.

PREDICTION RSM To assess the impact of the | Each  response can be
FSW process variables on | predicted separately from
output  responsiveness. | the developed equation.
Outside the boundary, | % Error is more.
limits cannot be achieved.

GA- To solve nonlinear data. % Error is less than 5%

MLPNN Better computational speed

and efficiency.
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5.3 DIRECTIONS FOR FUTURE RESEARCH

The results of the current study show that the FSW may be effectively adapted for
linking ceramic reinforced metal matrix composites without impairing the composite's
chemical homogenization. When compared to a traditional welding method, FSW
generates less heat in the weld zone. As a result, it gets rid of solidification-related
defects. The process parameters have a direct impact on the joint's strength.
Consequently, DOE can produce optimal values. By using the TLBO approach, the
process can be further optimized. The current study has sparked interest in the following

areas for future research.

1. To evaluate the joint strength of various materials, the developed CSTC tool can
be used. By varying the tool's hardness, the joint's quality can be investigated.
It is possible to fine-tune the joint's performance by adjusting the shoulder-to-
diameter ratio. The newly developed tool can be used to alter the metallographic
features of the composite using the FSW technique for deeper levels of the
surface.

2. Since the composite is age hardenable, a comparative study of its properties
before and after age hardening can be studied.

3. The friction stir-treated composite's surface hardness can be predicted using the
proposed GA-MLPNN model. Using the GA-MLPNN approach, online joint
strength prediction can be accomplished by adding intelligence.

4. Further wear behavior and the damping properties of the welded composite can

be evaluated.
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APPENDIX

TLBO - MATLAB CODE

1. Code for equation entry

function Z[YS_MPa] or Z[UTS_MPa] or Z[Ha_VHN ] or Z[%EI] or Maximize f(x) =
fun(variable)
no_of variable = 3;

Z[YS_MPa]= 126.245+ 4.800*variable (1)+ 3.300*variable (2)+ 4.400*variable
(3)- 12.86*variable (1)*variable (1)- 10.36*variable (2)* variable (2)-12.86*variable
(3)*variable (3)+ 0.625*variable (1)*variable (2)+ 0.125*variable (1)*variable
(3)+ 0.625*variable (2)*variable (3)

OR

Z[UTS_MPa]= 175.227+ 6.500*variable (1)+ 4.900*variable (2)+ 4.400*variable
(3)- 16.818*variable  (1)*variable (1)- 11.818* variable (2)*variable
(2)- 17.318*variable (3)*variable (3)+ 1.875*variable (1)*variable (2)+ 0.125*variable
(1)*variable (3)+ 0.125*variable (2)*variable (3)

OR

Z[Ha_VHN]=126.627- 2.400*variable (1)+ 2.500*variable (2)- 0.800*variable
(3)- 14.318*variable (1)*variable (1)- 8.818*variable (2)* variable (2)- 9.318*variable
(3)*variable (3)+ 1.000*variable (1)*variable (2)+ 0.250*variable (1)*variable
(3)+ 0.000*variable (2)*variable (3)

OR

Z[%EI] = 7.2036+ 0.0300*variable (1)- 0.3100*variable (2)- 0.2600*variable
(3)+ 0.5409*variable (1)*variable (1) +0.0409*variable (2) *variable
(2)-  0.1091*variable  (3)*variable  (3)-  0.0250*variable  (1)*variable
(2)+ 0.0250*variable (1)*variable (3)- 0.0250*variable (2)*variable (3)

OR

Maximize f(x) = [wl * Z[YS_MPa] / Yield strength (max)] + [w2 * Z[UTS_MPa]/
UTS (max)] + [w3 * Z[Ha_VHN]) / Hardness (max)] + [w4 * Z[%EI] / % Elongation
(max)]

end
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2. Code for parameter setting

clear all

clc

no_of _run = 100;

no_of_student = 50; %specify population size

no_of _iteration = 100; %specify number of iterations
tf=1;
fori=1:no_of run
[bvf bvx]=mainline(no_of student, no_of iteration, tf);
bvfl(i,:)=bvf;
bvx1(i,:)=bvx;

end

bvf = bvfl(:,1);

[bvfmin,kO]=min(bvf)

bvxmin = bvx1(k0,:)

bvfmin = bvf1(k0,:)

3. Code for fixing the range for process variables

function [bvf bvx]=mainline(no_of student, no_of iteration, tf)
no_of variable = 3; % specify number of variables
lowerlimitofa = -1; % specify the lower bound (750rpm)
upperlimitofa = 1; % specify the upper bound (1250 rpm)
lowerlimitofb = -1; specify the lower bound (60 mm/min)
upperlimitofb = 1; specify the lower bound (90 mm/min)
lowerlimitofc = 1; specify the lower bound (TC tool)
upperlimitofc = 3; specify the lower bound (SQ tool)
for i =1:no_of student
% initialization of the variables
a = lowerlimitofa + rand *(upperlimitofa-lowerlimitofa);
b = lowerlimitofb + rand *(upperlimitofb-lowerlimitofb);
¢ = lowerlimitofc + rand *(upperlimitofc-lowerlimitofc);
x(i,))=[abc];
end

%Ilimit array
limit=[lowerlimitofa;upperlimitofa;lowerlimitofb;upperlimitofb;lowerlimitofc;upperli
mitofc];
parameter=[no_of_student;no_of iteration;tf;no_of variable];
[bvf,bvx]=tlbol(limit,x,parameter);
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4. Main program for TLBO optimization.

function [bvf,bvx]=tIbol(limit,x,parameter)
no_of student = parameter(1);
no_of _iteration = parameter(2);
tf = parameter(3);
no_of variable = parameter(4);
for i = 1:no_of student
variable = x(i,:);%arrange variable row wise for 100
[funxz]=fun(variable);
fxx(i,1)=funxz;%arrange columnwise function value
end
for ngl = 1:no_of iteration;
m = mean(x);%calculate mean of each design variable
[sfx,k0]=min(fxx);%getting the min function value

bt = x(k0,:);
for i = 1:no_of student
k=1;
for j = 1:no_of _variable
xs(i,j)=x(i,j)+rand *(bt(1,j)-tf*m(1,)));
if xs(i,j)<limit(k) || xs(i,j)>limit(k + 1)
X1(1.j)=x(1.));
else
X1(31,j)=xs(i,j);
end
k=j+2;
end

variable = x1(i,:);%best function variable
end

for i = 1:no_of student
variable = x1(i,:);
[funxz]=fun(variable);
fxx1(i,1)=funxz;

end

for i = 1:no_of student
if fxx1(i,1)>fxx(i,1)
xx1(i,:)=fxx(i,:);
x1(1,:)=x(i,);

end
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end
[sfx1,k1]=min(fxx1);
bs = x1(k1,);
for i = 1:no_of student
k=1;
for j = 1:no_of _variable

xs(i,j)=x1(i,j)+rand *(bs(L,j)-x1(i,j));
if xs(i,j)<limit(k) || xs(i,j)>limit(k + 1)

X(i.1)=x1(1.j);
else
X(i.1)=xs(i.j);
end
k=j+2;
end
variable = x(i,:);
end
fori=1:no_of student
variable = x(i,:);
[funxz]=fun(variable);
fxx(i,1)=funxz;
end
for i = 1:no_of student
if Ixx(i,1)>fxx1(i,1)
xx(i,:)=fxx1(i,:);
x(i,:)=x1(i,);
end
end
end

[bvff,k2]=min(fxx);
bvf(1,:)=fxx(k2,:);
bvx = x(k2,:);
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