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Abstract

Pursuing sustainable and technologically advanced welding techniques has led to extensive research in
developing environmentally friendly and defect-free methods for industrial applications. Friction stir
welding (FSW) and its variant friction stir spot welding (FSSW) have emerged as promising solid-state
welding processes that generate effective joints through frictional heat without the drawbacks of arc
flash, spatter, harmful gases, and pollution. This study focuses on enhancing the understanding of FSW
and FSSW by investigating friction and heat generation at the contacting surfaces and developing
techniques to address the issue of exit-hole formation. Literature survey revealed that there are methods
to solve exit-hole defects; however, while some methods had insufficient penetration depth, others

involved complicated tools and multi-step operations for a single joint.

Investigations into heat generation during FSSW of aluminium alloy sheets using an H13 tool
revealed that lubrication reduces the coefficient of friction, resulting in lower torque (44-55%
reduction) and plunge force (12-24% reduction) requirements. This led to successful welding with
reduced energy input without compromising joint strength, as confirmed by peel and lap shear tests.
The study emphasizes the prominent role of plastic deformation along with friction in heat generation.
An inverse approach was proposed to determine and model friction at different interfaces during FSSW.
It is assumed that the frictional behaviour at the pin-workpieces interface is sticking in nature and
follows the constant shear model of friction. This aspect is analysed by carrying out finite element (FE)
simulations in DEFORM-3D on a shoulder-less pin and validating it through in-house experiments. A
hybrid friction model (combination of Coulomb’s and constant shear models) is used on the shoulder-
workpieces interface. The friction parameters are adjusted through an optimization approach by
minimizing the error between experiments and simulation. In a typical case, the pin-workpiece
interface's friction factor (m) was 1.05. Friction at the shoulder-work interface was best represented by
a hybrid model, with m = 0.77 for the high-pressure region and p = 0.29 for the low-pressure region,

where U is the Coulomb’s coefficient of friction.

To remove the exit-hole, a technique of refilling the exit-hole using waste aluminium chips is
discussed. The exit-hole left after FSSW of two AA6082 sheets is filled with waste aluminium chips,
and a tool is used to stir over it. This leads to an exit-hole-free joint. The refilled joints were compared
with those produced by conventional FSSW using a tool with pin and pin-less tool. Refilling the exit-
hole with waste chips delivered 16% and 84% higher load bearing capacity during T-peel test as
compared to conventional FSSW with a tool having pin and a pin-less tool. Furthermore, a novel method
of FSSW using consumable pin is proposed to produce exit-hole-free joints. To understand the influence
of quality of consumable pin, two AAG6061-T6 sheets were welded using three different consumable
pin materials, viz. AA6061-T6, mild steel (MS) and oil hardened non-shrinking die steel (OHNS). The
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joint strength of the welds evaluated by lap shear test revealed that FSSW using AA6061-T6, MS and
OHNS consumable pins resulted in 40, 36.6 and 37.6% higher joint strengths, respectively, as compared
to conventional FSSW with pinless tool. The joint strength using consumable pins was comparable to
conventional FSSW with hard pin, however, with the added advantage of an exit-hole-free joint. The
study also revealed that AA6061-T6 consumable pin performed better than MS and OHNS consumable
pins. The cross sections of the joints were also compared in terms of microstructure and microhardness.
To understand the physics of the process, FE simulations were carried out in DEFORM-3D, which
revealed that the consumable pin contributed to the stirring of the workpiece material, similar to a
conventional hard pin. Based on the study, a mechanism of joint formation for FSSW using consumable
pin has been proposed. The consumable pin stirs the workpiece material as it rotates and penetrates into
the workpiece while simultaneously getting deformed. Under a high downward plunge forge at elevated
temperature, bonding of the two sheets occurs and the consumable pin gets assimilated in the workpiece

material, producing an exit-hole-free FSSW joint.

The impact of rotational speed on joint quality in FSSW using consumable pins was evaluated.
A 1.7 times increase in joint strength was observed at 900 RPM compared to 360 RPM, with a
continuous increase in joint strength up to 900 RPM followed by a decline. Additionally, the effect of
plunge rate on joint quality was investigated. VVarying the plunge rate showed a 4% increase in lap shear
strength at 15 mm/min compared to 6 mm/min, while there was an 8.5% decrease in energy requirement.
However, at 35 mm/min, there was a 25% decrease in joint strength. Microstructure and microhardness
analysis, along with simulation results, explained the observed trends. FE simulations accurately
predicted temperature distribution, force, torque, energy requirements, and material flow at different
process parameters, aiding in the understanding of joint strength variations. The Cockcroft-Latham
damage model provided closer predictions to experimental data compared to the Freudenthal damage
model when lap shear test simulations were performed. The FE model developed was able to predict
lap shear strength for welding at a given process parameter. The proposed adhesive bonding of the
consumable pin to the tool shoulder demonstrated comparable lap shear strength (within 5% variation)
and improved production efficiency, eliminating the need for additional machining steps. Moreover,
the application of lubricants in conjunction with adhesive-bonded consumable pin in FSSW offers
improved production efficiency while maintaining satisfactory joint strength. The integration of
lubrication reduces energy requirements for weld formation (35-42%) and ensures the production of

strong joints.

Overall, this comprehensive study contributes to the understanding of FSSW and its various
aspects, including friction, heat generation, exit-hole elimination, rotational speed, plunge rate, and the
integration of lubricants and adhesive-bonded consumable pin. The findings provide valuable insights

for the development and optimization of FSSW techniques for industrial application.
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Chapter 1

Background and Scope

1.1 Introduction to Welding

Welding is a critical process in the manufacturing and construction industries that involves joining
two or more materials, usually metals, by heating them and allowing them to cool and solidify. The
origins of welding can be traced back to ancient times when early humans discovered that they
could heat and fuse metals together to create tools and weapons. However, the modern welding
process as an industrial process began with the advent of electric arc welding in the late 19" century.
This process involved using an electric arc to produce heat and melt metals, which were then fused
together as they cooled. The electric arc welding process was first introduced by Nikolai Benardos
and Auguste de Meritens in 1881. Benardos was awarded the patent for carbon electrode processes
in 1887 and bare metallic electrode processes in 1889. It quickly became popular in the shipbuilding

and construction industries.

Over the years, welding technology continued to improve and evolve, with new welding
techniques and equipment being developed to meet the growing demands of industry. Today,
welding is used in a wide range of applications, from manufacturing automobiles and aircraft to
constructing bridges and buildings. There are various types of welding techniques that have been
developed over the years, each with its unique set of advantages and applications. Some of the most
common welding techniques include gas metal arc welding (GMAW), shielded metal arc welding
(SMAW), gas tungsten arc welding (GTAW) and flux-cored arc welding (FCAW). Other than
electric arc welding, there are laser beam welding (LBW), plasma arc welding (PAW), electroslag
welding (ESW), electron beam welding (EBW), friction stir welding (FSW), ultrasonic welding
(USW), thermit welding (TW) and resistance welding (RW). These welding techniques utilize the
heat generated from sources other than electric arc. For example, TW, also known as exothermic
welding, is a process that uses heat generated by a chemical reaction to fuse two metal surfaces
together. This process was first developed in the late 19th century and is still widely used today in
railway construction, pipeline welding, and electrical grounding applications. Gas welding uses a
gas flame to melt and fuse metal surfaces together. The most common types of gas welding are oxy-
fuel welding and air-acetylene welding. This welding technique was first developed in the early
1900s and has since become a popular technique for welding thin metal sheets, pipes, and tubing.
Friction welding is a solid-state welding process that involves the rubbing together of two metal
surfaces until they reach a plastic state, and they are forged together to create a strong bond. Friction
welding is a popular welding technique in the aerospace, automotive, and construction industries

due to its speed, efficiency, and high-quality welds (Kumar et al., 2018).
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One of the key advantages of welding is its ability to produce strong, durable joints that can
withstand high stress and load. This makes it an essential process in the construction and
manufacturing industries. There is ongoing research into developing new welding techniques and
materials that can improve the efficiency and effectiveness of the welding process, as well as reduce
its environmental impact. In recent years, the concern for the environmental impact of welding and
other industrial have risen. This has led to increased research into sustainable and green welding
techniques that minimize waste and energy consumption. Some of the emerging green welding
techniques include FSW, Laser Welding, EBW and the integration of robotics and automation into
the welding process (ASM International, 2003; Cao and Liu, 2017). These techniques have shown
promise in reducing the environmental impact of welding while still meeting the demands of
industry. FSW, for example, has shown great promise in reducing the environmental impact of

welding by reducing the amount of energy required to create welds (Kumar et al., 2018).

1.2 Green Welding

Traditional welding processes often result in environmental challenges due to the release of harmful
gases, excessive energy consumption, and generation of hazardous waste. As such, the concept of
green welding has emerged, which causes less harm to the environment. Green welding
encompasses a range of techniques that aim to minimize the environmental impact. These include
reducing energy consumption, minimizing waste generation, and utilizing sustainable materials.
Green welding approaches typically involve the adoption of energy-efficient approaches, advanced
equipment, innovative process designs, and eco-friendly consumables. Green welding techniques
are particularly beneficial in industries that prioritizes sustainability and must adhere to strict
environmental norms, such as automotive manufacturing, aerospace, and construction. These
techniques enable the production of environment-friendly and efficient products, contributing to a
greener future. As industries strive for greener practices, the adoption of green welding techniques
is likely to increase, leading to a more sustainable future. Sustainability refers to the judicious use
of resources to meet our present needs without compromising the needs of the future generation. It
translates to higher efficiencies in energy consumption, resource utilization, lower pollution and
long-term ecological benefits with balanced economic, social, and environmental considerations to

create a harmonious and lasting system.
Some welding techniques considered as Green Welding are:

1. Laser Welding: Laser welding is an energy-efficient technique that utilizes a high-intensity
laser beam to join materials. It offers precise control, minimal heat-affected zones, and

reduced distortion compared to conventional welding methods.

2
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2. EBW: It employs a high-velocity electron beam to generate heat and join materials. This
technique provides high-quality welds with minimal distortion, and precise control over the
welding process.

3. FSW: It is a solid-state welding process that joins materials by using frictional heat
generated by a rotating tool. This technique offers advantages such as low energy
consumption, absence of filler material, and the ability to join dissimilar materials
effectively (Mishra and Ma, 2005).

1.3 Conventional Fusion Welding versus Solid State Welding

Two commonly used welding techniques are fusion welding and solid-state welding. They differ
significantly in terms of their mechanisms and applications. This section explores the differences
between conventional fusion welding and solid-state welding by highlighting their unique features

and advantages.

Conventional fusion welding encompasses various techniques such as arc welding, gas
welding, plasma welding and laser welding. These methods involve the application of heat to melt
the parent materials, followed by the addition of a filler material, if required. The molten material
solidifies upon cooling, resulting in a bond between the joined parts. During conventional fusion
welding, a heat source, such as an electric arc or laser beam, is utilized to raise the temperature of
the parent materials above their melting points. This causes localized melting, enabling the fusion
of the adjoining surfaces. The filler material, if used, is introduced in the molten state to reinforce
the joint and promote better mechanical properties. Conventional fusion welding offers several
advantages in mechanical engineering applications. It allows the joining of dissimilar materials,
such as metals and alloys, facilitating the construction of complex structures. Additionally, the use
of filler material provides enhanced strength and durability to the joint. This method is widely
adopted in industries like automotive, aerospace, and construction due to its versatility and

established techniques.

In contrast to conventional fusion welding, solid state welding techniques achieve bonding
without reaching the melting point of the parent materials. These methods exploit mechanical
pressure and temperature to create a molecular bond between the components. Solid state welding
includes friction welding, ultrasonic welding, diffusion welding, and explosive welding, among
others. These techniques rely on interatomic diffusion and plastic deformation to generate atomic
bonding between the surfaces. By applying pressure and heat below the melting point, solid state
welding enables the formation of a strong, metallurgical bond. Solid state welding techniques offer
distinct advantages in mechanical engineering applications. Since no melting occurs, the process
avoids problems associated with solidification, thermal distortion and residual stresses. Solid state

welding is particularly suitable for dissimilar materials, as it minimizes the formation of brittle
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intermetallic compounds. Moreover, this technique preserves the original microstructure of the

materials, resulting in improved mechanical properties and corrosion resistance.

1.4 Friction Stir Welding and Friction Stir Spot Welding

FSW has been considered as one of the most significant developments in joining process in the last
two decades. It is a solid-state welding technique that is also considered as a green welding process.
In this welding technique, a rotating tool is brought in contact with the workpiece, which results in
heat generation due to friction and plastic deformation. The heat plasticizes the workpiece material.
The stirring action and axial pressure applied by the tool results in bond formation in the workpiece.
Friction stir spot welding (FSSW) is a variant of FSW where welding is performed at one spot only.
Multiple spot joints are made to join materials with large dimensions. FSW possesses the benefits
of solid-state welding while being more energy efficient and environment friendly. As such, it was
introduced into all major industries and holds high potential to become the leading welding process
in future commercial applications. An in-depth introduction to FSW and its working principle is
provided in Chapter 2. Owing to the numerous benefits of FSW over fusion welding, both in terms
of joint quality and environmental aspects, FSW as the green welding technology has the scope of
a wider and more flexible applications in both large scale and small-scale industries in the future.
Some present applications of FSW and FSSW in different industries are discussed in the following

section.

1.5 Commercial Applications of FSW and FSSW

Due to its advantageous economic and environmental implications, FSW has gained substantial
traction in a wide range of industrial applications. The application of FSW in industries has resulted
in notable benefits in performance, cost reduction as well as weight reduction of welded

components.

1.5.1 Automobile Industry

Automobile industry has been concentrating on the increased use of aluminium in the last decade
owing to its light-weight and high strength-to-weight ratio. It reduces weight of the vehicles without
compromising passenger safety. The increased use of aluminium in automobile industry has been
successful due to capability of FSW to produce sound welds with similar as well as dissimilar
aluminium alloys. Front portion of engine, alloyed wheel rims, fuel tankers, bodies of heavy-duty
vehicles and tailored blanks are some of automobile parts where FSW has been employed. In 1998,
TWI suggested the use of FSW in joining aluminium tailored blanks for use in car door panels. It
was subsequently used for mass production of automotive components and dissimilar aluminium
welding with steel automotive parts. Honda successfully employed FSW for Al-Steel dissimilar

welding in its vehicle suspension system in mass-production. (Honda, 2012). Press formed steel
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halves were joined to die cast aluminium in lap configuration in the front sub-frame of Honda
Accord that helped support the engine and suspension parts. A 50% saving in electricity
consumption and reduction of 25% in total body weight was reported by Honda as compared to
conventional steel sub-frame (Honda, 2012). Honda was also first to apply FSW and FSSW to join
aluminium and steel in application to door panels of mass production vehicles (Honda, 2013).
Tower Automotive reported an increase of mechanical strength by two times and a 40% weight
reduction due to use of FSW as compared to GMAW (ESAB, 2012). Mazda MX-5 vehicle’s trunk
lid was joined using FSSW where aluminium alloy sheets were welded to galvanized steel brackets.
Mazda Motor Corporation claimed weight reduction, lower production cost and energy efficiency
due to use of FSSW. Ford reported 30% increase in joint strength along with dimensional accuracy
using FSW as compared to automated GMAW (Kalleg, 2010).

1.5.2 Aerospace Industry

FSW is used in the aerospace industry for fabrication of various parts and components such as
wings, fuel tanks and stringers of aircrafts owing to the high strength and lightweight nature of the
welds. It also finds application in repairing of faulty welds. The components and structures used in
aerospace undergo different loading conditions and thus require different properties in a single
component making use of dissimilar materials inevitable. The ability of FSW to produce sound
dissimilar material welds becomes helpful. Boeing, Lockheed Martin and Air Bus uses fuel tanks
that are made of AA2219 welded using FSW which have resulted in significant reduction in welding
cost as compared to previously used tungsten inert gas (T1G) welding (Polt, 2004). Boeing claimed
a cost saving of 60% in fabrication of their Delta Il and Delta IV space launch vehicle by the use of
FSW. Orion spacecraft was built by NASA’s Michoud Assembly Facility implementing FSW for
welding of bulkhead and nosecone of the spacecraft (NASA, 2001). The bonding of core stage’s
rings, barrel segments and domes of space launch system (SLS) are also achieved using FSW at
NASA. The welding of the fuel tank of space launch vehicles Falcon 9 by SpaceX is regarded as
the largest fully FS-welded aluminium-lithium alloy structure in the world (SpaceX, 2013). Eclipse
Aviation Corporation of New Mexico eliminated the use of 7000 rivets and other fasteners in their
Eclipse 500 commercial aircraft by use of FSSW that helped lower assembly time and cost (ESAB,
2012). It was also claimed that FSW improved fatigue life and strength compared to conventional
fastening techniques. The industries have continued the use of FSW to minimize aircraft weight

and improve mechanical properties.

1.5.3 Shipbuilding and Marine Industries

The shipbuilding industry uses FSW mainly for applications of welding dissimilar aluminium alloy
welding. 5xxx and 6xxx dissimilar aluminium welding is extensively used in shipbuilding

industries. FSW finds application in welding of various parts like panels for decks, bulkheads, sides,
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and floors, boat internal surface, aluminium hulls, superstructures, helicopter landing platforms and
ship body structures. Hollow aluminium extruded panels were welded by Sapa in 1996 for
application in fishing boats. Marine Aluminum in 1996 employed FSW to weld large number of
panels that were used in the cruise ship ‘The World’ in Haugesund. ‘Super Liner Ogasawara’, a
freight and passenger ship was built by the Mitsui Engineering and Shipbuilding (MES) with vast
application of FSW (Khan et al., 2017a). In 2004, for the building of 55 m long Inshore Patrol
Vessels, the naval architect of New Zealand and Australia specified FSW to be used in significant
portions of their welding requirements (Delany, 2007). Donovan Group commercially used FSW
in mid-2005 for building Inshore Patrol VVessels in Whangarie. Apart from these applications, FSW
is also widely used for producing honeycomb and seawater resistant panels in Japanese industries.
FSW has also been finding wide commercial applications in cruise ship’s wide aluminium panels
and in offshore oil platforms. Kawasaki Heavy Industries successfully welded AA5083 plates with
a maximum thickness of up to 50 mm having excellent seawater corrosion resistance for

shipbuilding purposes (Kawasaki, 2002).

1.5.4 Railway Industry

The advances in FSW and the improvements in performance of weldments have led to widespread
use of FSW in railway industry. Sapa has been commercially utilizing FSW for welding train side
walls and train floor panels since 2001 in their Munich suburban trains. The previously used
technique of mechanized metal inert gas (MIG) was replaced by FSW to weld aluminium plates up
to thickness of 23 mm and welding with lighter weight and lesser cost was achieved
(Hydroextrusions, 2018). Large panels of aluminium extrusion are being increasingly used in
fabricating modern railway carriages. The technology has seen large commercial utilization
especially in Japan by Hitachi (Hitachi, 2018). Low distortion of welded parts was beneficial in
eliminating the cost of straightening of arc welded aluminium sheets of thin thickness. Another
manufacturer Nippon Sharyo used FSW to fabricate floor panels in the Shinkansen, which are
popularly known as bullet trains. Nippon Light Metals also utilized FSW in subway rolling stock
in Tokyo (Nikkeikin, 2018). Another Japanese company Kawasaki Heavy Industries used FSW to
attach stringers to roof panels (Kawasaki, 2018). Aluminium car body shells were also produced by
them utilizing the low distortion property of FSWed thin sheets.

1.5.5 Other Industries

Apart from extensive use of FSW in automobile, aerospace and railway industries, it also finds
applications in other industries including construction and electrical industries. FSW is used to
produce facade panels made from aluminium, copper and titanium, window frames, pipe
fabrications, building of large structures such as aluminium bridges, reactors for power plants.

However, the portability of FSW is a limiting factor in widespread use of FSW in construction
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industry. In the electrical industry, FSW is being employed for welding of electric motor housings,
electrical connectors and encapsulation of electronic products. Much more research is needed at the
same time to increase the reach of FSW in these applications and falls under potential applications
of FSW.

1.6 Scope of the Thesis

FSW has been adopted in commercial use before fully understanding the physics involved. Defects
produced during FSW have not been addressed satisfactorily, especially the exit-hole defect that
remains in the weld after the tool pin is retracted out of the workpiece. The exit-hole defect is a
significant problem as it hampers the strength, aesthetic value and corrosion resistance of products
welded by FSW. This is particularly problematic in case of FSSW. These prompt extensive research
efforts aimed at enhancing the efficiency of the FSSW process and resolving the inherent defect of
exit-hole. The present thesis discusses a study on the friction at the interface of the FSW tool and
workpiece. Lowering of friction by application of lubricants and thereby reducing energy
requirement for welding is discussed. An inverse methodology to determine friction at the tool-
workpiece interface is proposed for improving modeling and simulation. The aim of the present
thesis is to develop a process to produce exit-hole-free welds using FSSW. Two strategies, namely
refilling exit-hole using waste chips and FSSW using consumable pin are discussed. The effect of
consumable pin material and process parameters, viz. rotational speed and plunge rate, on joint
quality, assessed using lap shear test, microhardness and microstructure analysis along with
fractography are discussed. The thesis also focusses on developing an understanding of the FSSW
process in relation to material flow, heat generation, and friction involved in the interacting surfaces
through experiments and finite element (FE) simulation. Two fracture models, Cockcroft-Latham
and Freudenthal models, are implemented on the joints to study their efficacy in failure prediction
of the FSSWed joints. Finally, the thesis proposes a production strategy to improve the production

efficiency of the process for industrial application.

1.7 Organization of the Thesis

The present work is organized in the form of nine chapters. Chapter 1 introduces the broad area of
research i.e. welding and presents a background to the study area of the thesis. It outlines the
motivation for the study, highlights the significance of the research area and discusses the
organization of the thesis. In Chapter 2, the latest research efforts on enhancing the horizon of FSW
are reviewed. The chapter discusses the existing literature, identifies research gaps, and presents
the objectives of the present thesis. Chapter 3 focuses on a preliminary study conducted on FSSW
with an exit-hole. The chapter investigates the effect of lubrication on energy requirement, heat
generation and joint properties during FSSW. Additionally, it presents an inverse approach for
determining friction in FSSW. Chapter 4 investigates the feasibility and effectiveness of using
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waste chips for refilling the exit-hole in FSSW. Chapter 5 discusses the technique of Exit-Hole-
Free FSSW using a consumable pin. The quality of consumable pin is studied in this chapter after
establishing the feasibility of the process. Chapter 6 and Chapter 7 present experimental and
numerical investigations focused on studying the effect of rotational speed and plunge rate,
respectively, on exit-hole-free FSSW with a consumable pin. The implementation of damage
models to the welded joints to predict failure is also discussed in this chapter. In Chapter 8, the final
design of a tool with an adhesive-bonded consumable pin for exit-hole-free FSSW is presented.
Additionally, the application of lubricant to improve production efficiency is discussed. The chapter
focuses on enhancing the welding process through tool design and lubrication techniques. Finally,
Chapter 9 summarizes the key findings of the thesis and provides concluding remarks. It discusses
the contributions of the research and highlights potential future directions for further exploration in
the field. The chapters are followed by References, which lists the sources cited throughout the

thesis.
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Chapter 2

Literature Review

2.1 FSW Process

The growing energy demands, and environmental concerns have resulted in an unprecedented stress
on sustainability. Manufacturing industries are spending a large amount of money to develop
sustainable (economical, energy-efficient and environmentally friendly) processes. FSW
technology is one such sustainable manufacturing processes that has established itself as an
appropriate alternative to several traditional welding processes. FSW is a solid-state welding
process, developed mainly for joining difficult-to-weld materials. A solid-state welding process
exploits plastic deformation to form metallurgical bond without the use of a filler material.
Temperature developed in the process is lower than the melting point of the joined materials
(Messler, 1999); hence, there is low distortion and good dimensional stability of the joined product.
It is a suitable alternative to fusion welding process that are susceptible to hot cracking, poor
solidification and embrittlement (Zimmer et al., 2009). Apart from these key advantages, FSW is a
highly energy efficient process as it uses only a fraction of energy needed for fusion welding. There
is no requirement of filler material during welding resulting in cost-reduction. The absence of arc
flash, spatter and harmful fumes provides a safer working environment for the workers. Overall,
FSW is an appealing sustainable welding alternative, finding wide applications in many industries

including automotive, railway, aerospace and maritime.

2.1.1 History

With the exception of cold welding, in which the joining takes place by the application of large
amount of pressure, all welding processes require heat to melt or enhance coalescence between the
materials to be joined. Possible heat sources are electric arc, flame, resistance heating and friction.
Friction welding was patented as far back as 1891 (Bevington, 1891), in which the spinning of one
axisymmetric part relative to other axisymmetric part generated frictional heat to join the parts
together. It is a solid-state welding processes where joining is achieved without melting the base
materials. Friction Welding can be classified as rotary, linear and orbital friction welding. Rotary
friction welding is the oldest amongst friction welding methods. In this process, a rotating part is
pressed against a stationary part to produce frictional heat between the contacting surfaces. The
heat-softened parts are forged together to achieve the weld-joint. It has two types (i) direct drive,
with a continuous drive and (ii) inertia drive, which uses kinetic energy stored in a flywheel. Direct
drive has been in use since 1950s, while inertia drive came into usage in 1960s (Maalekian, 2007).
Linear friction welding (LFW) was first patented in 1929, however, it achieved widespread usage

in 1960s (Bhamiji et al., 2011). LFW uses reciprocating motion, of small linear displacement,
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between two bodies pressed against each other to produce frictional heat. Orbital friction welding
(OFW) is a combination of rotary and linear friction welding. In this technique, the center of one
component is moved in a 2D curve relative to the other component. OFW has been in commercial
use since 1970s. However, these processes were limited by the geometries of the workpiece. In
order to cope with this, friction generated by a rotating shoulder over the workpiece was utilized to
produce the heat and plastic strains on the workpieces to form a joint, which came to be known as
FSW.

FSW was first patented by W.M. Thomas from The Welding Institute (TWI) in Cambridge,
U.K. (Thomas et al., 1991). The process was introduced for the butt welding of high strength
aluminium alloys that were hard to weld. However, soon the process started to be used for T-joints
and lap joints for materials ranging from copper, magnesium and its alloys to high melting point

materials like steel and titanium (Khan et al., 2017a).

Instances of commercial utilization of FSW can be found from mid-1990s. Marine
Aluminium, a Norwegian company, used FSW to weld heat exchangers in 1995. The same company
in 1996 used FSW for shipbuilding. Since then FSW has been finding wide applications in
shipbuilding industry as well as aerospace industry. In 1998, Boeing company from United States
used FSW to produce seams in a fuel tank (Khan et al, 2017a). FSW has also been finding wide
acceptance in the automobile industry. In 2000, automotive components were produced using FSW
by SAPA. The same year saw use of FSW in making housings for laser system and motor housings
by General Tools (United States) and Hydro Aluminium (Norway). By 2001, companies were using
FSW extensively for manufacturing train bodies across the world like Alstom from Germany,
Hydro Aluminium from Norway, Hitachi from Japan. Automotive parts manufacturers like Showa
(Japan), Tower Automotive (USA), Honda Motor Company (Japan) have been utilizing FSW for
welding since 2001 and the trend continues. The lightweight nature of weld produced by FSW is
advantageous in space applications as evident from its use in space shuttle external tank welds used
by Lockheed Martin (USA) in 2004. The use of FSW in commercial shipbuilding continues with
companies like Advanced Joining Technology (USA) and Friction Stir Link (USA) using the
technology since 2003 (Amini et al., 2014). More advanced researches have been constantly taking
place in this field and industrial application of FSW has been increasing in the last decade. A

detailed discussion on FSW process has been presented in the next subsection.

2.1.2 Technology of FSW

In atypical butt joint welding, the two contacting surfaces of the base material are brought in contact
with each other and clamped using strong fixtures to restrict their movement during plunging of a
rotating FSW tool. Large axial force is applied by a non-consumable rotating tool during plunging
as it is brought in contact with the joint line. The tool with specially designed shoulder and the pin
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is inserted into the abutting edges of the sheets and kept rotating for a few seconds to plasticize the
workpiece material. The tool is then traversed in the direction of the weld with the shoulder
enclosing the plasticized material. A base plate is used between the workpiece and the anvil to avoid
sticking during welding. Due to large plastic strains and high temperature, the material undergoes
dynamic recrystallization during the process and produces equiaxed grains (Chang et al., 2011; Jata
et al., 2000; Liu et al., 1997; Rhodes et al., 1997), thus improving the mechanical properties of the
joint. In a comparative study by Taban and Kaluc (2007) of MIG, TIG and FSW welds of AA5086-
H32, FSW welds were found to be the strongest both in bending and tensile tests. FSW welded
joints also show higher fatigue Strength (Ericsson and Sandstrém, 2003).

T'ool shoulder

Tool pn

(1 Axial force
Weld bead
Rotation
-

direction Welding joint

d“lel.' 4

Retreyy;
0% side 2
="

Shoulder ra"‘-‘rsing force
Probe

Figure 2.1 FSW process experiment and schematics: (a) tool resting on the workpiece (b) a schematic (With
permission from Eslami et al., 2015; Copyright Elsevier)

Figure 2.1 shows schematic of FSW process. The two sides about the weld centerline can
be distinguished as the advancing side (AS) and retreating side (RS), which show difference in their
microstructure as well as properties (Mahoney et al., 2001). In the advancing side, the tool
tangential velocity due to rotation and traverse velocity are in the same direction. On the other hand,
the tangential and traverse velocities are in the opposite direction in the retreating side. Advancing
side shows higher temperature as compared to the retreating side due to relatively higher velocity
between tool and workpiece (Chao et al., 2003; Kwon et al., 2004; Sato et al., 2002). As a result of

higher temperature, the grain size is found to be larger in the advancing side.
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Understanding of material flow in FSW is crucial for controlling weld quality and
minimization of defects. Material flow in FSW is complex and many researchers tried to visualize
the material flow using different techniques like tracer technique (Colligan, 1999; Reynolds, 2000;
Kumar et al., 2018), plasticine with dissimilar colours (Liechty and Webb, 2007) and high-speed
camera to observe periodic material deposition (Gratecap et al., 2012). In addition, a few
computational models tried to explain the material flow using finite element analysis approach
(Colegrove and Shercliff, 2004; Tongne et al., 2017). Colligan (1999) and Reynolds (2000) studied
material flow using embedded small steel balls as tracers and proposed that material is extruded
around the pin and deposited at the back of the tool. At the same time, extrusion around the pin and
stirring action near the shoulder at the top of the weld created a secondary vortex of material moving
vertically and in circular motion within the pin diameter. Kumar et al. (2018) evaluated strain rates
in FSW using particle image velocimetry and glass tracers in a transparent visco-plastic material.
FSW microstructure and metal flow features were compared with that of aluminium extrusion and
forging by Arbegast (2003). Arbegast suggested that FSW process produces five distinct
metalworking zones: (i) preheat zone which is the heated material ahead of the pin, (ii) initial
deformation zone, where stress exceeds the critical flow stress of the material and it starts to flow,
(iii) extrusion zone, adjacent to the pin where the material flows around the pin from front of the
pin to the rear, (iv) forging zone where the shoulder applies large axial forging force on the material
extruded around the pin and (v) cool down zone where the material cools under forced or passive
cooling conditions as shown in Figure 2.2. A similar model was given by Reynolds (2000), who
explained FSW as an in-situ extrusion process where the cold base material outside the weld-zone
acts as an ‘extrusion chamber’, i.e., the boundary of the extrusion zone where magnitude of

temperature and stress are insufficient to cause material to flow.

Welding Direction _ Tool shoulder

Tool pin

7
Pre-heat zone -
N _ Forging zone
Initial deformation Cool down zone

zone

Extrusion zone

Figure 2.2 Different metalworking zones in FSW

Different weld zones can be observed in the joint produced with FSW showing distinct
microstructure and mechanical properties. The first comprehensive classification of weld zones
according to microstructure was given by Thomas et al. (1999). The classification was focused on
aluminium alloys; however, it is applicable to other materials as well. Stirring zone (SZ) is the zone
where stirring of materials takes place. It is also known as nugget zone and undergoes dynamic
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recrystallization with equiaxed and refined grain size as compared to base material. Thermo-
mechanically affected zone (TMAZ) is observed after the SZ as we move away from the weld
center. This region is affected by both thermal cycle and deformation. Microstructure changes in
the TMAZ are mainly due to dynamic recovery. Temperature and strain experienced by this region
are insufficient for recrystallization resulting in elongated, narrow and relatively coarse grains than
those observed in the SZ. Heat affected zone (HAZ) is the region found between base material and
TMAZ, affected by thermal cycle only and does not undergo deformation. HAZ experiences grain
coarsening due to the effect of heat. Base material (BM) is the undeformed region adjacent to the

HAZ, far away from joint.

ISO standards for FSW of aluminium is given as ISO 25239, titled ‘Friction stir welding
— Aluminium’. It consists of five sections on vocabulary, design of joints, qualification of weld
operators, specifications and qualifications of welding procedures, quality and inspection
requirements. AWS-D17.3/D17.3M:2016 titled ‘Specification for friction stir welding of aluminum
alloys for aerospace applications’ suggests welding specifications for aerospace applications, which
can also be regarded relevant for all FSW users. Apart from the 1ISO and AWS standards, there are
certifying agencies like Lloyds Register, DNV, Germanischer Lloyd etc., that give specifications

for welding procedures.

2.1.3 FSW Process Parameters

The main process parameters that effect the joint formation in FSW are tool rotational speed,

traverse speed, tool plunge depth, tool tilt angle and tool offset. These are briefly described.

2.1.3.1 Rotational and Traverse Speeds

The temperature of the stirring zone increases with increase in rotational speed of the tool. However,
monotonic increase in frictional heat with increase in rotation is not observed since coefficient of
friction changes as well at high rotational speeds. A lower rotational speed generates insufficient
heat resulting in inadequate plasticization of material, which adversely affects the joint quality. On
the other hand, higher rotational speed may generate more heat. This causes undesirable grain
growth, dissolutions or coarsening of strengthening precipitates and minimization of dislocation

density; all these phenomena degrade the joint strength.

With increase in tool traverse speed, heat input to the weld region is decreased resulting in
a decrease in the peak temperature in the SZ. This result in lower material flow and increases the
requirement of torque as well as force for traversing the tool ahead. Higher torque and longitudinal

force requirements lead to lowering of tool life.
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2.1.3.2 Tool Tilt Angle

It is the inclination of the tool axis from the normal to the workpiece surface like in orbital forging.
The tool tilt increases the localized pressure for the same amount of plunging force. A typical tool
tilt angle is 3°. However, for high welding speeds, tool tilt angle of 1° is preferred (Hovanski et al.,
2015; Arici and Selale, 2007). Higher tool tilt resulted in greater weld flash and reduced thickness
of the weld nugget.

2.1.3.3 Plunge Depth

Plunge depth is defined as the depth of lowest point of shoulder below the surface of welded plate.
It plays an important role in controlling the depth of the stirred zone, heat generation and amount
of forging force applied during welding. A higher plunge depth results in thinning of the joint area,
which is not desirable. An optimized plunge depth must be used in order to produce quality welds

to avoid associated defects of overheating or under-heating.

2.1.3.4 Tool Pin Offset
A shift of tool axis on either side of the joint line is regarded as tool pin offset. The distribution of
heat generated on AS or RS is governed by the tool offset given. It also affects the mixing of

dissimilar materials during FSW.

2.1.4 Defects in FSW

The amount of heat input during FSW plays a vital role in determining whether sound weld will be
formed or defects will appear in the weld. Due to high heat input, defects like nugget collapse,
surface galling and excess weld flash are observed. On the other hand, if the heat input is low,
defects like kissing bonds (KB), tunneling defect, joint-line remnant (JLR) and hook defect appear

in the weld.

Apart from extrusion of material around the pin, there is a simultaneous upward movement
of material during FSW (Chen and Nakata, 2008; Muthukumaran and Mukherjee, 2008). This
upward movement of material causes hook defect mostly in overlapping joints. When the lower
sheet material is pulled up into the upper sheet, at the interface hook defect is generally observed.
It is observed prominently at the TMAZ towards the AS. The hook height increases with increase
in rotational speed since higher rotation speed leads to higher vertical movement of material. This
is especially true in case of threaded pin. Hook height decreases with increase in weld traverse

speed.

Tunneling defect is caused due to low heat input (Kim et al., 2006). Low heat input hampers
material movement, which causes higher flow stress. There is deficient movement of material

around the tool and a tunnel is left behind the pin due to lack of material consolidation as the tool
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moves forward. It is an internal defect formed below the surface and usually not visible on the

surface.

KB defect is formed because of inefficient plastic deformation due to low heat input and

insufficient stirring action where the interfaces are just touching each other with no metallurgical

bond between them. Oxide layer on the interface if not properly cleaned before welding may also
result in KB (Oosterkamp et al., 2004).

Incomplete root penetration may be observed as a result of insufficient tool plunge,

inadequate length of pin or inappropriate tool design. An unstirred region remains unconsolidated

at the joint root. Uneven faces of the abutting plates, local variation in plate thickness may also

result in incomplete root penetration. Some of the defects along with their causes and location of

defect are listed in Table 2.1.

Table 2.1 Types of defects in FSW, their location and causes

Defect Location of the defect Causes
1 Hook defect TMAZ e High rotation speed
e Low weld traverse speed
e Improper tool design
e Tool tilt being inadequate
2 Kissing bond SZ, interface of upper and e  Low heat input
lower sheet o Insufficient stirring of material
e Oxide layer at interface
3 Tunnelling defect Under the weld surface, e Low heat input
on AS near SZ-TMAZ o High weld traverse speed with low
interface rotational speed
e Low plunge depth
e Inappropriate pin offset
4 Void On or below the weld e Incorrect forging pressure
surface on the AS of the o Welding speed too high
weld
5 Incomplete root Below the pin/ SZ at the e Improper tool design
penetration interface of the faying e Insufficient plunge depth
surfaces e Local variation in thickness of plate
6 Joint line remnant At remnant of original e Poor joint alignment
faying surfaces in SZ, At e Inappropriate pin offset
weld root e Non-removal of oxide layer on the

surfaces

2.2 Variants of FSW Process

In order to improve the weld quality, remove defects and better economics of the process, several

variants of FSW have come up. A brief introduction to variants of FSW process is provided in the

following subsections.
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2.2.1 Stationary Shoulder FSW (SSFSW)

In conventional FSW, there is a shoulder affected zone and a pin affected zone resulting in different
mechanical properties in these two zones. TWI developed a stationary shoulder FSW (SSFSW),
where the pin rotates inside a non-rotating shoulder and slides over the workpiece. The primary
contribution to frictional heat is by the rotating pin that softens, deforms and stirs the material. The
shoulder only provides the axial forging force and prevents stirred material from moving out of the
weld zone. This leads to uniform temperature distribution in the through-thickness direction, as well
as improved hardness distribution and microstructural homogeneity (Li and Liu, 2014; Ji et al.,
2014; Maltin et al., 2014; Ji et al., 2016). Figure 2.3 shows a schematic of the SSFSW.

Stationary shoulder Rotating pin

Workpiece T

Figure 2.3 Schematic diagram of SSFSW

Overall improvement in mechanical properties of the weld and microstructural
homogeneity are key features of SSFSW. The joint region can be distinguished as SZ, TMAZ, HAZ
and BM. The SZ is bowl-shaped or drum-shaped and shows maximum width at mid-thickness as
shown in Figure 2.4. The SZ shows a homogeneous distribution of equiaxed, refined and
recrystallized grains in the through-thickness direction. SSFSW has immense scope in welding
aluminium alloys and titanium alloys; however, it is not well suited for welding Fe or Ni alloys
(Maltin et al., 2014).

Tool Profile

Figure 2.4 Optical macrographs of SSFSWed Al 7075-T651 (With permission from Li et al., 2015. Copyright
Elsevier)

2.2.2 Reverse Dual Rotation FSW (RDRFSW)

Overheating of the workpiece is a major problem in FSW due to large gradient in tangential speed
between center of the tool and the periphery of the shoulder (Li and Liu, 2014). The problem is
solved by allowing the pin to rotate at higher angular speed than the shoulder. The shoulder is

usually made to rotate in an opposite direction to that of the pin. This reduces part of the torque
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exerted by the tool on the workpiece, which helps in reducing clamping requirements. The process
is called reverse dual rotation FSW (RDRFSW) (Figure 2.5) (Shi et al., 2014; Shi et al., 2015a).
One major benefit of the process is reducing asymmetry in the temperature distribution between the

AS and RS, thereby helping to obtain uniform mechanical properties (Shi et al., 2015b).
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Figure 2.5 Schematic of RDRFSW. (With permission from Shi et al., 2015a. Copyright Elsevier)

2.2.3 Bobbin Tool FSW (BTFSW)

Bobbin tool FSW (BTFSW) or self-reacting FSW is a variant of FSW that consists of a bobbin tool
with two shoulders, one above the workpiece and another below it. A pin passing through the entire
thickness of the workpiece connects the two shoulders. The bottom shoulder removes the need of a
separate base plate and provides the reaction to the axial force of the top shoulder such that the
reacting forces are contained within the tool itself (Hilgert et al., 2011; Threadgill, 2010; Chaudhary
and Bhavsar, 2016). Figure 2.6 shows the process and the specially designed bobbin tools used for
the process. BTFSW starts by driving the tool into the workpiece from one of the edges or from a

predrilled through-hole into the workpiece.

(a) Workpiece

(b)

Joint - Top Shoulder

Figure 2.6 BTFSW process: (a) welding setup (With permission from Li et al., 2014b. Copyright Elsevier)
(b) bobbin tools used (With permission from Sued et al., 2014. Copyright Elsevier)

2.2.4 Friction Stir Spot Welding (FSSW)

FSSW is basically conventional FSW without the tool traverse, i.e., the weld is made by the rotating
tool at one spot only. It is extensively used as an alternative to riveting to help save weight.

Sumitomo Light Metal Industries Ltd., Kawasaki Heavy Industries Ltd., Mazda, and Norsk Hydro
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were among the first to adopt FSSW for spot welding (Pan et al., 2004; Gerlich et al., 2007). There
are a few variants of FSSW to eliminate exit-hole left after retracting the pin and/or to increase

bonding length. Some of these variants are summarized here.

2.2.4.1 Refill FSSW

This process was developed to eliminate the exit-hole left after FSSW. The process consists of three
components: (i) a stationery clamp in the form of a ring, (ii) a rotating shoulder and (iii) a traversing
pin (Pan et al., 2004; Schilling and dos Santos, 2004; Kumagai and Tanaka, 2001). Figure 2.7 shows
the various steps involved in the welding process. First, the stationary clamping ring holds the
overlapping workpiece, and the rotating shoulder along with the pin is plunged into the workpiece.
The material expelled by the pin is confined by the shoulder. A dwell time is given after which the
pin starts to retract, and the shoulder is moved downwards pushing the expelled material to fill the

gap left after retracting the pin.

Stationary
Clamping
ring

Pinhole-free
spot weld

Workpiece

Stage | Stage 2 Stage 3 Stage 4
Figure 2.7 Schematic of refill FSSW process
2.2.4.2 Rotating Anvil FSSW (RAFSSW) and Double-sided FSSW:

Rotating anvil FSSW and double sided FSSW are both pin-less tool variants of FSSW to eliminate
the problem of the exit-hole. RAFSSW is a one-sided FSSW process in which the rotating shoulder
applies massive forging force on the workpiece supported by a stationary anvil. The sheet thickness
that can be welded is, however, limited to 1 mm only. Double-sided FSSW is an improved variant
of RAFSSW, which uses two flat shoulders on top as well as bottom of the workpiece (Figure 2.8).

The bottom shoulder is called the rotating anvil in this case.
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Figure 2.8 Schematic diagram of double sided FSSW (With permission from Padhy et al., 2018. Copyright
Elsevier)

2.2.4.3 Short Traverse FSSW Processes:

In order to achieve larger joint area, the tool is traversed by a certain distance after FSSW, which
results in higher strength. These processes can be classified as short traverse FSSW. They are
usually of two types as shown in Figure 2.9. In stitch FSSW, the tool undergoes a short traverse to
enhance the size of weld nugget. Figure 2.9a illustrates three sequential linear motions of the
rotating tool. During motion 1, the tool plunges into the workpiece. During motion 2, tool traverses
in the plane of workpiece and reaches a new spot. After a dwell of few seconds at the new spot, it
retracts during motion 3. In the swing FSSW, the tool swings by a small angle about an axis
perpendicular to the tool axis after a spot weld is created; this results in a short traverse of the tool
by about 5 mm in the plane of the workpiece. These two processes are conveniently accomplished
with the help of a robot. Due to elongated weld nugget, the strengths of stitch and swing FSSW are
found to be higher than the strength of conventional FSSW welds (Tweedy et al., 2008; Buffa et
al., 2008; Hunt et al., 2006; Okamoto et al., 2005; Padhy et al., 2018).

‘\-r
e U

(@) (b)
Figure 2.9 Short traverse FSSW processes: (a) stitch (b) swing FSSW

2.2.5 Friction Stir Scribe (FSS)

When joining dissimilar materials with melting points of the materials differing by more than 20%

Welded portion

and densities differing by more than 10%, conventional FSW process leads to unstable joining
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(Padhy et al., 2018). There is a chance of the low melting point material flowing away from the
bonding area. To overcome this problem, friction stir scribe welding has been developed that uses
a specially designed tool for welding dissimilar materials in lap joint configuration. The tool is
designed such that the tip of the pin has an added scribe cutter at an offset position from the axis of
the tool (Justman, 2013; Upadhyay et al., 2017). Figure 2.10 shows the tool with scribe cutter and

its use in the process.

: |
Wor_kplece . : Pin Length
(lower melting point) v
[« Offset of scribe
Workpiece (higher melting point)
(@) (b)

Figure 2.10 FSS process: (a) tool with scribe cutter (b) schematic of the process

During the welding process, the softer material is overlaid on the harder material and the
rotating tool is plunged in the workpiece in such a way that the pin completely penetrates the upper
sheet (material with low melting point) and the scribe cutter is inside the lower sheet (material with
high melting point) by 0.1-1.0 mm depth. At the bottom sheet, the scribe cutter forms a special
interlocking feature. The interlocking feature is filled by the plastic material extruded by the scribe

from the top sheet (Hovanski et al., 2015), producing joints with higher lap shear strength.

2.2.6 Auxiliary Energy Assisted FSW Processes

For the plasticization of workpiece material ahead of the FSW tool, auxiliary sources of energy are
also used to provide heat along with frictional energy. The use of auxiliary sources of energy helps
in expanding the applicability of FSW to all types of materials, widening its commercial
exploitation. There a number of auxiliary energy assisted process as listed in Table 2.2. These are
electrically assisted FSW (Liu and Wu, 2016; Santos et al.,2014; Ferrando, 2012), induction
assisted FSW (Oeystein,1999; Sinclair, 2010), laser assisted FSW (Palm, 2004; Kohn et al., 2002),
arc assisted FSW (Joo, 2013; Kou and Cao, 2006), plasma assisted FSW (Yaduwanshi et al., 2014),
hot gas stream assisted FSW (Lotfi and Nourouzi, 2014), gas torch assisted FSW (Choi et al., 2011),
and ultrasonic assisted FSW (Siddiq and Sayed, 2012).

All the auxiliary energy assisted FSW techniques primarily aid in softening of the material
during welding and hence reducing the mechanical forces on the tool and aiding material flow. This

improves tool life and its performance leading to lower manufacturing costs. The welding speed
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can also be seen to increase in all processes leading to productivity that is more efficient. Alvarez
et al. (2014) observed an increase in welding speed from 100 to 200 mm/min due to application of
IAFSW. A 30% reduction in plunge force and 35% reduction in welding force were also observed
due to material softening. Thus, it can be seen that the use of auxiliary sources of energy can be
beneficial in many aspects including increasing productivity and efficiency of the FSW process as
well as improving tool life by reducing mechanical forces on the tool and its consequent wear.
However, these studies are in their initial stages and require more research to develop into fully

implemented commercial processes.

Table 2.2 Auxiliary energy assisted FSW processes

Type of References Remarks
auxiliary
energy assisted
FSW

Electrically Liu et al., 2015; Softening takes place due to Joule heating as well as

assisted FSW Santos et al.,2015; electro-plastic effect. The process needs an

(EAFSW) Ferrando, 2012 electrically conductive tool and/or workpiece. The
technology is still in infancy.

Induction Oeystein,1999; It is a non-contact method of preheating that utilizes

assisted FSW Sinclair, 2010 eddy currents induced by varying magnetic field for

(IAFSW) heating. Depth of heating can be controlled by

frequency of supply current. It is effective with
ferrous tool. Thermoplastic materials have been

welded.

Laser assisted Palm, 2004; Kohn et It is a non-contact type preheating by laser sources
FSW (LAFSW) al., 2002 such as Nd:YAG fiber optical, diode or CO..
Localized heating has better control on HAZ, but the
process is not suitable for reflective workpieces.

Equipment cost is also high.

Arc assisted Joo, 2013; Kou and ~ Mainly used in welding of dissimilar materials with a
FSW (AAFSW) Cao, 2006 tungsten inert gas (TIG) arc offset towards the high
melting point material to compensate for mismatch of

melting points. It lacks precision, but equipment cost

is low.
Plasma assisted  Yaduwanshi et al., The process is simple, economical and precise, but not
FSW (PAFSW) 2014 as precise as LAFSW.
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Hot gas stream  Lotfi and Nourouzi, It is preheating system that uses hot gas stream (e.g.,

assisted FSW 2014 nitrogen stream) ahead of the tool. Economic and

(HGSFSW) energy audit of the process needs to be carried out to
find out the efficacy.

Gas torch Choi etal., 2011 A gas torch is used behind the FSW tool for welding

assisted FSW high-carbon steel workpiece. This results in slower

(GTAFSW) cooling rate after the welding and less martensite
structures in the weld zone.

Ultrasonic Siddiq and Sayed, High frequency vibrations cause material softening

assisted FSW 2012 without significant heating; it also needs less energy

(UAFSW) compared to thermal softening. Voids and tunnel

defects are also suppressed by use of ultrasonic

vibrations.

2.3 Material, Geometry and Life of FSW Tool

FSW tool is a critical component determining the formation of a successful joint. The heat generated
during the FSW process is due to friction between the tool and the workpiece. A significant amount
of axial force is applied by the tool on the workpiece. As such, the tool experiences severe stress
and high temperatures, especially during welding of high strength alloys. The commercial
application of FSW of titanium alloys, high strength steel and other hard alloys is limited by tool
wear and short tool life. The tool material and design play a crucial role in determining its life and

effective usage period.

2.3.1 Tool Material

The most commonly used FSW tools are made of high-speed steel used for welding of softer
materials such as aluminium alloys, magnesium alloys or aluminium matrix composites (AMC)
(Prado et al., 2003; Fernandez and Murr, 2004; Rajakumar et al., 2011). Some specially developed

tool materials are discussed here.

2.3.1.1 Polycrystalline Cubic Boron Nitride (PcBN) Tools

For welding of high strength alloys such as steel and titanium, PCBN tools are preferred owing to
its high temperature stability and high hardness and strength at elevated temperatures (Sato et al.,
2009; Park et al., 2009). These tools also have low coefficient of friction that helps in producing
smooth surface during welding. However, PcBN have low fracture toughness and are susceptible
to breakage during initial plunging stage itself. It is reported to have maximum welding depth of 10
mm for steel and titanium alloys (Sorensen and Nelson, 2007). These tools are also costly to

manufacture, which limits their commercial usage.
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2.3.1.2 Tungsten based Tools

Tungsten has high strength at elevated temperature, which makes it suitable for use in FSW tools.
However, it is brittle at ambient temperature owing to its low toughness resulting it high wear rate
during welding of steel and titanium alloys. FSW tools were made using tungsten-rhenium alloys
with 25% wt. Re with improved tool life (Khan et al., 2007). Weinberger et al. (2009) welded
martensitic precipitation hardened steels using tungsten-rhenium alloy tool and produced good
guality welds. The use of W-25% wt. Re alloys for FSW tool was recommended by Gan et al.
(2007) since PcBN tools are brittle and boron from PcBN has a probability of getting dissolved into
workpiece to produce undesirable phases. However, Re is an expensive material and limits the
widespread use of tungsten-rhenium alloy tools. Tungsten carbide tools are a feasible alternative.
WC has a hardness of ~1650 HV and its toughness of is also excellent. It is also insensitive to
sudden temperature and load fluctuations during welding (Meran et al., 2007). The radial wear of
pin was found to be significant as compared to shoulder wear and longitudinal pin wear. The radial

pin wear initiated at the shoulder and increased down the length of the pin (Liu et al., 2005).

2.3.1.3 Other Tool Materials

SisNg is a great cutting tool and its low coefficient of thermal expansion, high hardness and high
thermal conductivity makes it appropriate for FSW tool; it results in O and N contamination leading
to formation of finer martensite. It also causes Si and N contamination of workpiece (Ohashi et al.,
2009). This problem can be solved by coating SisN. tool with diamond or TiC, which improves its
wear resistance. The use of Molybdenum based alloy tool has also been reported by Lienert et al.
(2003) for welding AISI 1018 mild steel.

2.3.2 Tool Geometry

Tool geometry can affect the heat generation rate, torque, traverse force and the thermo-mechanical
environment experienced by the tool. Apart from the traverse and rotational motion of the tool, flow
of plasticized material in the workpiece is also affected by the tool geometry. It mostly constitutes

the shoulder diameter, shoulder surface angle, profile in the shoulder surface and pin geometry.

2.3.2.1 Shoulder Diameter

The shoulder generates most of the heat and largely establishes the material flow field by gripping
on the plasticized material. Heat is generated by both sliding and sticking friction whereas material
flow takes place only due to sticking. Arora et al. (2011a) proposed an analytical model to determine
the optimal shoulder diameter for minimizing the torque. The mechanical behaviour of FSW sheets
like forming limit and springback can be modified to the betterment by controlling the shoulder
diameter, along with other parameters like rotation speed, traverse speed and plunge depth (Ramulu
etal.,, 2012; Ramulu et al., 2013; Katre et al., 2015).
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2.3.2.2 Shoulder Surface

The shoulder surface plays an important role in determining FSW joint quality. Hirasawa et al.
(2010) studied the effect of concave, convex and flat tool on joint quality. It was found that concave
shoulder along with a triangular pin resulted in the highest strength spot welds. Microstructure and
failure modes of the weld were also found to be significantly affected by the shoulder surface angle
of the FSW tool (Lin et al., 2008). Cederqvist et al. (2009) studied the effect of different shoulder
surfaces on weld quality, temperature generated and flash produced. The study was conducted on
concave, convex and flat shoulder tool with and without scrolls/grooves on the shoulder face. It was
found that minimum flash was produced by convex scrolled shoulder with no defects and good
process stability. On the other hand, a concave shoulder tool resulted in medium flash with surface
defects.

2.3.2.3 Pin Geometry

Numerous studies have pointed out that tool pin shape influences the plasticized material flow and
the weld quality. Kumar and Kailas (2008) suggested that the shoulder of the tool caused the bulk
material stirring while the pin facilitated the layer-by-layer movement of material around it.
Different pin geometries are used to aid material flow in the workpiece, influence axial forces and
produce welds with minimum defects. Figure 2.11 shows some of the different geometries of pin
being used in FSW tool.

Figure 2.11 Pin geometries used in FSW tool: (a) cylindrical threaded; (b) three flat threaded (c) triangular
(d) trivex (e) threaded conical (f) schematic of a triflute (With permission from Rai et al., 2011. Copyright
Taylor & Francis)

Hirasawa et al. (2010) mentioned that a triangular or ‘trifluted’ pin causes higher material
flow than that of a cylindrical pin. Threaded tools are being used to improve material flow around
the tool. Zhao et al. (2005) used both plain and threaded columnar taper pins and observed that
minimum defects were produced by tapered pin profile with screw thread during welding of
AA2014. Colegrove and Shercliff (2004) studied the material flow using a triangular tool with
convex surfaces called trivex tool. Comparisons were made with triflute tool, which revealed that

triflute tool showed increase in the downward force due to its strong drilling action. On the other
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hand, Buffa et al. (2006b) suggested increasing the pin angle to increase peak temperature during
welding. A study by Ravi et al. (2018) revealed that square pin with flat shoulder is a good choice
for FSSW of double-layered sandwich sheets made of Al6082-T6 and HDPE.

2.3.3 Tool Life

Tool life is an important aspect of any process that influences its commercial application. A longer
tool life with minimal cost are preferred attributes of a commercially viable tool. Tool wear during
FSW plays a significant role in determining the tool life as well as quality of weld produced during
welding. Sparse studies conducted on FSW tool life indicate the significant role of diffusion and
abrasion in causing the wear. Reaction of the tool with ambient oxygen in the atmosphere results in
tool erosion. Thus, reactivity of the tool plays an important role in determining the tool life. The
material flow during FSW is hampered by reduction in pin length or erosion of tool profile, which

in turn increases welding defects (Bist et al., 2016).

Fernandez and Murr (2004) asserted that tool wear increased with rotation speed, whereas
it decreased with increase in welding speed. Prado et al. (2003) showed that increase in tool rotation
speed increases the tool wear that reaches maximum at around 1000 revolutions per minute. Further
increase in rotational speed decreased the tool wear due to the increase in fluid like behaviour and
turbulent material flow. It was also observed that tool wear is significant at the beginning of the
welding that continues to decrease as the welding progresses and the tool attains a self-optimized
shape, after which tool wear rate reduces. Thus, if the self-optimized shape is used as the initial pin
shape the tool life could be increased. Prado et al. (2003) further argues against the need to used
threaded pin, since the threaded pins continued to produce good quality welds even after the threads

were eroded by tool wear.

It is observed that the tool failure mostly occurs at the pin; it suffers more wear and

deformation as compared to the shoulder. The reasons for this are as follows:

(i) The pin is completely immersed in the workpiece and faces more resistance to its motion during

welding.

(ii) Since maximum heat is generated at the shoulder-workpiece interface, resistance experienced

by the shoulder is much less as compared to the pin.

(iii) The load bearing capabilities of the pin is much lower than the shoulder due to the high stresses

from combination of bending and torsional stresses in the slender pin.

Gan et al. (2007) suggested use of harder, wear resistant material such as PcCBN or WC for

pin and relatively softer material for the shoulder of the tool. Although there has been significant

25
TH-3283_176103008



Experimental and Computational Studies on Exit-Hole-Free Friction Stir Spot
Welding Processes

research in the development of cost effective and reusable tools following empirical approach,

scientific procedures for tool design need to be developed.

2.4 FSW of Dissimilar Materials

The welding of dissimilar materials by fusion welding has always been a challenging task due to
their chemical and metallurgical incompatibilities. As such during fusion welding of dissimilar
materials, the weld region is significantly different from the base material. FSW has been effectively
used for welding dissimilar materials by many industries (Luijendijk, 2000; Kasai et al., 2015;
Cavaliere et al., 2009; DebRoy and Bhadeshia, 2010).

Material flow in dissimilar material is mainly of two types— (1) a vortex-like material flow
where two materials are intermingled and (2) a flow with sharp interface between two materials, as
shown in Figure 2.12. The vortex-like flow can be observed as fine intercalated lamellar
microstructure with bands of the two dissimilar materials resulting in mechanical interlocking that
improves joint properties. VVortex-like flow occurs when the two dissimilar metals possess similar
flow stresses at the welding temperature (Fu et al., 2015). Vortex-like flow is also promoted by an
increase in heat input (Song et al., 2014; Xue et al., 2011a, b; Derazkola et al., 2015). The second
type of flow, i.e., sharp interface type, can be observed when melting points of two dissimilar
materials differ considerably or an insufficient amount of heat is generated. It is characterized by
lower joint strength. Sharp interfaces were observed by Lan et al. (2016) and Tanaka et al. (2015)
in the welding of Al and steel. Wu et al. (2015) observed zigzag pattern at the interface in welding
of Ti and Al. However, if sufficient amount of heat is generated by using high rotational speed and
low traverse speed of the tool, materials with large difference in melting points can undergo vortex
type material flow (Silva et al., 2011). The transition of one flow type to other also depends on the
orientation of the plates to be joined. Fu et al. (2015) observed that placing Al on the AS, produced
sharp interface flow, while placing Al on RS resulted in a vortex like flow at same process

parameters.

Offset

(mm) 750rpm-120mm/min 1000rpm-120mm/min

0.9

(@)

Figure 2.12 Flow in dissimilar metal welding: (a) vortex-like (With permission from Song et al., 2014.
Copyright Elsevier) (b) sharp interface flow in Al-Steel joint (With permission from Ghosh et al., 2014.
Copyright Springer Nature)
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A few salient research efforts on dissimilar material welding using FSW have been
described in Table 2.3. It summarizes the research effort of the following researchers: Simar and
Avettand, 2017; Tanaka et al., 2009; Wu et al., 2015; Li et al., 2014; Kar et al., 2019; Firouzdor et
al., 2010; Mofid et al., 2012; Zhao et al., 2015; Kasai et al., 2015; Aonuma et al., 2010; Galvao et
al., 2011; Esmaeili et al., 2011; Tan et al., 2013; Park et al., 2010; Aval et al., 2011; Palanivel et al.,
2013; Elangovan and Balasubramanian, 2007; Khan et al., 2017; Bahemmat et al., 2012; Silva et
al., 2011; Guo et al., 2014; Gerard and Ehrstrom, 2004; Amancio-Filho et al., 2008; Cole et al.,
2014. A notable work is by Li et al. (2014b). They designed a new butt weld configuration to weld
Al and Ti as shown in Figure 2.13. The joint was designed such that the top surface of the Al sheet
was 0.2 mm higher than the Ti sheet with tool offset towards the Al side. Plunge depth was given
such that when the shoulder barely touches the Ti sheet, there is excess shoulder plunge on the Al
side. This helped avoiding tool attrition and improved tool life. The design resulted in a weld joint

with more than 92% tensile strength of the base Al alloy.

Butt interface 1—===Tool
1 .
/ '

| S L

Al alloy sheet 1.8mm

shoulder into Al side T M\ Pin off-set and

4mm =% “downward excess-plunge

Figure 2.13 Modified butt weld configuration developed by Li et al., 2014a for Al-Ti FSW (With permission
from Li et al., 2014. Copyright Elsevier)

Table 2.3 Dissimilar materials welded using FSW and their salient features

Type of Salient features

dissimilar

welding

Al to steel e A tool offset of 0.2 to 1.3 mm given towards the Al side produced better joints

(Simar and Avettand, 2017).

e Al should be placed on the RS to facilitate harder steel from AS to be dragged
inside softer Al.

e Based on the thickness of IMC (intermetallic compound) layer formed, Tanaka et
al. (2009) suggested that the tensile strength was inversely proportional to heat
input.

Al to Ti e Atool offset of 0.6 to 0.9 mm towards the Al side was observed to produce good
welds (Wu et al., 2015; Li et al., 2014).

e Tiis placed on the AS.

e Incase of lap welding Ti is chosen as the lower sheet.

e Critical IMCs formation in the weld can be minimized by using an interlayer
material (E.g. Zn) at the interface of Al and Ti (Kar et al., 2019) thereby
improving joint strength.

Al to Mg e Mg on AS produced vortex like flow, while Mg on RS produced sharp interface;
which in turn governed the tensile strength of the welds (Firouzdor et al., 2010).
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e Mofid et al. (2012) and Zhao et al. (2015) studied Al to Mg welding using
underwater FSW and found that the process produced finer microstructure with
lesser IMC formation.

Mg alloy to steel e Kasai et al. (2015) observed increase in joint strength with increase in Al content

in the Mg alloy.

e Steel and pure Mg welding is not much widely studied since they form an
immiscible system due to lack of reactivity.

Mgto Ti e FSW of Mg to Ti have been studied in a few research works but mainly focused

on the effect of alloying elements in Mg alloy.

e Increase in percentage of Ca in AMG60 alloy improved the weld strength (Aonuma
etal., 2010).

Alto Cu e Tool offset is given slightly towards Cu side (Galvao et al., 2011).

e A low traverse speed of tool below 200 mm min! is suggested (Esmaeili et al.,
2011; Tan et al., 2013)

5XXX 10 6XXX e AA5086 with higher flow stress should be placed on the AS where more heat is
generated (Park et al., 2010).

e Aval et al. (2011) and Palanivel et al. (2013) observed tunnel defects at low
rotational speed. High rotational speed results in turbulent flow of material in the
SZ leading to defects and more flash generation (Elangovan and
Balasubramanian, 2007). Thus, optimization is important.

e 5xxx is more corrosion resistant and thus used in outer parts of ships,
automobiles; while 6xxx gives better finish and used in inside parts (Khan et al.,
2017).

2XXX 10 7XXX e Highest peak temperature was observed on the AA2024-T4 side since it was
placed on the AS side and more plastic work was done by the tool on it
(Bahemmat et al., 2012).

o Material flow type changed from sharp interface at 800 RPM to vortex type at
2000 RPM (Silva et al., 2011)

BXXX 10 7XXX e  Material mixing was found to be better when AA6061 was positioned on AS since
harder AA7075 is difficult to move from the AS to RS due to its higher flow
stress. (Guo et al., 2014).

e However, most researchers suggest positioning the higher strength materials at
AS for improved joint strength (Gerard and Ehrstrom, 2004; Amancio-Filho et
al., 2008; Cole et al., 2014).

e When tool offset was given towards AA7075, lower heat is generated on the
softer AA6061 resulting in less coarsening of precipitates in HAZ of the softer
material, improving joint strength. Thus, tool offset towards AA7075 is preferred
(Cole et al., 2014)

aluminium alloys

aluminium alloys

aluminium alloys

2.5 Modelling of FSW Process

FSW involves combination of several physical phenomena like frictional heat due to tool-work
surface interaction, heat due to large plastic deformation, dynamic microstructural evolution and
material stirring (He et al., 2014). Multiple process parameters influence the quality of weld
produced. The fine-tuning of these parameters helps in producing defect-free welds by controlling
the heat input during welding. Modelling and simulation of the FSW process helps to choose the
best process parameters without undergoing extensive experimental trials, making the FSW process
economical and less time-consuming. Moreover, modelling of the process using various humerical
methods and computational tools helps in understanding the process and improving it. Analysis and

visualization of material flow, stress and strain evolution, residual stresses after welding and
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temperature field in the cross-section during welding can be obtained easily by modelling (Neto
and Neto, 2013). Modelling does not have the physical limitations of experimental observation;
thus, it can be effective in the understanding of the effect of process parameters during welding.
There has been a drastic improvement in the modelling of multiphysics problems, including FSW,
in the recent years. However, the studies are limited and there is a requirement of further studies in
the modelling of FSW process, especially for reducing simulation time. This section presents a

literature review of different approaches taken for modelling of FSW and its future scope.

2.5.1 Basic Governing Equations of the Process

As discussed earlier, modelling is an important aspect of analysis of a process in order to gain
understanding as well as for optimization of the process. Process modelling and optimization helps
reduce expensive and time-consuming experiments. Two aspects should be modelled in FSW—

plastic deformation and heat transfer. This subsection discusses both the aspects.

2.5.2 Modelling of Plastic Deformation

When a body undergoes plastic deformation, it retains the deformed configuration after removal of
load and cannot go back to its original form. It is generally observed that for small deformation, a
material behaves elastically at the initial stage and with further deformation, the material behaves
plastically. A yield criterion is set to determine the end of elastic behavior and onset of plastic
behavior. For continued further plastic deformation after (initial) yield point, additional stress is
required suggesting that the yield condition keeps on changing with plastic deformation. This is
known as strain hardening. A criterion for subsequent yielding is required for modelling the
hardening behavior. Mathematically, yield criterion, in the form of a scalar function, is represented

as
f(o;) =0, (2.1)

where f is a yield function and a; are Cauchy stress tensor components. Two commonly used yield
criteria for representing material behavior in the context of FSW are von Mises and Tresca yield
criteria (Dixit and Dixit, 2008). In solving plastic deformation problems, two strain hardenings laws
are widely used— isotropic hardening and kinematic hardening. Figure 2.14 shows schematics of
isotropic, kinematic and a combination of both, combined hardening. Detailed explanation of the

hardening models can be found in Dixit and Dixit (2008).
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Figure 2.14 Hardening laws: (a) isotropic hardening (b) kinematic hardening (c) combined hardening

Two different approaches are taken when formulating the governing equations of a
mathematical model for evaluating stresses, strains, displacement or other parameters. One is the
Lagrangian approach, in which the region of analysis keeps changing continuously; the other is the
Eulerian approach where analysis is performed in a fixed region of space. Eulerian formulation
assumes a fixed space known as the control volume, where the entire analysis takes place. It is
assumed that the deforming material flows through the control volume behaving like a non-
Newtonian fluid. This approach is also referred to as flow formulation to imply the flowing nature
of the deformed material. It is essential to compute the material boundary at each time increment,
since material and element boundaries in Eulerian approach do not correspond to each other.
Processes like rolling, wire drawing and extrusion that involve flow of material continuously
through a control volume can be modelled using the Eulerian approach (Dixit and Dixit, 2008). The
mesh in Eulerian approach never changes; therefore, there is no problem of excessive mesh
distortion in processes with high plastic strains (Xu et al. 2001). However, this approach is not much
suitable for modelling free boundary surfaces. The elemental and boundary nodes may not coincide
and can be used only if the surface boundaries that are deformed are known (Priyadarshini et al.,
2012). An impression of the tool shape needs to be created on the workpiece in order to implement
this formulation in FSW because plunging stage cannot be modelled using Eulerian formulation.
Eulerian formulation is not suitable for unsteady problems as well. Due to these disadvantages and
difficulty in tracking surfaces and boundary conditions, a purely Eulerian approach for modelling

FSW is rarely used.

In Lagrangian formulation the analysis is performed on a set of particles, which keep moving
with the deformed material. The path of the particle is traced from the original configuration to the
material’s new deformed state. The primary variable in Lagrangian configuration can be
incremental displacement as the deformation takes place incrementally with respect to time. This
approach is generally used for processes like forging, deep drawing, or processes involving
interaction of solid boundaries (Dixit and Dixit, 2008; Hossfeld and Roos, 2013). It is also easier to
use boundary conditions in this approach. In this approach the material and element boundary
coincide with each other (Lorrain et al., 2009). However, with large deformation, there is distortion

and tangling of mesh leading to difficulty in convergence. Although Lagrangian approach requires
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complex remeshing, its ability to model heat from friction at the contacting surface of tool and
workpiece, material deformation in the workpiece and material flow makes it a suitable and widely
used approach for modelling FSW process (Jain et al., 2018; Neto and Neto, 2013). The reference
for the current deformed state can be set as the reference frame at t = 0 or the deformed configuration
from previous state; the former is known as total Lagrangian formulation and the latter is known as
the updated Lagrangian formulation (Dixit and Shufen, 2020). In the updated Lagrangian
formulation, it is assumed that the deformations are finite. It is also assumed that solution at time t
(previous state) is known for evaluation of unknown variables for the state at t + At. The following

are the governing equations (Dixit and Dixit, 2008):

1. Incremental strain-displacement relations:

In(,A%)  ifi= ]
A L — t i
y & {o ifizj (22)
IAUiJ? = (tAF)-iII;(tAF)kj! (2.3)
AF; =8+, Au, ;, (2.4)

L _ N : | .

where tASij denotes incremental logarithmic strain, tensor caused by incremental displacement
(AU and | Au; ; represents the derivative of the incremental displacement with respect to position
'x. The incremental right stretch tensor AU is derived from the incremental deformation gradient

tensor ,AF by its polar decomposition. The eigenvalues for the tensor ,AU are given by, A4,.

The measure of finite deformation as well as rotation F is expressed as

R = ———=Xaff (2.5)

where Xo is the position vector at initial configuration. All the time-dependent variables are denoted

with the subscript t.
2. Different stress-strain relations:

All materials follow different constitutive relations before and after yielding. The governing

equations for most of the metals are given as

a. post yielding:
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t+At t+At
Aoy = [ 'Cd(Agy)- [ ‘Cilas,d(,AT), (2.6)

1
t t

EP . .
where tCin is a fourth-order tensor given by (Hsu, 2012)

2
2 Goy0; +2G0,9; % 'sf '8y
t~ep \1-2v ) ) 2
Cijk| = t ) 2.7)
(‘H'+36) o,
and tSi'j given by
g ‘o] for isotropic hardening -
"|'of —'aj  for kinematic hardening’ (28)
and
‘o, =H (tgef]). (2.9)

Further, v is the Poisson’s ratio, G is the modulus of rigidity, o is the coefficient of thermal

expansion, ;AT is temperature rise at time t with respect to ambience.

b. Before yielding and after unloading:

t+At t+At
Ao, = j ‘Chd(,As)- j 'Claad,d(AT), (2.10)
t t
where
oNE 2v
Cijkl =(EJG5KI5U +ZG5ik5j, . (2.11)

3. Updating scheme:

It is important to use the stress tensors in objective form to nullify the effect of rigid body rotation.
The tensors are made objective by making them invariant with change in reference frame. In case
of finite deformation in an updated Lagrangian formulation, the procedure to convert the stress

tensor into objective is given as

“g=(AR)(')(,AR) +,Ac, (2.12)
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where , AR represents a finite incremental form of rotation tensor.

4. Equilibrium equations:

at+AtO_ij
6H—At)(j = O, (2.13)

t+At t+At . .
where Oy and Xj are stress tensor components and position vectors, respectively, at updated

time.

Both Eulerian and Lagrangian approaches have their own advantages and disadvantages. There
have been efforts to combine the advantages of the two formulations in a single approach. Arbitrary
Lagrangian-Eulerian (ALE) is one such formulation that takes advantage of the two formulations
in the same part mesh. As seen in Figure 2.15, in case of Lagrangian formulation the mesh gets
distorted after deformation. In case of Eulerian approach, material moves through the mesh as the
workpiece gets deformed while the mesh stays fixed in its position. In case of ALE, the mesh adjusts
according to the deformed body such that uniformity of mesh is maintained while deformation of
the body takes place. ALE consists of two phases — Lagrangian phase and Eulerian phase, connected
by some convective terms. In ALE, instead of material configuration, motion is described by the
reference configuration as in Lagrangian formulation, and spatial configuration as in Eulerian
formulation. The mesh and material movements are identical in Lagrangian phase, while in the
Eulerian phase, the mesh undergoes an arbitrary motion independent of material motion while
keeping the mesh undistorted. The approach involves analyzing each time step by Lagrangian phase
until convergence, followed by application of Eulerian phase to keep mesh configuration
undistorted. All the dependent variables (stress, strain etc.) are convected through the Eulerian

phase since there is relative displacement between material and mesh.

| —
Lagrangian |-
//
‘/ ALE Formulation
— \
/'/
Eulerian

Figure 2.15 Graphical representation of Lagrangian, Eulerian and ALE formulations (shaded portion is
material)
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There are three domains in ALE formulation: material €}, spatial €2 and reference or ALE
domain €2 . The transformation equations mapping the domain are (Khoei et al., 2003)

x =Xx(X,t), x=x(zg,1), (2.14)

which give spatial position of material point X and grid point } , respectively. The relative motion

between the mesh and material defined as convective velocity is
c=v-V, (2.15)

where V is the mesh velocity and v is the material velocity. Similarly, acceleration a is

+(VV)CE%

x

+(coV)y, (2.16)

X x

ov
where a is called the local acceleration and (Vv)c is called the convective acceleration; wvv is
X

the spatial gradient of velocity. Using a from Eqg. (2.16) and substituting in momentum equation in

Lagrangian formulation gives

b, = pa, = p 2

O-ji,j+pi_pai=pa +PCV 5, (2.17)
V4

where b is the body force per unit mass, ¢ is the Cauchy stress and p is the density. Assuming that

loads are applied slowly and inertia forces are much smaller, acceleration can be omitted which

results in the equilibrium equation expressed as

oy +Pb =0. (2.18)

Equation (2.18) is common for Lagrangian, Eulerian and ALE formulations as there are no

convective terms in the equation.

The material rate of stress in nonlinear solid mechanics is dependent on current state of stress
and deformation history. A convective term is added for the relation between material and reference
rate of stresses as

oo
at

oo

+(ceV)o. (2.19)

V4

X

This approach helps to reduce element distortion in parts undergoing large deformations
(Lorrain et al., 2009). Some amount of mesh distortion still occurs in the tool which can be solved

by using adaptive remeshing tools (Grujicic et al., 2010). ALE has been used to model temperature
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distribution, material flow and residual stresses in friction stir welded joints (Buffa et al., 2009;
Trimble et al., 2012).

Another approach that takes advantage of the combination of strengths of Eulerian and
Lagrangian approaches is the coupled Eulerian-Lagrangian (CEL) formulation. In CEL approach,
the body undergoing large deformation is meshed exclusively with Eulerian element and the stiffer
body is meshed exclusively using Lagrangian elements. In case of FSW, the tool is meshed using
Lagrangian elements while the workpiece is meshed using Eulerian elements. The kinematic
constraint for Eulerian calculation is implemented by using the velocity of the Lagrangian
boundary. On the other hand, surface forces on the Lagrangian domain is calculated using stresses
within the Eulerian cell (Benson, 1992, 1997; Brown et al., 2002). In addition to the advantages of
ALE, CEL approach can simulate void formation and defects in FSW (Al-Badour et al., 2013).
However, this approach is not widely used since it requires very powerful computational facility
(Malik et al., 2014). For more details on the CEL approach, the article by Skrzat (2012) may be

referred. A comparison of the formulations is summarized briefly in Table 2.4.

Table 2.4 Salient points of formulations for modelling FSW

Formulation Salient points

Eulerian e Assumes fixed control volume for analysis

approach e  Capable of simulating material flow
e Material and element boundaries do not correspond to each other

Lagrangian e  Position of particle under analysis keeps changing with deformation

approach e Cansimulate material flow, heat developed due to friction and material deformation
o In case of severe deformation, frequent complex remeshing is required

ALE approach e  Combines advantages of Eulerian and Lagrangian approaches
e Mesh adjusts according to the deformed body such that uniformity of mesh is

maintained
Element distortion is reduced for parts undergoing severe plastic deformation
CEL approach e  Tool is formulated using Lagrangian approach, while the work piece is formulated
using Eulerian approach
e Combines advantages of Lagrangian and Eulerian formulations. No problem of
mesh distortion
e High computation cost

2.5.3 Thermal Modelling

The thermal history of a welding process determines the thermal stresses and microstructure, which
leads to determination of the strength, hardness, fatigue behavior and elongation of the joined
product. As such, modeling of heat source is an important aspect and the basics of modelling
conduction in moving heat source is briefly described in this section. A detailed section on thermal

modelling of FSW process is provided later.

The convective diffusion equation is
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apu N ophV

= =V-(kVT)+4d, (2.20)

where O represents density, k is the conductivity, u is the internal energy, h is the enthalpy, g is
volumetric heat source, V is the speed of heat source and T is the temperature. The tool is considered
stationary. The velocity of the moving workpiece is in x direction, y lies on the plane of workpiece

top surface perpendicular to x, and z is perpendicular to the workpiece top surface (Figure 2.16).

() FSW tool
(fixed)

Workpiece

Figure 2.16 Reference frame for heat transfer during welding

If V=0, and du = C,dT, Eqg. (2.20) becomes

C %:V-(kVT)+q, (2.21)

where C, is the heat capacity. Using the continuity equation, the steady state equation for constant
velocity V can be expressed as (Cengel and Boles, 2007)
PV _ (2.22)
ot oXx
Further considering du = dh = C\dT, as there is no significant volumetric expansion, Eq. (2.21)
becomes (Van Elsen et al., 2007)

pCV(I')Vaa—I:V-{k(T)VT}+q. (2.23)

The temperature distribution due to a moving point heat source was given by Carslaw and Jaeger
(1959) as

T=T,+ 4:LkR exp{-V (R+x)/2x}, (2.24)

where To represents ambient temperature, P. applied power, R distance from the source of heat
where (R2 =X’ + y2 + Zz) and « is the thermal diffusivity. The axis x is considered to be along

the heat source velocity, y is on the plane of workpiece top surface and perpendicular to x, and z is
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also perpendicular to x along the thickness. However, in case of FSW, the equation has to be

modified to account for the heat source being non-uniform.

2.5.4 Analytical Modelling of FSW

Analytical modelling of FSW includes mathematical expressions that help in understanding the
process better by arriving at relationship between different parameters (tool dimensions, process
parameters etc.) and related outputs (heat generated, torque produced etc.) involved during welding.
Since FSW is a complex multiphysics problem with transient nature, there has been very few
analytical studies on the process. The analytical modelling of FSW has been limited to its thermal
aspect only, dealing mainly with heat generation during welding and corresponding temperature
distribution. Modelling of material flow, mechanical properties, defects and residual stresses have
been undertaken using numerical approach which will be discussed in the next section. Some

significant works on analytical modelling of FSW are discussed in this section.

Frigaard et al. (1998) was among the first to describe an analytical approach for calculating the
heat generated during FSW. The heat generated was expressed as a function of axial load and torque

required. The torque applicable on the tool during rotation is given by

M :IOR,uPZEerr zéluﬂPRg, (2.25)

where M is the torque required, P is the axial pressure assumed to be constant, i is the Coulomb’s
coefficient of friction between the FSW tool and workpiece and R denotes tool radius. A differential
ring-shaped area of width dr on the circular tool is considered at a distance r from the centre of the
tool. It is assumed that all the shear work is converted into heat. The average rate of heat generation

per unit area is given by

R
0, = IO ouP2zr4dr, (2.26)

where o is the angular velocity in rad/s. If the tool rotates at N revolutions per second (rps), then

o=27N and

o ZIOR A7® uPNrdr = gﬂz,uPNRs, (2.27)

Frigaard et al. (1998) considered the tool to be a flat shoulder pinless tool, thus ignored the
contribution from the pin in heat generation. Schmidt et al. (2003) considered the contributions in
heat generation from different parts of tool separately. The schematic diagram of the FSW tool with
its different parts is shown in Figure 2.17a. The tool has a shoulder radius of Rsh, pin radius of Rpin,
pin height of Hpin and cone angle of «. The cone angle is the angle made by the concave shoulder

surface with the horizontal.
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QTOOT //1.
" r 4 7/ I
4—-|'—r Y - i “ .
- i \l\ i 0’&—//
i — Ql Hpin dr - /// I
: < ' | Tool
- ! " axis
R)inL_>!L__ Qj |
I
— i h
@ ™ (b) |

Figure 2.17 Diagram of an FSW tool (a) with contributions to heat generation by different parts of the tool
(b) infinitesimal element on the tool (Drawn based on explanations of Schmidt et al., 2003)

The total heat produced by the tool is the summation of contributions of the shoulder portion Qq,

pin side Q, pin bottom Q3 as
Qo =Q +Q, + Q. (2.28)

The mechanical power input is converted into heat generated at the tool as per the following

relation:

dQ =oarr,,,, . dA (2.29)

ontact 7

where r is the radius at which a differential area dA exists with contact shear stress of 7. The

contact *
differential area is calculated for each portion by considering an element of height dz, width dr in
the radial direction subtending an angle 6 at the centre and of length rdé in the circumferential
direction. (Figure 2.17b). Using Eq. (2.29), dQ is integrated over the entire surfaces to arrive at the

different heat contributions expressed as

27 Ry

2
Q= I I DTl (L+tan a)drd @ = 3 m’comacta)( R}~ Rpin3 ) (I+tana),
0 Rpin
(2.30)
2 Hpin
QZ = J J a)rcontactRpindede = 27Z.z-contacta)Rpin2H pin? (231)
0 0
27 Rpin 2
Q= j a)TcontactrzdrdH = § ”TcontactC‘)Rpina- (2.32)
00

From Eq. (2.28)

2 Tl enae® {(R? Ry )1+ tan ) + R, P 43R, 2H L (233)

Qtotal = 3
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For a flat shoulder tool (o = 0), which simplifies Eq. (2.33) to arrive at

2
Qtotal = gﬂfcontacta)( Rsh3 + SRpinzl_| pin ) (234)

However, while considering the force and torque on the inclined shoulder surface, Schmidt et al.
(2003) split up the contributions from projected vertical and horizontal areas of the inclined area.
Perhaps a more accurate approach would have been to consider the area of the inclined plane for

force and torque calculations. This aspect needs more investigation. Depending on the surface

interaction condition, 7. Vvaries as follows:

(a) Sticking condition

By using von Mises criterion,

_ O-yield

. - 2.35
yield \/5 (2.35)

T T

contact —

From Eg. (2.33)

Qtotal = %ﬂ. O-yiem (!){( Rsh3 - Rpin3)(1+ tan a) + Rpin3 + 3RIDinzH Pin}' (2-36)

73

(b) Sliding condition
Tcontact = Tfriction = ,Ll p' (237)

where p denotes the axial contact pressure. From Eq. (2.33) using Eq. (2.37)

2
Quia =571 po{(Ry’ =Ry’ )(1+tana) + Ry, +8R, Hy | (238)

2
Considering a flat tool (o« = 0) and P = 1 Where Apmjected =7 Rsh is the projected area

A

projected

where pressure is applicable; Eq. (2.38) can be further simplified as

2 RpinzH pin
Qtotal =§,uFa) Rsh +3 R 2 : (239)

sh

Equation (2.39) is similar to Eq.(2.27) obtained by Frigaard et al. (1998). However, it shows a
directly proportional relationship between Q and F, which is experimentally found to be not true in

case of FSW. Thus, sliding friction model alone does not give the true nature of the problem.

(c) Partial sticking/sliding condition
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In this condition, the interaction may not be purely sticking or sliding. A variable ¢ is defined as

5:\‘:m—at=1—vl, (2.40)

tool tool

7} = Viool ~ Vimat» (2'41)

where y is the slip rate, vma is the velocity of the material under the tool, Vi is the position

dependent tangential velocity of the tool. 6 = 1 implies sticking condition and ¢ = 0 implies sliding
condition. 0< & <1 implies partial sticking/sliding condition. Combining Eq. (2.36) and Eq. (2.38)

we get

Qtotal = 5Qtotal,sticking + (1_ 5)Qtotal,sliding
4 gﬂ(&ymd +(1-0)up)o{(Ry’ —R,,’)(L+tana)+ R, +3R,, °H |
(2.42)

Mijajlovic et al. (2012) proposed heat transfer efficiency 7o as opposed to 100% conversion

efficiency considered by Schmidt et al. (2004) and gave heat generation as
Qgenerated =g P, (2.43)

where P is the mechanical power and Q 4 Is the heat generated by the tool the typical value of

generate
no varies from 0.6 to 1. A median value of 0.865 for the complete weld cycle and 0.9 for the welding

stage was obtained during the study.

Based on Schmidt et al. (2003) work, Salimi et al. (2016) developed a mathematical relation to
calculate the temperature distribution in the weld zone. Heat flux generated beneath the shoulder

g1, pin side gz and pin bottom surface gs were given as

g, = orr,, (2.44)
g, = a)Rpmrc, (2.45)
0, =orz,, (2.46)

where 7 represents equivalent shear stress, which depends on the contact condition. The

temperature field is described by heat conduction equation. Although Salimi et al. (2016) nicely
described the heat conduction phenomenon but their expressions for rate of heat generation per unit
volume denoted by the function g(x, y, z, t) were mathematically not correct. Here, the correct

expressions are provided using Dirac delta function. Dirac delta function converts heat flux into
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heat per unit volume. Assuming that there are four heat flux sources, the function g is split into

four parts, i.e.,
g(x,¥,2,0) =9, (X, ¥,2,1) + 9, (X, ¥, Z,1) + 95 (X, ¥, Z,1) + 9, (X, ¥, Z,1). (2.47)

Thus, FSW tool is considered to be a three dimensional non-uniform moving heat source that
supplies has three heat sources; the rate of heat generation by i sources is gi(x, y, z, t). Expressions

for rate of heat supplied due to rubbing of the shoulder on the top surface of the plates is given as

9, (x Y, z,t)

wrr.6(z—h) (Y(t) —JRE —(y-y())? ) <x< (m) +JRE = (y-y(1)? )
= (YO -Ry)<y<(YO)+Ry,);

0 otherwise,

(2.48)

where () is the delta function of Dirac, and centres of tool are denoted by X (t)and y(t). However,

expression given by Eq. (2.48) gives non-zero heat in the shoulder area where there is pin and
consequently no heat generation. To nullify it, negative heat generation is taken at that portion.
Thus,

g, (% V,2,t)
orr,5(z—h) (RO R2 ~(y=TO) ) < x< (RO + R~ (-7 O)7),

= (YO -R,in )<y <(YO)+R,, )i
0 otherwise.

(2.49)

To take into account the heat due to rubbing of pin bottom surface, the expression gs(X, y, z, t) is

given as
g:(x,y,2,t)
ore,5(z-h+H,,) (Y(t)—\/R;n —(y=V()? ) <x< (Y(t)+\/R§in —(y—-y()? )

= (y(t)_Rpin)<y<(y(t)+Rpin);
0 otherwise,

(2.50)
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where Hpin is the pin length. Finally, heat generation from cylindrical surface of the pin is accounted

for by the following expression:

g4 (X1 y! Z!t)
arr, 5(\/(X—K(t))2 +(y-y@®)’ —Rpm) (h-H,,)<z<h,
0 otherwise.

(2.51)

These expressions are for zero plunge depth, i.e., the shoulder just touches the top surface of the

plates. If there is some plunge depth, the aforesaid expressions will get modified slightly. With X,

and Y, as the initiation points and v as the welding speed

X(t)=%+\, (2.52)
YO =Y, (2.53)
(a) (b) ‘
() FSW tool % FSW tool shoulder

Initial penetration point

Current location (x. y) A
(X0, Vo) 1

T (30.50) y=J A

x(1) V() +R,

VR, - (-5 )

I ¥()-R,

(c) y l FSW tool pin
(x, »)
Y=y A

x(1)

V(O+R,,

R, - (=)

_ W
| 5(n)-R,, 1’

Figure 2.18 Coordinate system used by Salimi et al. (2016) for describing 3D heat flux during FSW: (a)
initial position and current position of tool, workpiece dimensions (b) FSW tool shoulder (c) FSW tool pin

The boundary conditions used to solve the heat conduction equation are:

T, =T(xY,2,0)=25°C, (2.54)
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aT (a,y,z,t) oT(0,y,zt)

=~ ~ =0 (2.55)
aT (x,b,z,t) _ T (x,0,2,t) 0 256

oy oy
kw =h[T,-T(xy.ht)], (2.57)
kw ——h [T, =T (%, v,0,0)], (2.58)

where hy is the coefficient of convective heat transfer for heat interaction of the workpiece and the
backing plate considering equivalent amount of heat transfer through conduction, T, is the ambient
temperature, To is the workpiece temperature on the surface and h; is the heat transfer coefficient.
On the other hand, T; is the initial temperature. The length of the workpiece is considered as a, the
width is considered as b and the thickness as h (Figure 2.18). For the complete solution, the work

of Salimi et al. (2016) may be referred.
2.5.5 Numerical Modelling

Numerical modelling of the FSW process is carried out to improve the understanding of the
technology. Numerical simulations help in capturing the complex nature of the process by including
different aspects like thermal aspects, thermo-mechanical aspects, contact conditions and material
behavior in a single problem. The computational models are especially helpful in visualizing
material flow, temperature distribution, stress and strain evolution during the FSW process. Most
of the numerical approaches use finite element method (FEM) for modelling. Different
commercially available codes are used nowadays for numerical simulation which are based on
FEM. A brief introduction to FEM is given in the next section followed by its implementation into
FSW modelling for thermal, material flow and mechanical properties analysis. An introduction to
cellular automata finite element (CAFE) is also given, which is gaining popularity for predicting

microstructure evolution during FSW.

2.5.5.1 Basics of Finite Element Modelling

A method used to numerically solve differential as well as integral equations by discretizing a body
into small finite elements is referred to as FEM. The method is useful for numerically solving both
ordinary and partial differential equations. The solution is arrived at by assuming a piecewise
continuous function and obtaining parameters of the function such that error in the solution reduces.

It can be applied to solve physical problems when the governing equations of the physical
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phenomenon are available. The steps involved in FEM are: (i) pre-processing that involves mesh
generation (ii) obtaining the assembled system of equations, for which the elemental matrices and
vectors are to be evaluated (iii) determining the boundary conditions and applying them (iv) the
system of equations is solved (v) post processing. Finite difference approximation is taken for

solving time-dependent problems by treating the derivative with time (Dixit, 2009).

In FEM, the continuum body is discretized into subdivisions called finite elements that are
connected to each other via joints called nodes/nodal points. The field variables (e.qg., displacement,
temperature, stress etc.) are approximated using a simple function (approximating function or
interpolation models). The approximating functions are defined using the nodal field variables. A
polynomial form is considered for the solution or interpolation model. The new unknowns in the
field equations for the whole continuum, will be values of the field variables at the nodes. After
solving the set of finite element equations, the nodal field variables will be known which will lead
to approximation of the field variables in the whole continuum. Since, a complicated physical
problem is converted to a simpler problem, only an approximate solution is obtained. However, the
approximate solution can be refined and improved by reducing the error by using more

computational efforts. The method is explained with a following simple example.
A linear differential equation can be represented as

Lu+q=0, (2.59)

where u is the vector of primary variables of the problem as a function of the coordinates, g is the
vector of known functions and L represents a differential operator. The differential equation is
subjected to natural and essential boundary conditions. The conditions that are sufficient for
completely solving a differential equation are called essential boundary conditions. However, the
natural boundary conditions contain higher order derivatives and cannot solve the differential

equation completely. For example, considering the differential equation

d? d*Q

The differential equation can be completely solved by specifying £ and dQ/dx at either both ends
or d2Q/dx? and/or d*Q/dx? as boundary conditions. However, out of the four boundary conditions,

two must be as follows:

i. Qs specified at both ends.
ii.  Qisspecified at one end and d©/dx at the other end.
Here Q and dQ/dx constitute essential boundary conditions and d2Q/dx? and/or d*Q/dx® constitute

natural boundary conditions.
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The variables in FEM are generally approximated using Galerkin formulation and Ritz
formulation. In case of Galerkin formulation, the approximation of the primary variable is by using
a continuous function inside the element. A residue is obtained depending on the approximating

function when primary variable u® is substituted in Eg. (2.59), i.e.,
Lu*+g=R. (2.61)

The residue should be zero everywhere, however, it is difficult to approximate the true value.

Therefore, the weighted residual is made equal to zero, i.e.,

ijdA =0, (2.62)
D

where w is the weight function. In order to weaken the requirement on the differentiability of the
approximating function, Eq. (2.62) is integrated by parts to redistribute the order of derivative in w
and R. The weight function is of the same form as the approximating function in Galerkin method,
which is usually some algebraic function. The unknown coefficients of the function are replaced by

unknown nodal degrees of freedom as

ue :[N]{u""}, (2.63)

where{u"®} represents nodal degrees of freedom and [N] represent the shape functions matrix.
In Ritz formulation, using calculus of variation, the differential equation Eq. (2.59) is converted
in its integral form. Equation (2.63) is substituted in the integral equation and it is partially

differentiated with respect to {u"} in order to extremize the form.

Assembly of the elemental equations is performed in the next step. The equations of each
element are written in global form and added to each similar equation of all the elements i.e. all
equation number 1 of each element is added to obtain the first equation, and so on. After the
boundary conditions are applied, the equations are solved by suitable solver. It is followed by post-

processing (Dixit, 2009).

Different commercial software applications are available for solving FEM problems in
engineering like ABAQUS, ANSYS, DEFORM-3D etc. The software applications perform the FE
analysis in three steps: (1) Pre-processing: The geometry of the parts, loads applicable, material
properties and boundary conditions are specified in this step. Finite element mesh is generated by
an in-built automatic mesh generation module where the type, size and remeshing criteria are
specified. (2) Numerical analysis: The stiffness matrices (element characteristics) and load vectors
are generated and assembled to generate the system of equations. The specified boundary conditions
are implemented and the nodal field variables (e.g., displacement) are obtained by solving the
equations to compute the element resultants (e.g., stress and strains). (3) Post-processing: The

solutions are displayed either in tabular form or graphically. It is extremely important to verify the
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results obtained from FE analysis from the software applications by comparing the results with

known solutions.

2.5.5.2 Thermal Modelling

Thermal model governs the mechanical and microstructure models. Understanding of the heat
generation is vital to understanding the process and its related phenomena. Material flow, which
depends on flow stress, thus is depended on the thermal cycle during welding. One of the first
thermal models given by Chao and Qi (1998). It was a three-dimensional heat transfer model that
assumed sliding friction only to generate a constant heat flux with Coulomb’s law for friction.
Pressure was assumed to be constant. However, the study only used heat generated by the tool
shoulder. Frigaard et al. (1998) improved the model by incorporating heat generated at the interfaces
of FSW tool shoulder-workpiece and the pin-workpiece. Smith et al. (2000) and Bendzsak et al.
(2000) used finite difference method for heat transfer modelling as well as material flow in FSW
assuming workpiece material to be a non-Newtonian fluid. Gould and Feng (1998) developed a
model using the Rosenthal equation for heat transfer during FSW. Russell and Shercliff (1999) also
used the Rosenthal equation to incorporate heat input as a point source or line source. Khandkar et
al. (2001, 2003) proposed a torque-based heat input model. The modified steady state energy

conservation equation used by Nandan et al. (2006) is expressed as

a(uT) oT o [kg

C —pC.U
p P =

" 1o T ox J+Qi+Qb, (2.64)

where uj is the velocity of plastic flow, U; is the tool velocity, Qi is the heat generation rate per unit
volume due to frictional heat and Qy is the heat generation rate per unit volume contributed by

plastic deformation.

The contact conditions play a crucial role in thermal modeling of FSW process. However, there
are only a few dedicated researches on friction in FSW. A sliding friction model using Coulomb’s
law was used by Chao and Qi (1998) to model the contact condition by a trial and error technique
to obtain close match between experimental and computed temperatures. A constant Coulomb’s
coefficient of friction (1 = 0.4) was used by Frigaard et al. (1998). The Coulomb’s friction law is

widely used, which gives frictional shear stress r as
T=up, (2.65)

where p represents axial contact pressure and p represents coefficient of friction. Schmidt et al.
(2003) defined a term contact state variable, which is the ratio of velocity of workpiece material to

velocity of its contact point on the tool. Based on the contact state variable, the contact condition at
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the interface may be (i) sliding, (ii) sticking or (iii) combination of both sticking and sliding.
Another widely used friction model is the constant shear (Tresca) friction model given as
7 =mkK, (2.66)

where k = % with oy is the yield stress of a material following von Mises yield criteria and m is
3
the friction factor. Apart from these two laws, Norton law of friction is also used by few researchers

(Guerdoux et al., 2004; Guerdoux and Fourment, 2005; Feulvarch, 2005). It is expressed as
r=—uK N[V, (2.67)

where K is the consistency and V is the differential velocity (Lorrain et al., 2009).

Heat dissipation can occur by three ways: (a) heat dissipated into the tool (b) heat dissipated to
the backing plate (c) heat loss to the atmosphere. Loss of heat to the tool is very insignificant, which
can be estimated by considering temperatures at two points on the tool axis (Schmidt and Hattel,
2005). A convective heat transfer coefficient is assigned to account for equivalent heat transfer
through conduction during experiment. The heat dissipation Qu: to tool is given as

Qu = Kma—T=h(T =Tk (2.68)

oz
where Ky and h; are the conductance and convective heat transfer coefficient, T: is the tool
temperature and T is the workpiece temperature. The heat dissipation from the top surface to the

environment consists of both convective and radiation losses expressed as
Que =046 (T* =T, )+, (T-T,), (2.69)

where Qua is heat loss through top surface to surrounding, oy is the Stefan—Boltzmann constant, hy
is the heat transfer coefficient at the top surface, Ta is the ambient temperature and &, is the
emissivity. The heat loss at the workpiece bottom surface and the backing plate Quws is modelled by
considering a suitable convective heat transfer coefficient with equivalent conductive heat transfer
during experiment. The heat dissipation to backing plate is expressed as

oT
Q.. =K, {3 h (T-T,), (2.70)

where Kwn and hy are the conductance and convective heat transfer coefficient for the heat

interaction of workpiece and the backing plate and Ty is the temperature of the backing plate.

2.5.5.3 Material Flow Modelling

In order to obtain high structural efficiency of the welds and for optimal tool design, it is necessary
to understand the material flow. Computational fluid dynamics (CFD) using commercial software
Fluent was employed by Colegrove and Shercliff (2004) to model the material flow in FSW. They

developed a ‘slip” model where the local shear stresses govern the interface conditions. It was
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assumed that the shear stress experienced by the workpiece is different for different tool materials.
The surface shear stress was assignhed maximum limiting value. Two different boundary conditions
were used: (a) Stick condition, where the shear stress was lower than the limiting shear stress and
(b) Slip condition, where for stick condition to exist, the shear stress necessary was more than the
limiting shear stress; however, the applied shear stress was limited to the maximum shear stress
value, thus resulting in slipping at the interface. A three-dimensional thermo-mechanical FE model
was developed by Jain et al. (2018) to predict the material flow and forces in FSW. The model used
Lagrangian formulation with a built-in feature of DEFORM-3D called point tracking tool to analyze

the velocity and material flow (Figure 2.19).

Sellars-Tegart law is also used to model steady state flow stress. Sellars-Tegart law (Sellars and
Tegart, 1972) considers the material to be incompressible viscous non-Newtonian fluid. It puts
forward a relation between temperature T and rate of deformation & by using the Zener-Hollomon

parameter as
Z= éexp(gj = A(sinhac)"’, (2.71)
RT

where R is the gas constant, Q is the activation energy, «, A and n are material parameters (Neto
and Neto, 2013). Some researchers used CEL to developed three-dimensional model for predicting
voids (Al-Badour et al., 2013). CEL was used by Tongne et al. (2017) to study the formation of
alternate bands of light and dark rings during FSW. The study also analyzed defects in FSW with

particular interest in correlation of kissing bonds with banded structures.

(‘ a)

Back view

Top view ) LF o Ao/

(b)

AUR

Figure 2.19 Use of point tracker tool to visualize material flow in DEFORM-3D (with permission from Jain
et al., 2018. Copyright Springer Nature)
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2.5.5.4 Cellular Automata Modeling of FSW

A cellular automata (CA) model uses an algorithm to represent discrete spatial and/or temporal
evolution of a complex system by application of deterministic/probabilistic transformation rules to
the lattice locations (Qian and Guo, 2004). Cellular automata (CA) models are generally used to
relate the initial microstructure to evolving microstructure during materials processing technigques
such as rolling, extrusion, welding, casting solidification etc. It is a collection of ‘coloured’ cells on
a grid of specified shape that evolves through a number of discrete time steps according to a set of
rules based on the states of neighboring cells. The rules are applied iteratively for as many time
steps as required. Figure 2.20 shows a schematic of the working of CA with a set of simple rules as
an example. Often, CA is combined with FEM to provide robust simulation methodology called the
cellular automata finite element (CAFE) method. In this method, CA cells containing properties of
micro features (like dislocation density, initial grain size) are connected to the integration point of

elements that are once again related to macro, micro outputs (like stress, strain etc.).

W > e O e =

1 2 3 4

Figure 2.20 Schematic of working principle of Cellular Automation with four iterations; assuming the simple
rules: (i) every white cell adjacent to a black cell turns grey (ii) all grey cells adjacent to black cells turn black

For several years, the applications of CAFE models include modeling mixed microstructures
(Das, 2010), evolution of microstructure during rolling (Zheng et al., 2008), effect of microstructure
on Nb microalloyed rolled sheet properties (Wu et al., 2005) and similar studies. Specifically, in
materials processing, the notable works are from Gandin and Rappaz (1994), Davies (1995), Lan
et al. (2004), Shterenlikht and Howard (2006), Madej et al. (2009).

In recent times, CA/CAFE models are applied to FSW for understanding the significance of
process parameters on the microstructures in the weld zone. It also helps in designing and
optimizing the FSW process and selection of tools to minimize FSW defects, and for reducing
experimental time and associated costs. For the first time, Saluja et al. (2012) used ABAQUS to
develop a CAFE model to predict the size of grains during FSW of AA6061-T6 thin sheets. In this
attempt, the stirring of materials that takes place physically in real world during FSW is not
simulated. Instead, the strain, heat flux, and strain-rate developed during the process are calculated
using existing analytical equations, which are subsequently provided as inputs to FE and CA cells
via user sub-routine. To predict the final size of the grains, a group of CA cells with initial grain
size that are distributed following Gaussian distribution are created in three-dimensional fashion.

The final grain size (Dca) during FSW has been obtained using the transition rule,
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De, = Ce*ad” exp| =2 |, 2.72)
. E:
where £,&, T are strain, rate of deformation and temperature during FSW, Q is continuous
recrystallization activation energy, d is the initial grain size, and R is gas constant. x, y, z are material
constants evaluated by error minimization. Later, the tensile behavior of FSW sheet has been

predicted by considering the flow stress evolution at element level and at CA cell level.

The CAFE model has been utilized to develop an artificial neural network (ANN) model for
predicting the yield strength and grain size during FSW (Patel et al., 2012). CAFE model generated
yield strength and grain size as a function of FSW parameters, and the outputs are trained by neural
network. Valvi et al. (2016) extended the CA model to predict the dislocation density (p) in the FS

2
zone from grain size (Dca) by using (i) p :(%) DCA‘l, where k is a constant, b is the burgers
a

vector, E denotes the elastic modulus and (ii) fourth order polynomial equation relating it with Dca.
To predict the flow stress evolution during tensile deformation of FSW sheets, four different
methods were also designed using the CAFE model. Tool selection with various pin profiles for
single- and double-side FSW of sheets was done by Rajpoot et al. (2018) using the CAFE method.
In this method, grain size is used as output and optimized for different pin profiles to select the
appropriate one; however, actually the pin profile used was a different one. The influence of single-
side FSW and double-side FSW on grain size distribution was also analyzed with predictions from
CAFE model.

There have been several other researches to predict the evolution of microstructure during FSW
and other FS variants of various sheet grades. For instance, Shojaeefard et al. (2014) optimized the
mechanical properties and grain size of FS welds made of AA1100 using Taguchi method, and the
microstructure model was built using CA model in DEFORM (a commercial FEM package)
environment. They predicted the dislocation density using modified Laasraoui—Jonas (LJ) model in
combination with CA model to optimize rotational speed, transverse speed and tilt angle during
FSW. LJ model is a dislocation density model used to predict flow stresses and evolution of
dislocation densities during a hot working process. The effect of grain boundary migration on
dislocation density is also considered in the modified LJ model. The dislocation density given by
the modified LJ method is expressed as (Xiao, 2013)

do, =(h-rp,)de-pdV, (2.73)

where o, represents the dislocation density for the ith grain; dV denotes volume swept by the

boundaries; ¢ is the strain; average strain hardening denoted by a parameter h and recovery
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coefficient r. Akbari et al. (2016) established a FE model in combination with CA, LJ and Kocks —
Mecking (KM) models to predict the microstructure evolution (such as nucleation and grain growth)
during dynamic recrystallization of FSW of AZ91 in DEFORM environment. Besides evaluating
the microstructures, the model predicted macro outputs such as strain, temperature as a function of
sheet thickness and rotation and traverse speeds. Asadi et al. (2015, 2016) made similar attempts.
The microstructure evolution by DRX (dynamic recrystallization) in the friction stir blind riveting
process (Samanta et al., 2018), prediction of microstructure during friction stir extrusion process
(Behnagh et al., 2019), CA model development for FSW of Titanium alloy (Song et al., 2014) are

other notable contributions.

2.5.6 Challenges in Modelling FSSW

One of the major challenges in numerical simulation of FSW is the computational time. FSW
simulation is a complex multiphysics problem and are computationally very expensive. As the
computation capabilities of modern computers have increased, the simulation time has reduced
drastically. However, there is a need to further reduce the simulation time, which will make it more
suitable for repetitive simulations with minor variation in process parameters. Although there have
been many numerical studies on FSW, there are a very few researches on analytical studies. Most
analytical works have extended the work of Schmidt et al. (2003) along with the assumptions taken
by them, thus, inheriting their limitations at the same time. The tool-workpiece interface contact
condition is a vital aspect of modelling process and needs specific studies on the friction conditions.
The different friction models available are not capable of predicting mechanical responses (torque
or plunge force etc.) accurately when used alone. Hybrid friction models incorporating more than

one friction model may be used for better agreement with experimental results.

2.6 Research Efforts on Enhancing the Horizon of FSW

In the recent past, researchers and practicing engineers started exploring newer applications of FSW
including FSW of polymeric materials. A glimpse of these ongoing applications is provided in this
section. Titanium is one of preferred materials for space applications due to its high strength to
weight ratio and high corrosion resistance (Shtrikman, 2015; Brassington et al., 2017). Tools have
been developed for Ti welding with water cooling system and argon gas delivery for shielding in
order to improve weld quality (Russell et al., 2007). Liu et al. (2018) presented a comprehensive
overview of developments in FSW of steel, tool design, material flow and properties of joint
produced. FSW of polymers is another important area. Eslami et al. (2017) presented a state-of-the-
art review of research and advances that have taken place in the field of FSW of polymers. Rana et
al. (2018, 2019a, 2019b) performed FSSW of sandwich sheets with AA5052-H32/HDPE/AA5052-

H32 at varying rotational speed, plunge depth, and plunge speed. All the parameters show
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significant effect on joint formation and static strength. Dissimilar polymers welding, polymer-
metal welding and composites welding are a few examples of new welding materials that are

currently being researched using FSW.

Gao et al. (2015) welded high density polyethylene (HDPE) and acrylonitrile butadiene
styrene (ABS) using submerged FSW (SFSW). In order to reduce defects such as pores and cracks,
they added different amounts of multi-walled carbon nano-tubes (MWCNTS) at the interface of the
joint. The tensile and hardness tests showed increase in tensile strength and elongation by addition
of MWCNTSs to the joint; however, hardness of the joint decreased. Another possible future
application FSW could be in the welding of Meteoric materials for space applications. Materials
derived from meteors are being contemplated to be used for space applications by many space
agencies at present. Attempts to weld iron meteorite were made using electron beam welding.
However, the fast cooling due to presence of phosphorous, sulphur and carbon resulted in extensive
cracking. Thus, FSW was proposed as a viable, innovative alterative welding technique (Elmer et
al., 2014).

Additive manufacturing is a rapidly evolving manufacturing technology in which layer-by-
layer addition of metallic material results in a three-dimensional structure. Friction stir additive
manufacturing (FSAM) is a solid-state additive manufacturing method in which the sheets or plates
are lap joined one above another using FSP. There are several key benefits of FSAM as compared
to additive manufacturing based on fusion welding and ultrasonic (Palanivel et al., 2015a), and few
demerits as well. In this method, the final thickness of the joint is controlled by the sheet thickness
and numbers of sheets. Palanivel et al. (2015a) attempted FSAM of WE43 Magnesium alloy and
strength as high as 400 MPa with about 17% ductility have been achieved with four layers of sheets,
each of 1.7 mm thickness. However, cracking due to residual stresses developed from excessive
thermal gradient are also observed. FSAM has been extended for AA5083 sheets as well (Palanivel
etal., 2015b). Yuging et al. (2016) attempted FSAM of nine layers of 5 mm thick plates of AA7075
and demonstrated the improvement in overall strength of the joint. TWI has attempted to make
metallic structures made of Ti-6Al-4V using SSFSW (Russell et al., 2008). Dilip et al. (2012)
fabricated a cylinder with 19 mm diameter and 78 mm height using friction welding, and later used
friction deposition to deposit one material (rod of AlSI 304) to another (rod of Mild steel). Excellent
microstructures and tensile properties of stainless-steel joint show its capability in modifying
microstructures. A Ni—-Cr—Mo superalloy was deposited onto Ni—Cr—Fe alloy plate using gas
tungsten arc process and subsequently FSPed. Such additive FSP along with suitable heat treatment
resulted in considerable surface hardness improvement as suggested by Rodelas and Lippold
(2013). In a recent development on additive FS deposition, a hollow shoulder, through which the

depositing material in the form of solid rod or powder are fed, is used to construct layers through
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intense stirring (Hang et al., 2018). More details on FSAM can be seen in a review by Padhy et al.
(2018).

2.7 Exit-hole and Strategies to Resolve

Improper process parameters, tool design, joint configuration etc. may lead to formation of defects
like cavity, kissing bonds, groove etc. which significantly deteriorate the mechanical performance
of the joint. Apart from these defects, the exit-hole which remains in the weld adversely affects the
joint quality. It is formed at the weld bead after retracting the non-consumable pin of the tool when
welding operation is completed. The presence of the exit-hole results in reduction of both lap shear
strength and cross-tension strength as a result of smaller bonding area compared to rest of the weld
(Huang et al., 2011). It also leads to stress concentration as well as increase in susceptibility to
corrosion. The exit-hole acts as a cavity for corrosive substances to get accumulated. The
accumulation of chlorides on the surface may result in breaking of the protective passive oxide
layer and lead to pitting corrosion. Corrosive liquid (for example salt water) may fill the exit-hole
and with passage of time become more acidic in nature, as seen in crevice corrosion in aluminium
and aluminium alloys, leading to corrosion (Corral et al., 2000). Thus, the exit-hole left after the
FSW process is one of the major problems. It is especially problematic in case of FSSW or in case
of welding circular cylindrical work-piece where use of runoff plate is not possible. The need to

solve the exit hole problem arises due to several critical factors:

(i) Structural Integrity: The exit hole is often identified as the weakest point in the FSW joint,
potentially compromising the overall structural integrity of the weld. Addressing this issue
is crucial to ensure the welded components can withstand operational loads without failure
(Ghavimi et al., 2020; Wang et al., 2022).

(ii) Prevention of Premature Fracture: Exit holes can contribute to premature fracture in the
welded material. Solving the exit hole problem becomes essential to prevent unexpected
failures and enhance the longevity of the weld (Wang et al., 2022).

(iii) Enhanced Reliability: FSW is a widely used welding technique known for its advantages,
but the presence of exit holes can undermine its reliability. By addressing and solving the
exit hole problem, the overall reliability of FSW joints is improved (Deng et al., 2023).

(iv) Minimizing Residual Stresses: Exit holes are associated with residual stresses that can
affect the mechanical properties of the material. Solving this problem helps minimize the

impact of residual stresses and contributes to better weld quality (Wang et al., 2022).

There have been recent studies on tool geometry and other aspects of the welding process in order

to remove the exit-hole. These studies recognize the exit-hole as a critical aspect that requires
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remediation, highlighting the importance of addressing exit-hole-related concerns. Some strategies

are discussed.

Tozaki et al. (2010) developed a new tool without pin with a scroll groove on its shoulder
for effective FSW. The spiral shaped groove in the tool shoulder helped in more effective stirring
of the metal and aided in increasing penetration depth to a certain extent. Tool rotation (3000 RPM)
and plunge depth of shoulder were found to be important process parameters. However, fora 2 mm
thick Al alloy plate, the plunge depth used to achieve sufficient stirring was 0.7 to 0.9 mm, which
is very high. This results in excessive thinning of the weld area which is adversely effects
mechanical properties of the weld. Aota and Ikeuchi (2009) had also attempted to use FSSW process
without probe but sufficient depth of SZ was not achieved. They had used a pin-less tool which was
used to weld low carbon steel plates with 0.5 mm thickness in lap configuration. Lin et al. (2008)
studied the difference in microstructure and fracture modes of welds made by flat tool versus
concave tool. Badarinarayan et al. (2009) also studied the effect of tool geometry, probe profile and
probe length on static strength and suggested that for proper penetration depth of the SZ, pin is a
necessary component of the tool and cannot be avoided.

Allen and Arbegast (2005) and Uematsu et al. (2008) used a double acting tools for FSSW
process consisting of outer shoulder and inner probe. The tool consisted of three parts: a clamp ring,
shoulder and inner pin which could have independent motion with respect to each other with the
help of separate actuating systems (Figure 2.21). The shoulder and the pin rotated in the same
direction and at same speed which were held in place by the outer stationary clamp ring. The clamp
ring is used to press the upper and lower plates together and both shoulder and pin are plunged to
just touch the surface of the workpiece. After the workpiece is sufficiently heated and plasticization
of the material begins, the pin is plunged further while the shoulder is retracted resulting in forming
a reservoir to capture the material displaced by the plunging pin. Next, the pin is retracted and
simultaneously the rotating shoulder is plunged to extrude the material that was pushed into the
reservoir back into the weld zone. Assuming there is no material loss, the method was able to

successfully eliminate the exit-hole but system was very complicated.
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Figure 2.21 Schematic of the double acting tool refilling FSSW (With permission from Uematsu et al. 2008
Copyright Elsevier)
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A new technique of self-refilling FSW (SRFSW) to repair keyhole was introduced by (Zhou
et al.,2012). In this study welding of 316L stainless steel was performed where keyhole was filled
by combined effect of plastic deformation and flow of material around the key hole. A series of
tools were designed with changed pin diameter and lengths and used step by step. Figure 2.22 shows
the schematics of the process. A spiral groove was also employed in the shoulder for better stirring.
The SRFSW was carried out in 8 steps, each step involving the use of a new tool with different
geometry. After each subsequent step, the pin length was kept reducing while the pin diameter was
increased. The conicity of the pin was kept at 30° for the first 6 steps and on the 7™ step 80° pin
conicity was used. The last 8" step used a flat shoulder tool to finally arrive at exit-hole free joint.
Due to friction and plasticization, the surrounding keyhole material was heated and squeezed into
the keyhole. The grains in the refilled zone were found to be significantly refined by the tool. It was
also found that the refilled joint fractured at the base metal side during tensile test. The relative
tensile strength and elongation of the refilled zone were found to be 112% and 82% of the base
metal respectively. Mehta et al. (2020) used a similar approach to remove exit hole produced in
dissimilar FSSW of Al and Mg alloys as well as Al and Cu alloy (Mehta et al., 2021). Two different
tools, with increasing pin diameter but decreasing pin lengths, were used consecutively after

conventional FSSW to remove the exit hole.

Intermediate steps
|

<J--
—>
—

tool SRiFSW-1 tool SRFSW-8
|

i £ Refilled keyhole

Original keyhole e Original keyhole

First step by tool SRFSW-1 Last step by tool SRFSW-8

Figure 2.22 Schematics of the SRFSW process (With permission from Zhou et al., 2012. Copyright Elsevier)

Huang et al. (2011, 2012) came up with a new technique of filling FSW (FFSW) where a
semi-consumable tool was used. A non-consumable shoulder with a consumable joining bit is used
in this process (Figure 2.23). It is a repair technique to fill the keyhole left after the welding process.
It consisted of a three-step process where in step 1, spot welding was performed with an exit-hole
remained after the process. Step 2 involved use of the consumable joining bit inserted into the exit-
hole while being rotated by the non-consumable shoulder and plunged downwards. FSP was
performed as the step 3 to produce a smooth surface. The operation with the consumable joining
bit consists of 3 stages viz. friction stage, stirring stage and joining stage. At the first stage the bit
contacts the walls of the exit-hole and rubs against its inner surface to produce frictional heat. It
also self-cleanses the bonding surfaces. The second stirring stage is where the bit is plunged into
the exit-hole until the non-consumable alloy steel shoulder touches the workpiece. The material of

the bit and the exit-hole is softened and stirred due to the friction produced at the interface of the
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bit and the exit-hole. It is followed by the joining stage, where due to the heat the bit and the exit-
hole joins together and the bit is cut off thereby becoming the filler material. It was found that
FFSW produced joints with higher tensile strength and elongation as compared to that produced by
FSP without filler material and TIG welding. Relative tensile strength and relative elongation was
found to be 84.3% and 98.9% of base weld without exit-hole. Behmand et al. (2015) investigated
different geometries of the consumable pin as used by Huang et al. (2011). It was found that the
pins that were not conical did not produce sound welds. The geometry of the pin is important in
order to have correct contact at the pin-exit-hole interface for sufficient frictional heat as well as

stirring to take place.

Figure 2.23 Components of FFSW (a) Alloy steel shoulder (b) Joining bit (c) Joining bit combined with tool
(With permission from Huang et al., 2011. Copyright Elsevier)

It is relevant here to mention the friction taper plug welding (FTPW), developed by TWI
in 1990, where a through tapered hole is drilled into a plate. A tapered plug with similar included
angle is friction welded to the matching surface of the hole in few seconds by forcing the rotating
plug against the drilled hole. A lot of subsequent research has been performed on use of plug.
Dunkerton et al. (1991) had filed a patent on repairing defective metal workpiece by FSW with
metal plug. Another patent on Friction plug extrusion for solid phase welding thick plates was filed
by Thomas and Temple-Smith (1997). Unfried et al. (2010) worked on microstructural evaluation
of friction taper plug welding of C-Mn steel. This process also finds application in repair of space
shuttle external tank as described by Hartley (2002). Friction bit joining (FBJ) is another process
that relies on consumable joining bit. In this type of joining the lap shear strength was found to be
better than self-piercing rivets. The process is capable of joining soft and very hard material
combination. Huang et al. (2009), Miles et al. (2009) and Miles et al. (2010) have worked on FBJ.
The FBJ can be considered to have two steps: cutting step and joining step. During cutting step the
bit cuts through the top layer of the two sheets to be joined at a relatively lower rotation of 300-800
RPM. The rotation speed of the bit is increased (1000-1600 RPM) after cutting through the top
sheet to generate more heat and facilitate bonding of the bit and the sheets. At the lower RPM, the
cutting edge is maintained by the bit, but as the rotation speed increases, the frictional heat softens

the bit material smoothing the cutting edge as it bonds with the sheets. At the end of the joining,
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spindle of welding machine is stopped rapidly and then restarted to separate the joining bit from the

weld.

Zhang et al. (2014) proposed a new technique of filling friction stir weld keyhole using pin
free tool and T shaped fillet bit (Figure 2.24). The use of the T shaped filler bit had the following

advantages over conventional filler bit:

. Enhanced friction at the side interface (increasing the moment arm)

. Preheat the filler bit and side interface by friction between larger T cap and shoulder
end.

. Avoiding excessive thinning of base plate.

S

|
W*\

Figure 2.24 T shaped filler bit used for FFSW (With permission from Zhang et al., 2014. Copyright Elsevier)

Double sided FSW (DFSW) is another method for achieving higher penetration depth of
stirring. It uses an upper tool as well as a lower tool, with variations in tool rotation direction or
geometry or arrangement. Its advantages were discussed by Chen et al. (2013). Also Chen et al.
(2017) worked on optimization of mechanical properties of fine grained magnesium alloy joint by
asymmetrical double sided FSW. Goebel et al. (2017) worked on semi-stationary shoulder bobbin
tool for FSW process of AA2198-T851. BT-FSW consists of two rotating shoulders connected by
a probe. There is no requirement of an anvil. The process can be experimented with to produce exit-

hole free spot welds if the use of probe can be avoided.

Reimann et al. (2017) discussed microstructure and mechanical properties of keyhole repair
welds in AA7075-T651 using refill FSW. The same author had first used the RFSSW process in
2016 (Reimann et al.,2016) where a retractable pin is employed to achieve an exit-hole free spot
weld. It consists of a plug, probe/pin, sleeve and clamping rings. First sleeve moves down and
simultaneously probe retracts upwards, hence the material flows in the gap. Next the sleeve retracts
and the probe is pushed down. Finally, whole tool retracts leaving the plug and surrounding

workpiece joined (Figure 2.25).
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Figure 2.25 Schematic of RFSSW for refilling exit-hole (With permission from Reimann et al., 2016.
Copyright Elsevier)

Dong et al. (2019) investigated the joining time and thickness of intermetallic compounds
(IMC) formed during refill FSSW of dissimilar Al/Mg alloys. It was found that as the thickness of
intermetallic compound layer increased, the failure load of the joint decreased. The thickness of
IMC layer in Al/Mg refill FSSW was dependent on the amount of liquid eutectic phase formed
during welding (Chai et al., 2019). Some studies have also been performed to understand the
material flow during the refill FSSW process. Whereas Shen et al. (2020) studied the material flow
experimentally by observing cross-sections of the welds made using a grooved tool, Kubit et al.
(2018) used finite element simulation for the study. Although there is good intermixing of material
of the two sheets, hook defects were observed by Zhang et al. (2021) during refill FSSW of AZ91D
magnesium alloy. Gong et al. (2022) extended the concept to refill FSSW by traversing the tool
along the weld line and termed the process as non-keyhole FSW (N-KFSW).

2.7.1 Parametric Studies of FSSW and Exit-hole-free FSSW

In order to have proper control over the process and optimise the weld quality, studies on the effect
of process parameters on FSSW joints have been performed for both conventional FSSW and exit-
hole-free FSSW. The rotational speed of the tool is one of the key parameters affecting joint quality
as it primarily determines the amount of heat input into the weld zone due to the rubbing action of
the tool and workpiece surfaces and subsequent plastic deformation of the workpiece material
(Aroraet al., 2010). A few notable researches on the effect of tool rotational speed are discussed. It
is observed in literature that an increase in tool rotational speed results in increase in temperature
of the SZ. However, with increase in temperature, the coefficient of friction at the interface also
changes resulting in variation of frictional heat input; thus, a monotonic relation of temperature and
rotational speed is not observed. It is important to assess the relationship between rotational speed
and heat input as an insufficient heat input at lower rotational speed results in inadequate
plasticization, whereas, higher heat input at higher rotational speeds causes dissolution, undesirable
grain coarsening and lowering dislocation density, leading to decrease in joint strength. It is
recommended to keep the rotational speed moderately low; enough to cause plasticization of the
workpiece while maintaining SZ properties closer to the BM (Hao et al., 2013; Jambhale et al.,
2015; Merzoug et al., 2010). During FSW of AA6061, Elangovan et al. (2008) found that tensile

58
TH-3283_176103008



Literature Review

properties increased up to 1200 RPM and decreased with further increase in rotational speed. Zhang
et al. (2011) observed highest tensile and shear strengths of FSSW joints at a lower rotational speed
of 1541 RPM (RPM range 1541-2256). The SZ hardness remained same as that of BM at this
rotational speed. A similar trend in tensile strength with respect to rotational speed is observed in
case of FSSW of aluminium alloy using pinless tools by Suryanarayanan and Sridhar (2020) , where
the tensile strength increased up to 1000 RPM and reduced with further increase in rotational speed.
A lower rotational speeds is also recommended in case of refill FSSW to ensure good material flow
and high tensile shear force Lage et al., 2019; Ferreira et al., 2020). Tier et al. (2013) found that the
joint strength decreased with increase in rotational speed from 900 to 1900 RPM during RFSSW
due to unwanted grain growth. Ahmed et al. (2022) used modified RFSSW to produce pinhole free
joints and studied the effect of rotational speed on the joint quality, in the range of 400 to 1000
RPM. Tensile strength increased up to 600 RPM and decreased with increase in rotational speed.
Similar to conventional FSSW, rotational speed was found to contribute maximum in determining
nugget width and joint strength in RFSSW (de Castro et al., 2018).

The plunge rate of the FSSW tool is also an important process parameters, which influences
the plastic deformation, heat input and overall joint quality (Suryanarayanan and Sridhar, 2021;
Cametal., 2022). Su et al. (2006) reported that temperature produced at the pin's tip decreases with
an increase in plunge rate from 0.1 to 10 mm/s for FSSW of AA6061-T6. As the plunge rate
increases, the width of the SZ decreases, negatively impacting joint strength. An increase in plunge
rate reduces the heat input as it reduces the thermal cycle duration (Suryanarayanan and Sridhar,
2020). Additionally, a lower plunge rate improves material mixing and heat input into the weld,
leading to an increase in weld strength. Aziz et al. (2018) conducted an experimental and numerical
study of FSW of AA2219-T87 and found that a lower plunge rate leads to higher friction and plastic
dissipation energy because it allows more time to stir the workpiece material, generating more heat
energy. The torque and axial force during welding increases as the plunge rate increases. It is
recommended to use a lower plunge rate to keep the axial forces low, however, too low axial force
can result in insufficient plastic deformation and heat input leading to defects. Therefore, a balance
must be maintained to achieve optimal weld quality (Khosa et al., 2010; Sathyaseelan et al., 2022).
Ramya et al. (2022) showed that during FSSW of AA7075 to mild steel the tensile strength and
hardness increased between plunge rates 2 and 4 mm/min and decreased after that. In a study by
Zhang et al. (2014) on FFSSW, it was found that high plunge rates resulted in rough joint surfaces
and a greater likelihood of T-filler offset from the centre. An optimum plunge rate of 6 mm/min
was suggested. Zhou et al. (2018) in RFSSW found that joint strength initially increases, then
decreases as plunge rate increases. However, other studies have suggested that higher plunge rates
can lead to the formation of equiaxed grains in the TMAZ with highest joint strength obtained at a

plunge rate of 30 mm/min (Sezhian et al., 2021). While Karthikeyan and Balasubramanian (2010)
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found that plunge rate has a significant impact on joint strength, Baskoro et al. (2020) suggested
that plunge rate has minimal effect on tensile shear strength, but can influence the hardening and
softening of the workpiece material. As such, there are opposing reports on the impact of plunge
rate on joint quality. Additionally, there is limited research on plunge rate as compared to other

process parameters.

2.8 Gaps in the Literature

From study of the published literature, research gap was found with possibilities of further

examination. The gap found in literature are summarised as follows:

Although there have been many approaches to producing exit-hole-free FSSW joints, no
process has been able to fully accomplish the needs for commercial application. In some cases, the
stirring depth was found to be insufficient for thicker sheets (Tozaki et al., 2010); some processes
were repair techniques only (Reimann et al., 2017; Zhou et al., 2012; Mehta et al., 2020; Huang et
al., 2012), while in others, the tool used was too complex (Allen and Arbegast, 2005; Uematsu et
al., 2008; Reimann et al., 2016). On the other hand, some techniques consisted of multiple steps to
produce a single exit-hole-free joint, which is not commercially viable due to limitations of
production speed (Zhou et al., 2012; Mehta et al., 2020; Huang et al., 2012). There is a need to
address the issue of exit-hole in FSSW in an industrially viable manner. Consequently, a method to
refill exit-hole by waste chips and a method of producing exit-hole-free FSSW joints using
consumable pin are proposed in the present thesis, which requires detailed study on feasibility and

joint quality.

There is limited literature available on the effect of process parameters on exit-hole-free
FSSW processes. With the introduction of new techniques to produce exit-hole-free FSSW joints
in the present thesis, a study on the effect of process parameters on joint quality becomes important.
Tool rotational speed and plunge rate are important process parameters determining joint quality

and requires in depth study.

A friction model to encompass the friction properties at pin-workpiece, tool-workpiece
interfaces during different stages of the FSSW process was not found in literature. In most studies
in literature, a constant value of friction is used for all interacting surfaces for all stages of FSSW.
The heat generation during pin plunging, shoulder plunging and dwelling are different due to
variation of friction properties at the interfaces during these stages, which requires a study on the
same. Moreover, scant literatures are available on heat generation during FSSW emphasising the
role of both friction and plastic deformation. A study on understanding the heat generation can help

reduce the energy requirement for welding.
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Literature on an FE model simulating the FSSW process considering both thermal and
mechanical aspects, to predict temperature generation, material flow and deformation behaviour
along with quantitative assessment of joint quality is very minimum. An FE model that can simulate
the welding process and further mechanical testing for evaluating joint strength would save time
and expenses of doing experimental trials for different process parameters. Moreover, literature on
FE model simulating exit-hole-free FSSW using RFSSW, FFSW or SRFSW is very minimum.
There is a requirement to study the material flow, temperature generation and deformation
behaviour during the proposed exit-hole-free FSSW technique using consumable pin for better

understanding of the process.

2.9 Objectives of the Present Thesis

From the literature survey and identification of the research gap, the following objectives are
decided for the thesis.

e To study the effect of lubrication in FSSW processes

The first objective of the thesis is to conduct a preliminary study on how heat generation
and joint strength change with changes in friction during FSSW. Different lubrication
conditions were used, resulting in friction change between the tool and workpiece. The joint
strength and energy required for welding are experimentally evaluated to assess the role of
friction and plastic deformation in joint formation during FSSW. This understanding is

important to realize the underlying physics involved in the FSSW process.
o To develop a procedure for estimating friction in FSSW

There is scant literature available on friction during FSSW. As such, the second objective
is to develop an inverse estimation method for friction during FSSW. As part of the
preliminary study to understand the FSSW process, a temperature-dependent friction model
is proposed by minimizing the error between experimental and simulation torque and
plunge force during various stages of FSSW. The friction model and understanding

developed are further used for FSSW simulation in the thesis.
e To study the feasibility of refilling the exit-hole using waste chips

The third objective is to investigate the feasibility of producing exit-hole-free FSSW joints
using waste chips. The study involved filling the exit-hole with waste aluminium chips and
stirring over it to produce the final welds. The joint quality is compared to welds produced
using conventional FSSW processes. The process parameters were optimized for achieving

the highest joint quality using Evolutionary optimization.
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e To develop an exit-hole-free FSSW process using a consumable pin

The fourth objective is to investigate the feasibility of producing exit-hole-free FSSW joints
using consumable pins. A novel method is proposed, where a consumable pin is used
instead of a hard pin. The joint strength is compared to conventional FSSW using static
mechanical tests. A FE simulation is also presented to investigate the temperature
generated, material flow, deformation behaviour and overall joint formation mechanism for
FSSW using consumable pin. Three consumable pin materials, namely AA6061-T6, mild
steel (MS) and oil-hardened non-shrinking die steel (OHNS) with varying strengths, are
investigated to determine the best pin material.

The effect of rotational speed and plunge rate of the tool on joint quality for FSSW
using consumable pin are discussed. The joint strength and energy required for welding are
determined and analyzed at different rotational speeds and plunge rates to assess the effect
of these process parameters. The trend in joint strength is explained with the help of
microstructure and microhardness analysis, fractography, torque, plunge force and
temperature evolution. A FE simulation of the FSSW process and lap shear test using FEM
package DEFORM-3D is presented. The model helped understand the deformation
behaviour of the consumable pin, which governed the penetration depth, material stirring
and overall joint strength. It was also used to predict shear load at any process parameter
within the experimental range. Two damage models, namely Cockcroft-Latham and
Freudenthal damage models, were implemented to the joints to predict the failure.

Finally, a technique of using adhesive-bonded consumable pin along with
application of lubricants to improve process efficiency is introduced. To improve the
efficiency and to reduce additional machining step, it is proposed to join the consumable
pin to tool shoulder using adhesive, and the same has been successfully demonstrated at lab
scale delivering comparable lap shear strength as compared to joints using conventional
FSSW joints. A reduction in energy requirement for welding due to application of
lubricants is also demonstrated. A production cycle scheme is suggested for industrial

application, where tools with adhesive-bonded consumable pins are reused in batches.

The research plan of the thesis is represented in the form of a flow chart in Figure 2.26.
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Chapter 3

An Experimental and Computational Study on
Conventional FSSW

3.1 Introduction

Heat generated during welding is an important aspect to understand a particular welding process.
In FSSW, friction and plastic deformation are the sources of heat generation. However, literature
predominantly reports the role of friction only. To understand the heat generation in FSSW better,
this chapter studies the effect of reducing friction by application of lubrication and therby
emphasising the significant role of plastic deformation in heat generation and welding.
Additionally, an inverse method to determine friction during FSSW during various stages of

welding is also presented in this chapter.

3.2 Effect of Lubrication on Energy Requirement and Joint
Properties during FSSW of AA5052-H32 Aluminium Alloy

Studies on heat generated and temperature distribution during FSW are important aspects to
understand the underlying physics and to effectively control the process for improving weld quality.
The heat during FSW is generated with the help of a non-consumable rotating tool that is inserted
into the joint region of the workpiece. Studies show that the material around the pin is extruded
which imply severe plastic deformation and associated heat generation (Reynolds, 2000; Arbegast,
2003). At present, it is accepted that friction between the tool and the workpiece as well as plastic
deformation are the sources of energy during FSW (Su et al., 2006; Arora et al., 2009; Awang and
Mucino, 2010). Khandkar et al. (2003) proposed a torque-based heat input model which
encompassed heat produced due to friction and plastic deformation. Su et al. (2006) carried out a
comprehensive study on the energy utilization during FSSW and observed that only a small
percentage (4%) of the total heat generated is used for SZ formation. Rest of the heat is dissipated
into the clamping setup, tool assembly, sheet, anvil and the atmosphere. It was also found that about
70% of the energy was contributed by the pin during FSSW. Another variant of the FSW, stationary
shoulder FSW (SSFSW), utilizes a non-rotating shoulder and a rotating pin, where major
contributor in the weld formation is the rotating pin around which material undergoes severe plastic
deformation (Maltin et al., 2014; Li et al., 2015).

In this section, a study on the effect of lubrication between the tool shoulder and the
workpiece, thereby lowering friction, has been presented and the significant role of plastic

deformation in heat generation during welding has been emphasised. An understanding of the heat
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generation during FSSW is achieved through this study. The section also suggests stir spot welding
(SSW) as the name for the FSSW process that reduces the bias towards friction as the more

important factor for heat generation during welding.

3.2.1 Experimental Details

FSSW was performed to study the effect of lubrication on plunge force and torque requirement
during welding. Two AA5052-H32 sheets with 1 mm thickness were taken in overlap configuration
and welded using an FSW machine as shown in Figure 3.1a. The as received material properties
are given in Table 3.1. Four different lubrication conditions namely (i) unlubricated (ii) solid
lubricant (iii) liquid lubricant and (iv) coated lubricant (MoS) were used, to check the effect of
lowering friction between the tool and the workpiece (Table 3.2). The solid lubricant used was
chisel paste acquired from Cauldron Petrotech India Pvt. Ltd. The operating temperature of the
lubricant was from room temperature up to 700 °C. The liquid lubricant used was ST Forge Star E
(from ST Kool) which is a graphite free water miscible hot forging die lubricant. The working
temperature range of the lubricant was 40 °C to 450 °C. The lubricant was mixed with water in the
ratio of 1:1 and continuously poured on the tool-workpiece interface during welding process. For
the coated lubricant, MoS; bonded coating spray (from Release-On) was used. The optimum coating
thickness of the lubricant given by the manufacturer was 7—15 um for effective performance. The
operating temperature range for the coated lubricant was 100 °C to 450 °C. An FSW tool with
shoulder diameter of 12 mm with pin diameter of 6 mm and pin length of 1.2 mm was used (Figure
3.2a). For all the welds a plunge depth of 0.2 mm, dwell time of 10 s and rotational speeds of 440
revolutions per minute (RPM) and 600 RPM were used. A constant plunge speed of 2 mm/min was
used during plunging. In the unlubricated condition, welding was done as conventional FSSW
process without lubricant. In case of solid lubricant, the tool and the workpiece were covered with
a thick layer of chisel paste during FSSW. In the third condition, the liquid lubricant was
continuously poured on the interface of the tool and the workpiece during FSSW. The fourth
condition involved spraying both the tool and the workpiece surfaces with MoS; coating of lubricant
which was allowed to cure for 5 minute after which welding was performed. Although the lubricant
was intended to reduce friction between all contacting surfaces of the tool and the workpiece, it was
observed that during plunging, the lubricant around the pin was scraped off as the pin went inside
the workpiece. It can be effectively assumed that the lubricants reduced the friction between the
shoulder surface and the workpiece. Integrated sensors were used to record the torque and plunge
force during welding via a strain data logger MP31CQ9. The joint strength was checked by peel test
and lap shear test as per AWS B4.0-2007 standards and were tested in a universal testing machine
at room temperature with uniform cross-head speed of 1 mm/min (Figure 3.1b). The schematic
diagram of samples with dimensions for peel test and lap shear tests are shown in Figure 3.2b and

Figure 3.2c respectively. The maximum load carrying capacity of the welds was recorded.
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Figure 3.1 Experimental details: (a) FSW machine with integrated force and torque sensors, (b) peel test
samples tested in UTM at room temperature

(a)

Figure 3.2 Schematic diagrams: (a) FSW tool with dimensions (b) peel test sample (b) lap shear test sample
(all dimensions are in mm; L is the gripping length; F is the force applied by UTM)

Table 3.1 Tensile properties of AA5052-H32

Property Value
Ultimate tensile stress 228 MPa
0.2% offset yield stress 193 MPa
Total elongation 12%
Strain hardening exponent 0.1
Strength coefficient 320 MPa
Plastic strain ratio 0.8
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Table 3.2 Lubricants used for FSSW

Operating condition Details of Lubricant used
Unlubricated No lubricant.
Solid lubricant Chisel paste (from Cauldron Petrotech India Pvt. Ltd.)
Operating temperature up to 700 °C.
Liquid lubricant ST Forge Star E (from ST Kool): graphite free water miscible hot forging die
lubricant.

Working temperature range of 40 °C to 450 °C

Lubricant coating MoS;, Bonded coating spray (from Release-On).
7-15 pum coating thickness for optimum performance. Operating temperature
range of 100 °C to 450 °C.

3.2.2 Numerical Modelling

A numerical analysis of the process was done using DEFORM-3D using Lagrangian implicit code
and adaptive remeshing with sparse solver and direct iteration method. The model used was a fully
coupled temperature-displacement analysis which calculated both temperature and displacement
simultaneously at each node. Sheet and tool dimensions were kept as that of experiments.
Tetrahedral meshing was done in both tool and sheet with minimum global element size of 2 mm
and local minimum element size of 0.3 mm at the tool workpiece interface for better accuracy.
Figure 3.3 shows the DEFROM-3D model with global and local meshing.

(a)

J‘&"l v N WUV

AT Finer local meshing
¥

Global meshing

Figure 3.3 DEFORM-3D simulation: (a) local and global meshing (b) tool, workpiece and baseplate

Mesh sensitivity analysis was carried out to arrive at the optimal mesh size. Initial mesh
size of 2 mm was used globally which was reduced to 1.5, 1 and 0.5 mm locally at the tool-
workpiece interface at the consequent steps. Further reduction in mesh size was carried out by
reducing in steps of 0.1 mm. After a local element size of 0.3 mm, there was no significant change
in the simulation results with further reduction in mesh size. Thus, 0.3 mm was chosen as the

optimal mesh size for the simulation. The boundary conditions used were: (i) bottom surface of the
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sheet at zero velocity in z-direction (vertical), (ii) tool free to rotate about z-axis and translate in z-
direction, (iii) convective heat transfer coefficient between sheet and environment is 20 W/m? (Jain

etal., 2017), (iv) heat transfer coefficient between bottom surface of sheet and backing plate is 200

W/m?C (Asadi et al., 2011). Material was modelled as visco-plastic material with flow stress &

as a function of strain ¢, strain rate & and temperature T . Heat generation ¢ during welding

comprises contributions from frictional heat g, and plastic deformation g, .

4, =no¢ , (3.1)
where 7 is the inelastic heat fraction (Taylor and Quinney coefficient) which is taken as 0.9. The
temperature distribution is governed by Fourier heat conduction equation

. oT
kV?T +q = pc, N (3.2)

where o is the density, C, heat capacity per unit mass and K the thermal conductivity. For the

unlubricated condition sticking friction has been assumed with m = 1 at the contacting surfaces as

T=Mr,,, (3.3)
where 7 is the frictional shear stress, m is the friction factor and 7, is the shear yield strength.

Finite element simulation was performed for m = 1 for the unlubricated condition and the torque
obtained from simulations was found to be close match with the experimentally obtained torque.
Further the plunge force obtained from simulation was also compared with the experimental results
to validate the assumption of friction factor as m = 1 for the unlubricated condition. For analysis of
the lubricated condition, the pin surface was assigned local sticking friction with m = 1 since during
experiment the lubricant was scrapped off the surface of the pin and it acted as an unlubricated
surface. The value of m was varied locally for the shoulder surface in FE simulation, while keeping
m = 1 for the pin surface constant, in order to match the experimentally found torque for the
lubricated conditions. The value of m starting from 1 was decreased in steps of 0.1 for the shoulder-
workpiece interface. With the decrease in m, there was a consequent decrease in torque obtained
from the FE simulations. Close match with experimental torque values for coated lubricant and
solid lubricant was found for m = 0.5 and m = 0.4 respectively. Further decrease in m resulted in
increase of deviation from experimental results. Thus, m values were refined in the range of 0.4—
0.5 by giving a deviation of £0.05. Close match was obtained with m = 0.45 for liquid lubrication
condition. Thus, for the three lubrication conditions i.e. liquid, solid and coated conditions the value
of m was found to be 0.45, 0.4 and 0.5 respectively which gave close match between simulation
and experimentally found torque values. Further, the plunge forces obtained from simulations for
m = 0.45, m = 0.4 and m = 0.5 were compared with their corresponding experimental plunge forces

which gave satisfactory agreement.
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3.2.3 Results and Discussion

The experimental results revealed that the plunge force and torque during FSSW with lubricant (all
three types) was lower than that of unlubricated condition. The plunge force and torque obtained
during welding was used to calculate the energy applied during the welding using the following

equation:
n=N n=N
Qapplied = Z I:n (Xn _Xn—l) + Z M na)nA't ! (34)
n=1 n=1

where X is plunge depth at step (n), w the angular velocity, n step number, N the final step and At

is the sampling time. F, and M, are plunge force and torque, respectively (Su et al., 2006).

Figure 3.4a shows that the plunge force for FSSW in lubricated cases is lower than that in
unlubricated condition. Significant decrease in torque was also observed due to application of
lubricant (Figure 3.4b). Table 3.3 summarizes the average plunge force and torque (duringt =0 to
t = 94 s) for the different lubrication conditions. It is seen that there is a reduction of 48.7%, 54.9%
and 44.7% in torque due to use of liquid, solid and coated lubricants, respectively. A reduction of
24.44%, 25.67% and 12.22% is observed for the plunge force by use of liquid, solid and coated
lubricants, respectively. By using Eq. 3.4 the energy required for the welding with different
lubrication conditions was calculated. It was found that 5.18 kJ of energy was required to produce
the weld in case of unlubricated condition. The calculated values of energy requirement for liquid,
solid and unlubricated conditions were 1.93 kJ, 1.82 kJ and 2.19 kJ respectively. There was a
reduction of 63%, 65% and 57% in energy from unlubricated condition by use of liquid, solid and
coated lubricants, respectively (Table 3.3). The use of lubricants reduced the friction at the
contacting surfaces and resulted in the reduction in plunge force, torque and consequently the

energy requirement for weld formation.

Table 3.3 Plunge force, torque and energy for different lubrication conditions during FSSW

% difference in % difference in
o Avg. Avg.
Lubrication Torque from Force from Energy
- Torque Plunge [ )
condition unlubricated unlubricated (kJ)
(N-m) Force (N) o o
condition condition
Unlubricated 10.14 409.5 - - 5.182
Liquid 5.28 309.1 48.7 24.4 1.934
Solid 4.57 304 54.9 25.7 1.827
Coating 5.61 359 44.7 12.2 2.193
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Figure 3.4 Experimental plots for different lubrication conditions: (a) plunge force vs time (b) torque vs time

The decrease in torque and plunge force imply the reduction in friction between the
contacting surfaces. However, there was no significant decrease in weld joint strength as observed
from the peel test and lap shear test data for the joints as shown in Table 3.4. For the unlubricated
case, maximum load bearing capacity in peel test was achieved for 440 RPM which was 587 N. For
the solid, coated and liquid lubrication conditions the maximum load bearing capacity was found
to be 576 N, 593 N and 601 N respectively at 440 RPM. For all the cases, it was found that higher
load bearing capacity was observed for 440 RPM as compared to 600 RPM. A similar observation
was made in case of lap shear tests as well where higher load bearing capacity was observed for
440 RPM. Maximum load bearing capacity in case of lap shear tests for unlubricated, solid, coated
and liquid lubrication conditions were found to be 1056 N, 1065 N, 1074 N and 1077 N respectively.
It can be observed that there was no significant difference in the maximum load bearing capacity
for unlubricated and lubricated conditions for both peel test and lap shear tests. Although friction
was higher in case of the unlubricated condition, it did not result in significant change in joint
strength. It can be inferred form the above observation that plastic deformation plays a more vital
role in joint formation in case of FSSW as compared to friction.

Table 3.4 Peel test and lap shear test results for various lubrication conditions

o i Maximum load bearing Maximum load bearing
Lubrication Rotational

capacity in Peel Test (N capacity in Lap Shear Test (N
condition speed (RPM) it 4 ") pactty P ™)

Trial 1 Trial 2 Trial 1 Trial 2
440 587 581 1056 1049
Unlubricated

600 551 565 1047 1040
440 573 576 1065 1058

Solid
600 568 563 1051 1055
) 440 593 582 1071 1074

Coating
600 559 544 1065 1059
o 440 588 601 1075 1077

Liquid
600 576 575 1061 1057
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Figure 3.5 shows the temperature contour at the cross-section of the weld obtained
from FE simulations. It can be seen that even though there is a decrease in temperature
adjacent to the shoulder in lubricated condition, the maximum temperature generated
around the pin (564 °C) remained the same for both lubricated and unlubricated conditions.
It is known that material around the pin gets extruded around it and undergoes severe plastic
deformation. This plastic deformation around the pin contributes significantly to heat
generation at the vicinity of the pin. This phenomenon was captured well by the FE
simulations which reveal that the reduction of friction between the shoulder and the
workpiece had very little effect on the maximum temperature developed in the weld zone.
The maximum temperature in the weld zone was governed by the plastic deformation of
workpiece material. Although the maximum temperature generated was found to be same,
the size of the HAZ was less in case of lubricated conditions which may be beneficial for
joint quality explaining a slight improvement in joint strength during peel test and lap shear
test. The aforesaid observations suggest that plastic deformation plays a more important
role in heat generation. The predicted force and torque evolutions agreed well with
experimental data for unlubricated as well as lubricated conditions. Figure 3.6 shows
comparison between experimental and simulation data for unlubricated condition. It can be
observed that by matching the simulation torque values with experimental torque values
and arriving at friction factor value as m = 1, the plunge force values for simulation and
experiments showed good agreement. With an application of similar approach, it was found
that for solid, liquid and coated lubrication conditions, at the shoulder-workpiece interface
m = 0.4, 0.45 and 0.5, respectively, gave the closest match between experimental and
simulation results. The comparison between experimental and simulation results for solid,
liquid and coated lubrication conditions are shown in Figure 3.7, Figure 3.8 and Figure 3.9,

respectively. Also, the results have been compiled in Table 3.5.
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Figure 3.5 Temperature contour simulation of cross-section of the joint in (a) unlubricated condition (b) solid
lubricant (c) liquid lubricant and (d) coated lubricant

Table 3.5 Comparison between simulation and experimental torque and plunge force

o ) Simulated ) Experimental Simulated ]

Lubrication Experimental % error in % error in

o Torque Plunge Force Plunge
condition Torqgue (N-m) Torque Force
(N-m) (N) Force (N)

Unlubricated 10.14 10.3 1.5% 409.5 427 4.2%
Liquid 5.28 5.4 2.2% 309.1 319 3.2%
Solid 4.57 4.8 5% 304 327 7.5%

Coating 5.61 5.8 3.4% 359 324 9.7%
1200 - 80
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Figure 3.6 Plunge force and torque vs time plots for simulation and experiment (unlubricated condition, m =
1)
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Figure 3.7 Plunge force and torque vs time plots for simulation and experiment (solid lubricant, m = 0.4)

Plunge Force (N)

800
700
600
500
400
300
200
100

!,, £l ':‘: l .
Y '%rﬁ'g‘ “-'"v“

Torque (N-m)

.,
h

l‘l“

20 40

60 80 100

time (s)

— Experimental Force(Avg.= 309 N)

----- Simulation Force (Avg.=319 N)

—s—Experimental Torque (Avg.= 5.28 N-m)--=--Simulation Torque (Avg.= 5.4 N-m)

Figure 3.8 Plunge force and torque vs time plots for simulation and experiment (liquid lubricant, m = 0.45)
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Figure 3.9 Plunge force and torque vs time plots for simulation and experiment (coated lubricant, m = 0.5)

3.3 An Inverse Approach Towards Determination of Friction in
FSSW

The sources of heat in FSW are the plastic deformation and friction at the tool-workpiece interface.
Although friction has a major influence on the quality of welds, there are only a few researches
dedicated to the analysis of friction in FSW. Chao and Qi (1998) developed a 3D heat transfer
model assuming only sliding friction that generated a constant heat flux. Friction was estimated
using Coulomb’s law and constant pressure was assumed at the tool interface. Frigaard et al. (2001)
used a constant Coulomb’s coefficient of friction of 0.4 but reduced it when the maximum
temperature reached a threshold value. Schmidt et al. (2003) proposed that the friction at the
interface did not follow Coulomb’s law alone, since it is based on friction between two rigid
contacting bodies. The workpiece, which gets much softer than the tool as the temperature
increases, cannot be considered as a rigid body. It was suggested that sliding, sticking or partial
sticking/sliding conditions prevail depending on a contact state variable. An inexpensive method
for experimental determination of the coefficient of friction was presented by Kumar et al. (2009),
who used a load cell to determine the torque and axial force during welding. The coefficient of

friction was determined as

(3.5)
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where T is the torque generated by the rotating pin, R, is the pin radius and P is the axial force.
However, the model considered only sliding friction at the interface and p varied in the range of
0.12 to 1.4. This section proposes a simple inverse method to determine the friction parameters at
the tool-workpiece interface during FSSW by minimizing the error between computed and
experimental torques produced during welding. The method has been illustrated by FSSW of
AAB061-T6 using H13 tool. Inversely determined friction parameters were used to estimate the

temperature during the process and torque for FSSW process with a tool of different size.

3.3.1 Methodology

A methodology is proposed for the determination of friction parameters at tool-workpiece interface
during different stages of FSSW using an inverse method. It is assumed that Coulomb’s friction
law is valid only at low pressure; at high pressure friction force becomes independent of pressure.
The material in the vicinity of the pin is extruded around it; hence, only sticking friction is
considered at the pin-workpiece interface. It is modelled with a constant shear friction model. On
the shoulder-workpiece interface, a hybrid friction model is assumed which incorporates both

Coulomb’s and constant shear (Tresca) models.

All the frictional parameters are obtained by minimizing the error between computed and
experimental torques. It was noted that torque during FSSW is very much sensitive to friction.
Plunge force is not very sensitive to friction. The proposed methodology first estimates the friction
factor at the pin-work interface by measuring the torque when the pin has been plunged in the
workpiece but the shoulder does not touch the surface of the workpiece. Subsequently, Coulomb’s
coefficient of friction as well as friction factor of hybrid friction model are determined for the

contact between shoulder and workpiece.

3.3.1.1 Determination of Friction Factor at Pin-Work Interface

For determining the friction at the pin-work interface, the torque is recorded during stirring with
pin plunged into the workpiece before the shoulder touches the top surface of the workpiece. This
eliminates the effect of shoulder-work friction and considers only pin-work friction. It is assumed
that the friction at the pin-work interface is sticking friction following the constant shear friction

law (Tresca model) given by
z=mk , (3.6)
where 7 is the frictional contact stress, m is the friction factor and k is given as
O

k= T;‘ , 3.7)
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where ay: is the tensile yield strength of the workpiece. The workpiece material is assumed to follow
von Mises yield criterion with temperature-dependent yield strength, which makes the frictional

contact stress temperature-dependent as well. The following steps are executed:
Step 1: The experimental torque, Te, is determined.

Step 2: FEM simulation of the pin plunging with rotation is carried out by using two initial guess
values of friction factor, m; and m,. Simulated torque, Ts, is recorded in each case. The percentage

error between computed and experimental torques is defined as

e=T"Ts 1009 (3.8)
Te

Step 3: The error is minimized using the secant method (Rao, 2019) with friction factor m as a
decision variable. Secant method fits a straight line between friction factor and error based on the
torque values at m; and m,. The fitted straight line locates the value of friction factor, m,, at which
error becomes zero. Simulation is performed at that value of the friction factor and error between
computed and experimental torque is recorded. If the absolute value of the error is more than a
prescribed value, then either ms or m; is replaced by my and the procedure is repeated with new
guess values of m; and my. It is a good practice to have m; and m; in such a manner that they provide
the errors of the opposite signs. This ensures that zero error point will be obtained by interpolation
and not by extrapolation. The iterations are carried out till e is less than the prescribed value. Final

value of m, is taken as the friction factor at pin-work interface.
3.3.1.2 Determination of Friction Parameters at Shoulder-Work Interface

After determining the friction factor at pin-work interface, the friction parameters of the shoulder-
workpiece interface are adjusted to minimize the error in the torque when the pin as well as the
shoulder are plunged in the workpiece. When the Coulomb’s friction model alone is used in the
entire region of shoulder plunge, a good match between computed and experimental torque in the
low plunge depth region is achieved by adjusting the coefficient of friction p; however, torque is
overestimated in the high plunge depth region. On the other hand, when constant shear friction
model alone is used in the entire region, the high plunge depth region showed a good match between
computed and experimental torque by adjusting the friction factor m; however, torque is
overestimated in the low plunge depth region. The use of a single model is unable to reduce the
error simultaneously for both low and high shoulder plunge depth regions. Hence, the shoulder
plunge stage is divided into two parts: low plunge depth region and high plunge depth region. The
estimation of friction parameters is done separately for the two regions. In low plunge depth region,

Coulomb’s friction was used and P was inversely estimated by minimizing the error between
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computed and experimental torque using secant method. In the high plunge depth region, constant
shear friction model was used where m was inversely estimated by minimizing the error between
computed and experimental torque using secant method. Integrating the two models into one, a
hybrid model (Figure 3.10) is developed for the entire shoulder-work interface. The model
considers Coulomb’s model in the low-pressure region and constant shear friction (Tresca) model
in the high-pressure region. This type of model was first used by Orowan (1943) for the analysis of

rolling process.

It can be seen (Figure 3.10) that in the hybrid model the frictional contact stress z, at a
particular temperature, keeps increasing with increase in axial pressure p up to a maximum value
of T = mk, after which it becomes constant. The value of k is temperature-dependent. Therefore, the
maximum limiting value of frictional contact stress at a particular point also becomes temperature-

dependent. The implementation of hybrid friction model in FEM is done as shown in Figure 3.11.

low plunge,  high plunge
depth i depth
region i region
—i—
T = mk
T= up
p

Figure 3.10 Hybrid friction model at a particular temperature

At a given point, calculate
up and mkc

T=up

Figure 3.11 Working of the hybrid model during FEM simulations

3.3.1.3 Confirmation of Friction Parameters Based on The Results During Dwelling

The dwelling stage is accompanied by a large increase in temperature and softening of the
workpiece material. As such the friction condition at the interface during dwelling is mostly
sticking. However, at times, a sticking zone may change to sliding zone and vice versa due to the
influence of temperature. When the temperature is high, there is a tendency to have sticking friction
with reduced friction force. Reduced friction force reduces the temperature that again results in the
hardening of the material with subsequent increase in forces and thereby temperatures. Force and
temperature data depict this fluctuation around some average values. The proposed friction model
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automatically captures this phenomenon as it is a temperature-dependent model. Experimental
torque at dwelling stage is compared with the simulated torque. A low error serves as an indication

of efficacy of the model.

3.3.2 An Example

The application of the proposed methodology is described with an example. The experimental and
simulation details are described along with the inverse methodology to determine the friction
condition at the different interfaces. The different contact surfaces are pin-workpiece interface and

shoulder-workpiece interface.

3.3.2.1 Experimental Details

FSSW of AA6061-T6 sheets in lap configuration was performed using a tool of H13 grade steel. A
vertical milling machine modified for FSW (model RMV-1800 from Royal Machine Tools) with
20 horsepower motor was used for the experiments. The sheets were of 150x150x1.5 mm size. The
tool was a flat shoulder tool with a cylindrical pin. The shoulder diameter was 12 mm, pin diameter
6 mm and pin length was 1.5 mm. For the determination of friction factor in the pin region,
experimental torque was considered only during pin plunging when the shoulder was not in contact
with the workpiece. A constant rotational speed of 540 revolutions per minute (RPM) was used for
all the experiments. The plunge rate was also fixed at 20 mm/min and a total plunge depth (pin +
shoulder plunge) of 1.7 mm was given in all cases. A dwell time of 5 s was given for each case.
The timeline of the process for the different stages is shown in Figure 3.12. Integrated sensors were
used to record the torque and plunge force during welding via a strain data logger MP31CO009.
MP31C09 is a microprocessor-based system designed to receive the input signals from strain
gauges, process it and display the torque and plunge force data on a digital display unit. The data is
then sent to a computer via USB and stored. The experimental setup is shown in Figure 3.13. The
experimental torque versus time and axial pressure versus time are shown in Figure 3.14 and Figure
3.15, respectively. The sudden rise in torque at 4.5 s corresponds to the shoulder touching the

workpiece. A sudden decrease in axial pressure is also observed when the shoulder touches the

workpiece.
pin plunging shoulder plunging dwelling
o ° ® S
0s ————» 45s —» 51s —» 10.1
pin plunging shoulder ~ dwelling dwelling
starts plunging starts stops
starts

Figure 3.12 Timeline of the FSSW process
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Figure 3.15 Variation of axial pressure with time during experiment

3.3.2.2 Simulation Details

Finite element simulation of the FSSW process was performed using the commercial software
DEFORM-3D. Lagrangian implicit code with adaptive remeshing and sparse solver with direct
iteration was used for the solution. The model used was a fully coupled temperature-displacement
model capable of calculating both temperature and displacement simultaneously at each node. The
dimensions of the sheet and tool were kept as that of experiments. Tetrahedral mesh with a
minimum global element size of 2 mm and local minimum element size of 0.3 mm at the tool-

workpiece interface was used for obtaining a good accuracy in a reasonable simulation time. The
boundary conditions used were as follows:
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e bottom surface of the sheet assigned zero velocity in z-direction (vertical),

e tool free to rotate about z-axis and translate in z-direction,

e convective heat transfer coefficient between sheet and environment as 20 W/(m? K) (Jain
etal., 2017),

e heat transfer coefficient between bottom surface of sheet and backing plate as 200 W/(m? K)
(Asadi et al., 2011).

The workpiece material was modelled as visco-plastic with flow stress as a function of
strain, strain rate and temperature. The material was considered rate dependent with isotropic
hardening and followed von Mises yield criteria. The elastic deformation of the material was
neglected for faster convergence. The assumption to neglect elastic deformation can be considered
valid since the effective strain during FSW is in the range of 6—80 which is much higher than elastic
strain of 0.002 used in offset method to calculate yield point (Jain et al., 2016). True plastic stress-
strain data from DEFORM-3D database were used as material properties input for the workpiece
during welding. Hollomon flow stress model, given by o =ke&" is used for extrapolation of the
material properties to larger strain values, where Kk is the strength coefficient and n is the strain
hardening exponent. Here k =415 MPaand n = 0.1 is used, i.e. o =415x¢*". The material properties
at strain rate of 0.001 s™* and 10 s* were given as input from DEFORM-3D database. Using the
data at the two strain rates, material properties at other strain rates were either interpolated or
extrapolated. The tool was modelled as a rigid body since the tool material used was much harder
than the workpiece material. The material constants used for the simulation for the tool and
workpiece are given in Table 3.6. The tool was given displacement in the z-direction for plunging
into the workpiece according to the plunge rate used in experiments. The determination of the

friction parameters is described in the following section.

Table 3.6 Tool and workpiece material properties

Properties Tool steel H13 AA6061
Young’s modulus (N/mm?) 210000 68947
Thermal conductivity (W/(m.K)) 245 180.2
Heat capacity (N/mm?.K) 2.78 2.43
Coefficient of thermal expansion (um/(mm.K)) 11.7 22
Poisson’s ratio 0.3 0.3

3.3.2.3 Determination of Friction Parameters

The application of the inverse method is described as follows. The pin-work interface was modelled
to follow sticking friction. Average experimental torque in the pin plunging region was considered
for the analysis. The error between computed and experimental torque is minimized using secant

method. After two iterations, e was 2.1% which was within acceptable limits. The corresponding
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value of friction factor was m = 1.05. The friction property at the pin-workpiece interface was fixed
as m = 1.05. The iterations are compiled in tabulated form in Table 3.7. The frictional shear stress
was more than the shear strength of the materials, which might be due to the welding of asperities
at the contact. This was further supported by the observation of workpiece material that remained

stuck around the pin after welding was completed.

Table 3.7 Comparison of experimental and computed torques for different m

Friction factor Experimental torque (Te) in Computed torque (Ts) in % error
(m) N-m N-m (e)

1 6.12 5.4 11.8

11 6.12 6.6 -7.8

1.06 6.12 6.27 —2.45

1.05 6.12 6.25 -2.1

For estimating the frictional parameters at the shoulder-pin region, the shoulder plunge
region was divided into low plunge depth region and high plunge depth region as shown in Figure
3.18. The shoulder touches the workpiece at 4.5 s and plunging continues up to 5.1 s during which
the shoulder is plunged by 0.2 mm. Plunge depth up to 0.1 mm is considered low plunge depth and
the remaining plunge depth is considered as high plunge depth. The pin surface was assigned
constant local sticking friction with m = 1.05. The friction property at the shoulder-workpiece was
varied locally in order to match the experimentally found torque with minimum error. The tabulated
iterations to arrive at minimum error for the low plunge depth region and high plunge depth region

following the proposed methodology are presented in Table 3.8 and Table 3.9, respectively.

Table 3.8 Comparison of experimental and computed torques for different p during plunging at low plunge
depth

Coefficient of friction (u) Experimental torque (Te) in N'm Computed % error
torque (Ts) (e)

in N'm
0.4 8.14 9.8 -20.4
0.25 8.14 7.87 3.3
0.27 8.14 7.89 3.1
0.29 8.14 7.97 2

Table 3.9 Comparison of experimental and computed torques for different m during plunging at high plunge

depth
Friction factor (m) Experimental torque (Te) in N'\m Computed % error
torque (Ts)  (e)
in N'm
1 11.34 12.76 -12.6
0.5 11.34 9.6 15.1
0.77 11.34 11.61 2.4
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The coefficient of friction i = 0.29 is accepted in the low plunge depth region and m =0.77
is accepted in the high plunge depth region and these values are integrated as one single hybrid
model at the shoulder-workpiece interface. The hybrid friction model with the mentioned
coefficient of friction and friction factor was able to predict the torque during the entire shoulder

plunging process with an error < 3%, which was considered acceptable.

Table 3.10 shows the comparison of experimental and computed torque using the hybrid model
for the dwelling stage. The hybrid model was able to predict the torque during the dwelling stage
as well with an error < 3%. A plot for experimental and computed torque versus time for all the
stages of welding viz. pin plunging, shoulder plunging and dwelling by the implementation of the
final friction model is shown in Figure 3.16. The final friction model (Figure 3.17) can be
summarized as

e m = 1.05 in the pin-workpiece interface.
e A hybrid model with u =0.29 and m = 0.77 for the shoulder-workpiece interface.

Table 3.10 Comparison of experimental and computed torques for the hybrid model during dwelling

Friction parameters Experimental torque Computed torque % error
(Te) in N-m (Ts) in N-m (e)
i =0.29, m=0.77 (at shoulder-work) 9.32 9.56 -2.6

and 1.05 (at pin-work)

0 1 2 3 4 5 6 7 8 9 10 11
time (s)

——Experimental ----- Simulation
Figure 3.16 Variation of experimental and computed torque with time

I:m=1.05

shoulder ="k
(m—0.77)
11 i 11 T
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T= up
I V(=029 .
P

Figure 3.17 Diagrammatic representation of the final friction model
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3.3.3 Results and Discussion

A methodology was successfully developed to determine the friction parameters at different
interfaces of tool and workpiece during FSSW. The validation of the proposed model in the
illustrated example was performed by two methods. The first method involved measuring the
experimental temperature and comparing it with simulation temperature using the determined
friction model in the example. The second method involved testing the friction model for welding
with different tool dimensions but the same tool-workpiece material combination. The methods are

described in detail in the following subsections.

3.3.3.1 Validation of Temperature

The temperature of two points (P1 at 5 mm and P2 at 15 mm from the shoulder edge on the top
surface of the workpiece as shown in Figure 3.18) was measured experimentally using K-type
thermocouple and found to closely match with simulated temperature using the friction parameters
found from the three-test method for the illustrated example. All other experimental conditions were

kept identical to the previous test.

15 mm
L
L]
- L]
5mm
—p

*

Thermocouple attachment points

Figure 3.18 Placement of thermocouples on the top surface of workpiece

The results show that the friction model was able to simulate the temperature versus time
at both points P1 and P2 (Figure 3.19) with an acceptable error of less than 10% compared to that
of experimental results. A comparison of experimental and computed maximum temperature at P1
and P2 during the three stages is also shown in Figure 3.20. Since the model was able to predict the
temperature at two points with an error < 10%, it is assumed that the temperature was predicted to
the same accuracy at the rest of the region as well. The computed temperature contour in the weld
region at the onset of dwelling is shown in Figure 3.21. The reason for lesser prediction accuracy
for point P2 compared to P1 may be due to extra heat dissipation through the clamping setup, which

was closer to P2, during experiments.

84
TH-3283_176103008



An Experimental and Computational study on Conventional FSSW

500 ¢
450 |
~400 |
<350
£300 f
‘5.250 F
Eioo
=100 }
50 |-

Time (s)

——P1 (experiment) -P2 (experiment)
----- P1 (simulation) -----P2 (simulation)
Figure 3.19 Variation of temperature with time for points P1 and P2

500 Maximum temperature at different stages
450
~ 400
& 350
£ 300
=1
£ 250
B}
?200
k> 150
100
50 [
0 =
gE £E |BE £E
L g2 |22 2
- [l v - o N
A B A B A B A A
pin plunging shoulder plunging

Figure 3.20 Difference between experimental and simulated maximum temperature
Temperature (°C)
486
473 I
460
447
433 I

420

407
394

| [ FORM

Figure 3.21 Simulated temperature contour at the onset of dwelling

3.3.3.2 Validation for a Tool-Workpiece of Different Dimensions

The validity of the friction model from the illustrated example was checked for a tool and workpiece
of different dimension from the example. However, the interacting materials were kept the same,
i.e. workpiece of AA6061-T6 and tool of H13 grade steel. The tool was a flat shoulder tool with a
cylindrical pin having a 20 mm shoulder diameter, a 6 mm pin diameter and a pin length of 3 mm.

The sheets used were 2 mm thick in lap configuration. The rest of the process parameters were kept
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the same as that in the illustrated example. Using the friction parameters determined from the
example, the torque and plunge force for the FSSW were simulated and compared with the
experimental results as shown in Fig 3.22 and Figure 3.23, respectively. Computed torque was
found to match with an error < 5%. On the other hand, an error < 10% was observed for the

computed plunge force with respect to the experimental result.
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Figure 3.22 Variation of experimental and computed torque with time
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Figure 3.23 Variation of experimental and computed plunge force with time

3.4 Conclusion

The preliminary studies on FSSW were important in developing a better understanding of the
process, which is used in subsequent chapters. The first part of the chapter reveals that the use of
lubricant in FSSW process leads to decrease in torque and plunge force due to reduction in friction
between tool shoulder and workpiece. This consequently results in lesser energy requirement for
weld formation. More than 50% reduction in energy requirement was observed due to use of
lubricants with insignificant change in joint strength. It can be thus concluded that plastic
deformation plays a more important role in joint formation in FSSW as compared to friction. FSSW

could be called as stir spot welding (SSW) to emphasis the predominant role of plastic deformation
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in welding. The finite element simulation results on plunge force and torque evaluation agree well
with experimental data for the lubricated as well as unlubricated conditions by adjusting the friction
factor, m. Finite element simulation also provided temperature distribution, which indicates that
size of HAZ can be reduced with proper lubrication.

In the second part of the chapter, an inverse method was proposed in order to predict the
friction parameters during FSSW. The friction model has three parameters: (i) friction factor at
pin-work interface (ii) Coulomb’s coefficient of friction at low pressure region of shoulder-work
interface and (iii) friction factor at high pressure region of shoulder-work interface. The determined
friction parameters were compiled in the form of a friction model. The developed model is

temperature-dependent due to the involvement of the yield strength of the workpiece.

In a typical case study of FSSW of AA6061-T6 sheets using H13 grade steel, the friction
factor (m) on the pin-workpiece interface was found to be 1.05. Friction at the shoulder-work
interface was best represented by a hybrid model, with m = 0.77 for the high-pressure region and p
= 0.29 for the low-pressure region, where x is the Coulomb’s coefficient of friction. The estimated
friction parameters could predict the temperature accurately. They could also predict the torque and

plunge force for a tool of different size.
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Chapter 4
Refilling of Exit-hole in FSSW using Waste Chips

4.1 Introduction

In order to solve the exit-hole problem in FSW, runoff plates could be used, but it becomes
particularly challenging in case of circumferential welds or FSSW due to geometrical and
metallurgical limitations. In this chapter, a novel technique of refilling exit-hole with waste chips
has been introduced that does not require a complex mechanism to operate. The use of waste chips
to fill the exit-hole also adds to the sustainable nature of the FSW process. Further, the process

parameters used in this method were optimized using evolutionary optimization.

4.2 Experimental Details

In this study on refilling exit-hole in FSSW using waste aluminium chips, spot welding and T-peel
tests were performed as part of experiments. The joint quality was evaluated by the results of the

T-peel test. The following sections describe the processes in detail.

4.2.1 Welding

Two aluminium alloy AA6082 sheets of 1.5 mm thickness each were welded using FSSW and
subsequently the exit-hole was refilled by waste aluminium chips. The waste chips were derived
from chips produced during turning of commercially available pure aluminium rod. The chips
produced by turning have been termed ‘waste chips’ since it does not find any usage and often
discarded as scrap or recycled by re-melting which requires additional expenditure of energy. The
base material properties found from tensile test are as given in Table 4.1. A vertical milling machine
was used to perform FSSW. The welding operation involved two steps. In Step-1, the two
overlapping sheets were clamped and FSSW was performed using a tool with pin having shoulder
diameter of 12 mm, pin diameter of 6.5 mm and pin length of 1.2 mm. The rotational speed and the
plunge depth were varied for the study. However, after this step, an exit-hole of about 6.5 mm
diameter remained in the weld spot. Step-2 involved refilling of the exit-hole with waste aluminium
chips. The amount of chip was derived from calculation of volume of exit-hole and density of
aluminium. A 20% more than calculated mass of chip was taken as a safety measure in order to
compensate for waste in the form of flash and other losses. An amount of 0.12 g of chips was
compacted into ball shaped structures as shown in Figure 4.1. The chips were then inserted into the
exit-hole. Subsequently a flat tool of diameter 14.4 mm was taken and stirred over the chip filled
exit-hole with the same rotational speed and axis of rotation as that in Step-1. Different plunge
depths during refilling were also used for the study. In all cases, a dwell time of 15 seconds was

used. Thus, three variable process parameters viz. rotational speed, plunge depth during welding
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(Step-1), plunge depth during refilling (Step-2) were considered for the study. During welding the
plunge depth is considered as the sum of plunge depth of the pin and the shoulder of the tool for

convenience of calculation during optimization.

Figure 4.1 Chips compacted into ball shaped structure

4.2.2 T-peel Test

In order to compare the quality of the welded joints T-peel test was conducted to find out the
maximum load carrying capacity of each joint. Samples were prepared according to AWS B4.0-
2007 standards as shown in Figure 4.2a. In order to keep the weld spot unaffected during sample
preparation, the weld spot was fixed in a vice. The extended parts which were to be used for
clamping were then bent to form the T shaped sample for the test as shown in Figure 4.2b. The
samples were securely clamped, and test was performed as shown in Figure 4.3 in a universal testing
machine at room temperature. The test gave a plot of the load vs extension graph, where the
extension is the opening of the root of the T as shown in Figure 4.3. The extensions at maximum

load and at failure were recorded during the test.

Ro_ot 'o;ﬁT

—

Figure 4.2 Sample preparation: (a) T-shaped sample prepared for T-peel test (b) sample preparation for T-

peel test
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Figure 4.3. T-peel test perfomed in a universal testing machine

Table 4.1 Tensile properties of AA6082

Property Value
Ultimate Tensile Stress 350 MPa
Breaking Stress 294 MPa
0.2% offset Yield Stress 314 MPa
Uniform Elongation 10%
Total Elongation 15%
Strain Hardening Exponent 0.1
Strength Coefficient 485 MPa
Plastic Strain Ratio 0.7

4.3 Evolutionary Optimization

To arrive at the best combination of process parameters for the welding process, Evolutionary
Optimization technique, given by G.E.P. Box, was used. In this optimization technique (Rao, 2010),
for an N dimensional case, 2N+1 points are evaluated to find the best functional value or output.
Starting from an initially assumed best point, x, a hypercube is created around that point with 2N
corner points where functional value is evaluated. The size of the hypercube is given by A, known
as reduction parameter. It denotes the length of each dimension of the hypercube, fixed according
to precision required. A variation of +A/2 is given to the best point, X, to form the hypercube around
it. The best functional value or output is found from the 2N+1 points and the point which gives the
best output value is chosen as the next x. The process is repeated by choosing that point as the next
best point. However, if no improvement is found, the size of the hypercube is reduced by reducing

A only and repeating the process.
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4.4 Results and Discussion

The results of refilling the exit-hole are discussed in the following subsections. The T-peel tests
results were used to employ evolutionary optimization. Three samples for each set of process
parameters were tested and the mean value was taken as the final joint strength. The standard
deviations of the joint strengths lie in the range of 0.02—0.09. The detailed optimization process by

using the T-peel test results in successive iterations is described.

4.4.1 Refilled Exit-Hole

The exit-hole left after the Step-1 was successfully refilled in Step-2 for all the cases. The stirring
operation on filled waste chips was able to effectively refill the exit-hole to give a surface with no
depression mark as shown in Figure 4.4 (a and b). Apart from aesthetic appearance of the weld spot,
the refilled joint also showed better load bearing capacity. A comparison of maximum load bearing
capacity in T-peel test of (a) conventional FSSW joint made using a tool having pin, (b) FSSW joint
with refilled exit-hole using waste chips and (c) FSSW using pin-less flat shoulder tool is given in
Table 4.2. For conventional FSSW, rotational speed of 440 revolutions per minute (RPM) and
plunge depth of 1.32 mm was used as in Step-1. For refilled FSSW, rotational speed of 440 RPM,
plunge depth of 1.32 mm during welding and 0.18 mm plunge depth during refilling process was
used. For FSSW with pin-less tool, 440 RPM was used as the rotational speed and 0.18 mm was
used as the plunge depth during welding.

Figure 4.4. Top view of (a) FSSW joint after Step-1 with exit-hole (b) refilled FSSW joint after Step-2

Table 4.2 Maximum load bearing capacity of different welded joints

Samples Maximum Load (N)
(a) FSSW joint with a tool having pin 838
(b) Refilled FSSW joint 972
(c) FSSW using pin-less tool 528
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1000 pm

Figure 4.5. Cross-section of refilled FSSW joint using waste aluminium chips

It can be seen from the results that refilling the exit-hole with waste chips delivered 16%
higher load bearing capacity as compared to conventional FSSW with a tool having pin. The reason
can be attributed to increase in bonded area from that of the joint with exit-hole as well as reduction
in stress concentration. The absence of exit-hole would also result in lesser susceptibility to
corrosion since there is no depression on the surface for accumulation of corrosive substances. The
exit-hole acts as a cavity for corrosive substances to get accumulated. The accumulation of chlorides
on the surface may result in breaking of the protective passive oxide layer and lead to pitting
corrosion. Corrosive liquid (for example salt water) may fill the exit-hole and with passage of time
become more acidic in nature, as seen in crevice corrosion in aluminium and aluminium alloys,
leading to corrosion (Oguzie, 2007). The refilling of the exit-hole eliminates the possibility of
accumulation of corrosive substances on the surface of the product. On the other hand, an increase
of 84% load bearing capacity was observed as compared to joint made by a pin-less flat shoulder
tool. The lack of sufficient penetration depth of stirring zone in case of pin-less flat shoulder tool
resulted in a significantly lower maximum load bearing capacity for the joint. Thus, it can be
inferred that the tool pin plays an important role in stirring of the material and in order to refill the
exit-hole left after welding, use of waste aluminium chips is an effective solution. The cross-section
of the filled FSSW joint using waste aluminium chips is shown in Figure 4.5 that shows an effective
refilling of the exit-hole and a seamless joint between the two plates. Here the stirred zone as well

as refilled exit-hole area can be visualized along with effective joining between the two plates.

4.4.2 Optimization of Process Parameters

For this study, as starting point, initial best point, x was assumed to have process parameters of
600 RPM as rotational speed, plunge depth during welding of 1.2 mm and plunge depth during
refilling of 0.15 mm (Sample So) which is tabulated in Table 4.3. The hypercube of 8 corner points
was created around X by giving £10% variation to each of the three process parameters at x.
However, due to machine constraints, rotational speed of 440 RPM was used for 10% lower value
of 600 RPM and 815 RPM was used for 10% higher value of 600 RPM. Also, the plunge depth was

constrained by the least count of 0.03 mm. The new set of 8 combinations is listed as shown in
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Table 4.4. The corresponding T-peel test results are also mentioned. The mathematically obtained
combination of process parameters for S13, S14, S1.7 and S1.5 gave combinations where the shoulder
of the tool did not come in contact with the base material. For conventional FSSW process to
fabricate a successful spot joint, the shoulder of the tool must be in contact with the base material.
Thus, the four points were discarded from actual experimentation and no tests were performed. For
nomenclature of the samples, in the subscript of S, the digit on left hand side of the decimal denotes
the iteration number, while the digit on right hand side of the decimal denotes the sample number

in that iteration.

From the results of T-peel test and taking maximum load bearing capacity as the deciding
criteria, sample S11 showed the highest load bearing capacity among all the points. Hence, the next
best point, X is chosen as the parameters corresponding to Si11 and the process was repeated. To
form the hypercube, the next set of combination was obtained by giving £10% variations to the

process parameters of sample Si1. The combinations and the T-peel test results are tabulated in

Table 4.5.
Table 4.3 Initially assumed best point and load carrying capacity in T-peel test
Plunge T-peel Test Results
) . Plunge
Rotational during . ) )
) during . Extension at  Extension at
Sample Speed welding o Maximum
refilling maximum failure
(RPM) (mm) Step- Load (N)
1 (mm) Step-2 load (mm) (mm)
So 600 1.20 0.15 883 4.21 10.56

Table 4.4 Load carrying capacity for combination of parameters with +10% variations from parameters of

sample So
Plunge T-peel Test Results
. ; Plunge
Rotational during .
] during Extension at  Extension at
Sample Speed welding — Maximum
refilling maximum failure
(RPM) (mm) Step- Load (N)
1 (mm) Step-2 load (mm) (mm)
Si1 1.32 0.18 972 4.99 13.80
S12 1.32 0.12 678 3.51 8.55
_ 440
Si3 1.08 0.18 - - i
Si4 1.08 0.12 - - -
Sis 1.32 0.18 684 3.40 7.82
Si6 1.32 0.12 782 7.74 13.84
_ 815
S17 1.08 0.18 - - i
Sis 1.08 0.12 - - _
9
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Table 4.5 Load carrying capacity for combination of parameters with £10% variations from parameters of

sample Si11
Plunge T-peel Test Results
) . Plunge
Rotational during . ) )
) during . Extension at  Extension at
Sample Speed welding o Maximum ) )
refilling maximum failure
(RPM) (mm) Step- Load (N)

L (mm) Step-2 load (mm) (mm)

S21 1.44 0.21 834 5.93 13.93
S22 305 1.44 0.15 512 3.22 10.11
S23 1.20 0.21 794 6.64 12.35

S24 1.20 0.15 549 5.54 5.62
Sz 1.44 0.21 664 7.13 13.96
S26 600 1.44 0.15 789 8.49 15.64
S27 1.20 0.21 972 9.02 18.17
S2s 1.20 0.15 964 8.23 15.07

It can be observed from Table 4.5 that there was no improvement in the maximum load
bearing capacity for any of the new combinations with £10% variation from sample Si1. For the
next iteration the point X remained the same, however, the variation given to form the new
hypercube was reduced to +5% in order to refine the results. Since the rotational speed variation
was limited by machine constraints and the plunge depth during refilling was constrained by the
least count of 0.03 mm of the machine; only the plunge depth during welding was given a +5%
variation. Table 4.6 shows the combination as well as the T-peel test results. It can be observed that
there was no improvement in maximum load bearing capacity with £5% variation given to x.
Therefore x remained the same and to further refine the results, variation of £2.5% was given as
tabulated in Table 4.7. No improvement in result was observed even with £2.5% variation and the
least count constraint for variation of plunge depth during welding was also reached. Hence the
point S11, with parameters of 440 RPM, 1.32mm plunge depth during welding, 0.18 mm plunge
depth during refilling, was regarded as the optimized combination of the process parameters with
the maximum load bearing capacity of 972 N and failure occurring at an extension of 13.80 mm.
However, if the deciding criterion for optimization was chosen as extension at the maximum load
or extension at failure, the resultant combination of parameters with optimized output would be
different from this analysis. Depending on the required property, the deciding criteria for

optimization can be chosen.
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Table 4.6 Load carrying capacity for combination of parameters with +5% variations from parameters of

sample Si11
Plunge T-peel Test Results
) ) Plunge
Rotational during )
) during Extension at  Extension at
Sample Speed welding . Maximum . .
refilling maximum failure
(RPM) (mm) Step- Load (N)

(mm) Step-2 load (mm) (mm)

S31 240 1.26 0.18 937 8.49 11.66
S32 1.38 0.18 862 4.96 10.28

Table 4.7 Load carrying capacity for combination of parameters with +2.5% variations from parameters of

sample S11
Plunge T-peel Test Results
{ . Plunge
Rotational during . ) )
) during . Extension at  Extension at
Sample Speed welding - Maximum ) )
refilling maximum failure
(RPM) (mm) Step- Load (N)

! (mm) Step-2 load (mm) (mm)

S " 1.29 0.18 956 8.94 25.43
Ss2 1.35 0.18 824 5.64 12.87

4.5 Conclusion

In this study, a novel method introduced to refill the exit-hole in FSSW using waste aluminium
chips showed higher load bearing capacity as compared to both conventional FSSW using a tool
having pin as well as FSSW using pin-less tool. The method of refilling imparts both aesthetic value
as well as lesser susceptibility to corrosion in the weld spot formed. A seamless bonding of the two
plates was also observed in the cross-section of the weld spot with no trace of the exit-hole. Thus,
refilling exit-hole with aluminium chips can be regarded as an effective method of elimination of
the exit-hole in FSSW. Difference in joint strength between FSSW joint with hole and waste chip
refilled samples is 16 %. The evolutionary optimization method revealed that rotational speed of
440 RPM, plunge depth during welding of 1.32 mm and plunge depth during refilling of 0.18 mm
gave the best results with 972 N maximum load bearing capacity. A higher plunge depth resulted
in thinning of the bonded reason while a lower plunge depth results in insufficient penetration of
stirred zone. Thus, optimization of the process parameters gave the best combination for this process
to get the most favourable output. However, due to the unknown origin of the waste chips and its
material properties, there is possible uncertainties in the joint characteristics. Further study can be

performed to remove these uncertainties.
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Chapter 5

Exit-Hole-Free FSSW of Aluminium Alloy Sheets using
a Consumable Pin

5.1 Introduction

It is discussed in literature review that for proper penetration depth of the SZ, pin is a necessary
component of the tool and cannot be avoided. Allen and Arbegast (2005) and Uematsu et al. (2008)
used a tool consisting of three parts: a clamp ring, shoulder and inner pin which could have
independent motion with respect to each other with the help of separate actuating systems. A similar
tool was used by Reimann et al. (2016) and the process was named refill FSSW. Zhou et al. (2012)
introduced self-refilling FSW (SRFSW) which was carried out in 8 steps, each step involving the
use of a new tool with different geometry. Huang et al. (2012) reported a new technique called
filling FSW (FFSW), where a semi-consumable tool was used. The process was a repair technigue

to fill the exit hole left after the welding process.

The currently available approaches to produce exit-hole-free FSSW joints have not been
able to fully accomplish the needs for commercial application. In some cases, the stirring depth was
found to be insufficient for thicker sheets (Tozaki et al., 2010); some processes were repair
techniques only (Reimann et al., 2017; Zhou et al., 2012; Mehta et al., 2020; Huang et al., 2012),
while in others, the tool used was too complex (Allen and Arbegast, 2005; Uematsu et al., 2008;
Reimann et al., 2016). On the other hand, some techniques consisted of multiple steps in order to
produce a single exit-hole-free joint, which is not commercially viable due to limitations of
production speed (Zhou et al., 2012; Mehta et al., 2020; Mehta et al., 2021; Huang et al., 2012).
This chapter involves a novel technigue to produce exit-hole-free joints using consumable pin.
Unlike some techniques found in literature, which use complex tools, this study uses a simple tool
that is cost-effective. This technique avoids the use of multi-step process to repair the exit hole and
produces exit-hole-free welds in a single step, which is both fast and cost-efficient. The influence
of consumable pin quality is also studied by using three different consumable pin materials, viz.
AA6061-T6, mild steel (MS) and oil hardened non-shrinking die steel (OHNS) with varying
strengths. The joint quality for the different welds produced is studied using lap shear test,
microstructure study and microhardness study. The understanding of the physics of the problem
involving material flow as well as temperature distribution is also carried out using FEM
simulations in DEFORM-3D.
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5.2 Experimental Details

The experimental details and the characterization of the materials used for producing the joints are

described in this section. The joint quality evaluation techniques that were used are also described.

5.2.1 FSSW with Consumable Pin and Joint Characterization

Two AAGB061-T6 sheets of 1.5 mm thickness each were taken in lap configuration. The dimensions
of the sheets were 150 mm x150 mm x1.5 mm. A hard (H13 grade steel) flat shoulder tool of
shoulder diameter 12 mm was used for welding. A vertical milling machine modified for FSW
(model RMV-1800 from Royal Machine Tools) with a 20 hp motor was used for the experiments.
The FSW machine had integrated sensors (strain-gage-based) to record the torque and plunge force
during welding. A constant rotational speed of 557 revolutions per minute (RPM) was used for all
the experiments. The plunge rate was fixed at 20 mm/min and a dwell time of 10 s was given for
all cases. In the present study, the consumable pin was placed on the upper sheet. The flat shoulder
non-consumable hard tool was rested on top of the consumable pin with sufficient axial force to
keep the setup intact (Figure 5.1). The tool was then rotated, which led to the subsequent rotation
of the consumable pin. The tool was slowly plunged downwards until the shoulder touched the
surface of the workpiece. After dwelling for 10 s, the tool was retracted back, giving an exit-hole-
free joint. In order to improve control over the placement of the pin, a small circular indent of the
same diameter as the pin was created on the upper sheet to place the consumable pin. The indent

was created using the hard pin FSSW tool.

Indent to place
consumable pin
4— Tool

Workpiece [ ] <+—Consumable pin

shoulder” g g \ Consumable
/‘ —

(C) : Xeen \}'nrkpiccc

Figure 5.1 FSSW using consumable pin: (a) schematic diagram of the components for welding (b) schematic
diagram of consumable pin on the upper sheet (c) experimental set up with consumable pin placed on the
upper sheet (d) application of axial force by the flat shoulder to keep the setup intact

98
TH-3283_176103008



Exit-Hole-Free FSSW of Aluminium Alloy Sheets using a Consumable Pin

The consumable pin taken was of diameter 6 mm and length 2.5 mm. Three different pin
materials were considered for the study, viz. AA6061-T6, mild steel (MS) and oil hardened non-
shrinking die steel (OHNS). Along with AA6061-T6, which is the same as the sheet material, the
performance of MS and OHNS consumable pins was studied as their mechanical properties are
closer to that of conventionally used hard pins. The joint properties of the welds using the three
consumable pin materials were compared with welds made with conventional FSSW with a pinless
flat shoulder tool of diameter 12 mm and a tool with hard pin having shoulder diameter of 12 mm,
pin diameter of 6 mm and pin length of 1.5 mm. The joint strengths were evaluated by lap shear
tests using AWS B4.0-2007 standards in a universal testing machine at room temperature with a
uniform cross-head speed of 1 mm/min. The schematic of the lap shear sample is shown in Figure
5.2. Alignment shims were used during lap shear test, as shown in Figure 5.2d, to reduce
eccentricity of the load path, which results in out-of-plane bending moments. The alignment shims
ensure pure shear mode of loading by keeping bending load to a minimum (Lancaster, 1999).
Microstructure of the cross-section of the joints was also analysed using an optical microscope (Carl
Zeiss- Axiotech). The microhardness profile of the cross-section of the joints was studied and
correlated with the microstructure and temperature history during welding. In order to record the
temperature generated during welding, two K-type thermocouples were attached at 5 mm and 15
mm distance from the tool shoulder edge on the top surface of the workpiece. Although it is possible
to place thermocouples just below the tool shoulder in thorough holes drilled in the workpiece, it
was avoided in order to reduce its effects on material flow during welding. Temperature was
recorded at a minimal distance away from the shoulder to keep the joint region unaffected with
reasonable accuracy. Temperature in the weld region was further predicted using FE simulation and
validated by experimentally recorded temperatures. For understanding the deformation behaviour
of the consumable pin, the welding process was stopped at two intermediate positions of 1/3™
plunge depth and 2/3 plunge depth. The cross-sections of joints at the intermediate positions of

the pin plunge were also observed under the microscope.

(a) one end fixed
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given in UTM

All dimensions are in mm
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Figure 5.2 Schematic diagrams of (a) lap shear test sample (L is the gripping length) (b) tensile test sample
(c) compression test sample (all dimensions are in mm) (d) side view of lap shear test with alignment shims
to minimize bending load

The microhardness at the cross-section of the joint was recorded at thirteen equidistant
positions on two lines, Line A and Line B, at a distance of 1 mm and 2.7 mm below the top surface
of the workpiece, respectively (Figure 5.3). The distance between each position on Line A and B
was 1 mm. The samples were sectioned in the middle of the weld and polished to mirror finish
before evaluating the microhardness. The microhardness test was performed in a Vicker
microhardness tester by OmniTech (model: MVVH-11). A force of 200 g was applied for 10 s for
AAB061-T6 pin and 500 g force for 10 s was used for cases with pin made of MS and OHNS to
produce the indent. Three measurements were taken at each position on lines A and B. One reading
was taken on the line, one above and another below the line, to ensure the indentations do not

overlap. The average of the three readings was taken as the final microhardness at that position.

(a) b
. N
K\TIO] mm 2.7 mm ( I mm 2.7 mm
00 ¥ ¥ Tool { 4
LineA ————————————— ‘F —————— - | Line A ———— —_———t - F —————— -
LineB _____________ 1 ____ _ 4 |LineB _____——— __________1|
T T
»
© /_\O 1mm 2.7 mm
Tool * +
Linc A ——-—+ ———t-———p——— -
LineB ___ __——— ____ f_____‘__
T

Figure 5.3 Schematic diagram of the cross section of the joint with position of the FSW tool shown as dotted
line: (a) flat shoulder pinless tool (b) tool with pin (c) consumable pin
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The joints were sectioned perpendicular to the top surface of the sheet through the centre
of the weld spot using electrical discharge machining to cause minimum influence due to heat and
plastic deformation during cutting operation. The sectioned welds were mounted on an epoxy resin
mount for ease of handling the samples. The cross-sections were polished using silicon carbide
emery papers of five different grit size: 400, 600, 900, 1000 and 2000 successively, until a smooth
surface was arrived. Further polishing was done using a velvet cloth with a commercial abrasive
paste to obtain a mirror finish. The abrasive paste usually used for polishing aluminium surfaces is
Silvo paste and for harder MS or OHNS, alumina powder solution in water is used. If alumina
powder solution is used with aluminium surface, it deposits an alumina layer and also causes micro-
scratches on the surface. On the other hand, Silvo paste is ineffective in removal of finer scratches
from the harder MS and OHNS surfaces. Therefore, the MS and OHNS parts were polished to
mirror finish first with alumina powder, which caused some scratches on the aluminium alloy part.
The scratches on AA6061-T6 were removed in the subsequent stage by polishing with Silvo paste,
which did not affect the MS and OHNS part during polishing. Thus, polishing of both materials in
the same component was achieved.

In order to observe the macrostructure and microstructure of the sections, different etchants
were tried. Initially, standard etchant used for aluminium alloys, Keller’s reagent with composition
1 mL HF, 1.5 mL HCI, 2.5 mL HNO; and 95 mL H,O, was tried where sample was dipped for
50—60 s; however, only macrostructure could be observed with little details on microstructure.
Another trial was made with Poulton’s reagent with 12 mL HCI, 6 mL HNOs, 1 mL HF (48%
concentration), 1 mL H,O. The modified form of this agent with added 10 mL HNO3 and 16 mL
H>CrO4 (chromic acid) solution (3g H.CrO4in 10 mL H,0) to the standard solution was used for
better results. The samples were dipped in the solution for 5 s and immediately washed under
running water for 10 s. The process was repeated three times. It was observed that in order to
observe the grain boundaries of AA6061-T6 alloy under optical microscope, the modified Poulton’s
reagent delivered the best result. Fractography of the fractured surface during lap shear test was
also carried out using field emission scanning electron microscope (FESEM — Zeiss, Model: Sigma
300).

5.2.2 Material Properties

The chemical composition of the base material and the three consumable pins is shown in Table
5.1. The chemical composition of the materials was evaluated using wet methods (1S-504-2002 for
AAB061-T6 and 1S-228-1997 for MS and OHNS). In the wet method, the sample is decomposed
with reagents such as acids and dissolved in a solvent, where the targeted elements are identified
and quantified. The chemical composition of the sheets and the AA6061-T6 consumable pin was
the same. The base material properties at room temperature are shown in Table 5.2. The properties
of the base material were evaluated at four different temperatures viz. room temperature, 100 °C,
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200 °C and 400 °C, using universal testing machine for a tensile sample with 50 mm gauge length,
12.5 mm width and 1.5 mm thickness (modified ASTM E8/E8M standards). The plastic stress-
strain curves for the base material at four different temperatures are shown in Figure 5.4. These
properties were given as input for base material in simulation of the FSSW process. From the true
stress-strain curve, strength coefficient and strain hardening exponent were evaluated by curve
fitting using Hollomon expression given by o =ke", where k is the strength coefficient and n is the
strain hardening exponent. Similarly, compressive properties were evaluated for the three
consumable pin materials at room temperature, 100 °C, 200 °C and 400 °C, using compression test
samples of 24 mm length and 12 mm diameter (ASTM E9 standards). The true plastic stress-strain
data derived from experiments were used as material properties input for simulation of the
behaviour of the consumable pin during welding (Figure 5.5). The software used for simulation,
DEFORM-3D, assumes linear relation between stress and strain up to the yield point using database
and beyond that, uses true stress vs plastic strain data, given as input from experiments. Hollomon

flow stress model is used for extrapolation of the material properties to larger strain values.

Table 5.1 Chemical composition of pin and sheet materials

% C Mn Si S P Cr Cu Mg Zn Fe Al
AAB061-T6 Nil 0.09 0.46 Nil Nil Nil 0.10 040 0.06 0.30 balance
MS 0.25 0.65 0.26 0.018 0.022 Nil Nil Nil Nil balance Nil
OHNS 1.02 058 0.24 0018 0.016 1.10 Nil Nil Nil  balance Nil

Table 5.2 Tensile properties of AA6061-T6 at room temperature (RT), 100 °C, 200 °C and 400 °C

Property Value

RT 100°C 200°C 400°C
Ultimate Tensile Stress (MPa) 330 285 251 190
0.2% offset Yield Stress (MPa) 276 242 220 156
Total Elongation (%) 12 13 135 16
Strain Hardening Exponent 01 01 0.1 0.1
Strength Coefficient (MPa) 415 378 300 205

400

350 |
300 |
g o ~
S 250 | N
%200 | —RT
21;0 i 100 °C
= 200 °C
100
—400°C
50
0 1 1 1 1 J
0 2 4 6 8 10

% True plastic strain

Figure 5.4 True plastic stress-strain curve for AA6061-T6 sheets up to necking at room temperature (RT),
100 °C, 200 °C and 400 °C
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Figure 5.5 True plastic stress-strain curves of consumable materials during compression test for (a) AA6061-
T6 (b) MS (c) OHNS at room temperature (RT), 100 °C, 200 °C and 400 °C

5.3 Finite Element Simulation Detalils

Finite element (FE) modelling of the process was carried out using commercial software DEFORM-
3D (version 11.2). A fully coupled temperature-displacement model was developed using a
Lagrangian implicit code with adaptive remeshing, which calculated both temperature and
displacement simultaneously at each node. The solver used was sparse solver with direct iteration
method. Dimensions of tool were kept as that of experiments. However, in order to reduce
simulation time, a single circular sheet of 30 mm diameter and 3 mm thickness was used instead of
two overlapping 1.5 mm sheets of 150 mm x150 mm dimensions. A similar approximation was
used by Buffa et al. (2006), where two overlapping sheets were considered as a continuum and
modelled as one single sheet with the total thickness of the two sheets to reduce contact instabilities
and simulation time. This continuum-based model is widely used by researchers in simulation of
FSW/FSSW process for studying thermal, mechanical and material flow behaviour during welding
(Trimble et al., 2012; Gao et al., 2013; Pashazadeh, 2014; Asadi et al., 2016). Tetrahedral mesh was
used with minimum global element size of 2 mm and local minimum element size of 0.3 mm at the
tool-workpiece interface for better accuracy and reasonable simulation time.

As discussed in Section 5.2.2, the experimentally obtained load-displacement data for each

material were converted into true stress-strain data and used as material input for simulation. The
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material properties of the workpiece were derived from tensile testing at four different temperatures.
However, since the consumable pin undergoes compressive loading, material properties for the
three consumable pin materials were derived from compression tests of the materials at four
different temperatures (Figure 5.5). The true stress-strain data were fitted in Hollomon equation in
order to find the strength coefficient (k) and strain hardening exponent (n). Subsequently, Hollomon
flow stress model was used to extrapolate the material properties for larger strain values. The

thermal properties of the materials used in simulation are provided in Table 5.3.

Table 5.3 Thermal properties of materials used in simulation

Material Thermal conductivity Volumetric heat Coefficient of thermal
(W/m*K) capacity (x108J/m3-K) expansion (x1075/°C)
AA6061-T6 180.2 2.43 22
MS 51.7 3.81 12
OHNS 51.7 3.81 12

Mesh sensitivity analysis was carried out for simulation of AA6061-T6 consumable pin
FSSW. Initially, global mesh size was fixed at 2 mm and at the contact positions (Jain et al., 2016),
mesh size was reduced locally to 1.5, 1 and 0.5 mm at consequent steps. Further, the local mesh
size was reduced in steps of 0.1. It was found that there was no significant difference in results with
the reduction of mesh beyond 0.3 mm (Table 5.4). The mesh sensitivity analysis provided 0.3 mm
as the optimum local mesh element size, which was used for all other simulations. The element size
of the consumable pin was considered as 0.3 mm throughout the whole component. The following
boundary conditions were used: (i) bottom face of the sheet was assigned zero velocity in z-
direction, (ii) tool was allowed to translate and rotate about the z-axis, (iii) the convective heat
transfer coefficient between the workpiece and the surrounding environment was given as 20
W/m?°C (Jain et al., 2017). The bottom face of the workpiece and the backing plate was assumed
to have a heat transfer coefficient of 200 W/m?°C at the interface. The heat transfer coefficient at
the pin-workpiece, tool-workpiece and tool-pin interface is considered as 1100 W/m?°C (Asadi et
al., 2011). Figure 5.6 shows the different thermal boundary conditions used in the simulation.

Table 5.4 Mesh sensitivity analysis

Local mesh size (mm) Average torque (N-m) % error from experimental torque

2 9.80 18%

15 9.64 16%
1 9.72 17%

0.5 9.22 11%

0.4 9.03 8.7%

0.3 8.80 6%

0.2 8.79 5.9%

0.1 8.78 5.7%
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Figure 5.6 Different thermal boundary conditions used in simulation
The heat generated ¢ during welding was the sum of frictional heat ¢, and heat due plastic

deformation ¢ .

a=q, +q, (4.1)
The temperature distribution is governed by Fourier heat conduction equation
or

k. VT +q=pc, = (4.2)

where o is the density, C, the heat capacity per unit mass and K is the thermal conductivity. One

of the most important parameters for simulation was the contact properties at the different
contacting surfaces. Unlike conventional FSSW, where the contact properties for only the tool and
workpiece interaction needs to be provided, FSSW with consumable pin requires additional contact
properties for tool-consumable pin, consumable pin-workpiece and tool-workpiece interfaces. The
contact properties used were derived from Chapter 3, where the contact properties at the different
interfaces were determined using an inverse approach by reducing error between experimental and
simulation torque during welding. As depicted in Figure 5.7, three interfaces namely, pin-
workpiece, tool-workpiece and pin-tool exist. The pin-workpiece and pin-tool interface are
modelled by constant shear friction (Tresca) model, given as 7=mK , where k is the temperature-
dependent yield stress of the material. Friction factor, m = 1 at the pin-workpiece and pin-tool
interface and hybrid model with coefficient of friction, p=0.29 and m = 0.77 at the tool-workpiece
interface was used in the present simulation. For the pin-tool interface m = 1 was used, since it was
assumed that completely sticking friction exists between the pin and the tool. The assumption was
taken since, the pin-shoulder interface was intentionally made rough using sandpaper of grit size
100 during experiments, to reduce slip between the pin and the shoulder. An inverse analysis of
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friction factor at the pin-tool interface would result in a more accurate value of m. However, the
main objective of the study is to emphasize the capability of consumable pin FSSW to produce
joints without exit hole with comparable strength to that of conventional FSSW. Therefore, a
simplified model with m = 1 was used at pin-tool interface for all consumable pins. In the hybrid
model used at the shoulder-workpiece interface, frictional stress z increased with increase in plunge

pressure p as z = zp up to limiting value of 7 =mK (as discussed in Chapter 3). A maximum

time increment of 0.05 s was used for each step, which the software automatically decreased
whenever a lower time increment was required for convergence. The approach was used for all the

different consumable pin materials.

Tool [: Tresca model (z = mk), m =1
shoulder I1: hybrid model:

T=mk (m=0.77)

I T
11 _ 11
I'| pmn|] T=up (u=10.29)
I 7 »-
I Workpiece |

Figure 5.7 Friction model used at different interfaces denoted by condition | at pin-tool and pin-workpiece
interface, condition |1 at tool-workpiece interface

5.4 Results and Discussion

In order to determine the joint strength, lap shear test was performed. Along with joint strength the
quality was also assessed by determining the microhardness at the cross-section of the joint. The
microstructure of the different zones produced during welding, namely SzZ, TMAZ, HAZ and BM
was also observed. Simulation of the welding process was performed to develop better
understanding of the process by analysing the torque and plunge force produced during welding as
well as temperature evolution during the joining process. A gualitative idea of material flow during
welding was also determined, using that a mechanism of joint formation using consumable pin was

proposed. The results have been discussed as follows.

5.4.1 Joint Strength

The joint strength of the welds was determined using lap shear test. The joint strength was
determined for the three consumable pin materials viz. AA6061-T6, MS and OHNS. The strength
of the joints was also compared to joints made with conventional FSSW with flat shoulder pinless

tool and a tool with hard pin. Table 5.5 shows the lap shear test results for the different joints.
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Table 5.5 Comparison of maximum load (failure load) during lap shear test in initial experiment

Maximum load (kN) Standard
Process L
Samplel Sample2 Sample3  deviation
Conventional FSSW with flat shoulder tool 1.87 1.82 1.88 0.032
Conventional FSSW with tool having a hard pin 2.84 2.79 2.76 0.04
Consumable pin FSSW (material = AA6061-T6) 2.57 2.64 1.94 0.38
Consumable pin FSSW (material = MS) 2.39 2.14 2.51 0.19
Consumable pin FSSW (material = OHNS) 2.36 2.62 2.63 0.15

In case of the welds using consumable pin, the repeatability of the results was not achieved
initially with standard deviation of three trials each as 0.38, 0.19 and 0.15, for AA6061-T6, MS and
OHNS consumable pins, respectively. The reason for this could be the dependence of the behaviour
of the consumable pin on its placement on the workpiece as well as on the alignment of the axis of
the consumable pin and the tool, thus resulting in difference in joint properties. Since in the initial
experiment, the consumable pin was only rested on the upper sheet with downward force from the
tool, the position of the consumable pin was not controllable. In order to solve this, a small circular
indent of 6 mm diameter was made on the upper sheet and the consumable pin was placed on the
indent. This restricted the consumable pin from slipping away from its position and helped in
maintaining the alignment of the pin and tool axis during welding. The repeatability of the results
could thus be achieved as shown in Table 5.6, with the standard deviation of the trials reducing to
0.035, 0.06 and 0.061 for AA6061-T6, MS and OHNS consumable pins, respectively. The load-
displacement graphs for the joints are shown in Figure 5.8a.

Table 5.6 Maximum load (failure load) during lap shear test for the consumable pin FSSW joints

e Maximum load (kN) Standard
Condition -
Samplel Sample2 Sample3  deviation
_Clz‘g)mumable pin FSSW (material = AA6061- 2 62 2 66 259 0.035
Consumable pin FSSW (material = MS) 2.48 2.6 2.54 0.06
Consumable pin FSSW (material = OHNS) 2.57 249 2.61 0.061
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Figure 5.8 Comparison of lap shear test for different consumable pin FSSW and conventional FSSW joints:
(@) load evolution (b) average maximum load bearing capacities for different joints

The maximum load bearing capacity was determined for each consumable pin material,
conventional FSSW using flat shoulder pinless tool and a tool with hard pin. Average maximum
load bearing capacities (three samples for each case) were calculated for the conventional FSSW
using flat shoulder pinless tool, FSSW using hard pin tool, AA6061-T6, MS and OHNS consumable
pin tool as 1.86 kN, 2.79 kN, 2.62 kN, 2.54 kN and 2.56 kN, respectively (Figure 5.8b). It can be
observed from the results that the joint produced by conventional FSSW using a tool with hard pin
has the maximum load bearing capacity in lap shear test. The load bearing capacity of the joint
produced by conventional FSSW using a flat shoulder pinless tool is the minimum. The average
load bearing capacity of joint produced by conventional FSSW using a tool having hard pin is 50%
more than the maximum load bearing capacity of joint produced by flat shoulder pinless tool. The
penetration depth of the SZ for the flat shoulder pinless tool is very low, which results in the low
strength of the joint. The average joint strengths for welds produced using AA6061-T6, MS and
OHNS consumable pins are 40.8%, 36.6% and 37.6% more than joints produced by conventional

flat shoulder pinless tool. The increase in joint strength can again be attributed to increase in depth
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of SZ in the weld. The consumable pins contributed to stirring of material within the workpiece in
the weld zone resulting in increased SZ depth and thus the improved joint strength. However, the
amount of stirring was less compared to the joint produced by conventional FSSW with a hard pin
tool, which showed the maximum joint strength. It is also observed that although the SZ depths for
MS and OHNS consumable pin are more than AA6061-T6 consumable pin, the AAG6061-T6
consumable pin shows slightly higher joint strength. The reason could be the formation of brittle
intermetallic compounds at the steel-aluminium interface during welding (Khan et al., 2017). The
argument can be further substantiated by observing the extension at failure for the consumable pins,
which is highest for the AA6061-T6. As compared to AA6061-T6 consumable pin, the extensions
for MS and OHNS consumable pin were 39% and 34% lower, respectively. Maximum extension at
failure for conventional FSSW using flat shoulder pinless tool, FSSW using hard pin tool, AA6061-
T6, MS and OHNS consumable pin tool are observed as 1.8 mm, 1.6mm, 2.05 mm, 1.25 mm and
1.35 mm, respectively. It shows that the joint using AA6061-T6 consumable pin is comparatively
more ductile as compared to the other joints, thus helps improve the joint quality. The typical lap
shear test joint strengths reported in literature for conventional FSSW of similar sized AA6061-T6
sheets lie in the range 0.6—3.7 kN depending on process parameters (Gard and Bhattacharya, 2017).
Yazdi et al. (2019) reported lower joint strengths for pinless tools. In this study using consumable
pin FSSW, a comparable joint strength to that mentioned in literature was achieved, without an exit

hole.

5.4.2 Microhardness

Figure 5.9a—e shows the variation of microhardness for different FSSW joint cross-sections. The
hardness dropped sharply in the weld zone for all the welds. AA6061-T6 is precipitation hardened
aluminium alloy with base material microhardness tested as 102 HV. The hardness depends on the
precipitate distribution, such as Mg.Si. Hardness reduction in the weld zone can be attributed to the
dissolution of the precipitates and grain growth during FSSW. The hardness in the SZ is found to
be high and gradually decreases through the TMAZ and reaches a minimum value and again
increases towards base material exhibiting a ‘W’ shape appearance. The observation concurred with
literature and according to literature the region where hardness is minimum is the HAZ (Venukumar
etal., 2013). Cao et al. (2016) found similar trend in microhardness distribution during Refill FSSW
or friction spot welding of AAG6061-T6 sheets. SZ is associated with high temperature and severe
plastic deformation, which leads to dynamic recrystallization and fine grain structure. Thus,
hardness increase in SZ is due to the fine grains and fine precipitates. The microhardness in case of
consumable pin remained almost constant for Line B. In Line A, the variations of hardness values
showed that the HAZ is less pronounced as compared to conventional FSSW with and without pin.
Due to this homogeneous nature of the weld zone, the AA6061-T6 consumable pin joint showed

higher lap shear strength (refer Section 5.4.1) as compared to both MS and OHNS consumable pin
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joints, where there is a pronounced change in hardness while moving from one material to another.
The sudden increase in hardness in Line A as shown in Figure 5.9 (d and €) are the indentations on

harder MS and OHNS consumable pin which remained in the joint.
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Figure 5.9 Microhardness plots for FSSW using (a) flat shoulder pinless tool (b) conventional hard pin tool
(c) AAB061-T6 consumable pin (d) MS consumable pin (¢) OHNS consumable pin

5.4.3 Microstructure and Joint Composition Analysis

The different weld cross-sections for joints produced by the consumable pins along with
microstructure at different zones produced during welding viz. BM, HAZ, TMAZ and SZ are shown
in Figure 5.10a—d. The cross-sections and microstructures are compared with welds made with

conventional FSSW using a flat shoulder tool and a tool with a hard pin. The welds produced using

110
TH-3283_176103008



Exit-Hole-Free FSSW of Aluminium Alloy Sheets using a Consumable Pin

MS and OHNS consumable pins showed similar microstructure and properties; hence cross-section
of joint produced by MS consumable pin only is shown. The microstructures reveal the material
flow characteristics during the various FSSW processes.

Fmm
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Figure 5.10 Macrostructure (at 5X magnification) and microstructure at different zones of the weld cross
sections for FSSW using (a) flat shoulder pinless tool (b) hard pin tool (c) AA6061-T6 consumable pin (d)
MS consumable pin. Magnifications used: BM (10X), HAZ (10X), TMAZ (25X), SZ (50X)

It is observed that the depth of SZ produced by the hard pin FSSW tool and MS consumable
pin tool are almost equal. The flat shoulder pinless tool resulted in excessive flash at the outer
vicinity of the tool shoulder due to excessive plunge force experienced by the workpiece. The SZ
of the AA6061-T6 consumable showed a U-shaped SZ with traces of unstirred material at the centre
of the weld. Although the depth of SZ is higher for FSSW using MS consumable pin as compared
to AA6061-T6 consumable pin, the former joint contains defects in the form of cracks (Figure
5.11a) as well as sharp interfaces between the two sheets (Figure 5.11b), which results in reduction
of joint strength during lap shear test. In all the joints it is observed that the grain size in the SZ is
much smaller than the rest of the zones. The grain size increases when moving to the TMAZ, which
can be considered as a transition zone between the smaller grains of the SZ and larger grains of the
HAZ. The grains of the HAZ become larger due to grain growth as this zone experiences heat and
rise in temperature during welding. TMAZ, although experiences larger amount of heat compared
to HAZ, it also undergoes plastic deformation, which results in reduced grain size. Microstructures
explain the trend in the microhardness distribution across the cross-section. The finer grain size in
the SZ region gives higher microhardness according to Hall-Petch law. The microhardness lowers
as we approach the HAZ which has the largest grain size. It is also observed that the TMAZ in case
of AA6061-T6 consumable pin FSSW is spread wider and thus has more area with finer grains.
This explains the relatively uniform high microhardness distribution in case of AA6061-T6
consumable pin FSSW. Thus, the microstructure can also be correlated to the microhardness of the

joints as discussed in Section 5.4.2.
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Figure 5.11 Defects seen in joint made with MS consumable pin: (a) crack (b) sharp interface between two
aluminium alloy sheets (10X magnification)

Energy-dispersive X-ray spectroscopy (EDS) was performed at the interface of the
consumable pin and base material to analyse the chemical composition after welding. In case of the
AA6061-T6 consumable pin, since consumable pin and base material are of the same composition,
the pin assimilated into the base material uniformly. It can be observed in Figure 5.12a, that there
is a homogeneous chemical composition at the interface of consumable pin and base material.
However, in case of MS consumable pin, a sharp interface can be observed with MS on one side
and AA6061-T6 on the other side. Intermixing of material can be observed in some locations as Fe
element was detected on the AA6061-T6 side (Figure 5.12b). However, there was no movement of
Al into the MS consumable pin side. From XRD (X-ray diffraction) analysis, it was found that
IMCs were formed at the interface of MS consumable pin and AA6061-T6 base material. The peaks
on the XRD plot were compared to JCPDS (Joint committee on powder diffraction standards) data,
which revealed the presence of Fe,Als (Aghajani Derazkola and Khodabakhshi, 2019) (Figure
5.12c). EDS analysis at the IMC layer confirms the finding as Fe and Al percentages were found to
be approximately 28% and 70%, respectively. FeAl, FeAls, FesAl, FesAli; are some other IMCs
typically formed during FSW of steel and aluminium alloys, depending on temperature at the weld
region (Wan and Huang, 2017). Fe;Als is a brittle compound. The IMC formation was responsible
for weakening of joint strength in case of FSSW with MS consumable pin.
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Figure 5.12 Chemical composition analysis at the interface of consumable pin and workpiece material post
FSSW for (a) AA6061-T6 consumable pin (b) MS consumable pin and (c) XRD plot at the interface of MS
consumable pin and AA6061-T6 workpiece showing IMC formed

5.4.4 Failure Modes
The different modes of failure in the welds during lap shear test were studied (Figure 5.13). It was
observed that joint with FSSW using pinless tool failed due to partial nugget fracture. In this type

of fracture, failure occurs at the softer region near the nugget region (Rana et al., 2018). Large
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amount of thinning of the upper sheet occurs when producing a joint using pinless tool, thus it
weakens the region near the weld nugget where the failure occurs. On the other hand, in case of the
conventional FSSW using a hard pin tool, the failure mode observed was interfacial separation. The
exit hole defect results in a smaller bonded area between the two sheets, which results in separation
of the sheets when subjected to shear loading during lap shear test (Wang et al., 2020). Failure
occurs at the circumference of the exit hole defect. The joints made using AA6061-T6 consumable
pin failed by nugget pull-out failure. In this type of failure, the nugget remains attached to one of
the sheets and failure occurs around it. Both MS and OHNS consumable pin FSSW joints showed
combination of nugget pull-out and interfacial separation type of failure. It can be observed that the
MS and OHNS consumable pin remains intact and attached to the lower sheet. Failure occurs at the
boundary of the consumable pins where a sudden change in microhardness was observed (Figure
5.9). The bonded region of the two AA6061-T6 sheets is also small, leading to interfacial separation
in the area surrounding the consumable pin. The presence of brittle intermetallic compounds at the
interface of MS and OHNS with the AA6061-T6 sheet further weakens the joint in that region.

Nugget pull-  Nugget pull-
out + out +
Typeof ,  Partial Nugget Interfacial Nugget pull- Interfacial Interfacial

failure Fracture Separation
B l‘

Separation Separation

A

A }h;—."
Pinless tool FSSW with
FSSW hard pin

AA6061-T6
consumable pin
FSSW

OHNS
consumable pin
FSSW

MS consumable
pin FSSW

Figure 5.13 Different modes of failure in the joints produced during welding of AA6061-T6 sheets

It can be observed in Figure 5.14 that the fractured surface in case of MS and OHNS
consumable pin FSSW contains lesser number of dimples as compared to welds made using pinless
tool, hard pin tool and AA6061-T6 consumable pin, when observed under scanning electron
microscope (SEM). The fractography study revealed that the fractured surface of MS and OHNS
consumable pin FSSW joints contained dimples as well as flat surfaces, indicating a combination
of ductile and brittle modes of failure. When failure occurs with little or no plastic deformation, a
smooth and flat surface appearance is observed, denoting brittle mode of failure (Bonhomme et al.,
2009; Wouters and Froven, 1996). Higher density of dimples in pinless tool, hard pin tool and
AA6061-T6 consumable pin FSSW implies ductile mode of failure (Saravanan et al., 2016). A high
density of fine equiaxed dimples in fractography denotes ductile failure (Garg et al., 2020). The
larger size dimples present in AA6061-T6 consumable pin FSSW as compared to pinless tool
FSSW is due to larger plastic deformation in case of the former (Agrawal et al., 2021).
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Figure 5.14 SEM images (1000X magnification) of fractured surfaces during lap shear test of FSSW joints
produced by (a) pinless tool (b) tool with rigid pin (c) AA6061-T6 consumable pin (d) MS consumable pin
(e) OHNS consumable pin

5.4.5 FE Simulation Results

FE simulation of FSSW using consumable pin was performed in DEFORM-3D. The model was
validated by comparing experimental and simulation torque during welding. A reasonably
acceptable match in torque evolution between experimental and FE simulation was obtained using
the model. For AA6061-T6 consumable pin, the average experimental and simulation torque in the
range of 0 to 10 s were found to be 8309 N-mm and 8814 N-mm, respectively. For MS consumable
pin, average experimental torque was 7799 N-mm and average simulation torque was 8160 N-mm.
On the other hand, 7761 N-mm and 8320 N-mm were found to be average experimental and
simulation torque, respectively for OHNS consumable pin. Average error between experimental
and simulation torque was found to be 6%, 4.74% and 7.2% for FSSW using AA6061-T6, MS and
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OHNS consumable pins, respectively. The comparison between experimental and simulation torque
for FSSW using different consumable pin materials is shown in Figure 5.15. The average torque
during welding for conventional FSSW with hard pin was reported to be 7998 N-mm in Chapter 3,
which is comparable to average torque during FSSW using MS and OHNS consumable pins.
However, the average torque during welding with AA6061-T6 consumable pin was higher than
conventional FSSW with hard pin as well as MS and OHNS consumable pins. This could be due to
extra torque utilized in plastic deformation of the AA6061-T6 consumable pin. The deformation
for AAG061-T6 was observed to be more than MS and OHNS consumable pins.
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Figure 5.15 Comparison of torque evolution from experiments and FE simulation for FSSW using (a)
AAB061-T6 consumable pin (b) MS consumable pin (c¢) OHNS consumable pin

It can be observed from Figure 5.15 that the torque increases gradually as the pin and
shoulder is plunged inside the workpiece. In case of conventional FSSW, it is observed in literature
that there is a sudden increase in torque as the shoulder touches the workpiece, which is not
observed in case of FSSW using consumable pin. The reason may be due to deformation of the pin,
which bulges outwards at the tool-pin interface, covering a part of the tool as the tool is plunged
downwards. This results in a gradually increasing contact area between the workpiece and the tool,
thus a gradual increase in torque as well. It is also observed that the torque evolution for both MS
and OHNS consumable pins are similar due to their comparable material properties. Torque
predicted by FE simulation is slightly overestimated for all cases, implying that there may be slip

between pin and shoulder in case of experiments.
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The temperature generated during welding was analyzed at two points, P1 and P2, taken on
the upper surface of the workpiece at a distance of 5 mm and 15 mm from the shoulder edge,
respectively. Temperature evolution from experiments and FE simulations is compared in Figure
5.16 (a—c). The experimental temperatures at P1 and P2 were taken as the average of three trials for
each welding condition at the respective points. There was good repeatability with an average
coefficient of variation as 4%. However, the simulations over-predicted the temperature, although
the trend of time-temperature curves was in good agreement. The quantitative error in the range of
10-12% at P1 and 14-16% at P2 may be due to variation in thermal properties. These properties
were taken from DEFORM-3D database and were not verified experimentally in this study.
Moreover, point P2 was close to the clamping setup and some amount of heat dissipated out through
the setup. Although heat dissipation through the base plate was considered in the FE model, heat
dissipation through clamping setup was not modelled in order to reduce complexity and time of the
simulation. Nevertheless, as the qualitative prediction is good, it is possible to reduce the error by
model-updating (mainly by adjusting the thermal properties). However, the same was not done here

considering the focus and scope of present work.
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Figure 5.16 Temperature evolution during FSSW with (a) AA6061-T6 consumable pin (b) MS consumable
pin (¢c) OHNS consumable pin

The peak temperature generated using AA6061-T6 consumable pin is less compared to MS
and OHNS consumable pin FSSW. As AA6061-T6 is softer compared to MS and OHNS, the
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stirring of workpiece material is comparatively lesser and consequently, heat generated due to
plastic deformation of the workpiece is also less. However, in case of the weld made using AA6061-
T6 consumable pin (Figure 5.17a), the temperature distribution during plunging is different from
weld made using MS and OHNS consumable pins. Figure 5.17 shows the temperature contours at
the joint cross-sections and upper surfaces of the joints made using different consumable pins. The
temperature distribution in case of FSSW by MS and OHNS consumable pins is similar to that of
conventional FSSW process. The temperature distribution follows a V-shaped pattern for all

conditions, which is similar to the shape of the SZ as observed in Section 5.4.3.
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Figure 5.17 Temperature contour at the joint cross-section for (a) AA6061-T6 consumable pin during
plunging (b) AA6061-T6 consumable pin during dwelling (c) MS consumable pin and (d) OHNS consumable
pin during dwelling

The reason for the unique temperature distribution in case of AA6061-T6 consumable pin
is due to unique characteristics of heat generated due to friction as well as severe plastic deformation
of the consumable pin. Plastic deformation of the pin at the outer edges is higher as compared to its
inner parts. The plastic deformation inside the consumable pin increases with increasing radius of
the pin due to increased tangential velocity of material at the outer radii. Thus, the temperature is
higher at the periphery of the pin compared to its interior. Thus, although peak temperature
produced in case of AA6061-T6 consumable pin FSSW is less, it is produced at the outer boundary
of the pin, resulting in a wider TMAZ area as seen in Section 5.4.3. The temperature in this region
is high enough for the grains to undergo dynamic recrystallization and the finer microstructures
results in a relatively higher uniformly distributed microhardness in the weld zone (Section 5.4.2).
During dwelling, the temperature distribution becomes similar to conventional FSSW due to more

prominent effect of the tool shoulder.
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5.4.6 Mechanism of Joint Formation
It is known from literature that in order to produce effective FSSW joint the depth of SZ should be

high. Flat shoulder pinless tools are unable to produce sufficient SZ depth without using excessive
plunge depth (Aota and Ikeuchi, 2009). Conventional FSSW with hard pin aids in increasing the
SZ depth and thus improves the joint quality. The primary intention of using a consumable pin is
also to increase the SZ depth in the weld zone while delivering a joint without exit hole. The
mechanism of joint formation during FSSW using consumable pin and conventional FSSW (FSSW
with hard pin) is discussed in this section.

Figure 5.18 shows the deformation behaviour and material flow of the AA6061-T6
consumable pin and the workpiece. There are five stages during the process.
Stage 1: The consumable pin is placed on an indentation mark of identical diameter on the upper
face of sheet and downward axial force is applied using a hard flat shoulder tool.
Stage 2: The tool starts rotating and the friction between the shoulder and the pin causes the pin to
rotate along with the tool. This initiates material stirring, depicted by arrows on the upper and the
bottom face of the sheet.
Stage 3: The deformation of the pin increases with increase in plunge depth.
Stage 4: Although the upper part is highly deformed, rotation of the pin continues. With the pin
rotation, the workpiece material continues to get stirred.
Stage 5: The rotation of the pin ceases when the hard shoulder of the tool touches the workpiece.
While stirring of workpiece material continues due to the rotating shoulder of the tool, the
consumable pin gets assimilated into the workpiece and the consumable material stirs along with
workpiece material. The blue arrows in circular motion on the bottom face of the workpiece show

stirring of workpiece material up to bottom face.

Upper face Bottom face

0 low
" velocity

Figure 5.18 Joint formation using consumable pin depicting material velocity during welding
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Three points on the workpiece in the vicinity of the pin, T1 (just below top surface), M1
(middle of workpiece) and B1 (just above bottom surface) were tracked during simulation to
understand the material movement (Figure 5.6). Apart from stirring of material in the horizontal
plane, there is swirling motion around the pin in vertical plane as well. It is observed in Figure 5.19a
that T1 is stirred in a spiral motion. M1 is stirred less in the horizontal plane; however, vertical
movement around the pin is more pronounced. Point B1 shows very little movement in both vertical
and horizontal directions. The vertical motion of material can be seen by observing the
microstructure around the SZ as shown in Figure 5.19c¢. In comparison to conventional FSSW, the
stirring of material at larger depths is low. It can be seen in Figure 5.19b that for conventional
FSSW, although stirring of material for top point T1 is similar, stirring at middle point, M1 and
bottom point, B1 are more as compared to consumable pin FSSW. Thus, it can be observed that the
consumable pin contributed to stirring of the workpiece material similar to a conventional hard pin;

however, amount of stirring was less at higher depths as compared to hard pin.

BN

Figure 5.19 Material flow during FSSW (a) using AA consumable pin: tracking three points in the vicinity
of the pin (b) conventional FSSW with hard pin: three points in the vicinity of the pin tracked (c) vertical
motion of material in the weld cross-section (20X magnification)

The material in the vicinity of the consumable pin is stirred around it in spiral motion,
leading to mixing of materials at the interface of the sheets. The heat generated due to friction and
plastic deformation helps in softening the workpiece for the stirring to take place, similar to
conventional FSSW. However, in conventional FSSW where the exit hole remains after tool
retractions, in case of FSSW using consumable pin, the pin after completely entering inside the
workpiece, stops rotating and gets assimilated into the workpiece. The rotating hard shoulder during
dwelling ensures further stirring and mixing of pin and workpiece material leading to a seamless
bonding. The consumable pin increases the depth of stirring zone as compared to flat shoulder
pinless tool and produces effective FSSW joint without exit hole defect. Thus, from the
experimental observations and simulation results, it is proposed that the consumable pin stirs the
material around it in the weld, leading to better mixing, which at elevated temperature under high

downwards plunge force results in all components bonding together and in joint formation.
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5.5 Conclusion

A novel method of producing exit-hole-free FSSW joint using a consumable pin was successfully
demonstrated. The process was able to produce the joints using a cost-efficient, simple tool and
setup. The method is a single-step process for producing effective exit-hole-free FSSW joints,
which is both fast and cost-effective. The weld quality analysed using lap shear test, microhardness
and microstructure studies showed proper joining and improved joint strength over conventional
flat shoulder FSSW. The following conclusions can be drawn from the study:

() The joints produced using consumable pin were compared to conventional FSSW using a
pinless flat shoulder tool and a tool with hard pin. It was found that the use of consumable
pin significantly increased the joint strength in lap shear test (36—40% higher) as compared
to conventional FSSW using a pinless flat shoulder tool. However, joint strength was
slightly lower as compared to FSSW using tool with a hard pin for the same process
parameters. Therefore, depending on the application, the slight decrease in joint strength
may be overlooked to opt for an exit-hole-free FSSW joint.

(i) Among the different consumable pin materials used, viz. AA6061-T6, MS and OHNS, the
best weld quality was achieved for welding using AA6061-T6. Although stirring and
temperature produced in case of MS and OHNS consumable pins were more compared to
AAB061-T6 consumable pin, the joints produced using the former pins showed ~3% lower
failure load and 34—39% lesser elongation at failure during lap shear test. It is due to the
formation of brittle intermetallic compounds (Fe-Als) at the dissimilar material interface.
A sharp interface and cracks were also observed in MS and OHNS consumable pin FSSW.
On the other hand, a seamless bonding with homogeneous chemical composition was
observed in case of AA6061-T6 consumable pin. Thus, AA6061-T6 is more suitable as the
pin material for consumable pin FSSW of AA6061-T6 sheets.

(i) FE simulation of the welding process using DEFORM-3D was able to predict torque and
temperature during welding within 10% and 15% errors, respectively. Simulated
temperature contour and microstructure analysis at the cross-section of the AA6061-T6
consumable pin FSSW joint showed wider TMAZ area, resulting in a uniform distribution
of refined grains due to dynamic recrystallization leading to uniform microhardness and
higher joint strength. From the study of material flow and deformation behaviour of the
consumable pin during the welding, joint formation mechanism during FSSW using
consumable pin was explained. The consumable pin aids in stirring the workpiece material
resulting in better mixing and under high downwards plunge forge, at elevated temperature
due to friction and plastic deformation, results in bonding of the two sheets. The
consumable pin gets assimilated into the workpiece material and produces an exit-hole-free
FSSW joint.
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Chapter 6

Effect of Rotational Speed on Exit-Hole Free FSSW with
Consumable Pin

6.1 Introduction

In order to have proper control over the process and optimise the weld quality, studies on the effect
of process parameters on FSSW joints have been performed for both conventional FSSW and exit-
hole-free FSSW. The rotational speed of the tool is one of the key parameters affecting joint quality
as it primarily determines the amount of heat input into the weld zone due to the rubbing action of
the tool and workpiece surfaces and subsequent plastic deformation of the workpiece material
(Arora et al., 2009). It is observed in literature that an increase in tool rotational speed results in
increase in temperature of the SZ. It is important to assess the relationship between rotational speed
and heat input as an insufficient heat input at lower rotational speed results in inadequate
plasticization, whereas, higher heat input at higher rotational speeds causes dissolution, undesirable
grain coarsening and lowering dislocation density, leading to decrease in joint strength. It is
recommended to keep the rotational speed moderately low; enough to cause plasticization of the
workpiece while maintaining SZ properties closer to the BM (Hao et al., 2013; Jambhale et al.,
2015; Merzoug et al., 2010). A lower rotational speeds is also recommended in case of refill FSSW
to ensure good material flow and high tensile shear force (Lage et al., 2019; Ferreira et al., 2020).
Tier et al. (2013) found that the joint strength decreased with increase in rotational speed from 900
to 1900 RPM during RFSSW due to unwanted grain growth. Similar to conventional FSSW,
rotational speed was found to contribute maximum in determining nugget width and joint strength
in RFSSW (de Castro et al., 2018).

This chapter investigates the effect of rotational speed on the weld quality during FSSW
using consumable pin. Weld quality is assessed by lap shear strength, microhardness distribution
and microstructure in the cross-section of the joints. Fracture analysis of the joints was performed.
In order to gain more insight about the process, FE simulations were conducted using DEFORM-
3D. Temperature distribution, force and torque evolution and material flow during FSSW were
predicted using simulation and compared with experimental results. Lap shear tests were also
simulated to predict weld strength and fracture using Freudenthal damage model and Cockcroft-
Latham damage model. Such simulations helped predicting weld strength beyond the experimental

limits of machines used in this study.
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6.2 Experimental Details

The welding operation was performed on two AA6061-T6 sheets of dimension 150 mm x150 mm
x1.5 mm placed in lap configuration. A flat shoulder tool of H13 tool steel material was used along
with an AA6061-T6 consumable pin. The working principle of the welding technique is discussed
in Chapter 5.

In this study, the rotational speed of the tool was varied, while keeping all other parameters
constant, to understand its influence on joint formation and joint strength. The diameter of the tool
used was 12 mm. The consumable pin was of 6 mm diameter and 2.5 mm length. A constant plunge
rate of 20 mm/min and dwell time of 10 s was used for all experiments. Five different rotational
speeds viz., 360, 462, 557, 900, 1200 revolutions per minute (RPM) were used. The corresponding
surface speed at the outer diameter of the tool varied from 226 mm/s to 753 mm/s for 360 RPM to
1200 RPM. Torque and plunge force during the experiment was recorded using strain-gage based
integrated sensors in the machine (strain data logger-MP31C09). Two K-type thermocouples were
attached to the workpiece to record the temperature during welding. The thermocouples were

attached on the top surface of the workpiece at 5 mm and 10 mm from the tool edge (Figure 6.1).

In order to study the effect of rotational speed on joint strength, lap shear test was
performed. The samples were prepared according to AWS B4.0-2007 standards and the joint
strength was evaluated in a universal testing machine with uniform cross-head speed of 1 mm/min
at room temperature. Lap shear test on three samples for each set of process parameters were
performed and the mean value was taken as the final joint strength. The fractured joints after the
lap shear test were also analysed for their mode of failure. Fractography analysis after lap shear test
was performed using field emission scanning electron microscope (FESEM — Zeiss, Model:
Gemini). The microhardness at the cross section of the welds was evaluated using a Vickers
microhardness tester by OmniTech (model MVH-11). Two lines, upper line and lower line, were
taken at 1 mm from the top and 0.5 mm from the bottom surface of the workpiece, respectively
(Figure 6.2). On each line the readings were taken at 13 equidistant positions, which were 1 mm
apart (marked A—M in Figure 6.1). The microhardness at each position was evaluated as the average
of three readings taken above the line, on the line and below the line, such that the indentations do
not overlap. For all the positions, 200 g force was applied with 10 s dwell time to make the
indentations. For analysing the microstructure, the joints were sectioned at the centre of the weld
spot perpendicular to the top surface. The sectioned joints were mounted on an epoxy resin mount
and polished using silicon carbide emery paper. A detailed description of the characterization
process along with material properties and chemical composition of base material and consumable
pin are discussed in Chapter 5. The assumptions regarding flow stress and other properties and their

incorporation into simulation are also discussed in detail in Chapter 5.
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Figure 6.1 Schematic diagram of cross-section of the joint with microhardness testing positions and
thermocouple placements (not-to-scale)

6.3 FE Simulation of FSSW using a Consumable Pin and Lap
Shear Test

FE simulation of FSSW and subsequent lap shear test was performed using commercial FE analysis
software DEFORM-3D (version 11.2). The simulation consisted of two stages. In stage 1, FSSW
using consumable pin was simulated. The changes in material properties after the simulation were
retained and passed on to stage 2, where lap shear test simulation was performed. The details of the

formulation used are discussed in this section.

6.3.1 FSSW Simulation

Lagrangian implicit code with adaptive remeshing was used to develop a fully coupled temperature-
displacement model that calculated temperature and displacement at each node simultaneously.
Sparse solver with direct iteration was used to converge to the solution. The maximum time
increment used for each step was 0.05 s. If a lower time increment was required for convergence,
the software automatically decreased it to smaller time step. The tool and consumable pin
dimensions were as that of experiments. A continuum-based model was used while modelling the
workpiece as used by Buffa et al. (2006) as discussed in Chapter 5. The workpiece in this study was
modelled according to dimensions of lap shear test, since the retained material properties after
FSSW simulation were passed on to the next stage, where lap shear test was simulated on the same
workpiece. The workpiece in this study was modelled according to dimensions of lap shear test.
However, the centre of the overlapped portion was modelled as a continuum of 12 mm diameter
with thickness as the total thickness of the two sheets, i.e., 3 mm (Figure 6.2). The diameter of the
continuum zone was chosen equal to the diameter of the tool shoulder as most of the stirring occurs
in the region beneath the tool shoulder region (Mishra and Ma, 2005). FSSW simulation was
performed over this continuum region. The stirring of material in this continuum zone helped in
comparing the effect of stirring and plastic deformation at elevated temperature and strain rate on
flow stress, strain hardening and residual stresses, which in turn governed joint strength with respect
to rotational speed. To verify the assumption and determine the sensitivity of the continuum zone

diameter, two more simulations were conducted for welding at 1200 RPM and subsequent lap shear
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test. Increasing or decreasing the size of the continuum zone increases the error in lap shear strength
prediction because of unrealistic assumption (Table 6.1). A zone of 12 mm diameter (equal to

shoulder diameter) only provides reasonable results.

Table 6.1 Variation of lap shear strength prediction with change in continuum diameter for welding at 1200
RPM (using Cockcroft-Latham damage model)

Continuum diameter Experimental lap shear strength Simulated lap shear strength Error %
11 mm 3.5kN 3.32 kN 5.2
12 mm 3.5kN 3.64 kN 4.1
13 mm 3.5kN 3.77kN 7.7

(a)
upper sheet

indent for placing

a global mesh
consumable pin 2

Figure 6.2 FE simulation of FSSW using consumable pin: (a) wireframe diagram showing continuum region
(b) components of the welding process with global and local mesh

The tool was meshed using Tetrahedral mesh of 1 mm as the minimum element size. Since
the tool was modelled as a rigid body, mesh size had no effect on the simulation. The workpiece
was meshed with tetrahedral elements of 2 mm global element size and 0.3 mm local element size
at interfaces and regions undergoing deformation (Figure 6.2b). The consumable pin was also
meshed throughout with tetrahedral elements of 0.3 mm size. Mesh sensitivity analysis was
performed to arrive at the optimal mesh size for the simulation as discussed in Chapter 5. The
simulated and experimental torque were compared to find the error in prediction for each of the
trials. The material properties for the workpiece was derived from tensile tests as discussed in
Section 5.2.2. The load-displacement data at four different temperatures were converted to true
stress-strain data for AA6061-T6 and the true plastic stress-strain data was provided as material
input for base sheets. Material properties of the consumable pin were derived from compression
test of AAB061-T6 at four different temperatures. The strength coefficient (K) and strain hardening
exponent (n) were derived by fitting the true stress-strain data in the Hollomon power law and same
was used to extrapolate flow stress at large strains. Experimentally found plastic stress versus strain
at 3x10™* s* strain rate was given as input for the simulation, which showed good match with
material properties in DEFORM-3D database at the same strain rate and temperatures (< 5% error).

The material properties at strain rate of 10 s™* were given as input from DEFORM-3D database for
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AA6061-T6 at four different temperatures as per experiments. Using the data at the two strain rates,
material properties at other strain rates were either interpolated or extrapolated. Actually, there is
not a high variation in the stress-strain curves at 3x1074 s and 10 s and most of the strain-rates
are near this range only. Hence, interpolation or extrapolation of properties is justified. The thermal
properties of AA6061-T6 are used from DEFORM-3D database; simulations are carried out with
thermal conductivity as 180.2 W/me*K, specific heat capacity as 903 J/kg*K and coefficient of
thermal expansion as 22x1076/°C.

During the FSSW process, heat generated from friction and plastic deformation was used
to calculate the temperature distribution using Fourier heat conduction equation. The contact
properties at the interfaces and boundary conditions used during the FSSW were discussed in
Chapter 5. The model was validated by comparing simulated and experimental torques during
welding at different rotational speeds, which showed prediction error in the range of 4—7% using
the model (Table 6.2).

Table 6.2 Comparison of average torque and plunge force from simulation and experiment at different
rotational speeds

Rotational Experimental ~ Simulated % error Experimental  Simulated % error for
speed torque torque for plunge force plunge force plunge
(RPM) (N-mm) (N-mm) torque (N) (N) force
360 7816 8133 4 417 439 5.2
462 7981 8472 5.7 420 440 4.7
557 8309 8814 6 403 428 6.2
900 8972 9519 6.1 397 419 5.6
1200 9113 9586 5.2 387 406 4.9

6.3.2 Lap Shear Test Simulation using Damage Models
The lap shear test was simulated in DEFORM-3D as a subsequent stage to the FSSW simulation.

DEFORM-3D allows material and thermal properties at the end of the simulation to be passed on
to the next stage. Thus, the change in material properties due to severe plastic deformation and
elevated temperature at high strain rates during FSSW simulation was preserved and passed on to
the lap shear simulation. This included plastic material behaviour of the weld spot area, i.e. flow
stress, strain hardening parameters and residual stresses due to plastic deformation and thermal
cycle. After the FSSW welding simulation was completed, the tool was removed, and new boundary
conditions were applied to the welded workpiece. The boundary conditions applied were (i) one
end of the upper sheet was fixed in all directions, (ii) the opposite end of the bottom sheet was given
velocity of 1 mm/min in the positive x-direction (Figure 6.3), (iii) the top surface of the upper sheet

and bottom surface of the bottom sheet was assigned zero velocity in z-direction to avoid sheet
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bending. The mesh was imported from stage 1, i.e., FSSW simulation, along with material and
thermal properties. Element deletion was introduced in this stage by incorporating damage models
in material properties. Two damage models namely, Freudenthal (1950) damage model and
Cockcroft-Latham (1968) damage model were used in this study and compared for their efficacy.

In Freudenthal model, damage is given as

(6.1)

O
Il
O —) DI
Ql
o
el

where € ¢ is the effective strain at fracture, O is the effective stress and ¢ is the effective strain.

On the other hand, in Cockcroft-Latham model, damage is given as

D= [odz (6.2)

where 0, is the maximum principal stress (Eom et al., 2014; Heidari et al., 2020). Fracture initiates
when the value of D exceeds a critical damage value Cr. When D-C, <0, there is no failure, and if

D-C, >0, there is failure (Barik et al., 2022). The value of critical damage constant was calculated

from uniaxial tensile test data of AA6061-T6. In this study, C; = 34 MPa was obtained for both the
cases considering uniaxial tensile tests and assuming the base sheets as isotropic. The sheets are
assumed as isotropic materials during FSSW and lap shear test simulations following von Mises

yield function.

velocity given in
x-directiol
2

weld nugget

fixed in all
directions

Figure 6.3 Boundary conditions used during lap shear test simulation

6.4 Results and Discussion

The effect of change in rotational speed during FSSW using consumable pin is assessed by

comparing the joint strengths during lap shear test, microhardness and microstructure comparison,
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analysis of failure, temperature and material flow during welding. The results are discussed in this

section.

6.4.1 Joint Strength

It is observed from lap shear test data (Figure 6.4a) that the maximum load bearing capacity initially
increased with increase in rotational speed up to 900 RPM. There is a marginal decrease at 1200
RPM. The mean value of maximum load at failure for 360, 462, 557, 900 and 1200 RPM are 1.4,
1.52, 2.7, 3.79 and 3.5 kN, respectively (Table 6.3), indicating 1.7 times increase in failure load
between minimum and maximum values. The standard deviations for the tests were found to be in
the range of 0.04—0.08. Considering the weld spot area to be 113 mm?, the corresponding average
shear strengths are calculated as 12.4, 13.4, 23.9, 33.5 and 30.9 MPa, respectively. A similar trend
is observed in elongation at failure with respect to increase in rotational speed. The maximum value
is about 2.16 mm at 900 RPM (Figure 6.4b) and only a minor increase is seen after 900 RPM (Figure
6.4b). Moreover, there is a sharp improvement in maximum load at failure as well as elongation at
failure at 557 RPM.
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Figure 6.4 Lap shear test results at different rotational speeds: (a) maximum load at failure (b) elongation at
failure

Due to machine limitations, the experimental study was carried out only up to 1200 RPM.
However, from the simulation of consumable pin FSSW and subsequent lap shear test simulation,
the study was further extended to higher rotational speeds. Lap shear test simulations were
performed for 360, 462, 557, 900 and 1200 RPM and compared to the maximum load bearing
capacity from experiments. In this study, Freudenthal damage model and Cockcroft-Latham
damage models were implemented in the lap shear test simulation. There is only a marginal
difference in their predictions of maximum load at failure (Table 6.3). However, the results
predicted by Cockcroft-Latham damage model are closer to experimental results; and hence
considered as the preferred damage model for this study. Figure 6.5 shows the comparison of

simulation and experimental load-displacement curve during lap shear test for joint at different
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rotational speeds. The chosen damage models provided prediction error of only 4—7% in lap shear
test. Due to the assumption of continuity of the sheets, simpler damage models were able to
encompass the damage behaviour during lap shear test without considering delamination. In future
work, models like ductile damage model (Beygi et al., 2022) and void growth model (He et al.,
2008) can be used for simulations.

Table 6.3 Comparison of average experimental and simulated lap shear test results along with prediction
using damage models

Rotational Maximum Elongation Comparison of simulated and experimental maximum
speed load at at failure load at failure (kN)
(RPM) failure (kN)  (mm) Cockeroft- error (%) Freudenthal  error (%)
Latham
360 1.4 0.7 1.65 18 1.66 18.8
462 1.52 0.76 1.76 16.2 1.75 15
557 2.7 1.9 2.86 6 2.88 6.8
900 3.79 2.15 3.97 4.8 3.98 5
1200 3.5 2.07 3.64 4.1 3.67 4.8
1500 - - 3.42 - 3.51 -
2000 - - 3.17 - 3.22 -
(a)4s (b)4s (©)4s
4 —Experimental T —Experimental T ——Experimental
35 ) . 35 ) . 35 f
----- Simulation -----Simulation -----Simulation
> 3 > 37 g3 s
225 Z25 éz.s S
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Figure 6.5 Comparison of load evolution from experiments and simulations (using Cockcroft-Latham damage
model) during lap shear test for FSSW at (a) 360 RPM (b) 462 RPM (c) 557 RPM (d) 900 RPM (e) 1200
RPM

The errors for 360 and 462 RPM are 18% and 16.2%, which are on the higher side. The
joints made at 360 and 462 RPM had very small bond lengths and contained defects, as discussed
later in Section 6.4.4. Effective joints are produced only at 557 RPM and above. The FE model did
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not consider defects in the joints and thus resulted in inaccurate prediction. However, the model
yields good predictions for 557, 900 and 1200 RPM with an acceptable error of 6%, 4.8% and 4.1%,
respectively (Table 6.3). Using the same model after validation, simulations of consumable pin
FSSW and lap shear tests were performed for two more rotational speeds, viz., 1500 and 2000 RPM.
The predicted maximum load at failure for 1500 and 2000 RPM are 3.42 and 3.17 kN, respectively.
Thus, a decrease in joint strength is observed beyond 900 RPM, both in experiments and FE

simulations.

6.4.2 Fracture Analysis

The joint failure during lap shear test was studied using fractography as well as visual inspection.
It can be observed from fractography results that all the joints failed in ductile mode of failure. The
fractured surfaces, when observed under FESEM revealed dimples with varied density (Figure 6.6).
A smooth and flat surface during fractography denotes brittle mode of failure (Bonhomme et al.,
2009; Wouters and Froyen, 1996). Whereas, a high density of fine equiaxed dimples denotes ductile
failure (Garg et al., 2020; Saravanan et al., 2016). Larger sized dimples present in case of 1200
RPM as compared to 360 RPM are due to higher plastic deformation, denoting higher stirring at
higher rotational speeds (Agrawal et al., 2021). It can also be inferred that the joint strengths were

not affected by formation of brittle regions in any of the joints. The variation in strength was

Figure 6.6 FESEM images (1000X magnification) of fractured surface during lap shear test for (a) 360 RPM
(b) 462 RPM (c) 557 RPM (d) 900 RPM (e) 1200 RPM

The types of failure for the joints are shown in Figure 6.7. FSSW performed at 360 and 462
RPM show ‘interfacial separation’ mode of fracture. This type of failure occurs when bond length
between the two sheets is small and fails at the interface when a shear load is applied (Rana et al.,
2018; Wang et al., 2020). The welds at 557, 900 and 1200 RPM failed by ‘nugget pull-out’. In
nugget pull-out, fracture occurs around the nugget while the nugget remains attached to one of the
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sheets. The analysis confirms that the bond area between the two sheets was lower for welding at
rotational speeds below 557 RPM. At higher rotational speeds, i.e., 557, 900 and 1200 RPM, the
sheets were bonded properly in the nugget region and failure occurred only at the boundary of
nugget and base material. This is due to change in material properties, which is discussed in
subsequent sections. Figure 6.8 shows comparison between failure type between experiment and
lap shear test simulation for joints at 557, 900 and 1200 RPM, which shows a good match. Stress
concentration around the weld nugget is visible before failure.

Typeof _,  Interfacial Interfacial Nugget pull- Nugget pull-  Nugget pull-
failure Separation Separation out out out
Upper / \
Sheet \ /
Lower
Sheet

5 mm m

360 RPM 462 RPM 557 RPM 900 RPM 1200 RPM

Figure 6.7 Different failure modes with variation of rotational speed
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Figure 6.8 Comparison of fracture mode from FE simulations and experiments for FSSW at (a) 557 RPM (b)
900 RPM (c) 1200 RPM

132
TH-3283_176103008



Effect of Rotational Speed on Exit-Hole Free FSSW with Consumable Pin

6.4.3 Energy during Welding

The energy required for welding was calculated using torque and plunge force during welding using
Eqg. (3.4) discussed in Chapter 3. It was found that as the rotational speed was increased, the energy
required during welding also increased. The energy consumption at 360, 462, 557, 900 and 1200
RPM are 4.68 kJ, 4.83 kJ, 5.18 kJ, 5.97 kJ and 6.24 kJ, respectively. An increase in rotational speed
from 360 RPM to 900 RPM results in 27.5% increase in heat input during welding. Although the
rotational speed was increased almost three times (360 to 900 RPM), the energy input only
increased by 27.5% with 1.7 times increase in joint strength. Su et al. (2006), during conventional
FSSW of AAB061-T6 sheets with comparable process parameters, reported a similar observation
of increase in energy applied from 3 kJ to 6 kJ with increase in rotational speed from 500 to 1000
RPM.

6.4.4 Microstructure

The cross-sections about the weld centreline for joints produced at different rotational speeds and
their associated microstructure in different weld zones are shown in Figure 6.9. Four distinct zones
can be observed namely, BM, HAZ, TMAZ and SZ. All the joints show a U-shaped SZ. The grains
in the SZ are smallest for all the joints. SZ experiences highest amount of plastic deformation due
to stirring and undergoes dynamic recrystallisation, which leads to fine equiaxed grains (Rana and
Narayanan, 2021). On the other hand, the HAZ experiences increase in temperature without plastic
deformation leading to grain growth. HAZ shows the largest grain size. TMAZ, that lies between
the SZ and HAZ, experiences rise in temperature as well as stirring and plastic deformation. This
results in smaller grain size as compared to HAZ, but bigger than SZ. It acts as a transition zone
between SZ and HAZ (Figure 6.9). The average grain size in each of the zones was calculated by
line intercept method using 10 lines. The average grain size in HAZ increased from 80 um to 105
pum with increase in rotational speed from 360 to 1200 RPM. SZ and TMAZ experienced a decrease
from 13 um to 9 pm and 31 um to 20 pm, respectively with increase in rotational speed from 360
to 900 RPM. There is minor variation of grain size in SZ and TMAZ with further increase of
rotational speed to 1200 RPM (Figure 6.10).

As discussed in Section 6.4.3, the heat input increases with increase in rotational speed.
The increase in heat input promotes grain growth. However, with increase in rotational speed, the
amount of stirring and plastic deformation also increases, which promotes recrystallisation and finer
grains. Thus, two opposing phenomena take place with increase in rotational speed. It can be
observed from Figure 6.10 that the average grain size in the SZ and TMAZ decreases as rotational
speed is increased from 360 to 900, and becomes stable with further increase in rotational speed.

The recrystallisation phenomenon dominates up to 900 RPM, and further increase in rotational
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speed leads to higher heat input and increased grain growth. The average grain size in the HAZ

increased monotonously with increase in rotational speed.

It can be observed from the macrostructure of the joints that the radial bond length,
measured from the weld centreline to end of bonded region (Figure 6.9), in case of 360 and 462
RPM are 2.1 mm and 1.8 mm, respectively. Whereas, the bond lengths for 557, 900 and 1200 RPM
are 4.7 mm, 6.4 mm and 5.6 mm, respectively. There is a marked increase in bond length with
increase in rotational speed. The reason for low lap shear strength of joints produced by 360 and
462 RPM is due to the small bond length. Effective joining can be considered to take place at 557
RPM and above.

Figure 6.9 Weld cross-section (5X magnification) about the centreline along with radial bond length and
HAZ (10X), TMAZ (25X), SZ (50X) for (a) 360 RPM (b) 462 RPM (c) 557 RPM (d) 900 RPM (e) 1200
RPM
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Figure 6.10 Variation of grain size in HAZ, TMAZ and SZ with increase in rotational speeds

6.4.5 Microhardness

The microhardness distributions in the weld cross-section for welds produced with different
rotational speeds at upper and lower lines are shown in Figure 6.11. The base material
microhardness is 102 HV. As compared to base material, there is a decrease in microhardness in
the weld region for all the joints. Since AA6061-T6 is a precipitation hardened aluminium alloy,
the hardness depends on the distribution of precipitates like Mg.Si. The observation is consistent
with literature, which states minimum and maximum microhardness found at HAZ and SZ,
respectively for conventional and refill FSSW (Venukumar et al., 2013; Cao et al., 2016). The fine
grains and precipitates of the SZ (Section 6.4.4) impart higher microhardness. The average grain
size discussed in Section 6.4.4 explains the variation of microhardness distribution according to
Hall-Petch relationship. The microhardness on lower line shows higher hardness compared to the
upper line, as the lower line is less affected by temperature and plastic deformation during welding,
thus retaining properties closer to BM (Figure 6.11b). As the rotational speed is increased, the ratio
of BM to HAZ hardness and SZ to HAZ hardness on the upper line increases. This sharp variation
of hardness at the weld-BM interface is partly responsible for the weakening of joint strength. The
observation of stress concentration around the weld and nugget pull-out failure in Section 6.4.2 also

confirms the same.
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Figure 6.11 Distribution of microhardness (£ 5 % variation) for different rotational speeds: (a) upper line (b)
lower line
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6.4.6 Temperature Distribution and Material Flow

The temperature during welding was recorded at two points, P1 and P2, on the upper surface of the
top sheet during welding. The temperature evolution at points P1 and P2 from experiments and FE
simulations are compared at different rotational speeds (Figure 6.12). The average prediction error
at P1 is in the range of 4—7%, and at P2, it is in the range of 4—8%. Though the errors are in
acceptable range, the deviation is due to assumption of the thermal properties of the materials from
DEFORM-3D database, which was not verified experimentally. Considering the model's capability
to predict temperature within acceptable errors, the model was used to predict the temperature
contour in the joint cross-section as well as the consumable pin.

400 ¢ 400 ¢

—o—P1 —o—P1 400 ¢
Oso f —o—P2 Osso | ——P2 Osso |
.. F e Pl Exp) O woPl(Exp) &
=300 F -#--P2 (Exp) P 300 -#--P2 (Exp) % 300 F
E = E =250
E 250 5 250 E 250
=200 = 200 F gm0 f e
S1so | glso : B0 f g e o
& 3 100 £ =T —o-p2
g0 f g'100 i I B s
@ 50 E ﬁ 50 F & sk aP2 (Exm)
= 0 s . . . . ) 0! 0 . . :
0 2 4 6 8 10 12 (b) 0 2 4 6 8 10 12 © 0 2 4 6 8 10
(a) time (s) time (s) time (s)
400 ¢ 400
O 350 Q 350
=30 F = ~300
5 250 ; = 250
= 200 = 200
S50 f = ——P1 5 150 —o—P1
=7 % —o0—-P2 =% P2
g 100 £ 100
5 --e--P1 (Exp) = --e-P1 (Exp)
ot 50 -=-P2 (Exp) 50 -8--P2 (Exp)
0 Pt cog e g oo i e e oy abon Ty 0 i i i i i ;
i 0 2 4 6 8 10 12 0 2 4 6 8 10 12
@ time (s) © e s)

Figure 6.12 Comparison of temperature evolution from experiments and FE simulations at P1 and P2 for (a)
360 RPM (b) 462 RPM (c) 557 RPM (d) 900 RPM (e) 1200 RPM

Figure 6.13 shows the typical temperature contours at the upper surface and cross-section
of the joints made at 360 RPM and 1200 RPM. With increase in rotational speed, the peak
temperature also increases. The observation matches the increase in average grain size in HAZ due
to grain growth with increase in rotational speed (Figure 6.10). The peak temperature zone was
smaller in case of the joint made at 360 RPM, implying lesser plasticisation of material at the bottom
of the workpiece as compared to joint made at 1200RPM. The temperature distribution at the cross-

section for the joint made at 1200 RPM is a V-shaped contour, which matches the shape of the SZ
observed in Section 6.4.4.
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Figure 6.13 Typical temperature distribution on the weld cross-section and upper surface of the workpiece for
(a) 360 RPM (b) 1200 RPM

Figure 6.14 shows peak temperature generated in the consumable pin and the predicted
penetration depth of consumable pin inside the workpiece. The penetration depth increased with
increase in rotational speed up to 900 RPM (Figure 6.15). A higher rotational speed resulted in
higher stirring and increased temperature of the workpiece, thereby softening the workpiece.
However, the penetration depth at 1200 RPM was slightly lower, which could be due to its softening
prior to penetration inside the workpiece resulting from higher temperature generated in the pin at
1200 RPM. The observation is further verified by simulation of material stirring at three points, T1,
T2 and T3, taken inside the workpiece below the tool at 0.5 mm, 1.5 mm and 2.9 mm depth,
respectively (Figure 6.16). Simulation of the material flow can give a qualitative idea of stirring
within the workpiece and resulting joint quality (Dialami et al., 2015). At all the rotational speeds,
a good amount of stirring took place at T1. Stirring increased with increase in rotational speed. A
similar observation was made for T2, where stirring increased with increase in rotational speed up
to 900 RPM. At 1200 RPM, stirring was observed to be marginally lower than 900 RPM due to
reduced penetration depth of the consumable pin. Stirring at T3 was observed to be very minimal
for all rotational speeds. The material flow analysis further conforms to the joint strength trend

observed during the lap shear test.
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Figure 6.14 Peak temperature generated in the consumable pin during welding and pin penetration depths at
different rotational speeds
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Figure 6.15 Simulated and experimental penetration depth of consumable pin after welding at (a) 360 RPM
(b) 462 RPM (c) 557 RPM (d) 900 RPM (e) 1200 RPM
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Figure 6.16 Material flow pattern at three points T1, T2, T3 for (a) 360 RPM (b) 462 RPM (c) 557 RPM (d)
900 RPM (e) 1200 RPM (f) location of points T1, T2, T3
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Overall, the effect of rotational speed on the inter-related phenomena during welding, leading to

determination of joint quality can be summarized as follows:

e With the increase in rotational speed heat input increases resulting in an increase in the
temperature.

o Forthe HAZ, which does not experience plastic deformation, the grain size increases with
increase in temperature. However, for SZ and TMAZ, which experience severe plastic
deformation along with temperature rise, grain size reduces up to 900 RPM due to dominant
role of recrystallization. Beyond 900 RPM, grain size becomes stable as grain growth due
to the rise in temperature and finer grains due to dynamic recrystallization balance each
other.

e Finer grains result in higher microhardness. Due to the variation in grain size, the ratio of
BM to HAZ hardness and SZ to HAZ hardness increases with increasing rotational speed.

e Increase in rotational speed promotes higher plasticisation of material at elevated
temperatures, resulting in increased penetration depth and stirring up to 900 RPM. At 1200

RPM, both pin penetration and stirring are lower due to higher than optimal heat input.

The bond length increases with increase in rotational speed up to 900 RPM and then decreases on
further increase of speed. Increase in the speed increases plasticization, which is favourable for
bond formation. However, it also causes softening of pin, which discourages proper bond formation.
Thus, there is an optimum speed for proper bond formation. The findings are summarised in Figure
6.17.
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Figure 6.17 Effect of variation of rotational speed on different parameters during FSSW using consumable pin
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6.5 Conclusion

This chapter studies the effect of rotational speed on joint quality during FSSW using a consumable
pin. Joints produced at five rotational speeds, viz. 360, 462, 557, 900 and 1200 RPM were
investigated. The joint quality was analyzed using lap shear test, microstructure analysis and
microhardness study. FE simulation of FSSW was performed to estimate the torque, force, and
temperature evolution during stirring. After stirring simulation, FE simulation of lap shear test was
also conducted to estimate fracture and joint strength using Cockcroft-Latham damage model and

Freudenthal damage model. The following conclusions are drawn from the study:

1) The experimental joint strength in lap shear test increased with increase in rotational speed
from 360 RPM to 900 RPM; further increase in rotational speed resulted in a marginal
decrease in joint strength. A 1.7 times increase in joint strength was observed for FSSW
formed at 900 RPM as compared to that formed at 360 RPM.

2) FE simulation of the lap shear test successfully predicted the failure load for joints produced
at 360, 462, 557, 900 and 1200 RPM with error in the range of 4—7%. This model was also
used to predict the failure load for FSSW at 1500 and 2000 RPM, which were beyond
experimental limits. During lap shear test simulation, Cockcroft-Latham damage model
predicted the failure load closer to the experimental values as compared to Freudenthal
damage model, indicating that mainly the greatest principal stress influences the fracture
behavior.

3) The failure analysis revealed that joints at 360 and 462 RPM failed by interfacial failure
mode during the lap shear test, suggesting poor joint quality. Joints at 557, 900 and 1200
RPM failed by nugget pull-out mode indicating good joining at the nugget region.

4) Energy input and temperature in both the workpiece and consumable pin increased with
increase in the rotational speed. There was a 27.5% increase in energy input as the rotational
speed was increased from 360 to 900 RPM.

5) Welding at 1200 RPM resulted in lower joint strength than that obtained by welding at 900
RPM. This may be attributed to (i) sharp change of microhardness at the BM-HAZ
interface, (ii) lower pin penetration depth, and (iii) lower stirring at middle region of joint

cross-section.
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Chapter 7

Effect of Plunge Rates on Exit-hole-free FSSW with a
Consumable Pin

7.1 Introduction

The process parameters determine the quality of weld produced by any process. Along with
rotational speed discussed in Chapter 6, the plunge rate of the FSSW tool is one of the important
process parameters influencing plastic deformation, heat input and overall joint quality
(Suryanarayanan and Sridhar, 2021; Cam et al., 2022). Su et al. (2006) reported that as the plunge
rate increases, the width of the SZ decreases, negatively impacting joint strength. An increase in
plunge rate reduces the heat input as it reduces the thermal cycle duration (Suryanarayanan and
Sridhar, 2020). It was found in literature review that a lower plunge rate is recommended to keep
the torque and axial forces low, however, too low axial force may result in low heat input and
defects. An optimum plunge rate of 6 mm/min was suggested. An optimum plunge rate is important
to achieve good joint quality. This chapter examines the impact of plunge rate on weld quality
during exit-hole free FSSW with a consumable pin. To evaluate weld quality, the study employs
lap shear strength testing, microhardness distribution analysis, and microstructure examination of
the cross-sections of the joints. Additionally, fracture analysis of the joints is conducted. To further
understand the FSSW process, FE simulations using DEFORM-3D are carried out to predict
temperature distribution, force and torque evolution, and material flow during the welding process.
These simulations are then compared to the experimental results. The study also uses simulation to
predict the lap shear strength and fracture using the Freudenthal damage model and Cockcroft-
Latham damage model. This approach allows for predictions of weld strength beyond the

limitations of the machines used in the study.

7.2 Experimental Details

The welding was performed on two sheets of AA6061-T6 aluminum alloy, as described in Chapter
5. This study investigates the impact of tool plunge rate on joint formation and strength by varying
the plunge rate while keeping all other parameters constant. The tool used had a diameter of 12 mm,
and the AA6061-T6 consumable pin was 6 mm in diameter and 2.5 mm in length. A rotational
speed of 900 RPM and dwell time of 10 s were employed for all experiments. Five different plunge
rates, 6, 10, 15, 20 and 35 mm/min were used. The plunge rates were chosen based on frequently
used plunge rates in literature and trial experiments. Torque and plunge force were recorded during
the experiment using strain-gage based integrated sensors in the machine (strain data logger-
MP31C09). Temperature during welding was monitored by attaching two K-type thermocouples to
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the workpiece, on the top surface at 5 mm and 10 mm from the tool edge as described in Chapter
6.

The characterization methods are described in detail in Chapter 5. The samples were prepared
according to the AWS B4.0-2007 standards for lap shear test, and the joint strength was measured
using a universal testing machine (UTM) with a uniform cross-head speed of 1 mm/min at room
temperature. Three samples for each set of process parameters were tested and the mean value was
taken as the final joint strength. The fractured joints after the lap shear test were analyzed to
determine their mode of failure. Fractography analysis was performed using a field emission
scanning electron microscope (FESEM — Zeiss, Model: Gemini). The microhardness at the cross-
section of the welds was evaluated on A to M locations using a Vickers microhardness tester by
OmniTech (model MVH-11) as described in Chapter 5. The microstructure of the joints was
analyzed by sectioning them at the center of the weld spot, perpendicular to the top surface and
polishing using silicon carbide emery paper. The cross-sections were then etched using modified
Poulton's reagent comprising 10 ml HNO3, 16 ml chromic acid solution (3g H2CrO4 in 10 ml H,0),
12 ml HCI, 6 ml HNOs, 1 ml HF (48% concentration), and 1 ml H,O. The samples were dipped in
the etchant for 5 s and washed under running water for 10 s. The process was repeated twice and
observed under an optical microscope (Carl Zeiss- Axiotech model). The base material tensile
properties (using ASTM E8/E8M standards) and consumable pin compressive properties (using
ASTM E9 standards) were evaluated at four temperatures: RT, 100 °C, 200 °C, and 400 °C
(reported in Chapter 5). The engineering stress-strain data from the tests were converted into true

plastic stress-strain data, and strength coefficient (K), strain hardening exponent (n) were evaluated

by curve fitting using Hollomon power law given by o=Ks".

7.3 FE Simulation of FSSW using a Consumable Pin and Lap
Shear Test

FSSW simulation followed by lap shear test simulation was conducted using DEFORM-3D (v11.2)
software. The simulation comprised two phases. Phase 1 simulated the FSSW process using a
consumable pin. The altered material properties from this stage were carried over to phase 2, which
simulated the lap shear test. The simulation methodology is discussed in detail in Chapter 6. In this
study the plunge rates during simulation were varied. The validation of the model was performed
by comparing experimental and simulated welding torque. Table 7.1 compares the average torque
during simulation and experiment from 0 to 2.5 mm plunge depth for the plunge rates used. The
model produced a reasonably accurate match with prediction error within 4—6%. Similar to Chapter
6, during lap shear test two damage models, the Freudenthal model and Cockcroft-Latham model,

were used and compared in the study.

142
TH-3283_176103008



Effect of Plunge Rates on Exit-hole-free FSSW with a Consumable Pin

Table 7.1 Comparison of average torque and plunge force from simulation and experiment at different plunge

rates
Plunge rate Experimental  Simulated % error Experimental  Simulated % error for
(mm/min) torque torque for plunge force plunge force plunge
(N-mm) (N-mm) torque (N) (N) force

6 8256 8652 4.8 358 377 54

10 8387 8890 6 371 396 6.7

15 8611 9085 5.5 382 402 5.2

20 8972 9501 5.9 397 419 5.6

35 9493 9910 4.4 438 456 4.1

7.4 Results and Discussion

An evaluation of the impact of plunge rate during FSSW with a consumable pin was carried out by
lap shear tests, fractography, microhardness measurements, microstructure analysis, temperature
evolution and deformation behavior of consumable pin during welding. The outcomes are presented

and analyzed in this section.

7.4.1 Lap Shear Test

The lap shear strength obtained for welding with different plunge rates is shown in Figure 7.1. The
maximum load at failure for welding at 6, 10, 15, 20 and 35 mm/min plunge rates are 3.94, 3.97,
4.1, 3.79 and 3.07 kN, respectively. The standard deviations for the tests were found to be in the
range of 0.06—0.14. Considering joint cross-sectional area as 113 mm?, average shear strengths are
34.9, 35.1, 36.2, 33.5 and 27.1 MPa for welding at 6, 10, 15, 20 and 35 mm/min plunge rates,
respectively. It can be observed that the joint strength increases marginally with increase in plunge
rate from 6 to 15 mm/min, and further increase lead to decrease in joint strength (Figure 7.1). There
is a 4% increase in joint strength for welding at 15 mm/min compared to welding at 6 mm/min.
Whereas, a 26% decrease in joint strength is observed for welding at 35 mm/min plunge rate
compared to welding at 15 mm/min. Similarly, the elongation at failure increased up to welding at
20 mm/min and decreased on further increase in plunge rate (Figure 7.1). This observation is unlike
conventional FSSW, where the joint strength decreases monotonously as the plunge rate is
increased due to lower heat input. In case of consumable pin FSSW, the difference in trend of joint
strength is observed due to the unique deformation behavior of the consumable pin during plunging.
The heat input and temperature of the workpiece and the consumable pin play the major role in
determining the penetration depth, stirring and thereby joint strength, which is discussed later in
Section 7.4.5.
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Figure 7.1 Lap shear test results at different plunge rates showing maximum load at failure and elongation at
failure

The joint failure during lap shear testing was analyzed through fractography and visual
inspection. Fractography results showed that all joints failed in a ductile manner. The results suggest
that joint strength was not influenced by the formation of brittle regions, and that the strength
variation was primarily determined by the extent of stirring and material mixing. Examination of
the fractured surfaces under FESEM revealed dimples with varying densities (Figure 7.2a—e). The
presence of larger dimples for welding at 15 mm/min can be attributed to higher plastic deformation,
indicative of greater stirring at depth (Agrawal et al., 2021). All the joints failed by nugget pull-out
mode of failure, indicating the sheets were properly bonded in the nugget region, leading to failure
only at the nugget-BM boundary (Figure 7.2f).

Jopm  EHT= 300AV  WD= 3&mm  Mage 1O0IKX SgnelA= laLens

[
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Figure 7.2 FESEM images of fractured surfaces for FSSW at (a) 6 mm/min (b) 10 mm/min (c) 15 mm/min
(d) 20 mm/min (e) 35 mm/min (f) nugget pull-out mode of failure at different plunge rates

7.4.2 Energy during Welding

From experimental torque and plunge force generated during welding, the energy required for
different plunge rates was calculated using Eqg. (3.4). The energy during welding decreased as the
plunge rate was increased. Energy input into the weld at 6, 10, 15, 20 and 35 mm/min plunge rates
were 6.78 kJ, 6.53 kJ, 6.21 kJ, 5.97 kJ and 5.82 kJ, respectively. Although torque and plunge force
increased with increase in plunge rate, the duration of each thermal cycle decreased with increase
in plunge rate. Plunging time for welding at 6, 10, 15, 20 and 35 mm/min plunge rates were 25 s,
155,105, 7.57 s and 4.3 s, respectively. Thus, the overall energy input decreased. It is important to
note that although there is only 4% increase in joint strength when welding at plunge rate of 15
mm/min compared to 6 mm/min, it was achieved at 8.5% lower energy input. On the other hand,
welding at 35 mm/min plunge rate results in 6.2% lower energy input compared to plunge rate of
15 mm/min, however, joint strength decreased by 25%. Thus, plunge rate of 15 mm/min is

suggested as the preferred plunge rate for consumable pin FSSW of AA6061-T6 sheets.

7.4.3 Microstructure

Four main microstructure zones are identified at the cross-section of the joints: the BM, HAZ,
TMAZ, and SZ (Figure 7.3). The average grain size calculated using line intercept method, in the
HAZ decreased from 118 um to 84 um with increase in plunge rate from 6 to 35 mm/min. SZ and
TMAZ experienced a decrease in average grain size, from 13 pum to 9 um and 29 pum to 20 pm,

respectively, as plunge rate increased from 6 to 35 mm/min (Figure 7.4).
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Figure 7.3 Weld zones and microstructure for FSSW at different plunge rates
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Figure 7.4 Change in average grain size with respect to plunge rate in different weld zones
7.4.4 Microhardness

The microhardness in the weld cross-sections of joints made at different plunge rates is depicted in
Figure 7.5. The hardness of AA6061-T6 base sheet is 102 HV. The variation in microhardness
distribution is explained by the comparison of average grain size discussed in Section 7.4.3.
Welding at 6 mm/min experiences the highest heat input and thus show higher grain growth and
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larger grain size leading to lower microhardness on the upper line at HAZ, TMAZ and SZ. Welding
at 15 mm/min results in higher stirring leading to finer and equiaxed grains. This is evident from
higher microhardness at the SZ on the upper line. On the lower line present at a higher depth, stirring
is more for welding at 15 mm/min plunge rate due to higher penetration of the pin, however not
high enough to produce fine equiaxed grains. Penetration depth of consumable pin for welding at 6
mm/min is lower, resulting in lesser stirring and the workpiece maintained its hardness closer to
BM. A sharp variation of hardness at the nugget-BM interface is observed for welding at all the
plunge rates, which contributes to weakening joint strength. This is supported by the observation of

nugget pull-out failure.
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Figure 7.5 Microhardness for FSSW at different plunge rates: (a) upper line (b) lower line

7.5 Simulation Results

FE simulation results were validated by comparing the experimental and simulation torque and
plunge force, as shown in Table 7.1 (Section 7.3). Figure 7.6a compares load vs displacement curve
during experimental and simulated lap shear tests for weld produced at 15 mm/min plunge rate. The
FE model using Cockcroft-Latham damage model was able to predict the load vs displacement
curve with an error of 5.1%, while Freudenthal model predicted with 5.6% error for welding at 15
mm/min plunge rate (Table 7.2). FE simulation showed stress concentration around the weld nugget
boundary (Fig 7.6b) and failure at the high stress concentration region. This observation coincided
with nugget pull-out failure observed during experiments (Figure 7.6¢). The Cockcroft-Latham
damage model was able to predict the maximum load at failure during lap shear test with an error
of 4—7% compared to experiments (Table 7.2). Owing to the capability of the FE model to predict
lap shear load, it was further used to predict the maximum load at failure for two different plunge
rates, 12 and 25 mm/min, within the range of experimental plunge rates. The maximum load at

failure predicted by the model conformed to the trend observed in experimental results (Table 7.2).
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Figure 7.6 Comparison of experimental and simulated lap shear test for FSSW at 15 mm/min plunge rate:
(a) load vs displacement curve (b) simulated stress concentration and failure during lap shear test (c) simulated
failure and comparison to experimental failure

Table 7.2 Comparison of average experimental and simulated lap shear test results along with prediction
using damage models

Plunge rate Maximum Comparison of simulated and experimental maximum load at
(mm/min) load at failure (kN)
failure (kN)  Cockcroft-Latham error (%) Freudenthal error (%)

6 3.94 4.17 5.8 4.18 6.1

10 3.97 4.16 4.9 4.19 5.4

15 4.1 431 51 4.33 5.6

20 3.79 3.97 4.8 4.01 5.9

35 3.07 3.26 6.4 3.27 6.6

12 - 4.12 - 4.15 -

25 - 3.71 - 3.77 -

The temperature evolution from experiments was compared to results from FE simulations

at various plunge rates. Figure 7.7a and 7.7b depict results for FSSW at 15 mm/min plunge rate. A
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good agreement is observed at P1 and P2 locations. Moreover, the average error in prediction for
all plunge rates was 4-7% at P1 and 4-8% at P2. The influence of plunge rate on temperature
evolution during plunging is depicted in Figure 7.7c and 7.7d, respectively. At both the locations,
P1 and P2, temperature decreased with increase in plunge rate. The observation is consistent with
energy calculated during FSSW in Section 7.4.2.

The validated FE model was used to predict the temperature in the joint cross-section and
the consumable pin based on its ability to accurately predict temperature at P1 and P2. Temperature
contours at the top surface and cross-section are shown in Figure 7.8a for joint made at 15 mm/min
plunge rate. The temperature distribution is consistent with the different weld zones observed
during welding as discussed in Section 7.4.3. The high temperature in the SZ (470—496 °C), along
with severe plastic deformation, helped in dynamic recrystallization leading to finer grains. HAZ
experienced a temperature between 390 to 470 °C leading to grain growth and larger grain size. The
decrease in temperature as plunge rate is increased (Figure 7.7¢ and 7.7d) explains the decrease in

grain size in different weld zones with increase in plunge rate (Figure 7.4).
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Figure 7.8 Temperature from FE simulations (a) contour at the cross-section and top surface of workpiece
(b) maximum temperature on workpiece and consumable pin during plunging at different plunge rates

The unigue deformation behavior of the consumable pin is dependent on the heat produced
and temperature generated. The deformation behavior determines the penetration depth of the pin
and stirring of workpiece material and thus the bond length and joint strength. The temperature of
the workpiece during plunging decreases as the plunge rate is increased due lesser process duration.
The temperature of the consumable pin also decreases as plunge rate is increased, however, at
plunge rates higher than 15 mm/min, the temperature of the consumable pin increases. Although
process duration is less, the heat generated due to combined effect of friction and high plastic
deformation rate at increased plunge rates result in overall increase in temperature of the
consumable pin. It is observed that the consumable pin temperature is higher than the workpiece at
plunge rates of 6 mm/min and 10 mm/min (Figure 7.8b). For plunge rates above 20 mm/min, the
consumable pin temperature again increases above workpiece temperature, as it experiences more
severe plastic deformation rates. At these plunge rates, the consumable pin softens prior to
penetration inside the workpiece leading to lesser penetration depth and stirring inside the
workpiece (Fig 7.9). The penetration depths of the consumable pins for welding at 6, 10, 15, 20 and
35 mm/min plunge rates are 1.41, 1.48, 1.63, 1.57 and 1.31 mm, respectively. The effect on stirring
as a result of penetration depth is reflected in the half-bond lengths of 5.3, 4.8, 6.4, 5.8 and 3.2 mm
for welding at 6, 10, 15, 20 and 35 mm/min plunge rates, respectively (Figure 7.9). FSSW at 15
mm/min plunge rate showed the lower consumable pin temperature compared to workpiece,
resulting in the higher penetration depth. The consumable pin was able to penetrate more and stir
the workpiece material more compared to welding at other plunge rates (in the range 6—35 mm/min)
leading to its highest bond length and lap shear strength. Welding at 35 mm/min showed highest
consumable temperature compared to workpiece resulting in maximum softening of the consumable

pin leading to lowest penetration depth, bond length and lap shear strength.
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Figure 7.9 Depiction of penetration depth of consumable pin and half-bond length for welding at (a) 6 (b) 10
(c) 15 (d) 20 (e) 35 mm/min plunge rates

7.6 Conclusion

The effect of plunge rate on joint quality during exit-hole-free FSSW using a consumable pin was
investigated in this chapter. The joints produced at 6, 10, 15, 20 and 35 mm/min were analyzed by
lap shear test, microstructure and microhardness tests. FE simulations of the welding process and
subsequent lap shear test simulation were performed to investigate torque, plunge force, lap shear

strength and temperature evolution. The following conclusions are made:

1) Unlike conventional FSSW where joint strength decreased monotonously with increasing
plunge rate, the lap shear strength in FSSW using consumable pin increased from welding
at 6 mm/min to welding at 15 mm/min. Further increase in plunge rate resulted in decrease
in joint strength.

2) There was 4% increase in joint strength and 8.5% lower energy input for welding at 15
mm/min plunge rate compared to 6 mm/min. Welding at 35 mm/min plunge rate required
6.2% lower energy as compared to welding at 15 mm/min, however, the joint strength also
decreased by 25%. For FSSW of AA6061-T6 sheets using consumable pin, 15 mm/min is

suggested as the optimized plunge rate.
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3) FE simulations of the lap shear test were able to predict the maximum load at failure for
welding at different plunge rates with an error of 4—7%. Lap shear strengths for welding at
12 and 25 mm/min plunge rates were predicted, which conformed to the experimental trend
in joint strength. The model can be useful in predicting weld strength for any plunge rate
without undergoing physical experimentation, saving material and labor expenses, which
is industrially beneficial. The prediction capability of Cockcroft-Latham damage model
was found to be better than Freudenthal damage model in this process.

4) The FE model was able to predict torque, plunge force and temperature with an error of
4-6%, 4—7% and 4—8%, respectively, with respect to experimental values. The predicted
temperature contours helped understand microstructure changes at different zones as well
as deformation and flow behavior of workpiece and the consumable pin.

5) The temperature dependent deformation behavior of the consumable pin determines the
penetration depth of the pin, stirring of workpiece material, the bond length, and overall
joint strength during FSSW using consumable pin. At plunge rates between 10 and 20
mm/min, temperature of the consumable pin was lower than the workpiece, which resulted

in higher penetration depth and stirring leading to higher joint strengths.
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Chapter 8

Improving Process Efficiency of FSSW using
Consumable Pin by Application of Adhesive and
Lubrication

8.1 Introduction

The process of FSSW using consumable pin described in Chapter 5 was able to produce exit-hole-
free joints; however, it involved an additional step of machining an indent on the workpiece to
ensure stability of the tool and consumable pin axes. This increases production time for each spot
welding. Production time is an important aspect of all manufacturing and industrial applications.
Shorter production time, fewer machine or parts requirement and capability of automation improve
production efficiency. It is also discussed in Chapter 3 that the energy required for welding during
FSSW can be reduced by use of lubricants. Use of lubricants during FSSW resulted in more than

50% reduction in energy requirement for weld formation with insignificant change in joint strength.

In this chapter, some strategies are discussed for removal of the additional machining step
and reduction of energy requirement during welding by use of lubricants to improve the production
efficiency of FSSW using consumable pin. Different lubricants are used to check the effect of

lubrication on joint strength and energy required for weld formation.

8.2 Different Pin Retaining Strategies

As described in Section 5.2.1, the method of FSSW using consumable pin involved placing the
consumable pin on an indent created on the workpiece, in order to keep the axes of the tool and
consumable pin aligned during the initial stages of tool rotation and bring in better stability and
control over the process. However, creation of the indent was an additional process involving use
of separate tool and taking up production time. To remove the additional step three different

techniques are proposed:

. Tool shoulder with indent: Instead of machining the indent on the upper sheet, the indent
of 1 mm depth was machined on the tool shoulder, equal to consumable pin diameter. This
allowed for creating the indent only once and eliminated the machining step to be repeated
for each spot weld (Figure 8.1a).

II.  Consumable pin glued to flat shoulder tool using cyanoacrylate adhesive: The axes of the
consumable pin and tool shoulder were aligned, and the consumable pin was joined to the
shoulder using cyanoacrylate adhesive (Fevikwik) (Figure 8.1b). Curing time for the

adhesive was 5 min. No indent was created on sheet or tool.
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I1l.  Consumable pin glued to flat shoulder tool using epoxy-based adhesive: The consumable
pin was joined to the shoulder after aligning their axes using epoxy-based adhesive
(Araldite) (Figure 8.1c). Curing time for the epoxy-based adhesive was 24 h. No indent was
created on sheet or tool as well.

For all the cases, rotational speed of 900 RPM, plunge rate of 15 mm/min, plunge depth of 0.2 mm
and dwell time of 10 s were used. Tool shoulder used was 12 mm in diameter and consumable pin
was of 6 mm diameter and pin length 3.5 mm in case (1) and 2.5 mm in case (I1) and (I11). No indent

was present on the workpiece. The lap shear strength for all the cases is shown in Table 8.1.
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Figure 8.1 Schematics of different consumable pin FSSW techniques: (a) shoulder with indent (b)
consumable pin glued using Fevikwik (c) consumable pin glued using Araldite (all dimensions are in mm)

Table 8.1 Maximum load at failure in lap shear test for the different techniques used for consumable pin

FSSW
Maximum load at failure (kN)
Casel Casell Caselll FSSW using
consumable pin
Trial 1 3.98 3.91 4.13 4.07
Trial 2 4.07 4.09 4.02 4.19
Trial 3 4.15 4.1 3.97 4.04
Average 4.07 4.03 4.04 4.1

The maximum loads at failure during lap shear test for all the cases (I, Il and 111) are almost
equal. Moreover, maximum load at failure for welding at same process parameters for consumable
pin FSSW with indent on the workpiece was 4.1 kN, which is within 5% variation (Table 7.2).
Thus, it is observed that use of indent on tool or gluing consumable pin directly to flat tool shoulder
is able to produce joints of comparable strength as consumable pin FSSW with indent on the
workpiece. However, in case (1), the weld nugget had a protruding extension of the shape of the
tool indent (Figure 8.2a), which would need further machining. Such, problem was not observed
for case (11) and (111), where an exit-hole-free joint was produced without further processing (Figure
8.2b and 8.2c).
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(b) Exit-hole-free joint

] Protruding extension <
=N

Exit-hole-free joint

Figure 8.2 FSSW joints produced using consumable pin: (a) with indent on tool shoulder, (b) glued using
cyanoacrylate adhesive (Fevikwik) (c) consumable pin glued using epoxy-based adhesive (Araldite)

Thus, use of adhesive to glue the consumable pin to the tool shoulder, aligning their axes,
proved to be the most efficient way to produce exit-hole-free FSSW joints using consumable pin.
It reduced the additional step of machining an indent on the workpiece or tool. In order to achieve
a continuous production using adhesive joined consumable pin tools, multiple tools can be prepared
and used one after another to make the joints. At the end of all welding operations, the tools can be
reused by gluing the consumable pins to the shoulders again in batches. This could be performed
by an unskilled worker. The flow chart of the proposed production cycle is shown in Figure 8.3.
Between the adhesives, cyanoacrylate-based adhesive (Fevikwik) is suggested over epoxy-based
adhesive (Araldite), since curing time for the former is within 5 mins, whereas the later takes 24 h

to cure.

'Sﬁoulder—g ‘ :

Consumable pin
glued to

o«
Consumable pin glued fo
e N
shoulder

Tools produced by gluing
consumable pin to shoulder

Multiple tools produced Welding Operation

Tool after welding Exit-hole-free FSSW Change of tool and
(only shoulder) joints produced welding again

Figure 8.3 Flow chart of production cycle for exit-hole-free FSSW using adhesive joined consumable pin

8.3 Application of Lubricants to FSSW with Consumable Pin

The study is conducted on FSSW using adhesive-bonded consumable pin, as discussed in Section
8.2. Use of cyanoacrylate-based adhesive (Fevikwik) is considered for the study. The primary aim
of application of lubricant is to reduce the friction between the tool shoulder and the workpiece.

The use of adhesive-bonded consumable pin ensured no lubricant entering the interface between
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consumable pin and tool shoulder. This ensured continuous rotation of the consumable pin with the

rotating tool. Thus, only this mode of pin retaining strategy was tested with application of lubricants.

In this study, similar lubrication conditions as discussed in Section 3.1 were employed. To
investigate the effects of different lubricants, three types of lubricants were utilized: solid (Chisel
paste by Cauldron Petrotech India Pvt. Ltd.), liquid (ST Forge Star E), and MoS; bonded coating
spray lubricants (Release-On). The other process parameters remained unchanged throughout the
experiments. The tool rotational speed was set at 900 RPM, the plunge rate at 15 mm/min, and the
dwell time at 10 s. The solid lubricant was generously applied to all the surfaces involved in the
FSSW process. For the liquid lubricant, a mixture of water and lubricant in the ratio of 1:1 was
poured onto the interacting surfaces during the welding process. As for the coated lubricant, it was
sprayed onto the tool, adhesive-bonded consumable pin, and the workpiece. The coated lubricant
was then allowed to cure for 5 mins before initiating the welding process. Throughout the welding
procedure, torque and plunge force were continuously recorded using strain-gage based integrated
sensors in the machine (strain data logger-MP31C09). Furthermore, the joint strength was evaluated
through lap shear testing using a universal testing machine (UTM) at room temperature, employing

a cross head speed of 1 mm/min.

The lap shear strength of each condition was determined by conducting three evaluations and
taking the average value. Table 8.2 presents the lap shear strengths for each lubrication condition
and comparing them to the unlubricated condition. The results indicate a slight reduction in joint
strength for all cases. There was a reduction of 5.7% for the solid lubricant, 6.7% for the liquid
lubricant, and 7.9% for the coated lubricant. This decrease can be attributed to the slight reduction
in heat input resulting from the decreased friction. However, the joint strength did not degrade
significantly due to the involvement of the consumable pin, which contributed to stirring and plastic
deformation as it penetrated the workpiece. As explained in Chapter 3.1, the lubricant on the pin’s
surface gets scraped off during penetration. While the joint strength experienced a slight reduction,
there was a notable decrease in torque and plunge force during welding for all lubrication
conditions. This reduction in torque and force translated to a lower energy requirement for weld
formation. The energy required was calculated using Eq. (3.4), taking into account the torque and
plunge force values for each condition. The results showed a reduction of 38% for the solid
lubricant, 35% for the liquid lubricant, and 42% for the coated lubricant. It is worth noting that
despite the significant reduction in energy requirement for weld formation due to application of
lubricants, only a marginal decrease in joint strength was observed. Among the various lubricants,
the coated lubricant resulted in maximum energy efficiency. Solid lubricant delivered a good

balance of joint strength and energy efficiency.

156
TH-3283_176103008



Improving Process Efficiency of FSSW using Consumable Pin by Application of Adhesive
and Lubrication

Table 8.2 Comparison of joint properties with application of different lubricants

Max. load at failure during lap shear Avg.
% Avg. %
test (KN) T Energy )
reduc F reducti
: : . . (N'm (kJ)
Trial1 Trial2 Trial3 Average  tion ) (N) on
m
Unlubricated 3.91 4.09 4.1 4.03 NA 8972 428 6.21 NA
Solid 3.8 3.83 3.77 3.8 57% 5386 381 3.85 38%
Liquid 3.78 3.79 3.71 3.76 6.7% 5819 375 4.03 35%
Coated
) 3.66 3.74 3.73 3.71 7.9% 5168 376 3.61 42%
Lubricant

8.4 Optimization of Process Parameters

The process parameters used for FSSW using consumable pin were optimized using G.E.P. Box’s
evolutionary optimization method. It is established in Section 8.2 that the joint strength achieved
by different pin retaining strategies lie within 5% variation. Thus, the optimization process is carried
out for FSSW using consumable pin to take advantage of available data from previous chapters. In
this study, the process parameters viz., rotational speed and plunge rate form a 2-dimensional case
with lap shear strength as the desired functional value. Initial best point, x is assumed as 900 RPM
and 15 mm/min, denoted by So. The initial best rotational speed is assumed based on optimum

rotational speed given in Chapter 6. The initial best plunge rate was chosen based on Chapter 7.

The functional value is evaluated at 5 points by giving + 10% variation to x. However, due
to machine limitations, the functional values were evaluated at closest available process parameters.
The process parameters are depicted in Figure 8.4 and the functional values evaluated are shown in
Table 8.3. It is observed from experiments that the highest value of lap shear strength is obtained
at Sp i.e. rotational speed of 900 RPM and plunge rate of 15 mm/min. However, FE simulation

could be used to assess the lap shear strengths at process parameters beyond machine limits.

e * . R e *
+S14(810,16.5) S11(990.16.5) ¢ + S14(750.20) S11(1200.,20) ¢
® i l ° :
: $4(900,15) : § $4(900.15) E
1S15(810,13.5) S12(990.13.5) i 1S15(750,10) S12(1200,10) }

--------------------------------------- ® L eORRTTTTT T EEREER LR

Process parameters with £A/2 as =10 % Closest available process parameters in

FSW machine

Figure 8.4 Hypercube (2-dimensional) formed for Box’s evolutionary optimization
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Table 8.3 Functional values at corner points of hypercube (2-dimensional)

Point Rotational speed Plunge rate Lap shear strength Elongation at failure
(rpm) (mm/min) (kKN) (mm)
So 900 15 41 2.15
S11 1200 20 34 1.87
Si2 1200 10 3.44 1.93
Si3 750 10 3.88 1.97
Si4 750 20 381 1.96

Considering the superior ability of the FE model described in Chapter 5 and 6, to predict
lap shear strength at any a given process parameter, the lap shear strengths at the corner points of
the 2-dimensional hypercube with +10% variation were evaluated (Table 8.4). The highest
simulated lap shear strength was achieved at 900 RPM and 15 mm/min. Thus, from experiments
and simulation, this point can be concluded as the optimum combination of process parameters for
highest lap shear strength. It was also observed that lap shear strength was more sensitive to

variation of rotational speed compared to plunge rate.

Table 8.4 Simulated functional values at corner points of hypercube (2-dimensional)

Point Rotational speed (rpm) Plunge rate (mm/min) Lap shear strength (kN)

So 900 15 431
Si1 990 16.5 4.09
Si2 990 13.5 411
Sis 810 13.5 4.18
Si4 810 16.5 4.17

8.5 Conclusion

The findings of this study are summarized as the following conclusions:

1. The study proposed an approach to enhance production efficiency by joining the consumable pin
to the tool shoulder using adhesive. This technique eliminated the need for producing an indent on
the workpiece for alignment of axes, thus reducing an additional machining step. The results
indicated that employing the adhesive-bonded consumable pin method resulted in exit-hole-free
FSSW joints with comparable joint strength to the traditional approach. A scheme of production
cycle was also proposed for industrial application, where the tools with adhesive-bonded

consumable pins are reused in batches.

2. The experimental investigation included the application of solid, liquid, and coated lubricants in

FSSW with consumable pin. The results revealed a slight reduction in joint strength for all
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lubrication conditions compared to the unlubricated condition. However, the decrease in joint
strength was minimal (within 5%), indicating that the lubricants did not significantly compromise

the overall strength of the joints.

3. The application of lubricants in FSSW with consumable pin resulted in a significant reduction in
torque and plunge force, which translated into a lower energy requirement for weld formation. The
energy calculations showed that the lubricated conditions exhibited a notable decrease in energy
requirements compared to the unlubricated condition (35-42%). Additionally, the use of lubricants
in the welding process did not compromise the control and stability of the process, as the joint

strength reduction was minimal.

4. Furthermore, the application of lubricants in conjunction with adhesive-bonded consumable pin
FSSW provides a significant advantage in terms of improved production efficiency. The integration
of lubricants reduces the energy requirement for weld formation while maintaining good joint
strength. This combination of lubrication and adhesive bonding not only streamlines the welding
process by eliminating the need for additional machining steps but also ensures the production of
joints with satisfactory strength. Thus, the utilization of lubricants in FSSW using adhesive-bonded
consumable pin offers a promising approach for achieving higher production efficiency, lower

energy consumption, and reliable joint performance of exit-hole-free joints.

5. Use of G.E.P. Box’s evolutionary optimization during welding to maximize lap shear strength
revealed that welding at 900 RPM rotational speed and 15 mm/min plunge rate are the optimum
combination of process parameters. FE simulations were helpful in assessment of joint strength at

process parameters outside machine limits.
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Chapter 9
Epilogue

9.1 Introduction

This thesis involves advances in welding techniques for sustainability and defect-free joints,
focusing on FSSW. The research delves into a comprehensive analysis of friction and heat
generation occurring at the contacting surfaces during FSSW. An inverse approach is proposed to
model friction during FSSW. Notably, this study tackles the issue of exit-hole formation by
presenting two novel approaches. The first involves refilling exit-holes using waste aluminum
chips, ensuring the creation of exit-hole-free FSSW joints. The second approach introduces use of
a consumable pin during FSSW, effectively eliminating exit-holes. The research explores various
consumable pin materials and evaluates the influence of key process parameters, viz. rotational
speed and plunge rate, on joint quality in FSSW using consumable pins. Comprehensive evaluations
through lap shear tests, macrostructure, microstructure analysis, and microhardness studies are
conducted at different process parameters. Moreover, a predictive FE model is developed to
simulate the welding process and accurately determine lap shear strength for welding at specific
process parameters. In addition, the study investigates adhesive-bonded consumable pins to the tool
shoulder for improving process efficiency. The combined application of lubricants and adhesive-
bonded consumable pin during FSSW is also explored, offering enhanced production efficiency
while maintaining satisfactory joint strength. The overall conclusions of the thesis are discussed in

the following section.
9.2 Overall Conclusions

The overall conclusions from the studies can be summarized as follows:

o Role of Plastic Deformation and Friction in heat generation during FSSW: Plastic
deformation plays a more important role in joint formation during FSSW than friction. Use
of lubricants in FSSW reduced torque and plunge force due to reduced friction between the
tool shoulder and workpiece. Lubricants resulted in over 50% reduction in energy
requirement for weld formation, with insignificant change in joint strength. FSSW could
be referred to as stir spot welding (SSW) to highlight the predominant role of plastic
deformation.

e Inverse estimation of friction in FSSW: A friction model with temperature-dependent
parameters was developed for simulating the FSSW process. The model accurately

predicted friction parameters, torque, plunge force, and temperature. A typical case study
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using AA6061-T6 sheets and H13 grade steel tool yielded friction values for the pin-
workpiece and shoulder-workpiece interfaces. The friction model could predict
temperature, torque, and plunge force for tools of different sizes.

o Exit-Hole Refilling using waste chips: A novel method was used to successfully refill the
exit-hole in FSSW using waste aluminium chips. It showed higher load-bearing capacity
compared to conventional FSSW with pin and pin-less tools. A seamless bonding of the
two plates was observed in the weld spot cross-section, with no trace of the exit-hole.

e Exit-hole-free FSSW using consumable pin: A novel method of producing exit-hole-free
FSSW using consumable pin was successfully demonstrated. FSSW using consumable pin
exhibited higher joint strength compared to pin-less flat shoulder tools, with a slight
decrease compared to hard pin tools. AA6061-T6 consumable pin yielded the best weld
guality, while MS and OHNS formed brittle intermetallic compounds at dissimilar material
interfaces. FE simulation accurately predicted torque, temperature, and microstructure
changes, confirming wider TMAZ area and uniform microhardness in AA6061-T6
consumable pin joints.

o Effect of rotational speed on joint quality for FSSW using consumable pin: Joint
strength in lap shear tests increased with increasing rotational speed up to 900 RPM. Further
increase in rotational speed resulted in a marginal decrease in joint strength. FE simulation
successfully predicted the failure load for different rotational speeds. Cockcroft-Latham
damage model provided more accurate results than the Freudenthal damage model.

o Effect of plunge rate on joint quality for FSSW using consumable pin: Lap shear
strength in consumable pin FSSW increased from 6 mm/min to 15 mm/min plunge rate and
decreased thereafter. Welding at 15 mm/min plunge rate resulted in a 4% higher joint
strength and 8.5% lower energy input compared to 6 mm/min. FE simulation accurately
predicted torque, plunge force, lap shear strength, and temperature evolution.

¢ Integration of adhesive-bonded consumable pin and application of lubricant to FSSW
using consumable pin: A method was proposed to enhance production efficiency by
joining the consumable pin to the tool shoulder using adhesive. The adhesive-bonded
consumable pin method produced exit-hole-free joints with comparable joint strength to
earlier approach of machining an indent on the workpiece. A production cycle scheme was
suggested for industrial application, with tools and adhesive-bonded consumable pins
reused in batches. The use of lubricants in the welding process reduced torque, plunge
force, and energy requirements without compromising process control and stability. This
combination of lubrication and adhesive bonding offers a promising approach for achieving
high-quality FSSW joints.
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9.3 Scope for Future Work

Based on the review conducted and work carried out during the thesis, some future scopes of

research are listed:

e During experiments with FSSW using consumable pin, the process may be implemented
with assisted heat input to preheat the workpiece, thereby softening it and facilitating higher
penetration and stirring by the consumable pin.

e One major concern in FSW/FSSW simulations is the extensive simulation time. Research
to shorten the simulation duration can accelerate studies and enhance productivity in the
field of FSW/FSSW. Therefore, it would be highly valuable to engage in research aimed at
reducing the simulation time of FSW.

e More advanced damage models can be implemented in lap shear test simulations. A major
assumption in this study was the continuum assumption where the two sheets were
considered as one during FSSW simulation. A model may be developed without
considering continuum which would give better idea of bond length and joint strength
during lap shear test.

o A continuous feed mechanism of the consumable pin may be developed, where the
consumable pin may be fed forward through the shoulder, after each weld. The consumable
pin will get assimilated in the workpiece after weld and a new consumable pin will be fed
from inside the tool system for the next weld. This will increase the production speed.

o The physical deformation behavior of the consumable pin during FSSW may be recorded
in real time with high speed camera to have a better understanding of the consumable pin
behavior.

e An analytical model that evaluates various parameters, such as torque and energy, during
FSSW with consumable pin would greatly contribute to gaining insights into the intricate
interactions involved in FSSW. An analytical approach would allow for a comprehensive
analysis of the process, enabling researchers to optimize parameters, improve performance,
and refine the FSSW technique.

e The portability of the FSW process is a significant challenge that limits its widespread
usage in various industries. Therefore, conducting research focused on addressing the
portability issues of FSW would be highly valuable for the industry. By developing
innovative techniques, tooling, or approaches that enhance the portability of FSW,
researchers can promote its adoption in diverse applications and expand its industrial
applicability.
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