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ABSTRACT

In automotive industries, total weight reduction has become a prime concern for
manufacturers to reduce fuel consumption and meet environmental legislation. It is
observed that a wide variety of materials is developed for different components in
automobiles to improve their overall performance. In this context, the use of lightweight
aluminum components has extensively increased for automotive body panels. Of course,
not all the materials can be joined using existing joining techniques because of intermetallic
compounds' formation, oxide formation. Hence, a large number of advanced joining
technologies are also invented to join similar or dissimilar materials. In the past few
decades, sandwich materials have drawn particular interest from automobile manufacturers
because of their excellent weight-saving characteristics, good flexural rigidity, excellent
formability, and considerable damping resistance. These sandwich sheets are usually made
up of aluminum skin and a polymer core. Despite so many advantages, sandwich sheets'
implementation is still limited due to difficulties in joining by conventional joining
technologies during assembly. Apart from joining problems, the delamination of sandwich
sheets is also observed during various forming processes. Earlier attempts show that joining
a sandwich sheet using fusion welding is not good because of excessive damage to the
polymeric core material. Although CO; laser welding techniques are already developed to
join two sandwich sheets together in butt weld configuration, in most cases single-point
joining process is required for assembly purposes where two overlapping sheets are joined
in the lap-joint structure. However, many single-point joining techniques are already being
used in auto industries, such as resistance spot welding, laser spot welding, etc. However,
resistance spot welding cannot be applied to polymer cored sandwich material since the
polymer is an electrical insulator, and laser spot welding may vaporize the core material by

keyhole formation.

Nevertheless, these methods are inefficient when applied to aluminum sandwich sheets
since aluminum itself is not suitable for both resistance spot welding and laser welding. The
joining techniques using welding could be replaced by adopting mechanical joining like
riveting and other similar techniques, but it enhances the extra weight and cost. Similarly,
another attempt was made to join sandwich sheets by self-pierce riveting (SPR), but here

some substrate defects are also generated due to the soft polymeric core's inability to
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support the rivet tail during setting. Furthermore, the weight addition can be eliminated by
applying the clinching process to join sandwich sheets, but it is again restricted to secondary

joints where no high strength is required.

A newly developed joining technique using friction stir spot welding (FSSW), which is
a process variant of friction stir welding, is successfully applied for joining aluminum
sheets and polymer sheets. It is found that many defects like substrate formation, weight
addition, and high cost of joining can be eliminated by using this non-traditional method of
joining process. It is believed that the delamination of sandwich sheets during forming can
also be avoided. Therefore, the friction stir spot welding (FSSW) process can be adopted to

join sandwich sheets also.

The thesis's main objectives are to analyze the influence of FSSW on the joining and
forming performance of sandwich sheets and to predict the joining and forming
performance of sandwich sheets for efficient process design. In the experimental
investigations, the FSSW of sandwich sheets is investigated by changing process
parameters. Furthermore, the quality of sandwich sheets is analyzed by changing the quality
of the core layer. Finally, an optimum window for successful FSSW of sandwich sheets is
derived. The comparative assessment of bimetallic and sandwich sheets are also analyzed.
Both joining and forming performances of FSSW of sandwich sheets are monitored. In
joining, the micro-and macro-structure and joint quality indexes are monitored. Forming
performance includes mechanical tests like lap shear tensile test, cross tension test, and peel
tests to quantify the joint strength and strain at failure. Forming behavior is analyzed by the
uniaxial tensile test of the joints. Furthermore, the FE simulation is performed to predict

failure mode and to understand material flow in the sandwich sheet.

Further, the joint behavior of friction stir spot welded sandwich sheets is assessed by
changing the quality of the epoxy core layer. The core property is altered by changing the
hardener to resin (h/r) ratio within a suitable range. In the numerical simulation, cohesive
zone modeling has been incorporated in Abaqus to monitor the hook formation and
interface delamination, which is not performed until now in literature. Cohesive zone
modeling helped in the accurate prediction of delamination, and without it, the hook
geometry and plastic energy dissipation predictions are approximated. It has been
suggested to incorporate the cohesive zone model during FE simulations to have a realistic

prediction of sandwich performance.
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ABBREVIATIONS

BM Bimetallic sheets

Cz Cohesive zone

CZM Cohesive zone modeling
FE Finite element

FSW Friction stir welding

FSSW Friction stir spot welding
HAZ Heat affected zone
HDPE High density polyethylene

H/R Hardener/resin ratio

IR Infrared

LS Lower sheet

PD Plunge depth

SW Sandwich sheets

SZ Stir zone

TH Thermocouple

TMAZ Thermomechanically affected zone
TZ Transition zone

US Upper sheet

Wt.% Weight %
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NOMENCLATURE

o True stress in MPa

€ True strain

K Material strength coefficient in MPa
n Strain hardening exponent

r Plastic strain ratio

ro, 145, 190 Plastic strain ratio in 0°, 45°, and 90° to the rolling direction of the sheets
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Chapter 1
Introduction, Literature review, Significance, and Objective of the

work

1.1 Introduction

The requirement for lightweight vehicles has dramatically increased in recent years because of
economic demand and strict environmental policies. Although lightweight materials have shown
promising effects in vehicle weight reduction with some additional cost, further weight reduction
is possible by implementing cost-effective sandwich sheets. The light sandwich sheets are mainly
used to fabricate the interior panels of the automobiles. Apart from lightweight, a sandwich sheet
has many advantages: better formability, high flexural rigidity, and good damping properties.
These sandwich sheets often need to be assembled with the automobile's chassis, where joints are
made at many spots. Due to the different skin and core material properties, the joining of the

sandwich sheet is problematic.

So far, Friction Stir Spot Welding (FSSW) has proven its acceptance in joining a wide variety
of materials. Besides, it is also capable of joining materials having extreme property differences.
Knowing the suitability of FSSW in the joining of aluminum and polymer, the process is applied
to the polymer core aluminum sandwich sheet. Moreover, critical experimental investigation on
FSSW of the sandwich is not available in the existing literature. The polymer core's presence
makes the FSSW of sandwich sheets interesting compared to bimetallic lap joints. There is no
attempt to understand the effect of rotational speed, plunge depth, tool profile, etc., on the joint

formation and mechanical performance after FSSW of sandwich sheets.

The present work's main objective is to analyze the influence of FSSW on the joining and
forming performance of sandwich sheets and to predict the joining and forming performance of
sandwich sheets for efficient process design. In FSSW, the process parameters have varied within
a suitable range, and the joint morphology and joint mechanical performance are studied through
systematic and comprehensive experiments. This analysis finally revealed the acceptable range of

each process parameters for joining sandwich sheets with acceptable mechanical performance.

TH-2584_146103017



10
11
12
13
14

15

16
17
18
19
20
21
22
23
24
25

26
27
28
29
30
31

In Chapter 1, the literature review, the significance of the work, objectives of the work, and
tasks involved are presented. The experimental investigations on the influence of rotational speed
on FSSW of sandwich and bimetallic sheet are presented in Chapter 2. The effect of plunge depth
is investigated in Chapter 3. The significance of plunge speed and its effect is demonstrated in
Chapter 4. The influence of changing dwell time during FSSW is explored in Chapter 5. The
delamination phenomenon in the sandwich sheet is explained, and the effect of changing core

properties is demonstrated using experiments and numerical techniques in Chapter 6.

1.2 Literature review

In this section, the foundation of joining techniques, classification, advantages, and
disadvantages are discussed. Furthermore, the effect of process parameters of Friction Stir
Welding (FSW) and Friction Stir Spot Welding (FSSW) on the joint performance is explored via
a detailed literature survey. Following this, the sandwich sheet is introduced, its applications,
advantages, and disadvantages are discussed. The influence of parameters affecting the quality or

performance of the sandwich sheet is also highlighted.
1.2.1 Introduction to joining

Joining is the process of putting or bringing separate parts or components together to produce
a continuous or single unit. The ability to join similar or dissimilar materials has been core to the
manufacture of products, erection of structures, and the creation of useful tools (Messler, 2004)
from the very beginning. With the development of new and advanced materials, parallelly, many
joining processes have also developed. Joining technology is advancing very rapidly and is crucial
to future global competitiveness. After developing a wide variety of joining processes, researchers
have started classifying all the processes into various categories such as mechanical joining,
adhesive bonding, welding, and hybrid processes according to some commonness. Although every
process has its significance, welding becomes the most popular joining technology in the industries

due to its inherent advantages.

The history of welding is ancient. Sumerians have done the first welding in the early 4000 BC.
At that time, they used it to weld gold to gold. It then took a very long time until the next major
step in the field of welding technology is achieved. In 2700 BC, the Egyptians constructed copper
lines by fire welding. The tubes are then sealed as water pipes for the urban water supply. Fire
welding is also used for making jewelry. In the following centuries, many important discoveries

are made in the field of welding technology. The big breakthrough, however, came only from
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1880—-87. During this period, the Russian Nikolai Nikolaijewitsch Bernados developed what today
is known as the arc welding process (Vural, 2014). After this, a wide range of welding technologies

1s discovered.

Some of the recent developments in the welding industry include friction stir welding and
friction stir spot welding, where the materials are being joined by plastic deformation or, in other

words, by forming.
1.2.2  Classification of joining technologies

Joining can be classified based on the fundamental forces involved in it. Joining is made
possible by the following three - and only three - fundamental forces: (1) mechanical forces, (2)
chemical forces, and (3) physical forces, which have their origin in electromagnetic forces
(Messler, 2004). Based on these three forces, the joining process can be broadly classified into
three types, namely mechanical joining, welding, and adhesive bonding. The welding is further
classified into a liquid state, solid-state, and solid-liquid state welding based on the state
transformation occurring during the process. There are numerous types of solid-state welding
processes in practice, such as ultrasonic welding, diffusion welding, forge welding, roll welding,
explosive welding, and friction welding. Friction welding has got three variants, namely Friction

Stir Welding (FSW), Friction Stir Spot Welding (FSSW), and Friction Stir Processing (FSP).

1.2.3 Friction Stir Welding (FSW)

Friction stir welding is a solid-state welding process. It consists of a non-consumable rotating
tool with a specially designed pin and shoulder is first inserted into the adjoining edges of the
sheets to be welded with a proper tilt angle and then moved all along the joint (Mishra and Ma,
2005). This method lies in the direct conversion of mechanical energy to thermal energy to form

the weld without the application of heat from any external source.

1.2.3.1 Background

Friction welding is being used to join materials in a solid-state mode for many years before
inventing FSW. The process consists of compressing two metal pieces against each other and
moving relative to each other. The heat generated by friction causes the material to be plasticized
in the joint region. The joining mechanism involved is applying pressure to the softened material
to make a strong metallurgical joint. Though it is a simple process, it has some constraints in the

dimensional point of view of the specimen, and it has limited application.
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Researchers from The Welding Institute (TWI) in the United Kingdom (UK) have spent many
years for various R&D and industrial activities on friction welding. During their work, W. Thomas
has proposed an idea of joining two materials using a rotational tool with a pin of a harder material
than the work-piece. It is found that the rotating tool could plasticize the work-piece material and
by the traversing of the tool, an effective material transportation mechanism provides plasticized
material to join the work-pieces together. Hence, friction stir welding is invented (Thomas et al.,

1994).

1.2.3.2 Terminologies

For the proper understanding of FSW, specific terminologies associated with the process are
required to understand. Threadgill (2007) has tried to give exact definitions of each and every term,
which are being frequently used to describe the FSW process. The material which has to be welded
is known as the work-piece. Sometimes it is also referred to as part/ sample/welded plate/
specimen. The rotating component of the friction stir welding system, which is designed to
generate heat by friction with the work-piece, is known as the tool or FSW tool. The part of the
tool which remains below the surface of the work-piece is termed the probe. It is also known as
“pin,” particularly for cylindrical shape. The part of the tool which rests directly on or slightly
embedded in the surface of the work-piece during the process is termed as the shoulder. In the
case of a tilted tool, the portion of the shoulder which experiences more penetration into the work-
piece is termed as the heel. The maximum penetration of the shoulder into the work-piece is termed
as heel plunge depth. The angle made by the tool rotation axis with vertical is termed as tilt angle
or travel angle. The rate of tool travel along the interface of the work-pieces is termed as traversing
speed/ traversing rate/ welding speed/ travel speed. The angular velocity of the tool is known as
the rotational speed/ rotation rate. The force applied parallel to the axis of rotation of the tool is
termed as downforce. Force applied parallel to the welding direction is termed as traversing force.
The component of sideways force generated at the right angles to the direction of travel is referred
to as the side force. The side of the weld, where the local direction of the tool rotation and the
traversing direction is the same, is referred to as the advancing side. The side of the weld where
the local direction of the tool rotation is opposite of the traversing direction is referred to as the

retreating side.

1.2.3.3 Working principle

FSW produces welds using a non-consumable rotating tool with a probe at its one end that

softens the material due to friction produced between the tool and the work-piece contact area.
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The complete process can be divided into four stages, namely clamping work-pieces, tool
plunging, tool traversing, and tool removal. In the first stage, the work-pieces have to be clamped
rigidly and aligned correctly according to the type of joint to be made. It should be restricted in
all directions in order to withstand several forces develop within the process and to achieve perfect
and defect-free welds. In the tool plunging stage, the rotating tool slowly penetrates into the work
plates, which are rigidly clamped in a tool fixture. The plunging of tools has a significant effect in
FSW, such as preheating the entire work-piece. Frictional heat generated between the tool probe
and the work-piece transfers from the plunging zone to the entire work-piece. After the tool
plunged into the work-piece, there should some dwell time to bring the metal pieces to a plastic
state so that the tool traverses easily and makes a good joint. In the tool traversing stage, there is
a dwell time for which the tool is kept in contact at the same depth in order to bring the work-
pieces into a plasticized state. Then the tool traversed along the welding line. Here an important
point to be addressed, i.e., material flow. While tool traversing, the material from advancing or the
front side will be carried to the retreating or backside of the tool. The last one is the tool removal.
The tool has to be removed or un-plunged from the work-pieces in a vertical direction. This process

leaves a keyhole on the work-piece.

1.2.3.4 FSW welded zones

Like many fusion welding processes, various welded zone formed in friction stir welding also.
However, the characteristic features of these zones are very much different from that of fusion
welding. Aluminum is used in the present analysis. Although it is very difficult to distinguish the
nugget zone from the rest, after seeing the microstructure of the cross-section of the welded sample
near the weld, different zones can be revealed. It is observed that grains of aluminum at the weld

is dynamically recrystallized due to a high degree of plastic deformation (Threadgill, 2007).

The cross-section of the joint can be divided into four distinct regions as Base Material or Parent
Material (BM), Heat Affected Zone (HAZ), Thermo Mechanically Affected Zone (TMAZ), and
Stir Zone (SZ). In the BM zone, the material does not deform, and although it may have
experienced a thermal cycle from the weld, it is not affected by the heat in terms of microstructure
or mechanical properties. The HAZ lies closer to the weld center, where the material has
experienced a thermal cycle and so has modified the microstructure and/or the mechanical
properties. However, there is no plastic deformation occurring in this area. In TMAZ, the material
is plastically deformed by the friction stir welding tool, and the heat from the process also exerts

some influence on the material. In the case of aluminum, it is possible to get significant plastic
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strain without recrystallization in this region, and there is generally a distinct boundary between
the recrystallized zone and the deformed zones of the TMAZ. The recrystallized area in the TMAZ

in aluminum alloys is traditionally called the nugget.
1.2.3.5 Process parameters and their influence

The FSW involves many parameters, and precise control of these parameters influences the
weld quality. Some welding parameters have constraints with the equipment or machine, and
others with the material to be welded. To consider the feasibility of such parameters for the smooth
running of the mechanism for each step of welding is very much essential while implementing the

Pprocess.

The optimization of welding parameters is necessary to obtain good quality joint. In this
context, Bozkurt (2012) has conducted an experiment to optimize friction stir welding process
parameters to achieve maximum tensile strength in high-density polyethylene sheets (HDPE). By
doing the analysis of variance (ANOVA), it is concluded that the tool rotation rate is the most
significant parameter, and the tilt angle is found to be the least contribution welding parameter. In
this regard, the primary welding parameters are considered as tool welding speed, rotational speed,

tool plunge depth, tool plunging force, and tool shoulder diameter

Lee et al. (2003) have studied the effect of tool welding speed on FSW of AZ91D magnesium
sheets, and the longitudinal and transverse tensile strength is checked. The longitudinal tensile
strength and hardness value of friction stir welded AZ91D magnesium alloy is improved at a
higher welding speed due to the smaller grain size. The smaller grain size is attributed to lower
heat input per unit weld at a higher welding speed. However, transverse tensile strength is

unaffected by welding speed.

Zhang et al. (2015) have conducted an experiment to observe the effect of welding parameters
on microstructure and mechanical properties of friction stir welded joints of a super high strength
Al-Zn—Mg—Cu aluminum alloy. They also observed smaller grain sizes at higher welding speed
due to a lower degree of recrystallization due to less deformation temperature, deformation rate,
and deformation degree. Further, they have measured microhardness at the mid thickness of the
transverse cross-section and found that the average microhardness value in the nugget zone is

increased at higher welding speed, which can be attributed to the smaller grain size.

Cavaliere et al. (2009) have also reported a similar finding in the case of dissimilar AA6082—
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AA2024 joints produced by friction stir welding. An increment in vertical force with an increase

in welding speed is also observed for all joints.

Lee et al. (2003) have further tried to investigate the effect of welding speed on the weld
strength of friction stir welded A356 aluminum alloy, and they found that the longitudinal tensile
shear strength is improved at increased welding speed. The improvement in joint strength is
attributed to the breaking up of plate-like Si particles in base metal into slightly finer particles.
However, they have also noted that at very high welding speed, the strength reduced due to larger

Si particle size because of insufficient stirring.

Xu et al. (2013) have found better strength and ductility for friction stir welded AA2219-T62
Al alloy at higher traverse speed due to grain refinement as a result of the reduction in heat input
per unit length. However, opposite behavior is also observed in an experiment conducted by
Sakthivel et al. (2009), where they have observed a decrease in ultimate tensile strength of friction
stir welded commercial-grade aluminum at higher welding speed because of the generation of

insufficient heat input.

Cavaliere et al. (2008) have reported a similar finding for both static and dynamic response of
AA6082 joints produced by friction stir welding. It is observed that there exists a critical welding
speed at which the joint tensile strength, as well as the endurance limit during fatigue testing, are

superior.

Apart from experimental observations, the modeling and simulations have also been done to
predict the influence of various input parameters on some intermediate and output parameters,
which affects the final weld quality. Chen and Kovacevic (2003) have predicted the influence of
welding speed on the residual stress developed across the cross-section of friction stir welding of
6061 Al alloy sheets. The heat transfer model is developed using Fourier’s equation to predict
temperature distribution across the cross-section, which is further implemented through finite
element modeling in ANSYS. It is inferred from simulation results that a higher traverse speed

induces a high longitudinal stress zone and narrower lateral stress zone.

Ulysse (2002) has proposed a three-dimensional finite element model to predict the effect of
welding speed on the forces acting on the tool. The temperature distribution and forces are
calculated by numerical modeling, which showed a decrease in temperature with increasing
welding speed. Further experiments are also conducted, which confirmed the numerical results. In

addition, after doing parametric studies, it is predicted that with increasing welding speed, the
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axial and shear force acting on the tool also increased. The results are very much crucial in

designing tools.

Rajamanickam et al. (2009) have predicted the effect of welding speed on the thermal history
and mechanical properties of friction stir welding of aluminum alloy AA2014 through finite
element simulation using ANSYS. It is reported that with increasing welding speed, ultimate
tensile strength also increased. Moreover, from the statistical analysis of tensile test data done
using ANOVA, it is observed that the welding speed has the greatest influence on the tensile

properties of the joint.

Kundu et al. (2013) have investigated the effect of process parameters on the microstructure
and tensile strength of friction stir welded joints between interstitial free steel and commercially
pure aluminum. Increasing rotational speed results in high-temperature generation due to more
friction and an intense degree of deformation. An increase in temperature promotes the formation
of intermetallic compounds, particularly for dissimilar metal joints. The presence of intermetallic
is confirmed by SEM images and increased hardness in the stir zone. Intermetallic compounds
reduce the weld strength due to their brittle nature. Further, they have also observed grain growth
in the stir zone due to high-temperature generation at higher rotational speed, an increase in grain

size also responsible for weak strength.

Xu et al. (2013) have also concluded poor strength and ductility for friction stir welded
AA2219-T62 Al alloy at a higher rotational speed. It is observed that the second-phase particles
piled up together at a higher rotational speed, which caused micro-stress concentration resulted in

early failure during tensile testing.

The influence of temperature in friction stir welding is already known; hence controlling the
temperature by changing different process parameters must be appropriately designed. Cui et al.
(2007) have made an attempt to investigate the influence of temperature on the microstructure of
high carbon steel under friction stir welding by changing tool rotation rate. A dramatic change in
the joint microstructure is observed. At higher rotational speed, the peak temperature crossed the
critical temperature, and the cooling rate exceeded the lower critical cooling rate resulted in
martensite formation led to an increase in hardness. On the other hand, welding performed below
the critical temperature led to the formation of refined microstructure resulted in improved joint

strength.

Kalaiselvan and Murugan (2013) have investigated the influence of rotational speed on
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transverse tensile strength of friction stir welded AA6061—B4C composite, where they found that
the UTS value is increased with an increase in rotational speed reaches a peak value and then
decreases. It is believed that with increasing rotational speed, heat addition is more, which causes
better stirring resulting in grain refinement. This results in increasing joint performance with
increasing tool rotational speed. However, if the rotational speed is increased beyond a critical
value, an excessive release of stirred material on the top surfaces results in the formation of
microvoids into the stirred zone, ultimately reducing the joint strength. Also, the coarsening of
grains occurred at more than the desired temperature, which is also responsible for the reduction

in strength.

Hirata et al. (2007) have also observed similar findings in the case of friction stir welding of
5083 aluminum alloy. It is seen that increasing rotational speed resulted in coarser grain size in
the weld zone due to increased net heat input per unit length, which gave poor strength. Again

bulge test results revealed poor formability at a higher rotational speed.

It is clear from the above reviews that tool travel speed and rotational speed have the opposite
effect on the tensile strength of the joint made by friction stir welding since the heat input per unit
length reduces with increasing travel speed and increases with increasing rotational speed. But the
too high or too low value of any of these two parameters is again a problem in achieving sound
weld. So there must be an optimum combination of these two parameters for good weld strength.
Simoncini & Forcellese (2012) have experimented and found that strength and ductility of the
welded joint initially increases then decreases after a critical value of the ratio of rotational speed

to travel speed.

Apart from process parameters, there are some other factors affecting the weld like material
position, tool axis offset, tool pin profile, shoulder profile, shoulder diameter, penetration depth,
surface roughness, etc. These are the factors that are not convenient or sometimes not possible to

alter during the process; instead, it is set before the process started.

It is reported that there is a slightly higher temperature on the advancing side of the joint (Yuan
et al., 2012). Therefore, it is reasonable to believe that for joining dissimilar material using friction
stir welding, the position of the material across the joint is important. Guo et al. (2014) have
concluded that slightly higher transverse tensile strengths of joints are obtained with softer
aluminum alloy on the advancing side since it is easy for the harder alloy to penetrate the softer

nugget since the dominant material in the weld zone mainly came from the harder retreating side.
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Park et al. (2010) have also made a similar conclusion.

It is observed that in the case of friction stir welding of dissimilar materials like aluminum to
steel, the rotating pin is required to maintain some offset from the faying surface towards the softer
aluminum side to prevent quicker wearing of the tool pin. One more objective of the rotating pin
is to remove the oxide layer from the steel’s faying surface by continuous rubbing. But at zero
offsets of the pin, poor oxide removal resulted in insufficient mixing and, finally, less joint
strength. However, a very high tool offset resulted in the excessive scattering of Fe fragments into
the Al matrix, creating some voids, which again decreased the joint strength (Watanabe et al.,

2006).

Furthermore, for friction stir welding of dissimilar materials using a tapered cylindrical tool,
tool offset greatly influence weld strength. As the tool axis shifts towards steel, a portion of the
tool penetrating steel, and the depth of penetration increases, so more volume is stirred, giving
better joint strength. But too much offset towards steel caused excessive wearing of tool pin and
generation of enormous heat resulted in intermetallics formation, hence reduced strength

(Ramachandran et al., 2015).

Elangovan and Balasubramanian (2008) have investigated the effect of tool pin profile on the
formation of friction stir processing zone in AA2219 aluminum alloy. They have used five tools,
namely straight cylindrical, taper cylindrical, threaded cylindrical, square, and triangular, each
having different pin profiles. Out of these five, the tool with a square pin has given the finest
microstructure due to the highest no. of pulsating effect. The highest microhardness value is
achieved for a straight cylindrical tool suggesting good quality weld. Tensile tests also revealed
that the joint produced using a straight cylindrical tool had given superior strength. Trimble et al.
(2015) have also characterized the shape of the tool pin for increased speed during friction stir
welding of AA2024-T3. They have used three different tools, each having different pin profiles,
namely cylindrical, tri-flute, and square. They found that among all three types of pin profile, the
tri-flute pin profile resulted in the best tensile strength along with the maximum micro-hardness
value in the nugget zone. They concluded this is due to increased plastic deformation, and stirring
of the work-piece produces finer grains within the nugget zone since the value of volume

displacement ratio (dynamic volume/static volume) for the tri-flute tool is maximum.

Rajakumar et al. (2013) have also examined the influence of various tool pin profiles on the
joint strength of friction stir spot welded AZ61A magnesium alloy sheets. It is observed that the

straight cylindrical tool pin profile is unable to move material from the upper part to the lower part

TH-2584 146103017 10
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of the joint due to the smooth pin periphery led to less frictional heat generation and resulted in
relatively coarse grains in the nugget region compared to the other tool pin profiles. On the other
hand, the tool with threaded pin gave improved joint strength due to the most refined grain at the

weld nugget formed by intense material flow.

It is documented that shoulder profile also influence welding properties along with pin profile.
Scialpi et al. (2007) have tried to investigate the influence of shoulder geometry on microstructure
and mechanical properties of friction stir welded 6082 aluminum alloy. They have used three
different tools having different shoulder profiles, namely fillet + scroll tool (Tks), fillet + cavity
tool (Trc), and fillet tool (Tk). The tool with fillet and cavity have the least contact surface area,
generating maximum heat flux resulted in more severe plastic deformation and degree of dynamic
recrystallization, in turn, exhibited maximum hardness in the stirred zone. They have further
concluded that a tool with fillet and scroll results in best UTS value due to scroll shoulder very

little amount of flash generation results in more compaction of material in stir zone (SZ).

It is also reported that the diameter of the tool shoulder plays a vital role in friction stir welding.
As the shoulder diameter increases, the contact area between the tool and work-piece increases
gives more frictional heat generation. An increase in the heat generation during the process

resulting in grain growth (Commin et al., 2009).

For the joining of dissimilar materials using FSW, apart from so many existing welding
parameters, tool plunge depth becomes an important factor, which needed to be optimized. An
increase or decrease in plunge depth affects the process temperature, which needs to be controlled
because the low temperature of the weld prevents the formation of a strong bond between
aluminum and steel while higher heat generation develops a wide IMCs region in the weld zone

(Dehghani et al., 2013).

Dawood et al. (2015) have investigated the influence of the surface roughness on the
microstructures and mechanical properties of 6061 aluminum alloy using friction stir welding.
Detailed experimental results suggested that decreasing surface roughness produced very fine
nano-sized grains in the weld due to reduced heat flux. The formation of nano-grains improved the

tensile strength and hardness of the joint.

The FSW joint performance of aluminum alloy 7020-T6 is studied at varying axial loads. It is
observed that the joint strength is poor at a lower axial load. The lower axial load results in

inadequate pressure and temperature generation, which leads to insufficient coalescence of

TH-2584 146103017 11



1 transferred material, resulting in defect formation. The defects are evident in the joint produced at

2  lower axial loads (Kumar and Kailas, 2008).

3 There are other research works in which the effect of process parameters is studied on various
4  joint features like grain size, hardness, and mechanical performance of the joint. Some of the

5  important works are summarised in Table 1.1.

6 Table 1.1: Summary of FSW parameters and their influence on output parameters.

FSW Change Effect Reference
Parameter
Longitudinal tensile strength improved,
hardness values at weld increased. Lee etal. (2003)
The average micro-hardness value in the Zhang et al. (2015)
nugget zone increased
longitudinal tensile strength improved Lee et al. (2003)
;Fpoezl dweldlng Increased | Strength and ductility improved. Xu et al. (2013)
Tensile strength reduced Sakthivel et al. (2009)
Kalaiselvan and

Tensile strength first increased then decreased. Murugan (2013)

Tensile strength increased, Formability

i Hirata et al. (2007)

Hardness in stir zone increased, Tensile
strength reduced, Grain size increased

Tensile strength decreased Xu et al. (2013)

Kundu et al. (2013)

Tool rotational

Increased

. . Kalaisel
speed Tensile strength first increased then decreased. plaiggiyl ang

Murugan (2013)

Tensile strength decreased,

Formability reduced prraggfal. (2007)

Rotational

speed/welding | Increased Tensile strength and ductility first increased | Simoncini and

. than decreased. Forcellese (2012)
speed ratio
Tool offset Tensile strength first increased then decreased. | Watanabe et al. (2006)
from the Increased
faying surface Tensile strength first increased then decreased. é%r?§§handran ctal.
Shoulder Increases | Grain size increases Commin et al. (2009)
diameter
Surface Decreased Gralr} size redpced, Hardness improved, Hasan et al. (2015)
roughness Tensile strength increased

7  1.2.3.6 Advantages

8 The most significant benefit of friction stir welding is the ability to join dissimilar materials.
9 Besides that, there are many advantages, such as an environment-friendly process, a non-
10  consumable tool, suitable for welding in all positions. Surface preparation is not required, very
11  little distortion of the samples, no filler material is required, the process is cost-effective, dissimilar

12 metals can be welded, automation is possible.
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1.2.3.7 Limitations

Besides many advantages of FSW, there are some limitations too, such as welding speeds are
moderately slower, work-pieces must be rigidly clamped, backing bar required, keyhole at the end

of each weld.
1.2.3.8 Applications

FSW is widely used in shipbuilding and marine, aerospace, railway, land transportation,

construction, and electrical industries.
1.2.4 Friction stir spot welding (FSSW)

Friction stir spot welding is a solid-state joining process where a specially designed rotating
tool is plunged into overlapping sheets at a single point and is retracted from the joint after the
process completion (Gerlich et al., 2005). The tool of the FSSW is comprised of a shoulder and a
pin, both having various types of surface profiles. However, many researchers have successfully
developed a pin-less tool for this operation where the objective of the pin is fulfilled by introducing
some special surface pattern or design on the face of the shoulder. P pin-less tool configuration
has many advantages to a pinned tool, like better surface appearance and absence of any keyhole

(Chen et al., 2013); (Li et al., 2014).

1.2.4.1 Background

During assembly of sheet metal parts in automobiles, it is required a huge number of single
point joints or spot joints. Laser spot welding, resistance spot welding, and riveting have been
widely used for that. But none of these joining methods is defect free. Porosity is observed in laser
spot welding, while resistance spot welding imparts more distortion and riveting ads extra cost of
drilling and increased weight. Therefore friction stir spot welding (FSSW) has been developed as
a new single point joining technique joining aluminum sheet metals (Yang et al., 2014). FSSW
has been considered as a good alternative for existing spot welding technologies (Mortimer, 2005).
There are many advantages of FSSW over existing spot joining techniques, such as reasonably
quick process, non-requirement of additional material, cost-effectiveness, and ability to join a wide

range of lightweight materials.

1.2.4.2 Terminology
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Most of the terms in friction stir spot welding are common with friction stir welding described
in the earlier section since FSSW is a process variant of FSW. However, some new terminologies
are included here because of special weld geometry formation due to the absence of transverse
movement of the tool, such as effective top sheet thickness, hook height, hook width, and stir zone
width. The effective top sheet thickness is the distance between the shoulder indentation surface
and the position at which the partial metallurgical bond of the hook begins. The hook height is the
distance between the interface of the two sheets and the point at which the partial metallurgical
bond of the hook begins. The hook width is the distance between the keyhole's vertical face and
the point at which the partial metallurgical bond of the hook begins. The stir zone width is the

distance between the edge of the keyhole and the widest region of the stir zone.

1.2.4.3 Working Principle

The process is completed in three stages, namely plunging, stirring, and retracting. The rotating
pin slowly goes into the overlapping sheets up to a predetermined depth in the plunging state. In
the stirring stage, the rotating pin generates heat and plasticizes the material. In this step, the tool
rotates for a predetermined time, which mixes the materials from both the sheets properly and
makes the metallurgical bond between the two sheets. The retracting stage is the final step where

the rotating tool is retracted from the sheets leaving a keyhole (Merzoug et al., 2010).

1.2.4.4 FSSW welded zones

The characteristic features of the welded zone in friction stir spot welding are symmetrical
about the tool's geometrical axis, unlike friction stir welding since there is no transverse movement
of the tool in FSSW. During FSSW of overlapping sheets, as the tool penetration into the sheets
increases, the lower sheet material moves upward. Simultaneously, the upward movement of
lower sheet material is repelled outward from the center due to the stirring of material by tool pin
rotation. The tool shoulder restricts the material to come out from the stir zone, so the materials
trying to move upward continuously is pushed back into the stir zone, and the proper mixing takes
place. Due to this change in the path of motion of lower sheet material, a curved profile develops,

which is referred to as the hook (Badarinarayan et al., 2009).

1.2.4.5 Process Parameters and their influence

The joint quality and performance of friction stir welded sheet are affected by the process
parameters as well as the tool geometry. Major process parameters are plunge depth, dwell time,

rotation rate, and plunge speed, while pin profile and shoulder profile are two important tool
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geometry that affects the joint property.

FSSW has been successfully applied to study the influence of tool geometry in the joining of
similar materials AA 2024-T3 to AA 2024-T3. The tool geometry considerably affects the joint
characteristics (Paidar et al., 2015). In another attempt, FSSW is used to join dissimilar materials
like low carbon steel and AI-Mg alloy to investigate the effect of tool plunge depth. Formation of
the intermetallic layer is observed during the process, and it is found that a good joint can be
produced at a specified welding parameter (Lee et al., 2009). Further, the FSSW is also applied to
join polymeric materials like HDPE to HDPE, where dwell time has emerged as the most
influencing process parameter (Bilici et al., 2011). FSSW of polypropylene sheet is done by Arici
and Mert (2008). They found that dwell time and plunge depth are the two main process parameters
that affected the joint behavior. Bilici and Yiikler (2012) have applied FSSW on polyethylene. The
tool geometry significantly affects the joint strength. Oliveira et al. (2010) have investigated the
feasibility of FSSW of poly (methyl methacrylate) PMMA and found that it is possible to obtain

considerable weld strength by parameter optimization.

AA6111 and polyphenylene sulfide are joined by FSW, and the effect of process parameters
like translational speed and distance to backing on the joint performance, joining mechanism, and
failure modes are investigated (Ratanathavorn and Melander, 2015). Khodabakhshi et al. (2014)
have joined AA5059 and High-Density Polyethylene (HDPE) by FSW. The results suggest that
two mechanisms achieve bonding between aluminum and polymer. One is the formation of micro-
and macro- constraints, which create mechanical interlocking between the layers. Another is
interfacial chemical adhesion between the aluminum and consolidated polymeric layers. FSW
between polycarbonate and AA7075 is done by Moshwan et al. The effect of process parameters
on temperature evaluation, mechanical, and the microstructural property is investigated (Moshwan
et al., 2015). Friction spot joining of AA6181-T4 with Carbon fiber-reinforced poly (phenylene
sulfide) composite laminate is done by Esteves et al. An important tool slippage phenomenon to
decrease in viscosity of plasticized metal at high temperature has been presented (Esteves et al.,
2015). FSSW of adhesive bonded blanks is also done. Chowdhury et al. have attempted FSSW of
AZ31B-H24 Mg and AA5754-O Al alloy sheets bonded with Terokal 5089 adhesive. The joint
performance of samples with adhesive is better than that of without adhesive during the lap shear
test and fatigue test (Chowdhury et al., 2013). The friction stirring process can join materials with
extreme property differences, making it possible to develop an aluminum-polymer composite

system by FSSW. A similar technique is used by Lacki and Derlatka, where a composite beam
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made up of aluminum and titanium is fabricated by refill friction stir spot welding (RFSSW)

(Lacki and Derlatka, 2017).

Friction Stir Spot Welding (FSSW) is utilized for joining Al sheets meant for autobody
applications. Mazda Motor Corporation reports the first application in its RX-8 sports car (Mazda

, 2003). FSSW applies to similar and dissimilar materials (Baskoro et al., 2020); (Ferreira et
al., 2020). FSSW is also used for welding polymers. For instance, FSSW of acrylonitrile butadiene
styrene sheet is performed by Yan et al. (2019), and it is concluded that lap shear strength of the
joint is reduced at higher tool rotational speed and lower plunge speed. Pabandi et al. performed
refill FSSW of aluminum/polymer composite structures, where the joint strength is improved at

higher tool rotational speed (Salonitis et al., 2013).

Rao et al. (2015) have investigated the influence of plunge depth on the lap-shear failure load
of friction stir spot welded joint of aluminum alloy 6022-T4 and magnesium alloy AM60B sheets.
Increasing plunge depth raises the temperature rapidly due to an increase in load, and it is well
known that welding of dissimilar materials at high temperature frequently produce hard and brittle
intermetallic compounds. The presence of the intermetallics in the parent material may improve
or reduce the material's strength depending upon its distribution inside the base metal. However,
in this particular case, the SEM micrographs showed a typical interlocking of aluminum and
magnesium sheet between intermetallic compounds. Further, it is also seen that the weld width
increased at higher plunge depth. Hence, it is inferred that with an increase in tool shoulder plunge

depth, the failure load during lap shear tensile is also increased.

Tutar et al. (2014) have observed that increasing plunge depth enhances heat input and material
mixing, which results in the broader stir zone, TMAZ, and HAZ. The increased welded zones gave
higher lap shear tensile strength. However, increased heat input also promoted grain growth in

weld nugget resulted in reduced hardness.

Two sheets of aluminum AA 5182-O are joined using friction stir spot welding at constant
rotational speed and by varying pin plunge depth and shoulder plunge depth independently.
Experimental results showed that there is no significant effect of pin plunge depth variation on the
tensile shear strength, but varying shoulder plunge depth has a considerable influence on tensile
shear strength. It is observed that with increasing shoulder plunge depth, the joint strength initially
improved due to the flattening of the interface tip. This reduces the chance of crack initiation during

tensile shear testing. However, a too high value of shoulder plunge depth further reduced the
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strength because of excessive localized thinning of the top sheets promotes severe stress

concentration (Bozzi et al., 2010).

Baek et al. (2010) have also observed the effect of changing tool penetration depth on the
strength of the joint. Overlapping galvanized steel sheets are bonded together using friction stir
spot welding over a varying range of tool penetration depth at a constant tool rotation rate. It is
seen that as the penetration depth increased, the gap at the joint region decreased; thereby, the
width of the weld increased. It is concluded that the tensile shear fracture load increases with

increasing tool penetration depth due to the fact of increased bond width.

Friction stir spot welding is not limited to join only metallic materials. Some researchers have
already joined polymer to polymer and metal to polymer successfully. In this context, Yusof et al.
(2012) have joined aluminum alloy (A5052) to polyethylene terephthalate (PET) using FSSW.
FSSW is applied at two different plunge depths with varying plunge speed. A slightly different
kind of bonding mechanism is observed here. It is seen that some bubbles are forming at the center
of the joint area due to high heat generation. The size of bubbles is larger and densely distributed
at higher plunge depth. After conducting the tensile shear test on the welded samples, it is
concluded that with an increase in tool plunge depth, the tensile shear strength is improved. It is
believed that larger bubbles gave enough interfacial force, which caused the polymer to stick to

the metal tightly.

Mitlin et al. (2006) have studied the effect of tool penetration depth on the lap shear strength in
friction stir spot welded 6111 aluminum sheets. It is observed that the lap shear, tensile strength
increased with increasing tool penetration due to an increase in the width of the partially
metallurgical bond area under the tool shoulder. However, at excessive tool penetration, the
generation of hole reduced the joint strength. A similar observation is made by Arici and Mert
(2008), where friction stir spot welding is applied for polypropylene. It is observed that increasing
tool penetration increases the temperature, which enhances the plastic deformation resulting in a

sound joint.

Rao et al. (2015) have investigated the influence of tool rotation rate on mechanical property
of friction stir spot welded AM60B with AA6022-T4. The lap shear tensile test suggested that with
the increase in tool rotation rate, weld strength decreased. It is reported that a high tool rotation
rate generates high frictional heat, causes a reduction in the viscosity of the material right under

the tool shoulder and material adjacent to the pin in the keyhole region, which results in the
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slippage between the tool and material rather than stirring. The material flow in a much-localized
region results in reduced weld bond width. This decreased weld bond width results in poor joint

strength.

It is reported by Bozzi et al. (2010) that higher rotational speed results in more intense stirring,
which increases the size of the stir zone, but residual stress also developed due to high heat
generation. The higher width of the stir zone strengthens the joint, while residual stress has a
negative impact on the joint strength. Tensile shear test results also revealed that with an increase
in rotation speed, the failure load initially increases, but after attaining a peak value, it further

decreased.

Arul et al. (2008) examined the failure modes of friction stir spot welded 6111-T4 aluminum
alloy sheets at different rotation speeds. Shear mode of fracture and mixed mode of fracture are
predicted as the two modes of fracture in this case. It is observed that the mode of fracture is
controlled by hook geometry, which depends on many factors, including rotational speed. Lap
shear, the tensile test revealed that the failure load first increased then decreased with increasing

rotation speed.

The variation in tool rotation speed affects the amount of heat generated due to friction. More
frictional heat is generated at a higher rotation rate, which results in a larger bonded region. Hence

improved strength is obtained at higher rotational speed (Pathak et al., 2013).

Bilici and Yiikler (2012) have applied FSSW to join polyethylene sheets to investigate the
influence of tool geometry and process parameters on the mechanical properties of the weld. Lap
shear tensile test of the welded sample revealed that failure load increased initially with rotational
speed due to larger bonded area developed by high frictional heat while further increase in rotation

rate reduced the strength due to excessive residual stress on the top sheet.

The effective weld width greatly influences the weld strength, as reported by many. The
effective weld width increases with an increase in tool rotation speed. It is also observed that
greater this value leads to better joint strength. 6061-T4 aluminum alloy sheets are joined by
friction stir spot welding (FSSW) for different duration time at a varying rotation speed. It is
observed that the lap shear, the tensile strength of the welded sample increased with increasing

rotational speed under any given duration time (Shen et al., 2013).

Yin et al. (2010c) have discussed the formation of the hook and its influence on the mechanical
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properties of friction stir spot welded magnesium alloy AZ31 sheets. It is observed that the stir
zone and bonded widths increased at higher dwell time. So it can be directly inferred that the lap
shear tensile strength should increase. However, it is also observed that the angle of curvature of
the hook region increases with increasing dwell time due to a more upward flow of material from
the bottom sheet. A higher angle of curvature leads to lesser strength. Because of these two
counteracting factors, the lap shear tensile strength revealed that the failure load initially increased,

but later it is decreased with an increase in dwell time.

Bilici and Yiikler (2012) have examined the behavior of high-density polyethylene sheets under
the application of friction stir spot welding. It is observed that the heat input due to friction
increased as the dwell time increased, which leads to larger weld width resulting in increased joint
strength. The variation in temperature with dwell time showed that the temperature initially rises
linearly with dwell time but becomes constant at a higher duration of dwell time. It is believed
that the heat input and heat loss are almost balanced at a higher range of dwell time. Lap shear
tensile test conducted on the welded samples also revealed similar characteristics by showing an

initial rise in failure load, which saturated at higher values of dwell time.

Choi et al. (2011) have studied the formation of intermetallics and its influence on the
mechanical properties of friction stir spot welded joints of 6K21 Al alloy and AZ31 Mg alloy
sheets. It is seen that the lap shear tensile strength of the joint decreased at a higher duration time,

which resulted from the thicker intermetallics formation at higher heat input.

Tran et al. (2009) have discussed the effects of processing time on strengths and failure modes
of dissimilar spot friction welds between aluminum 5754-O and 7075-T6 sheets. Experimental
results showed that the lap shear tensile strength increased after increasing processing time due to

the increased size of the weld.

Lin et al. (2012) have reported that failure behavior is governed mainly by bond width in
friction stir spot welding. The effect of various process parameters on the strength of friction stir
spot welded Mg alloy AZ61 has been studied. Better strength is observed at higher dwell time due
to the extended bonding area. However, at a very high dwell time, FSSW strength decreased due

to grain coarsening.

Dashatan et al. (2013) have conducted an experiment to join two polymer sheets using friction
stir spot welding. The influence of various process parameters is observed. Significant

improvement on the lap shear tensile test is noted at a higher dwell period due to a larger nugget
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formed by more heat generation.

Song et al. (2014) have closely observed the effect of hook feature on the failure mode under
lap shear tensile testing of friction stir spot welded aluminum A6061-T6 sheets. It is seen that with
an increase in plunging speed, the effective weld width decreased, and effective sheet thickness
increased. The mode of fracture depends upon these two parameters. At lower effective weld
width, joined sheets failed in shear fracture while tensile/shear mixed fracture is observed at lower
effective sheet thickness. Further lap shear tensile tests conducted on the welded sheets showed
initial improvement on the fracture load, followed by a slight reduction in failure load due to

change in the mode of fracture.

Apart from various process parameters, the geometrical features on the tool such as pin profile
and shoulder profile also influence the performance of sheet metal bonded by friction stir spot

welding.

Lin et al. (2008) have investigated the failure modes of spot friction welds in lap-shear
specimens of aluminum 6111-T4 sheets. Two types of tools are used; tool with a flat shoulder and
tool with a concave shoulder. Experimental results revealed that lap shear tensile strength of the
joint produced by a tool with the concave shoulder is higher than that for the flat shoulder. Optical
micrographs of the cross-section showed a small weld size and thickness of the upper sheet near

the weld resulted in reduced strength for the flat shoulder tool.

Yin et al. (2010) have observed the influence of changing pin profile on the lap shear tensile
strength of friction stir spot welded dissimilar magnesium alloy (AZ31 and AZ91D) sheets. Three
types of tools having different features of the pin have been used; threaded tool, three-flat/0.7
mm/threaded tool, and three-flat/non-threaded tool. A large number of samples are prepared at
different rotation speeds for each type of tool. Lap shear tensile test results revealed that the entire
threaded tools gave better joint strength than the non-threaded tool, and three-flat/0.7 mm/threaded

tool gave maximum strength among all the threaded tools.

Bilici and Yiikler (2012) have examined the lap shear tensile strength of high-density
polyethylene joined by friction stir spot welding using six tools, each having different pin profiles.
The pin profiles used in the particular experiment are straight cylindrical (SC), tapered cylindrical
(TC), threaded cylindrical (TH), square (SQ), triangular (TR), and hexagonal (HG). Experimental
results showed that the tool with a tapered cylindrical pin profile gave the best strength.
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Pathak et al. (2013) have used two different tools with a circular pin and tapered pin to apply
friction stir spot welding on aluminum-5754 sheets. It is observed that weld made by circular pin
gave higher lap shear tensile strength because of less hook height and increased weld width formed

due to higher heat input.

Hirasawa et al. (2010) have predicted the effect of tool geometry on plastic flow during friction
stir spot welding using the particle method. In the particle method, the work-piece material is
assumed to be composed of several particles, and the movements of these particles are computed
through elastic-plastic deformation equations. The movement of the particles is used to calculate
temperature change, which is further used to calculate the change in the yield strength. A
significant influence of tool geometry is observed in material mixing. It is predicted that a

triangular pin with a concave shoulder results in a joint with high strength.

It has also been observed that the tool with a threaded pin gives higher strength in comparison
with a non-threaded tool, specifically at lower tool rotational speed. It is found that the presence
of the thread on the tool pin promotes material flow resulting in a larger stir zone (Ikuta et al.,

2012).

The FSSW joint strength is evaluated at varying process parameters by many researchers. The

important findings are summarized in Table 1.2.

1.2.4.6 Advantages

FSSW process has several advantages, such as a very fast process, extremely low energy
consumption, the ability to join a wide range of materials. In contrast with existing joining
processes, the FSSW results in better performance under dynamic loading (Uematsu and Tokaji,

2009), lesser distortion, fewer environmental hazards, and no consumable parts are used.

Table 1.2: Summary of FSSW parameters and their influence on output parameters.

FSSW Change Effect Reference
Parameter

Weld strength increases Rao et al. (2015)
Weld strength increases Baek et al. (2010)
Weld strength increases Yusof et al. (2012)

Plunge depth |Increase - ;
Weld strength first increases then decreases Bozzi et al. (2010)
Weld strength first increases then decreases Mitlin et al. (2006)
Weld strength increases and hardness decreases Tutar et al. (2014)
Weld strength first increases then decreases Bozzi et al. (2010)

Rotational

speed Increases | Weld strength decreases Rao et al. (2015)
Weld strength first increases then decreases Arul et al. (2008)
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Weld strength increases Pathak et al. (2013)

Weld strength first increases then decreases Bilici and Yukler (2012)
Weld strength increases Shen et al. (2013)
Weld strength first increases then decreases Bilici and Yukler (2012)

Weld strength first increases then decreases slightly | Yin et al. (2010c)
Weld strength first increases then remains

Bilici and Yukler (2012)

unaffected
Dwell Time | Increases Weld strength decreases Choi et al. (2011)
Weld strength increases Tran et al. (2009)
Lap shear tensile strength improved Dashatan et al. (2013)
Plunge speed |Increases | Weld strength increases Song et al. (2014)

1.2.4.7 Disadvantages

Usually, all the FSSW joints consist of a characteristic keyhole unless the tool is pinless. The
presence of a keyhole reduces joint strength significantly. Nguyen et al. (2011) have predicted the
variation of material properties in the welding zone of friction stir spot welded AA6061-T6 sheets.
It is seen that the hardness, yield strength, and UTS values are least in the heat-affected zone
nearest to the thermo-mechanically affected zone. Results obtained by finite element modeling of
the welded specimens under different loadings such as shear-tension, peel-tension, and cross-

tension revealed that the mode of failure is button pullout in every case.

Several modifications have been made in conventional friction stir spot welding, such as refill
FSSW, pinless FSSW, and swing FSSW to remove keyhole from the joint, and it is continually
developing (Yang et al., 2014).
1.2.4.8 Applications

The FSSW process is widely used in the manufacture of automobile hoods and assembling door
panels in automobiles.

1.2.5 Introduction to sandwich sheet

A sandwich can be defined as a composite which constitutes of two faces, or skins, separated
by and linked to a core that is less stiff and less dense (Gibson and Ashby, 1997). The thickness of
the core material is usually higher than the faces. Kim & Yu (1997) have reported that to achieve

structural integrity across the panel thickness, adhesives are used at the interfaces.
1.2.5.1 Background of sandwich sheet

In the past decades, the application of lightweight materials and lightweight structures has
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drawn significant attention due to the gradual requirement of fuel savings and structural weight
reduction in industries (Liu and Xue, 2013). Researchers started describing the behavior of
sandwich structure theoretically after World War Two (Akour and Maaitah, 2010). It is reported
that the aluminum/plastic/aluminum sandwich sheets have generated considerable interest in the
transportation sector as potential light-weight materials for the body panels because of their high
specific strength, impact resistance, sound-deadening properties, and damping resistance (Kim et
al., 2009). Honeycomb has been used widely for aircraft construction for a wide range of
temperature exposures, including those made of aluminum alloys, stainless steel, and glass fiber
reinforced phenolic and polyimide (Kim and Yu, 1997). In addition to weight saving, it also
reduces the requirement for the number of additional processes. Despite great advantages, there
are many limitations, also like joining sandwich sheets, mainly limited to mechanical fastening or

adhesive bonding (Salonitis et al., 2013).
1.2.5.2 Fabrication

Sandwich sheets can be prepared by many techniques such as roll bonding, warm roll bonding,
and hot pressing. But the selection of the appropriate fabrication process is very important since
the significant difference in sandwich behavior is observed as the fabrication method changed

(Carrado et al., 2011). Some of the processes are described below.

(a) Roll bonding: Shin et al. (1999) have applied roll bonding to fabricate Al/PP/Al sandwich
sheets where pre-rolled polypropylene sheet is used as core material. In between the core and skin
layers, a sheet type ethylene-vinyl acetone (EVA) adhesives is used to get good bond strength. In
the roll bonding process, the skin and core layers are stacked in overlapped conditions and passed
through a rolling mill. The application of mechanical pressure integrates all layers together at the
exit of the rolling mill.

(b) Warm roll bonding: Mousa and Kim (2015) have prepared AL1100/PU/AL1100 by warm
roll bonding. The process slightly differs from the roll bonding process. No adhesive is used for
the process, and bonding between each component is achieved by making modifying the faying
surfaces and preheating. The aluminum strips and polyurethane (PU) sheets are cut into the same
length and width. After cutting, all the surfaces are properly cleaned by using ethyl alcohol.
Sandpaper is used to make the inner surface of the metallic sheets slightly rougher. The bonding
is performed immediately after sanding. The preheating of aluminum samples were done. Then,
each sample is assembled by inserting the PU sheet between the two aluminum strips and

preheated for some additional time. The preheated overlapped sheets are then passed through the

TH-2584 146103017 23



N

Lo N oo o1 b~ W

10
11
12

13
14
15
16

17
18
19

20
21
22
23
24
25
26
27

28
29
30

rolling mill to make the sandwich.
1.2.5.3 Process parameters and their influence

The mechanical properties and formability of sandwich sheets are determined by a number of
factors, including the composition and characteristics of the individual constituents, the forming
methods, loading and environmental conditions, and the geometry of the final products as well as
the way how they are combined together (Kim and Yu, 1997). Further, it is reported that the
forming properties of layered sandwich plates are dependent on the geometry of the tools as well

as the dimensions of the samples (Sokolova et al., 2012).

Parsa et al. (2010) have evaluated the limiting draw ratio of polypropylene core sandwich sheet
and found that increasing core layer thickness leads to poor formability. Liu et al. have used
polyethylene core to fabricate sandwich sheets, and better formability is achieved as compared to

the monolithic sheet (Liu et al., 2013).

Weiss et al. (2007) investigated the influence of temperature on the forming behavior of
A1/PP/Al sandwich sheet through shear and tensile tests, four points bend, and channel tests. It is
concluded that the core material properties influence the forming behavior of the metal/polymer

laminates in some, but not all, forming processes.

It is reported that the load-carrying capacity of the sandwich panel can be increased by
increasing core stiffness since yielding started in the face of the sheet before the core material, and

hence more load is transferred from core material to the sheet metal (Akour and Maaitah, 2010).

The tensile properties of aluminum/polypropylene/aluminum (Al/PP/Al) sandwich sheets are
examined at room and elevated temperatures. It is observed that the sandwich sheet with hard skin
and low-volume fraction of the polypropylene core have better tensile strength than the sandwich
sheet with soft skin and a high-volume fraction of the polypropylene core. Also, at elevated
temperatures, the sandwich sheet with hard skin showed a much smaller work hardening rate than
that with soft skin at elevated temperatures. It is inferred that the influence of temperature on the
tensile strength of the sandwich sheet with a high-volume fraction of polypropylene core is more

significant than that with a low-volume fraction of polypropylene core (Shin et al., 1999).

Sokolova et al. (2012) have investigated the effect of core material thickness on deep
drawability of 316L/PP—PE/316L sandwich sheet. It is observed that as the thickness of the

polymeric core layer increases, drawing depth decreases initially because of high resistance to
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deformation due to the overall increased thickness of the sandwich. But after crossing critical
thickness, the drawing depth further improved because of the slight insertion of harder skin
material into a relatively much softer core, thereby decreasing the stresses in the critical zones of

the metal skin.

Parsa et al. (2009) predicted the influence of core material fraction on the limiting draw ratio
(LDR) in Al/PP/Al sandwich sheet materials. It is concluded that with an increase in polymer core

thickness, the LDR decreases.

Harhash et al. (2014) have also confirmed that the core thickness has a remarkable effect on
mechanical properties. They have used low carbon austenitic stainless steel 316L for skin and a
commercial polypropylene—polyethylene (PP—PE) copolymer foil as a core sheet material. After
conducting tensile tests on the prepared sandwich sample, it is concluded that the yield strength
(YS) and the ultimate tensile strength (UTS), as well as Young’s modulus (E), decrease with

increasing the thickness of the core.

Liu and Xue (2013) have conducted hemispherical punch tests to investigate the formability of
AAS5052/polyethylene/AAS5052 sandwich sheets. It is concluded that increasing polyethylene core
thickness improves the formability of sandwich sheets. They have further examined the influence
of lubrication on AA5052/polyethylene/AAS5052 sandwich sheets. Two lubrication conditions are
applied to the punch—stretch tests to examine the influence of lubrication. The friction coefficient
decreases in the order of dry, polytetrafiluoroethene film. It is seen that the maximum dome height
of the sandwich sheet and the maximum punch load increased with improving the lubricant

condition.

Liu et al. (2012) have concluded that the interface condition between skin sheets and core
materials also influences the forming behavior of sandwich sheets significantly. They predicted
that with an increase in the interfacial adhesion strength, the formability and the FLD of

AA5052/polyethylene/AA5052 sandwich sheet has improved.

Weiss et al. (2004) have investigated the effect of core thickness on the wall spring-back for
steel/polymer/steel (SPS) laminates during draw bending. It is concluded that the spring-back
reduced as the polymeric core thickness increases. Experiments are further carried out to examine
the influence of core material strength on the wall spring-back. Polyvinyl chloride (PVC) and
Polypropylene (PU) are used for the particular case. Experimental results showed that the PU

cored laminates have a lesser wall spring-back than PVC cored SPS laminates. It is believed that
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more volume fraction of SPS laminates has undergone plastic deformation due to the lower yield

strength of PU.

An attempt is made to predict the failure of sandwich panels during hydro-forming using finite
element simulation. It is seen that de-lamination could occur (Wang and Yang, 2013). Sokolova
et al. (2012) have predicted that failure location in 316L/PP—PE/316L sandwich sheet during deep
drawing. It is concluded that the failure occurred in all samples in the outer metallic sheet in the
transition region between the head and edges of the cup. It is concluded, that these regions are the

ones with the highest stresses in the material.

The effect of process variables on the properties of the sandwich sheet investigated by many

researchers is summarised in Table 1.3.

Table 1.3: Summary of process variables in sandwich sheets and their influence on output
parameters.

Process variables | Change Effect Reference

Stiffness of core The load-carrying capacity of the Akour and Maaitah
. Increases .

material sandwich increases (2010)

Hardness of skin Increases The load-carrying capacity of the Shin et al. (1999)

material sandwich increases

Deep drawability decreases initially then

o | Sokolova et al. (2012)

. LDR decreases Parsa et al. (2009)

Thickness of core Increases

material Yield strength and UTS decreases Harhash et al. (2014)
Formability of sandwich sheets increases Liu et al. (2013)
Springback of sandwich sheet reduces Weiss et al. (2004)

Lubricant Maximum dome height increased, .

condition fiipoves Maximum punch load increased Liuetal. (2013)

Interfacial Increased FLD of sandwich sheet improved Liu et al. (2012)

adhesion strength

1.2.5.4 Advantages

The sandwich sheet poses many advantages such as exceptionally high stiffness to weight ratio,
greater bending rigidity, increased mechanical damping, increased acoustical damping, reduced
thermal conductivity, and reduced electrical conductivity. The sandwich sheet application resulted
in many advantages such as excellent weight reduction, reduced noise, improved dent resistance,

and better appearance of the surface—these benefits achieved with existing manufacturing
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processes with minor modifications. Apart from significant weight reduction, sandwich sheets also
provide many advantages such as better formability (Kim et al., 2003) and reduced noise and

vibration (Rao, 2003).

1.2.5.5 Disadvantages

Difficult to join, damage detection is very difficult in the service life, the application is limited
to secondary structures, and repair during service is difficult and ineffective are some of the

disadvantages associated with the sandwich sheets.

1.2.5.6 Applications

It is widely used in automotive body panels and military and commercial aircraft (Rao, 2003).
Some of the notable examples are the bonnet of Volkswagen Lupo, top floor panels in the new
Audi A2, and outer panels of Alleweder Velomobile (Burchitz et al., 2005). Palkowski and
Carrado (2014) have found the use of HYLITE in Audi A2, which is a polypropylene core
aluminum sandwich. The application of HYLITE resulted in many advantages such as excellent
weight reduction, reduced noise, improved dent resistance, and better appearance of the surface.
The application of lightweight polymer core sandwich sheets in automobile industries has
increased in the last few decades due to their lightweight characteristics (Burchitz et al., 2005).
These sandwich sheets are mainly used to fabricate the automobiles' doors, fenders, and interior
panels (Chao et al., 1994). The sandwich sheet's specific application is first seen in automobiles in
Audi A2, where an aluminum/polypropylene/aluminum sandwich system is fully used to fabricate

the foot space floor panels (Carrado et al., 2011).
1.2.6 Joining of sandwich sheet

Due to the diverse properties of skin and core material, the joining of the sandwich sheet is
difficult. Most of the permanent joining techniques used for metals come under fusion welding.
The same technique cannot be directly employed to join metals to polymers because of the poor

solubility of metal in the polymer (Filho and Santos, 2009).

A few attempts are made to assemble or join sandwich sheets with other materials and other
sandwich materials. The joining of the sandwich sheet by laser welding is analyzed by Salonitis et
al. (2010) using finite element modeling. It is found that at the core layer, the temperature reached
above the evaporation temperature of the polymer resulting creation of voids between two metallic

skins. This further reduces the acoustic and damping properties of the material ending with limited
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applicability.

Pickin et al. (2007) attempted to join polymer core sandwich sheets by self-pierce riveting
(SPR). Despite successful joining, non-uniform deformation of metallic skin, tail buckling, and
cavity formation are some of the drawbacks in SPR, which creates a poor joint. Apart from joining
sandwich sheets, considerable research activities are focused on joining metal to polymer also.
Katayama and Kawahito (2008) have developed a laser direct joining process of metal and plastic
lap plates. But the process involves too many parameters and is not environment friendly. Balle et
al. (2007) have applied ultrasonic spot welding to join aluminum to CFRP. However, the process
is only applicable to the joining of small parts. Friction riveting is another technique successfully
applied by Amancio (2007) to join aluminum with polyetherimide. Filho and Santos (2009) have
reported that mechanical fastening, riveting, and adhesive bonding are other joining metal methods
to the polymer. However, the requirement of additional consumable materials and surface

preparation of parts are the drawbacks of these processes.

Salonitis et al. (2010) have done a finite element analysis of laser welding of sandwich sheets.
Evaporation of polymer takes place due to overheating. This resulted in the formation of voids
leading to loss of damping property. Gower et al. (2006) investigated spot welding of the metal-
polymer sandwich by pulsed laser welding. In order to prevent excessive thermal degradation of
the polymer, a high cooling rate is required. Nevertheless, proper control on cooling is difficult

due to the high power of the pulsed laser.

The research details related to the sandwich sheet's joining techniques are limited only to the
literature discussed above. Welding of aluminum-polymer sandwich is rather more difficult than
other metal-polymer composites because aluminum itself is not suitable for fusion welding
(Barnes and Pashby, 2000). Moreover, the rapid formation of the oxide layer, high thermal and
electrical conductivity of aluminum alloys makes it unsuitable for resistance spot welding (Hao et
al., 1996). Thus, the presence of polymer and aluminum creates challenges in finding suitable

joining technique.

Ultrasonic Spot Welding (USW) is successfully applied by Balle et al. (2007) to join Al199.5
with carbon fiber reinforced polymer. However, the process is limited to join small parts only.
Joining the AA6082-T6 sheet with a polycarbonate sheet is also attempted by the clinching process
(Lambiase, 2015). Friction-based Injection Clinching Joining (F-ICJ) technique is applied to join

polyetherimide to AA6082. The successful joint is formed; however, preparation of holes on the
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metallic surface and stud on the polymer sheet would impart additional cost and complexity in the
process (Abibe et al., 2016). Other joining methods for polymer-sandwich hybrid structure
involves adhesive bonding and mechanical fastening. Though adhesive bonding offers the
advantage of the continuous joint, the requirement of extensive surface preparation and curing
time makes it a time-consuming and costly process. Further, hazardous elements present in the
adhesive creates health and environmental issues (Barnes and Pashby, 2000). Mechanical
fasteners can also be used for joining thick core sandwich panels (Matteis and Landolfo, 1999).
However, pre-drilled holes for mechanical fastening create stress concentration around the hole.

Furthermore, consumable fasteners impart additional weight to the structures.

Tanco et al. (2015) joined the polymer core steel sandwich sheet by RSW, where a separate
shunt tool is used to create an eclectrical connection between the metallic skins. Moreover, Al
alloys pose inherent problems while using RSW (Hao et al., 1996). Furthermore, the fusion
welding of metal to polymer is troublesome because of the poor solubility of polymer into metal.
The direct joining of stainless steel to polyethylene terephthalate (PET) by laser is also attempted
(Katayama and Kawahito, 2008), but there are several parameters to control to obtain a successful

joint.

Ozlati et al. (2019) used additive manufacturing-based joining techniques to join AA5083 and
polypropylene sheets by filling a prefabricated hole with molten polymer, resulting in mechanical
interlocking. However, the preparation of a predrilled hole before the joining makes it expensive
and time-consuming. Mechanical fastening is another possibility to join sandwich sheets, which
is also time-consuming and weight adding, making it unsuitable (Matteis and Landolfo, 1999).
Hence, the selection of joining techniques for the sandwich sheet depends on its quality and

whether it can be done in a single-stage or not.
FSSW of sandwich sheet

In comparison to FSSW of the bimetallic sheet, the FSSW of the sandwich has become more
interesting due to the presence of a polymeric material in between two metallic sheets. The
mechanical behavior of polymer core sandwich sheet during FSSW is not investigated critically
in the existing literature, though sufficient study has been done in FSSW of metal to metal and

polymer to polymer systems.

Since the ongoing activities reflect the application of FSSW of polymer sheets, it is proposed

as a good alternative for spot joining of polymer core sandwich sheets in the present work.
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Moreover, critical experimental investigation on FSSW of the sandwich sheet is not available in
the existing literature. The polymer core's presence makes the FSSW of sandwich sheets
interesting compared to bimetallic lap joints. There is no attempt made to understand the effect of
rotational speed, plunge depth, tool profile, etc., on the joint formation and mechanical

performance after FSSW of sandwich sheets.

So far, FSSW has proven its acceptance in the joining of a wide variety of materials. Besides,
it is also capable of joining materials having extreme property differences. Knowing the suitability
of FSSW in the joining of aluminum and polymer, the process is applied to the HDPE core
aluminum sandwich sheet. The FSSW involves the plunging of a rotating tool along the rotating
axis into sheets in lap configuration and retracting back. In contrast with existing joining processes,
the FSSW results in better performance under dynamic loading (Uematsu and Tokaji, 2009), lesser

distortion, fewer environmental hazards, and no consumable parts are used.

FSSW and sandwich sheets are already used in automobile industries, but the FSSW of polymer
core sandwich panel is not yet comprehensively investigated. Particularly, the metal flow pattern

in the presence of polymer core during FSSW is unknown.

1.2.7 FE modeling of FSSW of sandwich sheet

During the FSSW of the polymer core sandwich sheet, the welding process differs with core
and interface conditions, which eventually decides the sandwich sheet's post welding behavior. In
order to understand the evolution of such effects, the real-time changes during the process need to
be observed. Finite Element Analysis (FEA) facilitates understanding the joining process during
FSSW. Bagheri et al. (2020) conducted FEA to investigate the effect of work-piece vibration
during FSSW of AA5053 alloy. The visualization of material flow and strain distribution in the
joint highlights the role of vibration in measuring the strain attained by the joint. Therefore, grain
refinement occurs in the stir zone resulting in improved joint performance. Awang and Mucino
(2010) identified the energy generation in FSSW of Al6061-T6 by FEA and reported that most of
the energy generated comes from frictional work between tool and work-piece. Hirasawa et al.
(2010) analyzed the material flow during FSSW by FEA and observed that material beneath tool
shoulder flows downward, whereas it is upward at the shoulder periphery resulting in hook
formation. Fanelli et al. (2012) developed a FE model to predict the mechanical behavior of the
FSSW at changing joint property. Jedrasiak and Shercliff conducted FEA for small strain for quick
prediction of heat generation in FSSW, thereby reducing computational cost (Jedrasiak and

Sherclift, 2019). The FE tool is also helpful for analyzing delamination and other features of
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sandwich sheets. Park et al. integrated Cohesive Zone Modeling (CZM) and FE code to understand
the delamination behavior of the sandwich sheet in bending. The initial stiffness and critical energy
release rate of the cohesive layer are observed to govern the delamination (Park et al., 2020). Salih
and Hussein observed a positive correlation between core stiffness and load-carrying capacity of
sandwich sheets using FEA (Akour and Maaitah, 2010). Parsa et al. (2009) studied the effect of

changing the skin thickness of the sandwich sheet on its formability by numerical simulations.

1.3  Significance of work

In automotive industries, total weight reduction has become a prime concern for manufacturers
to reduce fuel consumption and meet environmental legislation. It is observed that a wide variety
of materials is developed for different components in automobiles to improve their overall
performance. In this context, the use of lightweight aluminum components is extensively increased
for automotive body panels. Of course, not all the materials can be joined using existing joining
techniques because of intermetallic compounds and oxide formation. Hence, a large number of
advanced joining technologies are also invented to join similar or dissimilar materials. In the past
few decades, sandwich materials have drawn special interest from automobile manufacturers
because of their great weight saving characteristics, good flexural rigidity, excellent formability,
and considerable damping resistance. These sandwich sheets are usually made up of aluminum
skin and a polymer core. Despite so many advantages, the implementation of sandwich sheets is
still limited due to difficulties in joining by conventional joining technologies during assembly.
Apart from joining difficulties, the de-lamination of sandwich sheets is also observed during
various forming processes. Earlier attempts show that joining a sandwich sheet using fusion
welding is not good because of excessive damage to the polymeric core material. Although CO>
laser welding techniques are already developed to join two sandwich sheets together in butt weld
configuration, in most cases single-point joining process is required for assembly purpose where
two overlapping sheets are joined in lap joint configuration. However, many single-point joining
techniques are already being used in auto industries, such as resistance spot welding, laser spot
welding etc. However, resistance spot welding cannot be applied to polymer cored sandwich
material since the polymer is an electrical insulator, and laser spot welding may vaporize the core
material by keyhole formation. Nevertheless, these methods are inefficient when applied to
aluminum sandwich sheets since aluminum itself is not suitable for both resistance spot welding
as well as laser welding. The joining techniques using welding could be replaced by adopting
mechanical joining like riveting and other similar techniques, but it enhances the extra weight and

cost onto it. Similarly, another attempt was made to join sandwich sheets by self-pierce riveting
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(SPR), but here some substrate defects are also generated due to the inability of the soft polymeric
core to support the rivet tail during setting. Furthermore, the weight addition can be eliminated by
applying the clinching process to join sandwich sheets, but it is again restricted to secondary joints

where no high strength is required.

A newly developed joining technique using friction stir spot welding (FSSW), which is a
process variant of friction stir welding, is successfully applied for joining aluminum sheets as well
as polymer sheets. It is found that many defects like substrate formation, weight addition, and high
cost of joining can be eliminated by using this non-traditional method of joining process. It is
believed that the de-lamination of sandwich sheets during forming can also be avoided. Therefore,

the friction stir spot welding (FSSW) process can also be adopted to join sandwich sheets.
1.4 Objectives of the thesis

The main objective of the present thesis is two-fold — (i) To analyze the influence of FSSW on
the joining and forming performance of sandwich sheets, and (ii) To predict the joining and

forming performance of sandwich sheets for efficient process design.

The important sub-tasks to achieve the objectives are

1. Understanding the FSSW of sandwich sheets at changing process parameters.

2. Understanding the FSSW of sandwich sheets at changing the quality of sandwich sheets.
3. Deriving optimum window for successful FSSW of sandwich sheets.

4. Comparative analysis of bimetal FSSW and sandwich FSSW.

Both joining and forming the performance of FSSW of sandwich sheets will be monitored. In
joining, the micro-and macro-structure and joint quality indexes will be monitored. Forming
performance will include mechanical tests like lap shear tensile test, cross tension test, peel tests
etc., for quantifying the joint strength and strain at failure. Forming behavior will be analyzed by
the wuniaxial tensile test of the joints. Finite element simulations are performed in
ABAQUS/Explicit (ver. 6.17) FE code to evaluate the mechanical behavior, material flow, and

delamination of sandwich sheets.
1.5 Organization of Thesis
The thesis consists of seven chapters, which are organized as follows:

o The first chapter has provided an introduction and literature review of the FSSW process,

sandwich sheet, FSSW of the sandwich sheet, significance, and objectives of the present work.
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1 o Chapter 2 investigates the influence of rotational speed on the FSSW of the sandwich sheet.
2 o Chapter 3 presents the effect of plunge depth on FSSW of sandwich sheet
3 o In Chapter 4, the effect of varying plunge speed on FSSW of the sandwich sheet is presented.

4 o Chapter 5 demonstrates the influence of dwell time on the mechanical behavior of the FSSWed

5 sandwich sheets.

6 o Chapter 6 presents the experimental evaluation and numerical simulation of FSSW of the

7 sandwich sheet at changing the hardener/resin ratio of the core layer.

8 o Conclusions from the thesis work are presented in Chapter 7, followed by the scope for future

9 work and references.
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Chapter 2
Effect of rotational speed on friction stir spot welding of AA5052-
H32/HDPE/AAS5052-H32 sandwich sheets

2.1 Methodology

In this section, the FSSW trials, sample preparation, mechanical testing, joint characterization,

and temperature measurement procedures are described.
2.1.1 FSSW and sample preparation

The present investigation is done on a pair of 2 mm thick AA5052-H32 rolled sheets as skin
materials and 1 mm thick HDPE as the core layer. The present thickness geometry is not
intentionally selected. Since the FSSW is never used before on sandwich sheets, the preliminary
facts need to be established first. These facts would help in further research in FSSW of actual
sandwich components. Therefore, the material variant is of more concern rather than the geometry
of a sandwich sheet. Essentially the sandwich panels should be composed of metallic skin and a
polymeric core. The materials in the present work are selected as per the availability. The metallic
layers are not bonded to the polymer core before joining to avoid the effect of the adhesive on the
joint performance. Amongaluminum alloys, the 5000 series received special attention due to its
excellent corrosion resistance, better formability, and good weldability (Takeo, 2008). In Honda
NSX, AA5052-0 alloys are used in the inner portion of the hood, door, and trunk due to less
spring-back and good surface finish (Muraoka and Miyaoka, 1993). AA5052 is non-heat-treatable.
Therefore, it is strengthened by cold working at the expense of ductility. The AA5052-H32 has a
good balance between strength and ductility, which is suitable for fabricating the inner panels of
automobiles. It is a quarter hardened and stabilized magnesium-rich aluminum alloy. The
mechanical properties of AA5052-H32 and HDPE obtained from tensile tests are listed in Table
2.1. For AA5052-H32, the ASTM B557M-15 standard is used for evaluating tensile properties
and ASTM E517-00 is used for evaluating the plastic strain ratio. ASTM D 638 — 14 is used to
prepare tensile specimens of HDPE. Three numbers of specimens are tested in each case to check
the repeatability. All the tests are done on a 200 kN Universal Testing Machine operated by
hydraulic loading (Model: UTE 20, Make: FIE). The cross-head speed is kept at 1 mm/min. and
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all the tests are carried out at room temperature. The typical tensile behavior of AA5052-H32 and
HDPE is shown in Fig. 2.1. The HDPE sheet has not failed, and the test is manually terminated
when the load-extension curve becomes asymptotic. The energy dispersive X-ray analysis is done
to obtain the chemical composition of constituting elements in AA5052-H32 (Fig. 2.2). The
nominal composition of each component (in weight %) is given in Table 2.2. The chemical

composition fits in the range mentioned for AA5052 in ASM Handbook Volume (ASM
International, 1990).

~N o o A W DN

8  Table 2.1 Mechanical properties of AA5052-H32 and HDPE sheets

Material | Rolling Yield Ultimate | Uniform Total Strain | Strength | Plastic
direction | strength | tensile |elongation|elongation hardening|coefficient| strain

(MPa) | strength (%) (%) coefficient| (MPa) ratio

(MPa)

0° 155+1 215+1 7+1 9+1 0.16 356+3 0.62

Aﬁ;);Z- 45° 14742 2062 9+1 12+2 0.15 32744 0.68

90° 148+1 209+1 8+1 13+0 0.16 333+1 0.85

HDPE’ r - 29+0.5 | 17.4+2.4 - - - -

9 *Not failed

Engineering stress (MPa)

20 Y. & ﬁaﬂﬂ W&FWWGF\TQZ“QMD&}')‘KE@
0 ‘:: ¥ T ¥ T ¥ T ¥ T ¥
0 10 20 30 40 50
10 Engineering strain (%)
11 Fig. 2.1 Tensile behavior of AA5052-H32 and HDPE sheets
o0 B Spectum 7
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=
o'E|- RN
12 9 keV/
13 Fig. 2.2 EDX spectra of as received AA5052-H32
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Table 2.2 Chemical composition of AA5052-H32 in weight %

Mg Cr Zn Mn Fe Si Cu Al
3.2 0.23 0.12 0.08 0.20 0.05 0.03 Bal.

The sandwich structure is prepared by keeping AA5052-H32 as the outer skin and HDPE as the
core layer. A tool made of H13 tool steel with a flat shoulder and straight cylindrical pin is selected
to make entire FSSW joints in this study. The tool shoulder diameter, pin diameter, and pin height
are 10 mm, 4 mm, and 3 mm, respectively. This particular tool has been selected because of the

simplicity. Other tools with different shoulder and pin profiles can also be selected.

The FSSW is conducted on a three-axis FSW machine designed and developed by ETA
Technologies, Bangalore, and the Indian Institute of Science, Bangalore. The FSSW of sandwich
sheets is performed at six different tool rotational speeds, keeping all other process parameters
fixed. In the case of bimetallic sheets, only the extreme levels of rotational speeds are considered
for comparison. The selection of six rotational speeds is made based on several trials starting from
200 rpm up to 1000 rpm, at an interval of 200 rpm. No joining took place at 1000 rpm for the
sandwich system. Hence the lower limit is fixed at 1000 rpm and the higher limit at 2000 rpm.
However, even at 600 rpm and 800 rpm, joining is successful for the bimetallic system. But, to
keep consistency in the analysis, all the rotational speeds are selected from 1000 rpm. Similarly,
during tool plunge depth selection, joining did not take place for a sandwich system below 3.2
mm plunge depth. An increment of 0.2 mm is selected, and the upper limit is fixed at 3.8 mm since
the thickness of the bimetallic system is 4 mm. The plunge speed and dwell time are selected
cautiously based on existing literature on bimetallic FSSW. The final process window of welding

parameters for the present work is shown in Table 2.3.

Table 2.3 FSSW process parameters followed in the present study

System Tool rotational speed Tool plunge depth | Plunge speed | Dwell time
(rpm) (mm) (mm/min) (sec.)

1000
1200
1400
Sandwich sheets 3.6 8 15
1600
1800
2000
1200

Bimetallic sheets 3.6 8 15
1800

Five different types of samples are fabricated for sandwich sheets and bimetallic sheets to
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perform FSSW. These include lap shear test samples, peel test samples, cross-tension test samples,
uniaxial tension test samples, and microstructural characterization samples. The samples for the
lap shear test, peel test, and cross-tension test are prepared according to AWS B4.0:2007 standard,
while the last two are of non-standard type (Fig. 2.3).

(a)
\2'5 =L
AA5052-H32 HDPE . :
\ 25 o) '
\\p%
(b)

AA5052-H32

AA5052-H32
HDPE
AA5052-H32

(e)
AA5052-H32
HDPE

AA5052-H32

ALL DIMENSIONS ARE IN MM (NOT TO SCALE)

Fig. 2.3 Schematic drawing of specimens used for FSSW for (a) lap shear test, (b) cross-
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tension test, (¢) peel test, (d) uni-axial tension test, and (e) microstructural examination.

Before fabricating the FSSW joints, the polymer and AA5052-H32 sheets are properly cleaned
to remove dirt and grease. Three sheets are put together, keeping polymer sheets in between at the
appropriate position and clamped over the bed of the FSW machine. Here, it should be noted that
the core layer is not bonded with metallic skin with the adhesive, and this is done to avoid any
influence of adhesive on the joint behavior. After clamping, all the predefined set of parameters
are entered through the computer screen and run the machine to fabricate the joint. Three samples
are prepared at each set of process parameters for all five types of test specimens to check the

repeatability.

2.1.2 FSSW joint characterization

The lap shear tests, cross tension tests, and peel tests are conducted on a 200 kN universal
testing machine operated by hydraulic loading (Model: UTE 20, Make: FIE), while a 250 kN
servo-hydraulic type universal testing machine (Model: UT-04-0250, Make: BISS) is used to carry
out uniaxial tension test. All the tests are done at 1 mm/min cross-head speed and at room
temperature. It is difficult to evaluate the actual load-bearing area in the lap shear test, cross tension
test, and peel test. Therefore, the mechanical performance of the joint is evaluated by the peak load
and extension obtained from tests. However, it is possible to estimate the load-bearing area in the
uni-axial tensile test because the load is applied perpendicular to the joint cross-section. A typical
value of the joint cross-sectional area is estimated by contour mapping. The estimated cross-
sectional area is used to calculate the strength of the joint, which is compared with the strength of

the base metal.

Macrostructural observations of welded samples are done at the joint cross-section. Perfectly
polished surfaces are chemically etched with a solution containing 2 mL HF, 3 mL HCI, 5 mL
HNO;3, and 10 mL H>O at ambient temperature for 60-90 s. A Carl Zeiss make optical microscope
is used to observe several macro features formed on the joint. The macro-structure is obtained by

combining many photographs taken at 50x magnification.

Further stir zone microstructures of the sandwich and bimetallic sheet FSSW are also
investigated for 1200 rpm and 1800 rpm. The microstructures are obtained by etching with the
same chemical solution for 20-22 s. The average grain sizes are measured by the linear intercept
method. The Vickers microhardness is measured on the joint cross-section across the joint width
at two different levels of thicknesses (at the mid-thickness of the upper sheet and lower sheet) for

both sandwich and bimetallic systems. The measurement is done on only one side of the keyhole,
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assuming the weld symmetry. A load of 500 gf is applied for 10 s for the hardness measurements.

The hardness measuring position is schematically shown in Fig. 2.4.

i<@—— Shoulder diameter —»
i —» Pin di:lameter;“— '

A
. hole . ’o\}_ < J f-.ISmm
4 2mm AA5052-H32 _g_,o. o o 6 06 o ‘IXm A
4 0.5 mm —>I 4— Imm x 9 =9 mm —>. 4

Fig. 2.4 Schematic view of micro-hardness measuring positions in the joint cross-section
(not to scale)

2.1.3 Temperature measurement

In order to study the effect of the polymer during the FSSW of the sandwich sheet, it is
important to obtain temperature distribution in the joint cross-section. Since it is difficult to attach
the thermocouple inside the sandwich structure very close to the joint, the FSSW is done at the
edge of the sandwich sheets. It is expected that the temperature developed in actual FSSW would
be higher than FSSW at the edge. K type thermocouples are used to measure the temperature. The
thermocouples are attached at the edge of the sheets by making holes of 1 mm diameter through
the thickness of the sheets. Three thermocouples are attached to the upper sheet and three on the
lower sheet. The gap between two adjacent thermocouples is kept 2 mm. The physical appearance
of the FSSW at the edge of a sandwich sheet at different stages is shown in Fig. 2.5. It should be
noted that during stirring, a large amount of material continuously comes out of the joint. The

expelled material is a mixture of melted polymer and plasticized aluminum.

AA5052-H32

tlilgam (¥

LIRS

Lok .
Thermocouples

Thermocouple Referencing Stirring Retracting Produced joint
attachment

Fig. 2.5 Physical appearance of the FSSW at the edge of the sandwich sheet at different
stages

An infrared (IR) camera is also used to measure temperature with the aim of proposing an
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alternative method of temperature measurement. A comparative assessment is done between
temperature measured by thermocouple and IR camera. Two extreme levels of each parameter are
selected for comparison, assuming different heat input. The rotational speed, plunge depth, plunge
speed, and dwell time are set at 1100 rpm, 3.2 mm, 4 mm/min. and 5 s respectively for lower level
and 1500 rpm, 3.8 mm, 10 mm/min. and 20 s for a higher level. The observation is made on the
upper sheet of the sandwich system. The IR camera is placed perpendicular to the tool axis at the
nearest possible distance, as shown in Fig. 2.6a. The IR camera captures the infrared images in
live mode from the beginning of the process to the moment when the joint comes to the ambient
temperature. In order to measure temperature distribution across the joint, an accurate value of
material emissivity should be known. The index converts the infrared image pattern into the
amount of radiated energy from the object. The emissivity value for aluminum is taken as 0.35
(Raikoty et al., 2005). For HDPE, it is considered as 0.95 (Genna et al., 2017). The temperature at
any location across the joint is continuously varying during the process; hence, the peak
temperature attained at every point is taken for analysis. To obtain the peak temperature
distribution across the joint, 3 numbers of virtual thermocouples are placed across the upper and
lower sheets' mid-thickness, as shown in Fig. 2.6b. The locations of temperature measurement in

the IR camera and with thermocouple are the same.

HDPE

- o
‘ T = U
r \ IR Camera pee ’\\\\\ -
-« \ Backing plate E ‘ 0 e
(a) (b)

Fig. 2.6 Schematic representation of (a) IR camera position and (b) virtual thermocouples
position at the sample edge (not to scale)

2.2 Results and discussion

2.2.1 Hook formation

The macrostructural examination of joint cross-section reveals two distinct features during
FSSW of bimetallic and sandwich sheets, as shown in Fig. 2.7. Two hooks form in the case of the
sandwich sheet, as compared to only one hook fully developed in the bimetallic sheet. Though the
formation of two hooks gets initiated in the bimetallic case, the propagation of the upper hook is
fully arrested. The formation of one hook is confirmed in the existing literature for bimetallic

sheets. Since aluminum alloys are prone to oxide formation, the presence of an oxide layer at the
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two sheets interface is obvious. The hook formation occurs due to the breaking up of oxide film
present at the two sheet interface by the action of stirring. Since only one interface is present in
the case of bimetallic sheets, the formation of a metallurgical bond between two sheets exhibits a
single hook, as reported by Badarinarayan et al. (2009). FSSW of two dissimilar materials also
exhibits only one hook (Rao et al., 2015). On the other hand, the presence of oxide film on two
interfaces (one between the upper sheet and core and another between core and lower sheet) results
in the formation of two hooks for sandwich sheets. Further, a part of the stirred material flows
into the polymer core, which appear as an extruded zone for the sandwich sheet, as shown in Fig.
2.7b. The volume of expelled flash for the sandwich sheet is much lesser than the bimetallic sheet

due to the fact that more metal can be accommodated in the soft polymeric region during plunging.

Bimetallic FSSW

Mag : 4.1x 2 mm Mag : 6.4% 500 pm

(b)

Fig. 2.7 Formation of the hook in (a) bimetallic and (b) sandwich sheets during FSSW

Fig. 2.8a shows the macroscopic view of joint morphology produced after FSSW of sandwich
sheets. Five geometrical indexes are selected to observe the rotational speed effect. These are
effective upper sheet thickness, upper bond width, upper hook height, lower bond width, and lower
hook height. The effective upper sheet thickness is the shortest distance between the sheet surface
on which the shoulder touches and the upper hook. This feature is significant when the failure
occurs through the upper sheet. Badarinarayan et al. (2009) indicated that larger effective upper
sheet thickness gives higher resistance to the loading. The upper bond width is the distance of the
hook tip to the keyhole periphery. The upper hook height is the vertical distance of the hook tip

from the hook initiation point. The lower bond width is the horizontal distance of the hook tip from

TH-2584 146103017 41



the keyhole periphery. The lower bond width is the vertical distance of the lower hook tip from
the lower interface. It is reported by Yin et al. (2010) that a combination of larger effective upper
sheet thickness, larger hook width, and smaller hook height can produce a joint with higher

strength. However, the individual effect of upper and lower hook geometries is not available in

o b~ W N -

the existing literature as there is not much work done on sandwich sheets.

Upper bond

Keyhole

HDPE ;
Extruded zone

6 50 : Mag : ' Mag:22.6x | 500 um Mag : 22.6x

Fig. 2.8 (a) Optical macrograph of joint cross-section of sandwich sheet during FSSW and
at hook formation region at (b) 1000 rpm, (¢) 1200 rpm, (d) 1400 rpm, (e) 1600 rpm, (f) 1800
rpm, (g) 2000 rpm

© 00

10 The macrographs of the joint cross-section at the hook formation region for FSSW of the
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sandwich sheet at six different rotational speeds are shown in Fig. 2.8 (b-g). The upper and lower
hook tip shifts away from the keyhole periphery as the rotational speed increases. This is attributed
to the larger bonded area of the joint at a higher rotational speed. Furthermore, the lower hook
gets flattened as the rotational speed increases. The flattening of the lower hook occurs due to
increased plasticized metal flow into the core region, which suppresses the vertical displacement
of lower hook. The various weld geometries measured in the joint cross-section of sandwich sheets

and bimetallic sheets are shown in Table 2.4.

The upper bond width is always larger than the lower bond width in all the cases suggesting a
larger bond width near the upper hook than near the lower hook. It is investigated by Awang and
Mucino (2010) that the major part of the total heat generation during FSSW comes from friction
between tool and work-piece. The shoulder contact area is approximately 69 % more than the pin
contact area in the present work. Therefore, more frictional heat is generated at the shoulder work-
piece interface than at the pin work-piece interface resulting in larger bond width near the upper

hook.

The influence of rotational speed on these features is also presented in Table 2.4. The upper and
lower bond width increases with increasing rotational speed. At the same time, the upper and lower
hook height decreases with an increase in rotational speed. The bond width increase indicates an
increase in bonding width near the hook. Bozzi et al. (2010) observed that more frictional heat is
generated at higher tool rotational speed due to extensive stirring, which helps in the formation of
larger bonded width. The larger bonded region is associated with a larger bond width due to partial

merging of the hook in the extruded zone.

Table 2.4 FSSW weld geometrical measurements of the joint morphologies.

System* | RPM | Upper bond | Lower bond | Upper hook | Lower hook | Effective top sheet
width (um) width (um) | height (um) | height (um) thickness (um)
1000 934 159 306 682 1652
1200 1201 507 527 175 1558
1400 1236 614 400 222 1547
1600 1301 705 308 109 1639
1800 1343 612 290 165 1623
2000 1412 615 229 141 1614
1200 2119 1192 404 119 957
BM
1800 2010 1043 347 360 1065

* SW: Sandwich sheets; BM: Bimetallic sheets
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The mechanism of change in hook dimensions by merging in the extruded zone is schematically
illustrated in Fig. 2.9. By virtue of tool rotation, a part of the material near the tool surface gets
heated and plasticized, and eventually, a boundary between plasticized metal and non—plasticized
metal occurs. This boundary also separates the hook from the extruded zone. As the rotational
speed increases, the amount of plastically deformed material increases, and the boundary displaces
outward. With the outward movement of the boundary, a portion of the hook gets merged in the
extruded zone, which results in bond width enlargement and hook height reduction. As shown in
Fig. 2.9, it is clear that w; ™>w;, h;’< h;, w2">w>, and h2’< hz; where wy, hi, w2, ho and wy’, h;’,
w2’, h>” are the values of upper bond width, upper hook height, lower bond width, lower hook
height respectively when the boundary lies nearer and farther to the keyhole. Another important
feature is the effective upper sheet thickness. However, it remains almost unchanged with the

rotational speed with a mean variation of 3.7%.

Boundary between plasticised,

and solid material "k
Boundary between plasticised and solid material —
oundary between plasticised and solid materia
\ - W, 4.%, %211 boundary
(| =—Keyhole 3 4
Metal flow — /
A\ -~ w
< Yo 2 = W) |=
s 47 7~ Upper hook —r'*
4V Keyhole | \aV i T 1A
glidean] R S <W2A- HI
A o ‘:v,..A hg \}
extruded zone NGLLEES [ ower hook i
AA5052-H32 o 777 1

Fig. 2.9 Mechanism illustration of hook merging into the extruded zone

In comparison with the FSSW of sandwich sheets, bimetallic sheets show a larger bond width.
In the case of sandwich sheets, the stirred material gets accommodated in the soft polymeric core
more easily than spreading through the metallic skin. This results in the formation of an annular
extruded zone and the closer existence of the boundary between plasticized and solid material. On
the other hand, in the case of bimetallic sheets, since there is no polymer, most of the stirred
material spread outward through the metallic skins only. Hence, the boundary between plasticized
and solid material displaces away from the keyhole by a large distance, thereby merging a large
portion of the hook into the stirred material. Furthermore, the lower hook height for bimetallic
sheets is much lower than the sandwich sheets because of the seizure of the lower hook's upward

movement due to the absence of a soft polymeric core.

The polymer surface's physical appearance near the joint at two extreme rotational speeds is
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shown in Fig. 2.10. The degradation of the polymer at 1800 rpm is more because of higher heat

generation.

Fig. 2.10 Physical appearance of polymer surface at (a) 1200 rpm and (b) 1800 rpm

2.2.2 Temperature evaluation

The infrared image of the joint at the end of the process is shown in Fig. 2.11a. A higher
temperature exists near the keyhole. The difference in the peak temperature recorded by the IR
camera and thermocouple is shown in Fig. 2.11b for a particular case. The thermocouple shows a
lesser temperature than the IR camera. This is because of reduction in friction force between tool
and work-piece due to the presence of holes for fixing thermocouple. This could also be due to the
selection of emissivity of aluminum. However, the repeatability of thermocouple data is better.

Hence thermocouple measurements are selected for further analysis.

The peak temperature distribution around the joint is shown in Fig. 2.11c, and d. The peak
temperature near the keyhole of the sandwich system is above 133°C for both the rotational speeds.
The melting point of HDPE is 140°C reported in (Capiati and Porter, 1975). In actual FSSW, the
temperature developed is higher than that in FSSW at the edge. Therefore, it is believed that the a
portion of HDPE core gets melted during welding which is displaced away from the weld zone
through the interfacial gap between skin and core sheet. Furthermore, there is burning odour
during welding, which suggest that little amount of the polymer evaporated. The amalgamation of
molten polymer with metal near the pin and shoulder would result in the slippage between the tool
and the work-piece. This results in a reduction in frictional heat generation. Also, the friction
between metal and polymer is much lesser than metal-metal, so the frictional heat generated would
be lesser. Furthermore, heat energy contributed from deformation of polymer would be lesser than
the metal. This could have possibly reduced the peak temperature in the upper and lower sheet of
the sandwich system than in the bimetallic system, as shown in Fig. 2.11c, d. Moreover, the

maximum temperature attained at any location is higher for higher rotational speed due to intense
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stirring. This is true for both sandwich and bimetallic sheets.

400 —&— 1100-3.2-04-05-SW- IR

- - —@— 1500-3.8-10-20-SW- IR

@) &) —&— 1100-3.2-04-05-SW-TH

< < 3004 | =% 1500-3.8-10-20-SW-TH
bt e Shoulder radius _ |
g 2 e
= = Pin | '
2 2 2001 7 dis | :
£ £ o :
g g S | '
1004 = i
(] | 1
M ;

-4 T k. ) L T 4 T ¥ 1

0 2 4 6 8 10
Infrared image of FSSW at the edge Distance from pinhole centre (mm)

(a) (b)
o 400- a— o 4004 | ey

% Shoulder radius | [-O— 1200 pm-SW| © Shoulder radiusy, | [~0— 1200 pm-SW

————————————— ! :

= 1 pin | |0 1800 pm-SW | Pin ! ! [—0— 1800 rpm-SW

S 3004 o ? | |—A—1200pm-BM| 5 300 | d‘_" ! 1 [=A—1200 pm-BM

- radius , 1 |=0—1800 rpm-BM| = radamus 1 AT 1 [—=C— 1800 rpm-BM
g { L AT \ > —® | BM |
g ] BM 2 ¢ !
£ 200 ) : £ 2004 ! !
D 1 | D 1
N 1 A ll
E 1 E | I
s 1004 1 = ) 5 1004 § : :
£ £ LR E g ;

E 0 ¥ t v T + T T T 1 = 0 v ‘fv T T + T T T v 1

0 2 4 6 8 10 0 2 4 6 8 10
Distance from pinhole centre (mm) Distance from pinhole centre (mm)

(© (d)

Fig. 2.11 (a) Infrared image of FSSW at edge; Peak temperature distribution at mid-
thickness of (b) the upper sheet in SW, (¢) the upper sheet in SW and BM, and (d) the lower
sheet in SW and BM. Error variation in temperature =+ 13°C [SW: Sandwich sheets; BM:
Bimetallic sheets; IR: Infrared; TH: Thermocouple]; the sequence in the legend in (c) is tool
rotational speed-plunge depth-plunge speed-dwell time-type of sheet-method of
measurement.

2.2.3 Grain size and hardness distribution

The stir zone microstructures of sandwich and bimetallic sheets FSSW at 1200 rpm and 1800
rpm are shown in Fig. 2.12a—f. The base metal microstructure is also presented. The grains in the
stir zone are 4.2 pm, 14.6 pum for bimetallic sheets and 3.3 pm, 4.35 pm for sandwich sheets at
1200 rpm 1800 rpm, respectively. The grain size of the base metal is 22.5 pm. The fine grains in
the stir zone are obtained due to dynamic recrystallization in all the FSSW cases. The stir zone of
the sandwich sheet shows finer grains than bimetallic sheets at both rotational speeds due to the
annihilation of grain growth at lower peak temperatures (Fig. 2.12f). The degree of heat input is
very important, which decides the grain size in the stir zone. Zhang et al. (2011) have shown a

coarser microstructure at higher rotational speeds for FSSW of 5052 aluminum alloy. Moreover,
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1 inthe sandwich and bimetallic sheets, slightly coarser grains are formed at 1800 rpm than at 1200

2 rpm due to higher peak temperature, as presented in Fig. 2.12b and d, respectively.

50 pm Mag : 500x

f: Grain size data

30

254

20+ \

SN

Grain Size (pm)

3 SW-1200 SW-1800 BM-1200 BM-l1800 'Parentl metal

4  Fig. 2.12 Stir zone microstructure of (a) 1200 rpm-Sandwich, (b) 1800 rpm-Sandwich (c)
5 1200 rpm-Bimetallic, (d) 1800 rpm-Bimetallic, (e¢) base metal microstructure, and (f) grain
6  size measurement [SW: Sandwich sheets; BM: Bimetallic sheets]

7 The hardness distribution on the joint cross-section at two different levels of thicknesses (at the

8  mid-thickness of the upper sheet and lower sheet) for both the sandwich and the bimetallic systems
9 is shown in Fig. 2.13a and b, respectively. The hardness near the keyhole is larger due to fine

10  equiaxed grains in the stir zone (Fig. 2.12a—d). While moving away from the keyhole, there exists
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a weak region in the upper and lower sheet of sandwich and bimetallic systems. This localized
decrement in hardness is due to the softening as a result of the metallurgical recovery of the
material. Kesharwani et al. (2014) have also reported that softening is caused by recovery due to
thermal cycle in friction stir welding of AA5754-H22 and AA5052-H32. The hardness of as
received AAS5052-H32 is about 60-65 VHN. The hardness of HDPE is very low and difficult to
measure in Vickers’s Microhardness Tester. Literature reports a typical value of hardness of

HDPE is about 5 VHN (Khodabakhshi et al., 2014).

For sandwich sheets, the softest region is about 0.5 mm inside the shoulder in upper sheet and
0.5 mm inside the pin in lower sheet as shown in Fig. 2.13a and Fig. 2.13b, respectively. On the
other hand, the minimum hardness for bimetallic sheets is 0.5 mm outside the shoulder in upper

sheet and 1.5 mm outside the pin in lower sheet.

So in the sandwich and bimetallic systems, the hardness variation is mainly controlled by the
shoulder in the upper sheet and the pin in the lower sheet. The weakest region in the upper and
lower sheets of the sandwich system lies closer to the keyhole than in the bimetallic system. This
is attributed to another phenomenon of a large volume of stirred material getting accommodated
in the soft polymeric core. This results in the presence of SZ much closer to the keyhole and hence
the weaker location. Larger the material flow in the core, the shorter the SZ would be because of
compensation of SZ expansion by the material flow into the core. However, the location of the

weak zone is unaffected by the rotational speed.

Lower hardness at higher rotational speed is observed due to larger grain size for both sandwich
and bimetallic sheets. However, in comparison to sandwich sheet, hardness of bimetallic sheet is
higher, especially at 1200 rpm though the grain size is larger. The hardness of AASXXX alloys is
controlled by many other factors such as grain boundary strengthening, solid solution hardening,
precipitation hardening, and dislocation density, where the most dominant one is the dislocation
density, as reported by Huskins et al. (2010). With increasing dislocation density, the interaction
between solute Mg atoms and dislocations increases, which raises the resistance to the movement
of dislocation. Furthermore, Sato et al. (2001) analyzed that second-phase particles like Al3Fe,
Mg28Si1, and Al6Mn-type in AISXXX alloy govern the dislocation movement and decides the
hardness. These particles are present mostly inside the grains, which act as a strong barrier for
dislocation movement. It is believed that in the bimetallic sheet, the stirring is more intense
because of the absence of soft polymer. Intense stirring would result in fragmentation of second

phase particles and increased density inside the grains leading to more resistance to dislocation
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1

movement. This could be a possible reason for the higher hardness of bimetallic FSSW than

2 sandwich FSSW at 1200 rpm, as shown in Fig. 2.13a and Fig. 2.13b. However, at 1800 rpm,
3 excessive grain growth reduced the hardness of the bimetallic sheet despite intense stirring.
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7 2.2.4 Mechanical performance and failure modes
8 Typical load-displacement behavior of welded sandwich and bimetallic sheet is shown in Fig.

9  2.14. In lap shear test, peak load and extension is larger for the bimetallic sheet than the sandwich

10  sheet (Fig. 2.14a).
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12 Fig. 2.14 Typical load-extension behavior of welded sandwich and bimetallic sheet: (a) lap
13  shear test, (b) cross-tension test, (c) peel test, and (d) uniaxial tensile test
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In the cross-tension test, the peak load for sandwich sheet is slightly lesser, but, the extension
is almost the same as that of bimetallic sheet (Fig. 2.14b). In peel test, both the maximum load and
extension at failure is lesser for the sandwich sheet in comparison to bimetallic sheet (Fig. 2.14c¢).
It is seen that the load-displacement behavior of welded sandwich and bimetallic sheet are similar
to that of a monolithic skin sheet. Moreover, the performance of the sandwich sheet is superior to

the bimetallic sheet (Fig. 2.14d).

Fig. 2.15 shows the dependence of joint strength and extension at the failure of the sandwich
and the bimetallic system with tool rotational speed. The lap shear test data shown in Fig. 2.15a
suggest that for FSSW sandwich sheets, the joint strength slightly decreases (by about 10 %) up
to 1800 rpm and then increases (by about 9 %) at 2000 rpm. The extension at failure is almost
proportional to the maximum load at all the rotational speeds. This is related to ductility of the
joint. Mitlin et al. (2006) also confirm that FSSW joints having high shear strength show good
ductility and conversely, lesser ductility is found in poorly welded joints. For cross tension test a
typical fixture is made. During testing, bending of upper and lower takes place. The cross — tension
test results shown in Fig. 2.15b suggest that the strength and the extension at failure increase with
rotational speed for sandwich sheets and the variation is almost uniform. At 2000 rpm, the failure
load and extension is increased by 44 % and 56 %, respectively. However, the elongation recorded
by the machine is not the exact extension in the joint, but is a combination of extension due to
sheet bending and elongation in the joint. Only 1-2 mm extension at the end of the testing takes
place in the joint and the remaining is due to bending of the sheets. The influence of rotational
speed on the joint behavior is not found very significant in peel test and uniaxial tensile test as

shown in Fig. 2.15¢ and d, respectively.

The bimetallic sheet shows superior strength in lap shear test, buts inferior strength in cross-
tension, peel and uniaxial tensile test at higher rotational speed. The failure load at 1800 rpm
increases by 8% in lap shear test, while it is decreased by 24% in cross-tension test and by 18% in
peel test. On the other hand, the extension at failure increases by 13% in lap shear test, by 16% in

cross-tension test, and decreased by 23% in peel test.

In comparison to sandwich sheets, the bimetallic sheets show superior strength and extension
at failure, especially at lower rotational speeds, 1200 rpm. At 1200 rpm, the failure load for
bimetallic sheet is 107%, 83% and 37% higher than sandwich sheet in lap shear, cross-tension,
and peel test respectively. On the other hand, at 1800 rpm, the failure load for bimetallic sheet is

163%, 19%, and 8% higher than sandwich sheet in lap shear, cross-tension and peel test
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respectively. So, it is inferred that higher rotational speed is favorable for sandwich sheet, but not
for bimetallic sheet in this range. Similarly, the extension at failure for bimetallic sheet is more
than the sandwich sheet in almost all cases. The reason for better joint strength of bimetallic sheet
is superior hardness at weld zone, as presented in Fig. 2.13a and Fig. 2.13b. The harder joint needs
larger failure load. Furthermore, the location of the softest region in bimetallic sheet lies farther
than sandwich sheet, both in upper and lower sheets as shown in Fig. 2.13a and Fig. 2.13b. This
suggests that a larger portion of the joint is stronger for bimetallic sheets than in sandwich sheets.

This further contributes to the joint strength in the bimetallic sheet. Hence, it is inferred that
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12 Fig. 2.15 Maximum load and extension at failure for the sandwich and bimetallic sheets: (a)
13 lap shear test, (b) cross-tension test, (c) peel test, and (d) uniaxial tensile test

14 As per the lap shear test results, the bimetallic failure load increases with an increase in rotation

15 speed. However, a reverse trend was observed (decrease in failure load with an increase in
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rotational speed) in case of results obtained from cross-tension test, peel test, and uniaxial tensile
test. This is because the lap shear strength has a positive correlation with the effective upper sheet
thickness (Rao et al., 2014). The hook geometry of the bimetallic sheet suggests that the effective
upper sheet thickness is increased at higher tool rotational speed. Therefore, increase in tool

rotational speed results in higher failure load in lap shear test of bimetallic sheet.

In cross-tension test and peel test, the load is applied parallel to the axis of symmetry of the
joint. So, the load bearing area will be perpendicular to this axis. The critical location will be the
location of the lower hook, where the area is minimum. The hook geometry of the bimetallic sheet
suggests that the lower bond width is reduced at higher tool rotational speed. Therefore, the

failure load decreases at higher tool rotation speed in bimetallic sheet.

In case of uniaxial tensile test, the load bearing area is perpendicular to the loading direction.
This area directly depends on the bonded region. Reduction in lower bond width with tool
rotational speed results in reduced load bearing area. Moreover, in this particular test, the whole
joint actually deforms and the joint hardness reduces at higher rotational speed. Therefore, the

failure load decreases at higher tool rotation speed in bimetallic sheet.

However, unlike previous test results, the bimetallic sheets show inferior strength and extension
than sandwich sheets in uniaxial tensile test as shown in Fig. 2.15d. The failure load for bimetallic
sheet is about 14% lesser than sandwich sheet at 1200 rpm and 1800 rpm. On the other hand, the
extension at failure is about 45% lesser than sandwich sheet at 1200 rpm and 1800 rpm. The peak
load and extension at failure remains almost unaffected by the rotational speed for bimetallic

sheets.

The loading condition in uniaxial tensile test is completely different from any other test. In lap
shear, cross-tension and peel test, the load bearing area lies on a plane perpendicular to the axis of
symmetry of the joint. This area is larger for the joint with larger bond width. As seen from the
macrographs and hook geometry, the bonded width of FSSW joint in bimetallic sheet is
significantly higher than that of sandwich sheet at all rotational speed. That is why; the failure load
of bimetallic sheets is higher as compared to sandwich sheet at all rotational speed in the three

tests mentioned above.

On the other hand, the load bearing area in case of uniaxial tensile test lies on a plane parallel
to the joint axis. This area is larger for sandwich sheet in comparison to the bimetallic sheet

because, the overall thickness of sandwich sheet is greater. That is why; the failure load of

TH-2584 146103017 52



1  sandwich sheets is higher as compared to bimetallic sheet in uniaxial tensile test.

It is known that the weld nugget is weaker than the parent metal. So larger the nugget size, a
larger portion of the specimen across the width of the specimen would be weaker. Table 2.4 shows
that bimetallic joints have a larger bond width than sandwich joints. Larger bond width signifies

larger nugget width and hence larger weaker region’s contribution in the tensile sample. This could

S 01 A WD

have improved the performance of sandwich sheets as compared to bimetallic sheets.

\l

At higher rotational speeds, better joint strength and extension at failure can be obtained
8 especially in lap shear and cross tension tests. It is suggested that FSSW at higher rotational
9  speeds, above 1800 rpm, can be selected for joining AA5052-H32/HDPE/AA5052-H32 sandwich

10  sheets for automotive applications.

11 The fractured surface of upper and lower sheets after each test of FSSW sandwich sheets is

12 shown in Fig. 2.16. Partial nugget failure and nugget pull-out are the two failure modes occurred.

1000 rpm | 1200 rpm | 1400 rpm 1600 rpm | 1800 rpm | 2000 rpm
Upper | { /z\ £ - PN
i sheet ' ' ) g
shear nar g
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13 ol g
14 Fig. 2.16 Failure modes of sandwich sheets
15 Partial nugget fracture occurred at 1000 rpm, while the nugget pull-out mode of fracture in all
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the other rotational speeds. 1000 rpm is characterized by a larger lower hook height and smaller
lower bond width (Table 2.4Table 4.2). So the larger hook height and lesser bond width of the
lower hook are favorable for partial nugget fracture. The joint strength is also least at 1000 rpm in
all tests. Hence it can be inferred that partial nugget fracture is always associated with lower joint
strength. A summary of failure modes in sandwich sheets welded at different tool rotational speed

is tabulated in the Table 2.5.

Table 2.5 Failure modes of sandwich sheets

Rotational speed Lap shear test Cross — tension test Peel test

1000 Partial nugget fracture
1200
1400
1600 Nugget pull-out
1800
2000

The mechanism of nugget pull-out mode is schematically illustrated in Fig. 2.17. During
mechanical tests, two cracks initiate at the tip of upper and lower hook which propagate towards
keyhole periphery. Weld geometrical measurements shown in Table 2.4 and Fig. 2.8 indicates that
the lower bond width is lesser than upper bond width at all rotational speeds. This means that even
if both cracks propagate equal, the lower one would reach the keyhole earlier. Now the hardness
ahead would decide the rate of crack propagation. The softest section in the lower sheet lies much
closer to the keyhole in comparison to the upper sheet. So the lower crack propagates at a faster
rate. So, for all rotational speeds, failures would occur by a detachment of nugget from the lower

sheet only, which is termed as ‘nugget pull-out.’

In general, it can be inferred that the variation in lap shear load at different rotational speeds
can be attributed to lower hook geometry rather than nugget size, nugget strength, and failure
mode. This is clearly observed in Fig. 2.15a as the failure load and extension varies only in +0.05
kN and +7 %. Such variation seems to be not much, though maximum failure load and extension

occur at larger rotational speed (>1800 rpm).
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Fig. 2.17 Schematic illustration of mechanism of nugget pull-out failure (explained with lap
shear test)

The failure mode is nugget-pullout for sandwich sheets in all tests except uniaxial tensile test
and rotational speed except 1000 rpm. This type of failure depends upon the lower hook geometry,
as discussed above. The general trend in lower hook is increasing width and decreasing height
with increasing rotational speed, as shown in Table 2.4. So, improved mechanical performance of
sandwich sheet at higher rotational speed is attributed to higher width and lower height of the
lower hook. From Fig. 2.13, the lower hardness value of sandwich sheet at higher rotational speeds
evolved after grain growth suggests that the joint performance does not depend upon the joint
hardness. Hence, it is inferred that the failure load of FSSW joints in sandwich sheet
predominantly depends upon hook geometry rather than the microstructure and hardness of the

joint.

In the case of uniaxial tensile test, at 1000 rpm and 1200 rpm, the upper sheet has fractured
from the middle of the joint, while the lower sheet fracture has taken place at the keyhole
periphery. On the other hand, for rotational speeds above 1200 rpm, both the upper and lower
sheets have failed almost at the middle of the keyhole. Table 2.6 shows the failure modes in the

case of bimetallic sheets at lower and upper rotational speeds.

Table 2.6 Failure modes of bimetallic sheets

Rotational speed Lap shear test Cross — tension test Peel test
1200 Interfacial separation Nugget fracture Interfacial separation
1800 Interfacial separation Nugget fracture Upper sheet fracture
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2.3 Conclusions

The present work aims to address the influence of rotational speed on the FSSW of AA5052-
H32/HDPE/AA5052-H32 sandwich sheets. The following conclusions are drawn from the results.

o The optimum rotational speed is 1800 rpm and above. The sandwich sheets show good

mechanical performance.

o Two hooks are fully developed in sandwich sheets, while only one hook in the case of the
bimetallic sheet after FSSW. The hook geometries change with rotational speed and eventually
affect the joint strength. A larger bond width and smaller hook height are responsible for better

mechanical performance at higher tool rotational speeds.

o In comparison to the bimetallic sheet, the lesser peak temperature of sandwich sheets suggests
that a part of the heat generated is consumed for the melting of the polymer layer. The

reliability of temperature measurement given by thermocouple is more than the IR camera.

o Sandwich sheet exhibits finer grains as compared to the bimetallic sheet due to lesser peak
temperature, and grain size increases with an increase in rotation speed due to larger heat

generation.

o The presence of polymer has deteriorated the joint performance as observed from lap shear,
cross-tension, and peel tests. However, at higher rotational speed (1800 rpm), sandwich sheet
performance is closer to bimetallic sheet. In uniaxial tensile test, the superior strength and

extension at the failure of sandwich sheet shows its better formability than bimetallic sheet.

o Partial nugget failure and nugget pull-out are the two failure modes occurred in FSSW of
sandwich sheets. These are associated with lower and higher joint strength respectively during

FSSW of sandwich sheets.
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Chapter 3
Influence of tool plunge depth during friction stir spot welding of

AAS5052-H32/HDPE/AA5052-H32 sandwich sheets

3.1 Experimental procedure

In this section, the FSSW trials, sample preparation, mechanical testing, joint characterization,
and temperature measurement procedures are described. The mechanical properties of base

materials are already discussed in Chapter 2 in Section 2.1.1.
3.1.1 FSSW and sample preparation

The FSSW is performed at four different tool plunge depths, 3.2 mm, 3.4 mm, 3.6 mm, and 3.8
mm, keeping other process parameters like tool rotational speed, plunge speed, and dwell time
constant at 1600 rpm, 8 mm/min, and 15 s, respectively. The selection of tool plunge depth is
based on several trials made from 3.1 mm to 3.9 mm in the interval of 0.1 mm. For sandwich sheet
at 3.1 mm plunge depth, the joint could not be made due to inadequate plunging, and at 3.9 mm
plunge depth resulted in excessive thinning of the upper sheet at the joint region. The value of tool
rotational speed, plunge speed, and dwell time are selected based on the available literature on
bimetallic FSSW. However, initial FSSW trials for bimetallic sheets show that the joining is
possible even at much lower values of welding parameters. So for comparison with sandwich
sheets, two extreme ends of plunge depth are selected for bimetallic sheets. The plunge depth is
set at 3.2 mm for lower level and 3.8 mm for higher level. All other parameters are kept constant

at the same levels (rotational speed: 1600 rpm, plunge speed: 8 mm/min and dwell time: 15 s).

To evaluate the mechanical performance and microscopic analyzes of the FSSW joint, five
types of sandwich and bimetallic specimens including samples for lap shear test, cross-tension
test, peel test, uniaxial tensile test and macro/micro-structural analyzes are prepared. The

geometrical dimensions of each type of specimen are previously shown in Fig. 2.3 of Chapter 2.
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3.1.2 FSSW Joint Characterization

The methodology adopted for mechanical testing, microstructural examination, hardness
measurement, and temperature measurement is similar to that used in the previous chapter
(Chapter 2, Section 2.1.3). FSSW is done for sandwich and bimetallic sheets at two extreme sets

of welding parameters, as shown in Table 3.1 for comparison of temperature distribution.

Table 3.1 FSSW parameters for comparing temperature measurement.

Tool plunge depth (mm) | Tool rotational speed (rpm) | Plunge speed (mm/min) | Dwell time (s)
3.2 1100 4 5
3.8 1500 10 20

3.2 Results and discussion

In this section, a detailed examination of FSSW joints of sandwich and bimetallic sheets are
done at different tool plunge depths. The FSSW joint characterization is done by evaluating the
hook morphologies, flash formation, temperature measurement, microstructural analysis, and
hardness measurement. Further, the cumulative effect of all these indexes is described through

mechanical performance and failure modes.

3.2.1 Hook formation

The formation of hook-like geometry at the interface of two sheets is an important phenomenon
during FSSW. The dimensions and shape of the hook are crucial factors which decide the joint
behavior under external loading (Yin et al., 2010a). In the present study, hook formation is
observed. The hook always originates from the interface, and it forms because of the upward
movement of the trapped oxide layer at the faying surface due to tool plunging (Badarinarayan et
al., 2009). It should be noted here that there are two interfaces in the sandwich sheet; the upper
interface and the lower interface. The upper interface represents the region between the upper sheet
and core, while the lower interface represents the region between the core and lower sheet. On the
other hand, the bimetallic sheet has only one interface, which is between the upper and the lower
sheet. Therefore, it is believed that the number of hooks formed will be different for sandwich and
bimetallic sheets. Interestingly, not only the number of hooks, but also their characteristics are
different in sandwich and bimetallic sheets. A comparison between hook formation in FSSW of
sandwich and bimetallic sheet is done and shown in Fig. 3.1. Only one hook is prominently seen
for bimetallic sheets though two hook formation is initiated at the interface. These are named as

primary and secondary hooks. When the pin plunges into the lower sheet, upward movement of
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the interface near the joint occur due to backward extrusion of the stirred material beneath pin
face. This results in the formation of primary hook. After a while, when the tool shoulder starts
plunging the upper sheet, a larger area gets plasticized on the upper sheet. This plasticized material
is pushed into the weld by the shoulder. So the upward movement of the material extruded by the
pin is restricted by the material coming from the upper sheet. This results in outward flow of stirred
material. But this movement is restricted by non-plasticized materials surrounding the weld. So, a
boundary between plasticized and non-plasticized materials forms above the interface. This results
in the formation of a secondary hook. Usually bimetallic FSSW exhibits formation of only one
hook, but there exists a tendency to form secondary hook. Solanki et al. (2012) have found the
formation of two distinct hooks in FSSW of magnesium alloy. Rao et al. (2013) have reported that
primary and secondary may merge together to appear like a single hook depending upon process

parameters.

Bimetalliq FSSW

Fig. 3.1 Formation of hook in bimetallic and sandwich sheets during FSSW

In most of the literature of bimetallic FSSW, the formation of a single hook is discussed.
Badarinarayan et al. (2009) have done FSSW on aluminum 5754-0O sheets, and the micrograph of
the weld shows the formation of two hooks, but the secondary hook is so small that effect due to
this 1s insignificant, and finally, a single (primary) hook is analyzed. Sometimes, the secondary
hook does not form a hook-like shape. So it is accepted as a small crack. Rao et al. (2015) have

found the formation of only one hook in FSSW of dissimilar materials.
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For sandwich sheet, in the present work, it is observed that two hooks formed; one at the upper
interface and another at the lower interface. For analysis the hook formed at upper and lower
interface of the sandwich sheet is named as upper hook and lower hook, respectively. Unlike
bimetallic sheet, the material flow pattern is different in sandwich sheet. Due to the presence of
polymer in the core, there is an initial gap maintained between upper and lower sheets. When the
tool pin starts plunging the lower sheet, the shoulder also starts plunging the upper sheet. So the
lower and upper sheets are simultaneously getting plasticized. This creates a downward flow of
plasticized material from upper sheet and upward flow from lower sheet. Both materials find an
easy passage to flow into the soft polymeric core at the mid-thickness, and a large portion of the
stirred material is extruded into the core. The oxide layer present at the lower interface gets
fragmented and moves upward, which leads to the formation of lower hook. It should be noted
here that the height of the lower hook in sandwich sheet is lesser than in bimetallic sheet. This
happens because the upward flow of lower sheet material quickly gets diverted into the core, which
ceases upward bending of lower hook. Further, the materials easily flow into the core, so no
secondary hook forms at the lower interface, unlike in bimetallic sheet. At the upper interface, it
is seen that the hook formation originates from a location much lower than the upper interface
because a portion of interface gets suppressed against the polymer core. This happens due to early
plasticization of upper sheet material. Similar to lower interface, no sign of secondary hook is

observed at upper interface.

The variation in upper and lower hook geometries with respect to four tool plunge depths is
observed for sandwich sheets. The macroscopic view of the joint cross-section of sandwich sheets
after FSSW is shown in Fig. 3.2. For bimetallic sheets, joint features are studied at two extreme
sets of parameters where the tool plunge depth is 3.2 mm and 3.8 mm at lower and upper extreme,
respectively. To investigate the effect of tool plunge depth, five geometrical indexes are selected.
These are upper bond width, lower bond width, aspect ratio of hook, and effective upper sheet
thickness. The upper bond width and lower bond width are the shortest distance between keyhole
periphery and the tip of the upper and lower hook. Aspect ratio is the ratio of hook width to hook
height. The effective upper sheet thickness is the shortest distance between upper hook and the
surface on which the tool shoulder touches. It should be noted here that the nomenclatures
associated with the secondary and primary hooks in bimetallic sheet are similar to that with upper

and lower hook in sandwich sheets.
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Fig. 3.2 Hook: (a) geometrical nomenclatures, (b) aspect ratio, and formation at tool plunge
depth of (c¢) 3.2 mm, (d) 3.4 mm, (e) 3.6 mm, (f) 3.8 mm

The geometrical measurements of various joint features in sandwich and bimetallic sheets are
listed in Table 3.2. It is found that in both the systems, at all plunge depths, the upper bond width
is greater than lower bond width. This is attributed to greater heat generation underneath the
shoulder surface than at the probe surface due to larger contact area at shoulder surface. Increased
heat generation is responsible for higher peak temperatures, which promotes plasticization of
material. As the plasticization increases, the outward flow of material also increases resulting in
larger bonded width in the vicinity of upper hook. Further, with increasing tool plunge depth, the
upper and lower bond width increases for sandwich and bimetallic sheets. When plunge depth
increases, more material displacement occurs in the joint region to accommodate the tool. A part
of the increased amount of displaced material is contributed by the expelled flash and remaining
is trapped within. When plasticized material in the joint region tries to accommodate, it flows

away from the keyhole, thereby enlarging bonded width.

Apart from the outward material flow, many other phenomena also affect the bonded width
during change of plunge depth. Tutar et al. (2014) have also reported that an increase in plunge
depth naturally increases the heat exposure time which in turn widens the weld zones. Further,
bimetallic sheets show larger bonded width in comparison to sandwich sheet. This is likely due to

larger outward flow of material in bimetallic sheet in absence of polymeric core.
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Table 3.2 FSSW weld geometrical measurements of the joint morphologies.

System* Plunge depth Upper Lower Aspect ratio” Effective upper
(mm) bond bond UH (or) LH sheet thickness
width width SH (or) PH (mm)
(mm) (mm)
3.2 0.91 0.18 8.23 0.97 1.93
SW 34 1.01 0.46 5.58 2.67 1.84
3.6 1.28 0.56 4.11 3.21 1.79
3.8 1.29 0.66 2.36 3.41 1.60
BM 3.2 1.72 0.62 0.53 2.20 1.26
3.8 2.23 1.28 0.09 4.36 0.91

* SW: Sandwich sheets; BM: Bimetallic sheets, # UH: Upper hook; SH: Secondary hook; LH: Lower hook; PH:
Primary hook; UH and LH are for sandwich sheets; SH and PH are for bimetallic sheets.

Another feature is the aspect ratio of hook, which is the ratio of hook width to hook height. It
is observed that with increasing tool plunge depth, aspect ratio of upper hook in sandwich sheet
decreases. A decrease in aspect ratio means decreasing width and increasing height. This is likely
due to the lowering of hook origin because of increased downward material flow from the shoulder
region. In bimetallic sheet, since there is no easy passage in the middle for increased material flow
from upper sheet, the downward flow of material diverted into outward flow restricts the growth
of secondary hook. This results in the formation of a steeper hook having larger height and lesser
width. The secondary hook aspect ratio in bimetallic sheet is much lesser than upper hook ratio in
sandwich sheet. However, completely reverse trend is observed for lower hook and primary hook
in sandwich and bimetallic sheet respectively. In sandwich sheet, the lower hook width remains
almost constant, but hook height decreases with increasing tool plunge depth because the upward
growth of the lower hook is annihilated by increased material flow into the core. This results in
increasing lower hook aspect ratio. On the other hand, in bimetallic sheet, the vertical growth of
primary hook is promoted at higher plunge depth since a large portion of the probe goes into the

lower sheet.

The effective upper sheet thickness decreases with increasing tool plunge depth. This is due to
upper sheet thinning with increase in plunge depth. In comparison, the sandwich sheet shows
larger effective upper sheet thickness than bimetallic sheet. Literature suggests that larger effective

upper sheet thickness gives better joint strength in FSSW (Rao et al., 2014).

Another observation is flash formation. It depends upon the displaced material due to tool
plunging. In sandwich FSSW, when tool plunging starts, the shoulder plunges into a part of the
upper sheet and the pin plunges into a part of the lower sheet, while the pin is fully penetrated
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through the polymer core. So the displaced volume of material is the contribution of upper and
lower sheet. A little contribution from the polymer can be ignored due to lower density. In
bimetallic FSSW, the contribution is totally from upper and lower sheet. At any tool plunge depth
level, the pin plunging into lower sheet is not same for sandwich and bimetallic sheet due to
difference in their total thickness, but the shoulder plunge depth will remain same. The pin plunge
depth in bimetallic sheet will always be 1 mm greater than that in sandwich sheet as shown in Fig.

3.3. Hence, the amount of material displaced is also different in both systems.

P 1
c; " i + - _- + A
ve v Lo "y 2 ="
v ; 1 | ot A T - f t
© * g o
Bimetallic FSSW Sandwich FSSW

Fig. 3.3 Difference in pin plunge depth in bimetallic and sandwich FSSW

The ideal value of material displaced can be calculated as the volume of the tool inside the
system. At different levels of tool plunge depth, the ideal volume displaced is calculated and shown
in Table 3.3. It is seen that material displacement in sandwich sheet is always lesser than bimetallic

sheet at any particular plunge depth.

Table 3.3 Ideal volume of displaced material during FSSW

System | Tool | Tool shoulder Tool pin Total
plung: Diameter | Surface | Plunge | Vol. | Diameter | Surface | Height [ Vol. | displaced
depth™ | () area depth |(mm?®) |(mm) area (mm) |(mm?) VOl“‘;‘e
32 0.2 15.71 40.84
3.4 0.4 31.42 56.55

SwW 25.13
3.6 0.6 47.12 72.26

10 78.54 4 12.57 3
3.8 0.8 62.83 87.96
32 0.2 15.71 53.41

BM 37.70

3.8 0.8 62.83 100.53

*tool plunge depth = shoulder plunge depth + pin height

The expelled flash volume is calculated as below. The contour of expelled flash is mapped using
AutoCad software. The closed contour is revolved by 360° about a circle of diameter equal to the
shoulder diameter of the tool (10 mm). This gives a virtual solid geometry almost equal to flash

formed in the actual case. The volume of the virtual flash is calculated in the software.
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A comparison is made between sandwich and bimetallic sheets at two extreme sets of
parameters. The geometrical measurement of flash is given in Fig. 3.4. In sandwich sheets, a lesser
amount of flash is expelled from the system than the bimetallic sheets. For sandwich sheet, the
ideal volume of material displaced is also lesser, and a large portion of stirred material gets
accommodated in the soft polymeric core. The ideal displaced volume in sandwich sheet at 3.8
mm tool plunge depth is about 88 mm?, while it is about 100 mm? in bimetallic sheet at the same
plunge depth (table 5). Hence, in this case, the flash volume of sandwich sheet is much smaller
than in bimetallic sheet — 3.46 mm? vs. 57.63 mm? (Fig. 3.4). It can be concluded that displaced
material is accommodated inside the core in sandwich sheet. Flash is a defect, and hence lesser
flash formation is always good. Moreover, it does not contribute to load bearing. The flash volume
is higher at larger tool plunge depth due to increased material displacement. This has been
substantiated by Oladimeji et al. (2016) through expelled flash volume calculations in the FSSW

of aluminum alloys.

Sandwich FSSW Bimetallic FSSW
Flash macrograph ‘ Flash contour Flash contour

200 pm 500 pm

Area : 0.06 mm* - ’ | Area ¢ 0.94 mm*

PD:32mm  Volume : 2.14 mm’ PD:32mm | Volume : 33.80 mm’
200 pm 500 pm

[ = 1 Area : 0.11 mm? B Area : 1.54 mm?®

PD : 3.8 mm Volume : 3.46 mm’ PD : 3.8 mm Volume : 57.63 mm®

Fig. 3.4 Volume change in flash for the sandwich and bimetallic sheet

3.2.2 Temperature evaluation

The distribution of maximum temperature attained around the joint during FSSW is shown in
Fig. 3.5. A higher temperature field is observed in the keyhole vicinity (Fig. 3.5a). The temperature
distribution by IR camera and thermocouple is compared in the upper sheet of sandwich, as shown

in Fig. 3.5b. For comparison, the temperature reached when the shoulder touches the upper sheet
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is considered. Preliminary observation suggest that the temperature recorded by the thermocouple
is lesser than the IR camera. This is due to presence of holes at the edges, which reduces the
frictional force between tool and sheet. Also, the accurate value of material emissivity is difficult
to find. The temperature data obtained by thermocouple is found more reliable, so selected for
further analysis. The higher peak temperature is observed at larger plunge depth. This is attributed
to increased heat input associated with larger material deformation, larger tool-work-piece
interface area, and increased processing time. Further, the influence of plunge depth in sandwich
sheet is smaller than bimetallic sheet. This is confirmed by lesser temperature difference in
sandwich sheet (ATsw = 129°C) than bimetallic sheet (ATsm = 218°C) near the keyhole as shown
in Fig. 3.5¢c. Similar observation is found in lower sheet (Fig. 3.5d) also (ATsw = 9°C, ATgm =
114°C).
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=) |
E ﬁ : ]
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DR O
50 : .
-] | % ] = T 4 T . 1
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Fig. 3.5 (a) Infrared image of FSSW at the edge, (b) temperature of the upper sheet of SW
in both measuring techniques, peak temperature distribution at mid-thickness of (c) the
upper sheets of SW and BM measured by thermocouples, and (d) the lower sheets of SW
and BM measured by thermocouples [SW: Sandwich sheets; BM: Bimetallic sheets; US:
upper sheet; LS: lower sheet]; the sequence in the legend of (b) is tool rotational speed-
plunge depth-plunge speed-dwell time-measuring method
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In comparison to bimetallic sheet, lesser peak temperature is recorded in sandwich sheet. It
likely is due to lesser frictional contact area between tool and the metallic sheet in sandwich. The
temperature gradient through thickness is lesser for sandwich sheet, especially at higher plunge
depth. The temperature gradient through-thickness is measured by the difference in peak
temperature of upper and lower sheet at a distance 4 mm from keyhole center. Further, the
temperature gradient with respect to the distance from keyhole in upper sheet of sandwich sheet
is lesser than that in bimetallic sheet. In contrast, the temperature of upper sheet is larger than the
lower sheet. This confirms the fact that a major part of the heat generated in FSSW comes from
friction between tool shoulder and work-piece. Moreover, a part of the heat generated at the lower
sheet gets transferred into the base plate. Further, the peak temperature gradient with respect to

distance from keyhole in the upper sheet is larger than in lower sheet.

3.2.3 Grain size and hardness distribution

The microstructure of the upper sheet on the joint at 1 mm distance from the keyhole periphery
and parent metal are shown in Fig. 3.6a-e. The measured grain size is plotted in Fig. 3.6f. With
respect to parent metal microstructure, grain refinement occurred due to dynamic recrystallization
at high temperature in all the FSSW joints. However, Fig. 3.6a for sandwich sheet at 3.2 mm
plunge depth reveal almost same grain size with respect to parent metal. This is due to the lowest
peak temperature (refer Fig. 3.5c¢) restricting the dynamic recrystallization to occur within the

identified zone for grain size evaluation.

With increasing plunge depth, grain size increases in bimetallic sheets (Fig. 3.6c, d, f). This is
attributed to grain growth at a higher temperature at higher plunge depth, as seen in Fig. 3.5(c) on
temperature distribution. In contrast, at 3.8 mm plunge depth, the sandwich sheet shows finer
grains as compared to 3.2 mm plunge depth, though the temperature developed is larger in 3.8 mm
plunge depth (Fig. 3.5¢). This is probably because, at 3.2 mm plunge depth, the effect is
insignificant to change the grain size in case of a sandwich. In this case, the deformation provided
and temperature rise is insufficient, and hence grain size remains almost the same as that of the
parent sheet. When the plunge depth is increased to 3.8 mm, though there exist deformation and
temperature rise, it is insufficient to increase the grain size to the extent seen in 3.2 mm plunge
depth (Fig. 3.6a, e, f). There is a significant difference in grain size between the sandwich and
bimetallic sheet only at lower plunge depth, but not at higher plunge depth. This is attributed
mainly due to an insignificant change in the grain size of the sandwich sheet at 3.2 mm as

compared to the parent sheet (Fig. 3.6a, e, ).
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Fig. 3.6 Microstructure of the upper sheet at a distance of 1 mm from keyhole periphery of
(a) 3.2 mm-Sandwich, (b) 3.8 mm-Sandwich (c) 3.2 mm-Bimetallic, (d) 3.8 mm-Bimetallic,
(e) base metal microstructure, and (f) grain size measurement [SW: Sandwich sheets; BM:
Bimetallic sheets]
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The variation in hardness across the joint cross-section is evaluated and shown in Fig. 3.7. It is
observed that the hardness is symmetrical about the keyhole axis, and maximum hardness is

attained in the region closer to the tool or keyhole. The reason behind this is that the degree of

© 00 N O

dynamic recrystallization is more in the vicinity of the tool because of larger heat generation. With
10  increasing tool plunge depth, the hardness increases in the sandwich sheet due to grain refinement.

11  In the bimetallic sheet, the hardness increases with increasing plunge depth though grain size
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increases. It is reported by Huskins et al. (2010) that strengthening mechanisms of AASXXX
alloys are not straightway controlled by grain size, rather it is mainly governed by dislocation
density. Sato et al. (2001) have reported that the distribution of second phase particles also plays
a major role in controlling the hardness of AASXXX alloys. It is believed that at higher plunge
depth, intense stirring due to higher temperatures would result in fragmentation of second phase
particles. This could have possibly improved the hardness of the bimetallic sheet at higher plunge
depth. The bimetallic sheets are slightly harder than the sandwich sheets (Fig. 3.7). This is mainly

due to increased stirring. The bimetallic sheet exhibits a larger temperature evolution than

© 00 N o o kA WwN -

sandwich sheets in most of the cases (Fig. 3.5), which resulted in increased intensity of stirring.
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11  Fig. 3.7 Hardness distribution at mid-thickness of the upper and lower sheet. Error
12 variation: £ 1.5 VHN [SW: Sandwich sheets; BM: Bimetallic sheets]

13 In the upper sheet, hardness varies prominently within shoulder diameter, while it is pin

14  diameter in the lower sheet. The lowest hardness location in the upper sheet exists farther from
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keyhole than in the lower sheet. The location of minimum hardness in the upper sheet of the
sandwich system coincides with that in the bimetallic sheet and lies just below the shoulder edge.
However, in the lower sheet, the minimum hardness location lies below the probe edge for
sandwich sheet, but it is 1 mm away from the probe edge for bimetallic sheet. It is known that in
FSSW of AA5SXXX alloys, metallurgical recovery causes localised softening (Kesharwani et al.,
2014). The location of this zone lies where dynamic recrystallization ceases and material
undergoes only thermal cycle, typically known as heat-affected zone (HAZ). The farther existence
of minimum hardness location in lower sheet of bimetallic system is due to higher temperature

which shifts the HAZ away from keyhole.

3.2.4 Mechanical performance and failure modes

The effect of tool plunge depth on the joint strength and extension at the failure of sandwich
and bimetallic sheets during various loading conditions is shown in Fig. 3.8. Due to the complex
geometry of FSSW joint and typical shapes of specimens, the joint strength is characterized by
maximum load attained during the test, and ductility is related with extension up to maximum

load.

With increasing tool plunge depth, joint strength and ductility considerably improved in
sandwich sheets. In lap shear test (Fig. 3.8a), the joint strength of the sandwich sheet consistently
increases up to 3.8 mm plunge depth. The uniform elongation increases up to 3.4 mm plunge depth,
then remains the same. In cross-tension test and peel tests, a consistent improvement in joint
strength and ductility is observed with increasing tool plunge depth. It should be noted here that
the extension recorded in cross-tension and peel test is the combined effect of the sheet bending
and elongation in the joint. In the uniaxial tensile test, the influence of tool plunge depth is not
much in the sandwich sheet. Better joint performance of the sandwich sheet at higher plunge depth
is associated with larger bond width and larger joint hardness. During mechanical testing, crack
forms at the weakest section in the joint. It is evident from Fig. 3.7 that the joint region near the
lower sheet is weaker than the upper sheet. Further, the hooks are the favorable site for crack
initiation. So, the failure of the joint begins at the lower hook tip, and the crack propagates towards
the keyhole. The lower bond width represents the length of the crack propagation path and decides
the failure load. Since the lower bond width increases with tool plunge depth, the failure load will
also increase. A larger value of upper bond width and joint hardness at higher plunge depth in the
upper sheet further adds some strength to the joint. However, the effect of other joint features such

as hook aspect ratio and effective upper sheet thickness is insignificant, although they are affected

TH-2584 146103017 69



1
2
3

o Ol

10
11
12
13

14

by process parameters. The effect of tool plunge depth on the joint behavior of the bimetallic sheet
is found to be significant. In lap shear test and peel test, the joint performance is improved, while

it is deteriorated in the cross-tension test and uniaxial tensile test.
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Fig. 3.8 Maximum load and extension at failure for the sandwich and bimetallic sheets: (a)
lap-shear test, (b) cross-tension test, (c) peel test, and (d) uniaxial tensile test

A comparative analysis of the failure loads of sandwich and bimetallic system for each test at
two plunge depths, 3.2 mm and 3.8 mm, is performed in Table 3.4. The improvement in the joint
strength of sandwich sheet in all loading conditions is much greater than the bimetallic sheet. The
maximum influence of tool plunge depth for sandwich system is seen in the cross-tension test,
while it is lap shear test for bimetallic system. This particular analysis suggests that the sandwich
FSSW can be greatly employed in situation when the sandwich is subjected to loading along the

geometrical axis of the joint.

The ratio in failure load of bimetallic sheet and that of sandwich sheet is calculated at 3.2 mm
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and 3.8 mm (Table 3.4) plunge depths individually for each test. The bimetallic system produces
superior joint at lower plunge depth than at higher plunge depth. Further, at 3.2 mm plunge depth,
the best joint performance of bimetallic sheet compared to sandwich sheet is observed in the cross-
tension test, while a better joint performance of sandwich sheet is observed in uniaxial tensile test.
Moreover, better joint performance shown by sandwich sheet in uniaxial tensile test at 3.2 mm
plunge depth. At 3.8 mm plunge depth, difference in failure loads of both systems is minimised.
In addition, the joint performance of the sandwich sheet is superior in cross-tension and uniaxial
tensile test. From the comparison shown in Fig. 3.8 and Table 3.4, it is concluded that the sandwich

sheet gives optimum joint property at tool plunge depth of 3.6 mm and beyond.

Table 3.4 Comparative assessment of joint strength with respect to plunge depth

System / Lap shear test Cross-tension test | Peel test Uniaxial tensile test

PD FL AFL | Fc AFc Fp AFr | Fu AFy

(mm) (kN) | ratio® | (kN) ratio” (kN) ratio* | (kN) ratio”*
32 0.67 0.47 0.18 13.74

SwW 2.16 6.30 2.06 1.01
3.8 1.45 2.96 0.37 13.93
3.2 2.55 2.42 0.37 12.97

BM 1.49 0.96 1.08 0.89
3.8 3.79 2.33 0.40 11.53
SW | 0.67 0.47 0.18 13.74

3.2 3.81 5.15 2.06 0.94
BM | 2.55 242 0.37 12.97
SW | 1.45 2.96 0.37 13.93

3.8 2.61 0.79 1.08 0.83
BM | 3.79 2.33 0.40 11.53

* AFratio = AFs.5 | AF3.2 or AFsy | AFsw

The physical appearance of the fracture surfaces of the tested sandwich sheet is shown in Fig.
3.9. It is observed that the mode of fracture is ‘nugget pullout’ for all specimens at any plunge
depth in lap shear, cross-tension, and peel test. The nugget pullout mode of failure is attributed to
the smaller value of lower bond width when compared to upper bond width. This is observed in
Fig. 3.2 and Table 3.2. The size of upper and lower bond width depends upon the position of upper
and lower hook, respectively. These hooks are the geometrical defect in FSSW, which always
reduces joint integrity and is a favorable site for crack propagation. During loading, the crack
propagates through upper and lower hooks. The early reach of crack through lower hook at the
keyhole is expected since the lower hook tip is nearer to the keyhole. This phenomenon creates a
situation of lower sheet detachment from the bond. So the nugget or weld remains attached to the
upper sheet in the ‘nugget pullout’ fracture. A summary of failure modes in sandwich sheets

welded at different tool plunge depth is tabulated in the Table 3.5.

The failure mode is completely different in uniaxial tensile test due to different loading

conditions. The crack initiates at the keyhole boundary and starts propagating outward till
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1  complete fracture of upper sheet. Once the upper sheet fractures, entire load is carried by lower
2  sheet, which fails almost like in standard uniaxial tensile tests. The failure modes of bimetallic

3 sheet, namely nugget fracture and interface separation is shown in Table 3.6.

Uni — axial
tensile test

Cross tension test Peel test

Lower sheet | Upper sheet

Lap shear test
Lower sheet I Upper sheet

ik

5 Fig. 3.9 Failure modes of sandwich sheets

6  Table 3.5 Failure modes of sandwich sheets

Tool plunge depth Lap shear test ‘ Cross — tension test ‘ Peel test

3.2 mm

3.4 mm

Nugget pullout

3.6 mm

3.8 mm
7 Table 3.6 Failure modes of bimetallic sheets

Tool plunge depth Lap shear test Cross — tension test Peel test

3.2 mm Interfacial shear Interfacial separation Interfacial separation

3.8 mm Interfacial shear Nugget pullout Partial sheet fracture
8 3.3 Conclusions
9 In the present work, effect of tool plunge depth on the FSSW of three layered AAS5052-

10 H32/HDPE/AA5052-H32 is investigated. The following are the important findings:

11 o FSSW joint of sandwich sheet with acceptable performance is obtained at tool plunge depth of

12 3.6 mm and greater.

13 o Two hooks are formed, one at each interface in sandwich sheet. In bimetallic sheet, two hooks
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are formed at single interface. But one of the hooks (secondary hook) is much smaller as
compared to the other one in bimetallic sheet. However, no direct dependence of joint strength

on hook geometry is observed, instead it depends on bond width and joint hardness.

The expelled flash volume increases with tool plunge depth in sandwich and bimetallic sheets.
However, in comparison to bimetallic sheet, lesser flash forms in sandwich sheet due to larger

material volume accommodation in polymeric core.

Temperature measurement data reveals that highest temperature is recorded on the upper sheet
of bimetallic system at higher plunge depth. This is obtained because larger frictional contact

area between tool and metal

The micro-structural observation closer to the keyhole of sandwich and bimetallic FSSW reveal

finer grains in sandwich sheet due to lesser peak temperature.

Deterioration of joint performance is observed in sandwich sheets due to presence of polymer.
Formation of smaller bond width at lower sheet side is responsible for this. However, at higher
plunge depth superior joint performance of sandwich sheet is observed in cross-tension and
uniaxial tensile tests. Though this the case, the flash formation is lesser in sandwich sheets as

compared to bimetallic. By using sandwich sheets, the flash defect can be minimized.

In all the tests, nugget-pull-out mode of failure occurred due to smaller value of lower bond
width. The failure mode is also found to be independent of the test method. So, it is confirmed

that failure mode in the present study depend only on relative size of lower bond width.
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Chapter 4
Friction stir spot welding of AA5052-H32/HDPE/AAS5052-H32

sandwich sheets at varying plunge speeds

4.1 Experimental procedure
4.1.1 FSSW and specimen preparation

The plunge speed is one of the most important process parameters involved in FSSW. With
changing plunge speed, the processing time and deformation rate changes. This affects the net heat
input into the weld zone. The heat input governs the temperature of the weld. The temperature,
coupled with the processing time, decides the final weld quality. Several aspects of FSSW at
changing plunge speed are reported in the existing literature of bimetallic sheets. However, no
such information is available for the sandwich sheet. Hence, it is important to investigate the effect
of plunge speed on FSSW of sandwich sheet. The plunge speed is varied within a suitable range
at equal intervals. The range is selected based on the existing literature of bimetallic FSSW of
aluminum sheets having a similar thickness, where the effect of plunge speed is found

considerable.

Song et al. (2014) have investigated the effect of tool plunge speed on the FSSW of AA6061-
T6 sheets of 2 mm thickness. It is reported that when the shoulder of the tool started plunging, its
speed affects the performance of the final joint produced. The selected range of shoulder plunge
speed by Song et al. (2014) 1s 2, 4, 6, 8, and 10 mm/min. It is found that the tensile shear load
initially increases up to 6 mm/min. and then remains almost constant. Liu et al. (2013) have
attempted FSSW of 2A12-T4 aluminum alloy of 3 mm thickness. The tool plunge speed is changed
from 5 mm/min. to 40 mm/min. The bonded area and tensile shear load are decreasing
continuously with increasing tool plunge speed, but the significant effect is observed only up to
20 mm/min. Karthikeyan and Balasubramanian (2010) have selected plunge speed of 4, 8, 12, 16,
and 20 mm/min. for FSSW of AA2024-T3 of 2.7 mm thickness. The obtained results suggest that
lap shear tensile load initially increases and later decreases after 12 mm/min. Yoon et al. (2012)
have attempted a higher range of plunge speed between 100-500 mm/min. for FSSW of AA5454-

O aluminum alloy plates. No remarkable effect of tool plunge speed is found in the entire range.
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Based on the referred articles, six different tool plunge speeds are chosen, ranging from 2
mm/min. to 12 mm/min. in the interval of 2 mm/min for sandwich sheets in the present work. For
bimetallic sheets, 4 mm/min. and 10 mm/min. are the two extreme plunge speeds chosen from this
range for comparison. Other process parameters are kept at a constant level. The fixed value of
tool rotational speed, tool plunge depth, and dwell time is 1600 rpm, 3.6 mm, and 15 s,
respectively. Here, the tool plunge depth is the addition of shoulder plunge depth and pin length
(3 mm). Though the total thickness of SW is 1 mm larger than that of BM, and the tool plunge
depth is kept constant in both the cases to keep consistency in the input. Same technique is used

for sample preparation as used in previous chapters.

4.1.2 FSSW joint Characterization

The methodology adopted for mechanical testing, microstructural characterization, hardness
measurement, and temperature measurement is similar to that used in previous studies (Chapter 2,

and Chapter 3).

4.1.3 Finite Element (FE) simulation to predict failure modes

The main aim here is to predict the failure modes during the mechanical performance tests. To
achieve this, a three dimensional model of the overlapped sandwich assembly is simulated using
ABAQUS/Explicit (ver. 6.17) FE code. Each part of the 3D model is prepared in AutoCAD
separately and imported in the ABAQUS. The size, position, and orientation of the parts are
replicated exactly as per the actual test conducted in the laboratory. The joint is prepared by
revolving the edge contour obtained from the joint cross-section. The hook geometry and deformed
HDPE layer is also considered while mapping the edge contour. The planner symmetry is suitably
applied in the model. After assembly, the sliding friction condition is defined in all the surface to
surface interaction. The coefficient of friction is assumed as 0.1 (Park et al., 2008). The mechanical
properties of the metallic skin and polymeric core are assigned as that of AA5052-H32 and HDPE
obtained from the standard tensile test. However, the mechanical properties obtained from the
uniaxial tensile test of FSSWed sandwich sheet is selected for the joint. It is assumed that in the
particular case, since the total elongation is only 4-5 mm and failure occurs in the joint region, the
deformation is concentrated in the joint only. The tensile properties of the weld region is difficult
to evaluate because the exact load bearing area is unknown. Therefore, mechanical behaviour
(load-extension data) is shown in most of the cases rather than tensile properties. However,

estimating load bearing area is difficult only in lap shear, cross-tension, and peel test because of
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typical loading condition. In case of uniaxial tensile test, it is possible to estimate a typical value
of load bearing area from the joint cross-section. The available macrostructure is used to generate
a contour of the bonded region. The hook separates the bonded and un-bonded region. Once, the
area is calculated, the load-extension data are converted into the stress-strain data. This way, the
tensile properties of the joint is evaluated. The material properties assigned to different sections of
the model are listed in Table 4.1. The von Mises yield function is used to model the yielding of
base metal. The schematic illustration of assigning properties in different locations of FE model is

shown in Fig. 4.1.

Table 4.1 Properties of different sections of the FSSW joint used for FE simulation

AA5052-H32 Joint region HDPE
Density (g/cc) 2.66 2.66" 0.96
Poisson’s ratio 0.33 (Baruah et al., 2017) 0.33" 0.46
Young’s modulus (GPa) 70.3 (Baruah et al., 2017) 5.22 -
Yield strength (MPa) 155 123 -
Strength coefficient (MPa) 356 401 -
Strain hardening coefficient 0.16 0.30 -

*
Assumed same as base metal

The ten-node modified quadratic tetrahedron elements, C3D10M element, is selected. This type
of element is successfully used in ABAQUS by Zivojinovic et al. (2013), where the crack growth
is analyzed in friction stir welded joints. Variable element sizes are selected in different regions.
Since, the failure occurs in the joint region, finer element is selected in the joint and coarser in
other parts of the model. The mesh sensitivity analysis is done by varying mesh size of the joint.
The element sizes in the joint region are selected as 0.3 mm, 0.6 mm, 0.9 mm, and 1.2 mm. The
load-extension behavior is compared at different mesh sizes. The behavior is not changing much.
Hence, 1.2 mm element size is selected for rest of the analysis because of least computational
time. Appropriate mass scaling is applied to reduce the simulation time. In boundary condition,
one side of the assembly is kept fixed and another side is displaced with a velocity of 1 mm/min.
Lap shear test, peel test, cross-tension test and uniaxial tension tests are simulated to predict the

failure location and modes. The predictions are compared with experimental observation.
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Fig. 4.1 Property assignment in FE model

4.2 Results and discussion
4.2.1 Hook formation

The macrostructure at the weld cross-section revealing the formation of geometrical features at
the joint is shown in Fig. 4.2. The magnified macrostructure suggests that there are un-bonded or
partially bonded regions in the joint. These are the characteristic features of FSSW joint and
referred to as ‘hook’ due to its curved profile (Badarinarayan et al., 2009). The primary reason for
the formation of the hook is the upward movement of the interface caused by penetration of tool
pin into lower sheet during plunging. The secondary reason is the presence of oxide layer on the
surface of aluminum sheets. The oxide layers are trapped at the faying surface and prevent
metallurgical bonding of sheets. During stirring, the oxide film breaks into particles and gets
distributed in the stirred material. Depending upon the distribution of the oxide particles, a region
of complete metallurgical bonding, partial metallurgical bonding and un-bonded region exist in
the joint. The distribution of these oxide particles are significant near the tool pin periphery due to
severe stirring and decreases while moving away from the pin surface. The region of complete
metallurgical bonding exist near the tool where severe stirring causes random distribution of oxide
particles and elimination of the faying surface. Next to this is the region of partial metallurgical
bonding where reduced deformation causes the broken oxide particles to be arranged in an array
along the curved interface. After this region, the deformation straining is not severe enough to
break the oxide layer of the interface and the region remains un-bonded. The curved portion of the
interface along the un-bonded region is considered as hook where the oxide layer is not broken. It
can be said that hook always originate from the interfaces of the overlapping sheets and it is a
geometrical defect in the FSSW joint because it is the un-bonded region in the joint, which acts as

a pre-existing crack during external loading.
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The hook formation in sandwich and bimetallic sheet is entirely different. This is due to the
different original configuration of both the system. There are two interfaces in the sandwich sheet;
upper sheet-core and core-lower sheet. On the other hand, the bimetallic sheet has only one
interface between upper sheet and lower sheet. In the sandwich sheet, one hook forms at each
interface. When the rotating tool plunges into the sandwich sheet, the plasticized region gets
stirred. The stirring results in intermixing of upper and lower sheet material. The stirred material
forms a symmetric weld nugget around the tool. It is difficult to differentiate the upper sheet and
lower sheet in the weld nugget because of disappearance of sheet interface. Further, the plasticized
material tends to displace away from the tool axis and find an easy passage to flow into the soft
polymeric core. A typical extrusion of the materials occurs here and due to continuous plunging

of the tool, the interfaces bend upward and form an upper hook and lower hook (Fig. 4.2b).

Bimetallic FSSW Sandwich FSSW

2 mm

KRR

Complete

Complete Pial

metallurgical metallurgical Ur;-bc;nlc]led metallurgical metallurgical Ur;—b(znged
bond bond c8lo bond bond c8lo

(a) (b)

Fig. 4.2 Formation of hook in (a) bimetallic, and (b) sandwich sheets during FSSW

On the other hand, in the bimetallic sheet, two hook forms at one interface (Fig. 4.2a). The hook

which is closer to the keyhole is defined as primary hook and another one is the secondary hook.
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Two hook formation is also reported by Solanki et al. (2012) in FSSW of AZ31 magnesium alloy.
However, it is also possible that the two hooks merge together and exhibit only one single hook
as reported by Rao et al. (2013) and Arul et al. (2008). Furthermore, the sandwich sheet forms an
annular nugget due to extrusion of plasticized material through the core layer and the lesser

material is expelled out as a flash.

The schematic of measuring hook geometry and definition of associated terminologies are
illustrated in Fig. 4.3a. The bonded region, hook height and hook width are measured. The bonded
region is measured by upper bond width and lower bond width. The upper bond width (a) and the
lower bond width (b) are the horizontal distance of keyhole boundary from upper hook tip and
lower hook tip respectively. Lin et al. have reported the importance of bond width as it affects the
joint performance (Lin et al., 2012). Hook height and hook width are the vertical and horizontal
distance of hook tip from hook originating point. The effective upper sheet thickness (g) is also
measured which is the shortest distance of hook tip from shoulder touching surface. It is seen from
literature that the joint with larger bond width combined with smaller hook height and larger

effective upper sheet thickness possesses better joint performance (Yin et al., 2010a).

The effect of plunge speed on the joint macro-structure of the sandwich sheet is shown in Fig.
4.3b. The morphological changes in the hook geometry is observed from the macrographs. Only
one side of the joint cross-section is analyzed because of symmetry. In all the cases two hooks are

formed and the upper bond width is always larger than the lower bond width.

—v=)

Shoulder touching surface -
Flash - =

a :upper bond width

Upper hook AA5052-H32

Hook originating point \:’"Ok tip

: lower bond width
:upper hook width
: lower hook width

. lower hook height
Lower hook

b
c
d
e :upper hook height
f
g

: effective upper sheet thickness

Fig. 4.3 (a) Schematic illustration of terminologies associated with hook geometry, (b) hook
geometry of sandwich sheets at different plunge speeds

The material flow in FSSW of sandwich sheet and its influence on the hook geometry are shown

in Fig. 4.4. The plasticized material in the vicinity of tool rotates around the pin and shoulder in
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circular motion, while material slightly away from the tool flows from bottom of the pin and
shoulder into the core as shown in Fig. 4.4a. At the beginning of the process, when the tool pin
plunges into the upper sheet, heat generates underneath the pin, which melts the polymer layer
locally. The melted polymer displaces radially outward due to tool plunging. This allows the upper
sheet to bend slightly in the direction of tool plunge. When the tool shoulder touches the upper
sheet, the pin starts plunging into the lower sheet. Thereafter, the material underneath the shoulder
plasticizes by heating and flows downward and the upper sheet deform further due to plunge force.
At the same time, the material from pin bottom starts flowing upward. This way, the upper and
lower sheet material mix to form the joint. A part of mixed material is stirred around the pin and
form the stir zone. The remaining part is extruded into the soft polymeric core and form an
extruded zone. Fig. 4.4b, c, d explains the relation between material flow and hook geometry.
When the material flow is larger, the bond width increases and the hook width decreases as shown
in Fig. 4.4b. With increasing plunge speed, the material flow increases because of larger heat
generation. The upper hook height depends upon the upward metal flow as shown in Fig. 4.4c. The
metal flow in upward direction depends upon the processing time. At higher plunge speed, the
processing time is lesser which reduces the upward metal flow, and thereby the upper hook height.
Further, as the material flow increases in the extruded zone, the lower hook gets flatten reducing

the lower hook height as shown in as shown in Fig. 4.4c.

Circular
flow

‘57 Upp

Upper Sheet T : ---------------- I Upper sheet ,- er hook
ding . o val ay ! PARSGS
bending ~ S . : AEPS
. - @ I e
k. e i : my .~ | Extruded zone
Extr-[lded zone T Lower sheet e YT A " Lower hook

N U \
o xpansion
m_ N of SZ " Increased
o 4’ ¢! j NN material flow
L
+5]
T
,....P'_-_'__,_ " a

(b) (c) (d)

Fig. 4.4 (a) Material flow in FSSW of sandwich sheet, influence of material flow in: (b) bond
width and hook width, (c) upper hook height, (d) lower hook height
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The quantitative variation in the hook geometry at different plunge speeds is shown in Table
4.2. For sandwich sheet, the upper bond width (a) initially increases with increasing plunge speed,
attains a maximum value at 8§ mm/min., and then decreases. The upper and lower bond widths (a
and b) are associated with the stir zone (SZ) size. Larger the SZ, larger would be the bond width.
As the plunge speed increases, the SZ expands as a result of increased plasticization at higher
temperature. Higher temperature at higher plunge speed is evident in the next section. Moreover,
when the plunge speed crosses its critical value (8 mm/min.), the stirring time of the tool is reduced
which restricts the growth of the SZ. This could be a possible reason behind the decrease in upper
bond width (a) at larger plunge speed. Inverse relationship between tool plunge speed and size of
the SZ is also reported (Song et al., 2014). The upper hook width (c) initially decreases, then
increases with increasing plunge speed. It is noted that the upper bond width (@) and the upper
hook width (c¢) are inversely related. When the SZ increases, a portion of the hook gets merged
into the SZ, thereby hook width decreases and bond width increases. The upper hook height (e)
also decreases slightly with increasing plunge speed. At higher plunge speed, the processing time
is lesser. It is believed that at lesser processing time, plasticization of material would be lesser
which reduces the upward movement of the material. This results in smaller hook height. Cao et
al. (2016) have also reported that there is a positive correlation between hook height and joining
time. There is an inverse correlation between upper hook height (e) and the effective upper sheet
thickness (g). The effective upper sheet thickness (g) is highest, and upper hook height (e) is lowest
at 8 mm/min. plunge speed. However, the effect of plunge speed on the lower bond width () 1s
not significant. The larger effect on the upper sheet is because the heat generated and the plastic
deformation near the tool shoulder is always larger than that near the tool pin (Awang and Mucino,
2010). Larger heat generation promotes stirring. The lower hook width (d) is not changed
considerably because the lower bond width (b) is not changing significantly. The lower hook
height (f) initially decreases and then increases after attaining the lowest value at § mm/min.
plunge speed. The initial decrease in lower hook height (f) is due to flattening of the lower hook
because of increased material flow in the core layer. However, as the plunge speed increases after
8 mm/min., the reduced processing time allows lesser material flow in the core layer. This results

in the upward displacement of lower sheet material to be more pronounced, thereby increasing the

lower hook height (f).

On the other hand, in the bimetallic sheet, all the hook features slightly decrease with increasing
plunge speed, except the lower hook height (f), and the effective upper sheet thickness (g). Song
et al. (2014) have also confirmed decrement in bond width at higher plunge speed. The change in
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lower hook height (f) is not much and the larger value of effective upper sheet thickness (g) is due
to the inverse relationship with upper hook height. However, with respect to the sandwich sheet,
the bimetallic sheet has larger bond widths, i.e., @ and b. In bimetallic sheets, the plasticization
and stirring are more intense due to larger temperature generation. This results in the expansion of
SZ and hence larger bond widths (a and b). The effective upper sheet thickness (g) depends on the

position of the upper hook in the sandwich sheet and secondary hook in the bimetallic sheet.

Table 4.2 FSSW weld geometrical measurements of the joint morphologies.

System Plunge speed | a (mm) b(mm) | ¢c(mm) | d (mm) | e (mm) | f(mm) | g (mm)

(mm/min.)

2 1.01 0.66 1.16 0.44 0.52 0.17 1.58

4 1.12 0.50 0.92 0.33 0.27 0.13 1.67
Sandwich 6 1.27 0.65 0.93 0.35 0.35 0.11 1.56
sheets 8 1.31 0.54 0.75 0.26 0.19 0.07 1.78

10 1.22 0.68 0.94 0.34 0.36 0.11 1.59

12 1.05 0.59 1.01 0.21 0.28 0.20 1.63
Bimetallic | 4 2.18 1.24 0.12 1.06 0.25 0.10 1.17
sheets 10 2.00 1.18 0.06 0.88 0.14 0.15 1.27

The upper hook position again depends on the position of the upper interface in the sandwich
sheet. The upper interface gets plunged down into soft polymeric core near the joint in the
sandwich sheet. So, the upper hook formation starts at a thickness level much lower than the
original position of the upper interface. This results in a larger effective upper sheet thickness (g)
in the sandwich sheet. On the other hand, during FSSW, the interface position remains almost the
same in the bimetallic sheet due to the absence of the polymeric core. So, the secondary hook tip
lies nearer to the shoulder touching surface. This results in a shorter effective upper sheet thickness

(g) in the bimetallic sheet.

The polymer sheet gets degraded by local melting near the keyhole boundary. The degradation
is more pronounced at the surface interfaces with the upper sheet. The physical appearance of this
surface is compared at two plunge speeds is shown in Fig. 4.5. The polymer surface is degraded

more at lower plunge depth because of larger processing time.
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Fig. 4.5 Degradation of polymer surface at (a) 4 mm/min., and (b) 10 mm/min.

4.2.2 Temperature evaluation

The infrared thermograph revealing the temperature distribution at the weld cross-section just
before reaching the peak temperature is shown in Fig. 4.6a. The temperature is higher near the
keyhole boundary. The peak temperature distribution obtained by the IR camera and thermocouple
is compared in Fig. 4.6b. The temperature values are taken at 1 s before reaching the peak
temperature near the keyhole boundary. The temperature data recorded by the IR camera
continuously fluctuates with time. It is observed that at time 1 s before reaching the peak
temperature, the temperature recorded by the thermocouple is consistently lesser than that
recorded by the IR camera in all the four cases shown in Fig. 4.6b. The fluctuation in temperature
measured by the IR camera occurs due to the continuous expulsion of plasticized material and
uncontrolled metal flow at the open edge of the weld. The lesser temperature recorded by the
thermocouple is likely due to the presence of holes across the thickness of the sheets for fixing of
thermocouples. The holes reduce the plunging force and hence the deformation resulting in lesser

temperature.
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Fig. 4.6 (a) Infrared image of FSSW at the edge, (b) comparison of temperature from IR
camera and thermocouple, peak temperature distribution at the (c) mid-thickness of the
upper sheet, and (d) mid-thickness of the lower sheet. Error variation in temperature =+ 11
°C [SW: Sandwich sheets; BM: Bimetallic sheets; IR: Infrared; TH: Thermocouple; US:
Upper sheet; LS: Lower sheet]

Further, the emissivity values of material are temperature dependent, which affects the
temperature output of the IR camera. The emissivity values are kept constant in the present work.
When the repeatability of the temperature measurement technique is checked, the thermocouple
is found to be reliable. So, the temperature data obtained from the thermocouple is considered for

further analysis.

The peak temperature distribution on the upper sheet of the sandwich and bimetallic sheets is
shown in Fig. 4.6¢c. The peak temperature near the keyhole ranges from 129°C to 186°C in the
sandwich sheet. In actual FSSW, the temperature would be higher than this. The HDPE melts at
140°C (Capiati and Porter, 1975). So, the polymer sheet melts during welding.

For the sandwich sheet, a larger temperature is observed at higher plunge speed. At higher
plunge speed, the tool attains its maximum plunge depth earlier than the lower plunge speed. This

also means that the tool shoulder touches the upper sheet at a much earlier stage, which results in
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a sudden increase in temperature. Veljic et al. (2013) have also reported a sudden rise in work-
piece temperature when the tool shoulder touches the work-piece. The dwell period and tool
retracting time is the same in the process, and hence the effect is negligible. Further, the
deformation rate at higher plunge speed is large, so the heat generation would also be larger. In
the lower sheet, the effect of plunge speed is not significant because of lesser deformation and the
frictional contact area between tool pin and work-piece (Fig. 4.6d). Even in bimetallic sheets, the
slightly larger peak temperature is recorded on the upper sheet at higher plunge speed. However,
in the lower sheet, the temperature at 4 mm/min. plunge speed is larger than at 10 mm/min. This
is because in the bimetallic sheet, there is no polymer layer, and hence the heat generated in the
upper sheet gets easily transported to the lower sheet. Since at 4 mm/min. plunge speed, the total
processing time is larger, heat balancing occurs between the upper and lower sheet, and the
temperature becomes almost the same. This is not the case in 10 mm/min. plunge speed due to the
lower processing time. The effect of plunge speed is more pronounced in the upper sheet of the

sandwich sheet, while it is in the lower sheet of the bimetallic sheet.

In comparison to the bimetallic sheet, the temperature of the sandwich sheet is lesser. A part of
the total heat generated is used to melt the polymer core, reducing the temperature attained in the

sandwich sheet as compared to bimetallic sheets.
4.2.3 Grain size and hardness distribution

The microstructures of the parent metal and SZ of sandwich and bimetallic sheets FSSWed at
4 mm/min. and 10 mm/min. are shown in Fig. 4.7a—e. The grains in parent metal is non-uniform
and non-equiaxed, having an average grain size of 29 um. In SZ, finer grains are observed. During
FSSW, the material in the SZ undergoes severe plastic deformation. This results in grain
refinement in the SZ caused by dynamic recrystallization. The dynamic recrystallization occurs
when crystalline materials are deformed at elevated temperature, where sub-grains form by the
continuous annihilation of dislocations (Sakai and Jonas, 1984). Kwon et al. (2009) have also
reported the phenomena of grain refinement by dynamic recrystallization in the SZ during FSW
of AAS5052. With increasing plunge speed, the SZ grain size increases for both the sandwich and
bimetallic sheets, as shown in Fig. 4.7f. This is attributed to static growth during cooling. Since
the peak temperature at higher plunge speed is higher (Fig. 4.6¢), the grain growth would occur.
The SZ grain sizes are 5.2 pum, 11.4 um for sandwich sheet, and 19.2 um, 24.6 um respectively at
4 mm/min. and 10 mm/min. plunge speeds. Larger grains in the bimetallic sheet is observed due

to larger static grain growth occurred at higher temperature associated with higher plunge speed.
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Fig. 4.7 (a) Microstructure of parent metal, SZ microstructure of (b) 4 mm/min.—Sandwich,
(¢) 10 mm/min.—Sandwich, (d) 4 mm/min.—Bimetallic, (¢) 10 mm/min.—Bimetallic, and (f)
grain size variation with plunge speed

The hardness distribution across the joint is shown in Fig. 4.8. The region surrounding the joint
is found to be harder than the region away from the joint. This is attributed to the formation of
finer grains by dynamic recrystallization. The hardness decreases in the outward direction from
the keyhole to a certain level, then further increases up to base metal hardness (60-65 VHN). This
local softening is caused by the metallurgical recovery in AASXXX alloy (Kesharwani et al.,
2014). The location of the weakest zone lies below the tool shoulder periphery in the upper sheet
and below the pin periphery in the lower sheet. The hardness variation with the plunge speed in
the upper sheet is insignificant. However, in the lower sheet, it is significant. In the sandwich sheet,
higher hardness is observed at higher plunge speed. This is because of the strain hardening of the
raw material AA5052-H32 with an increase in plunge speed during FSSW. During deformation,
dislocations interact with the dislocations and second phase particles resulting in strain hardening

(Huskins et al., 2010); (Sato et al., 2001).

A similar effect is observed in the bimetallic sheet, with an increase in plunge speed. However,
in comparison to the bimetallic sheet, the hardness of the sandwich sheet is larger at any particular
plunge speed. This is attributed to the deformation at a relatively lower temperature in SW during

FSSW (Fig. 4.6¢).
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Fig. 4.8 Hardness distribution at (a) mid-thickness of the upper sheet, (b) mid-thickness of
the lower sheet. Error variation: = 2 VHN [SW: Sandwich sheets; BM: Bimetallic sheets]

4.2.4 Mechanical performance and failure modes

The joint performance of sandwich and bimetallic sheets at different plunge speeds is evaluated
by measuring joint strength and extension at failure, as shown in Fig. 4.9. The lap shear failure
load of the joint initially increases and then decreases after attaining a peak value with increasing
plunge speed (Fig. 4.9a). The maximum value is obtained at § mm/min. plunge speed. Though
hardness of the joint increases with plunge speed, reduction of joint performance after 8§ mm/min.
plunge speed indicates that other factors apart from hardness also affect joint performance during
loading. It is shown earlier in Table 4.2 that the upper bond width (a) and effective upper sheet
thickness (g) are maximum, whereas the upper hook height (¢) and lower hook height (f) are
minimum at § mm/min. plunge speed. Larger bond width provides a larger resistance for lap shear
loading. Lesser hook height reduces the stress concentration. Further, larger effective upper sheet

thickness (g) makes the joint stronger in the upper region. The combined effect of all these factors
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delivers better joint performance in the lap shear test. Yin et al. (2010a) have also reported that
larger bond width combined with a smaller hook height and larger effective upper sheet thickness
gives better FSSW joint performance in lap shear test. The extension at failure is also considerably
larger at 8 mm/min. plunge speed suggesting better ductility of the joint. The proportional relation
between lap shear strength of the FSSW joint and its ductility is also confirmed by Mitlin et al.
(2006). In the case of a cross-tension test (Fig. 4.9b), the failure load and extension initially
increases up to 6 mm/min. plunge speed then decreases and remains almost the same for all
succeeding plunge speeds. In this test, it should be noted that the total extension includes sheet
bending as well. The actual extension of the joint is only 1-2 mm. The extension at failure is almost
proportional to the failure loads. The initial increase in the failure load is attributed to the higher
joint hardness at higher plunge speed. Further, in relation with the hook geometry, the effective
upper sheet thickness (g) is least in the sandwich sheet at 6 mm/min. plunge speed. The smaller g
value results in easy bending of the upper sheet about the upper hook during the cross-tension test.
This creates the stress generated by cross-tension to distribute at the upper and lower hook tip.
Consequently, the joint performance would be decided by upper and lower bond width (a, and b)
together. The summation of the upper sheet has got maximum value at 6 mm/min. plunge speed.
This gives largest failure load and extension at 6 mm/min. plunge speed in cross-tension test. The
joint performance and ductility in the peel test improves with increasing plunge speed (Fig. 4.9¢).
It is explained earlier that the joint hardness increases with the plunge speed. It is believed that the
joint hardness near the lower sheet is the most dominating factor which decides the failure load.
In all the plunge speeds, the joint fails from the lower sheet only. A poor correlation is observed
between hook geometry and joint performance in peel test. The uniaxial tensile test result shown

in Fig. 4.9d suggests that there is no significant effect of plunge speed on the joint performance.

The bimetallic sheet performance is also affected by the plunge speed. With increasing plunge
speed, the failure load and extension at the failure of the bimetallic sheet decrease in lap shear and
peel tests, and remain almost constant in the cross-tension test. The reduced performance of the
bimetallic sheet at higher plunge speed is due to the lesser upper and lower bond widths (a, and

b), as indicated in Table 4.2.

Compared to the bimetallic sheet, when failure load is compared, the sandwich sheet
performance is inferior in lap shear test and cross-tension test but superior in the peel test and the
uniaxial tensile test. However, in the cross-tension test, the difference in the failure load of the

bimetallic and sandwich sheet is less. Hence, it can be concluded that wherever the FSSW joint is
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1 subjected to loading conditions identical to the cross-tension, peel off, or uniaxial tension and the

2  sandwich sheet may perform at par with or better than the bimetallic sheet.
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4  Fig. 4.9 Maximum load and extension at failure for the sandwich and bimetallic sheets: (a)
5 lap shear test, (b) cross-tension test, (c) peel test, and (d) uniaxial tensile test [SW: Sandwich
6 sheets; BM: Bimetallic sheets]
7 The modes of failure in each test are shown in Fig. 4.10. In lap shear test, partial nugget fracture

8 is observed for the sandwich sheet welded at 2 mm/min. plunge speed. This type of failure mode

9  occurs in the lap shear test when the lower hook height (f) is larger, and the region near the lower
10  hook is not stronger. The larger hook height creates excessive stress concentration, and the softer
11  region promotes crack propagation during loading. At lower plunge speed, a larger lower hook
12 height (f) is seen (Table 4.2) and Fig. 4.8 shows that the region near the keyhole is relatively softer.
13 In all other plunge speeds, the failure mode is ‘nugget pull-out’ in lap shear test. In the cross-
14  tension test, and peel test, irrespective of plunge speed, the sandwich sheet failed as ‘nugget pull-
15  out’ mode. The ‘nugget pull-out’ mode of failure occurs because of the lesser lower bond width
16  (b) as compared to the upper bond width (a) (Table 4.2). During loading, the cracks nucleate at
17  the hook tip and propagate towards keyhole. Since the lower hook tip exists closer to the keyhole,

18  the crack originated from the lower hook reach the keyhole boundary earlier than that from the
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upper hook. This results in detachment of nugget from the lower sheet, which is called ‘nugget
pull-out.” The mechanism of nugget pull-out mode of failure in FSSW of the sandwich sheet is

explained elsewhere.

The joint of the bimetallic sheet is failed by ‘interfacial separation’ in lap shear and peel tests
at all plunge speeds. In the cross-tension test, the ‘nugget pull-out’ mode of failure is observed.
However, the ‘nugget pull-out’ mode of failure in the bimetallic sheet is different than that in the
sandwich sheet. In the bimetallic sheet, the nugget remains attached to the lower sheet after failure,
while in the sandwich sheet it is with the upper sheet. This is mainly due to lesser effective upper

sheet thickness (g) of the bimetallic sheet (Table 4.2) as compared to sandwich sheet.

Lap shear test Cross-tension test Peel test Uniaxial tensile test
| b= N : :::i
RN - d
= | =< ' : > 2
_: = 2 (S mm S mm S_mm’ g Nugget S mm S_mm 5_mm®
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'§ S3g : - P
51 ) N \)
5 mm 5 mm 58 5mm S mm
- 3‘;’_3 Partial 2 = - 3
Z|22| nugee ‘ ASE
bt = fracture 0 B5mm 5 mm 5mm
% 10 mm/min. 4 mm/min.
= |
ol Nugget e
Qo - My <5 .
§ £ 2| Interfacial [ o) pull-out ) [nterfatc.lal
w . oS S ’ P~
= “| separation [Som Tmmp S| Scparation

Fig. 4.10 Failure modes of sandwich and bimetallic sheets

In the uniaxial tensile test, fracture occurs in the middle of the joint. This is likely due to the
presence of keyhole developing high-stress concentration around the joint. The bimetallic and
sandwich sheets at all plunge speeds failed in a similar manner. The fracture surface of bimetallic
and sandwich sheets is analyzed by scanning electron microscopy, as shown in Fig. 4.11 for FSSW
at 4 mm/min. plunge speed. The presence of dense and large dimples in the sandwich sheet
suggests that the ductility of the joint is larger than the bimetallic sheet. Larger ductility of the
FSSW joint of the sandwich sheet is confirmed in Fig. 4.9d.
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Fig. 4.11 SEM image of the fractured surface in the stir zone of (a) bimetallic sheet, and (b)

sandwich sheet

The von Mises stress distribution in sandwich sheets during mechanical tests predicted by FE

analysis is shown in Fig. 4.12. The maximum stress is developed only in the joint region

irrespective of the testing method. Further, the maximum stress is concentrated near the lower

hook in the joint.

von Mises stress distribution in the
whole model

von Mises stress distribution in

Equivalent plastic strain

Lap shear
test

Upper sheet

| Lower sheet

the joint region

distribution in the joint

Max. stress

Cross-tension
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Upper sheet

Peel
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Lower sheet

Uni-axial
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Fig. 4.12 FE simulation of mechanical tests

distribution in the joint

The equivalent plastic strain is also found to
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predicted that failure would occur in this location, and the failure mode would be ‘nugget pull-
out’ as seen in experiments. In the uniaxial tensile test, the maximum stress and maximum
equivalent plastic strain location lie along the diameter of the joint. So, the fracture is likely to
occur in this location. Similar results are observed in the experimental data. Lacki and Derlatka
have also confirmed that the location of the maximum strain location decides the failure location,

which exists at the sheet interface and outer edge of the spot (Lacki and Derlatka, 2016).

4.3 Conclusions

The objective of the present work is to investigate the influence of tool plunge speed during
FSSW of sandwich sheets of type AA5052-H32/HDPE/AA5052-H32. The performance of
sandwich sheets and bimetallic sheets is also compared. The following are the major conclusions

obtained from the results.

o The hook geometry changes significantly with plunge speed in the sandwich sheet. With an
increase in plunge speed, (a) the upper bond width initially increases and then decreases
because of change in SZ size, (b) the upper hook width initially decreases and then increases
due to hook merging in SZ, (c) the upper hook height slightly decreases due to reduced material
flow in the upward direction, (d) the lower hook geometry does not change much. However,

lower hook flattening results in a decrease in lower hook height.

o The best joint performance of the sandwich sheet in the lap shear test and cross-tension test is
obtained at a moderate range of 8 mm/min. and 6 mm/min. respectively. In the peel test, the
failure load continuously increases with plunge speed. The extension at failure is almost
proportional to the failure load. The mechanical performance of the bimetallic sheet is superior
to the sandwich sheet in lap shear and cross-tension test, while it is inferior in the peel test and
uniaxial tension test. However, extension at the failure of the sandwich sheet is larger in cross-

tension test at all the plunge speeds and in peel test at higher plunge speed.

o With increasing plunge speed, higher temperature develops in the upper sheet of the sandwich
sheet, which is due to the larger deformation rate. The effect of plunge speed is negligible in
the lower sheet, due to lesser deformation and the frictional contact area between tool pin and
work-piece. In bimetallic sheets, a slightly larger temperature is recorded at higher plunge
speed in the upper sheet. The temperature attained in the sandwich sheet is lesser because a

part of the total heat generated is used to melt the polymer core.

o A coarser microstructure is obtained at higher plunge speed due to higher peak temperature.
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The higher temperature also produces larger grains in the bimetallic sheets.

With increasing plunge speed, the hardness of the joint improves due to a higher rate of
deformation. The sandwich sheet shows higher hardness than the bimetallic sheet because of

deformation at lower temperatures.

The failure modes observed in the sandwich sheet are ‘partial nugget fracture’ and ‘nugget
pull-out.” The ‘partial nugget fracture’ occurs when the lower hook height is larger, and the
hardness is lesser, and the joint is deformed by lap shear. The ‘nugget pull-out’ mode of failure
occurs when the lower bond width is lesser than the upper bond width. The bimetallic sheet
fails by ‘interfacial separation’ in lap shear and peel test, while ‘nugget pull-out’ in the cross-

tension test.

The FE analysis reveals that the von Mises equivalent stress and equivalent plastic strain
distribution is maximum near the lower hook. This allows the lower sheet to detach from the
joint at this location. It is confirmed in the experiments by the ‘nugget pull-out’ mode of failure,
which occurs predominantly in the sandwich sheet in all the tests at every plunge speed, except

lap shear test at 2 mm/min.

The fractograph of the specimen suggests that the joint produced in the sandwich sheet are

more ductile than the bimetallic sheet when FSSW is done at the same plunge speed.
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Chapter 5
Influence of dwell time during friction stir spot welding of AAS5052-
H32/HDPE/AAS5052-H32 sandwich sheets

5.1 Experimental procedure

The description of material and sample preparation technique is already discussed in Chapter
2. Similar procedure is followed in the present chapter also. The process parameters selected for

FSSW is mentioned in Table 5.1. The dwell time is varied with fixed values of other parameters.

Table 5.1 FSSW process parameters for joining sandwich and bimetallic sheets

Sandwich sheet Bimetallic sheet
Set-1 | Set-2 | Set-3 | Set-4 | Set-5 | Set-6 | Set-2 Set-5
Dwell time (s) 0 5 10 15 20 25 5 20
Rotational speed (rpm) 1600 (kept constant)
Plunge depth (mm) 3.6 (kept constant)
Plunge speed (mm/min.) 8 (kept constant)

5.1.1 FSSW joint Characterization

The procedure of mechanical tests, microstructural examination, hardness measurement, and
temperature measurement are already mentioned in Chapter 2. Temperature measurement is
performed at 5 s, and 20 s dwell times only. A comparison of the temperature evolution obtained
from these methods is made on the joint made at 1200 rpm rotational speed, 3.6 mm plunge depth,

6 mm/min. plunge speed and 5 s dwell time.
5.1.2 Prediction of flow visualization during FSSW by FE simulation

In the sandwich sheets, the flow of plasticized material during FSSW is different from that of
the bimetallic sheet, which is confirmed by difference in joint features. The material flow behavior
during FSSW is analyzed by FE simulation. Chu et al. made a similar attempt by FEA of FSSW
of AA2198. The results show morphological changes in the joint during the process (Chu et al.,
2018). However, FE simulation has never been applied before on FSSW of sandwich sheets. To
understand the formation of joint features, in the present work, the FE simulation of FSSW of

SWS is performed in ABAQUS/Explicit code. In the FE model, three deformable parts, and a rigid
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tool are assembled, as shown in Fig. 5.1. Boundary conditions are applied in such a way that the
bottom face of the lower sheet, including side faces of all the sheets are fully constrained. Here,
the fixed bottom face of the lower sheet acts as an anvil. The portion of the upper face of the upper
sheet outside the 10.2 mm (slightly larger than the shoulder diameter of 10 mm) diameter circle at
the center is fixed in all directions to enable upper sheet clamping. To incorporate temperature
degree of freedom in the work-pieces, an 8-node thermally coupled brick, trilinear displacement,
and temperature with reduced integration element (C3D8RT) is selected for upper and lower
sheets. An identical element is used by Aval et al. (2011), in the thermo-mechanical simulation of
FSW of AA5086 to study the effect of heat input on the grain structure. The element type for the
core layer is selected as 4-node thermally coupled tetrahedron, linear displacement, and
temperature (C3D4T). Variable element sizes are selected in different regions, as depicted in Fig.

5.1.

Upper sheet Lower sheet

(Element type- C3D8RT) (Element type C3D8RT)
Tool ™
N 30 - / N (Elementt e C3D4T) / \
2 mm \‘\ (ngld) 17?’7) / \ )3 — / \\

S G

t v 4mm

AAS5052-H32 \ NPF
(Deformable) HD\PE / Element size
(Deformable) (mm) :

Fig. 5.1 FE model of FSSW of sandwich sheets and element selection

In the work-piece clamping region, which does not deform during FSSW, a larger element size
of 10 mm is assigned to reduce computational time. A typical element size variation in the
deforming region is shown in Fig. 5.1. The element size decreases towards the center to
accommodate finer details of deformation. If elements are bigger than the chosen sizes, simulation
aborts due to excessive deformation, while smaller elements increase the computation time. A
similar strategy is followed for mesh selection in lower sheet and core layer. The temperature-
dependent properties of AA5052-H32 from the existing reference are incorporated during the FE
simulation (Fig. 5.2) (Zhu and Chao, 2002).
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Fig. 5.2 Properties of AA5052-H32 as a function of temperature incorporated during FE
simulations

To include the effect of frictional heating in the material behavior, the Johnson-Cook plasticity

model is chosen for the skin sheet, which is given by
o =[a+B(s)"]. [1 +Cln (i—z)] [1—(T)™], (5.1)

where o is the equivalent von Mises stress, and 4, B, C, n, m, are quasi-static yield stress,
hardening constant, strain-rate sensitivity parameter, hardening exponent, temperature sensitivity
parameter respectively. &,, &,, and &, are the equivalent plastic strain, equivalent plastic strain-
rate, and the reference strain-rate respectively. T is the non-dimensional temperature given by

T—Toy

T =
Tm—To ’

(5.2)

where 7, Ty, and T, are the current temperature, reference temperature, and the melting
temperature, respectively. The Johnson-Cook plasticity parameters used in the present FE
simulation are shown in Table 5.2 (Bentouhami, 2018). All the values in Johnson Cook equation

are kept as it is to those used in the literature to avoid any unwanted effect on the simulation.

Table 5.2 Johnson-Cook plastic parameters for the skin sheets

A (MPa) | B (MPa) n & c m T °C) | Ty (°C)

256 426 0.34 1 0.015 1 550t 0

! The melting point of AA5052-H32 is considered as 550°C as per the availability. However, the readers may use
their own value.
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For HDPE, Young’s modulus (1.05 GPa) and Poisson’s ratios (0.46) of HDPE are taken from
Khalajmasoumi et al. (2012) and Zhang and Moore (1997), respectively. The thermal conductivity
and density at different temperatures are taken from Santos et al. (2013) and Ramin et al. (2014),
respectively, as shown in Fig. 5.3. The plastic stress-strain data for HDPE evaluated from the

tensile tests experiment (Fig. 5.3b) are included in the core property in the simulation.
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Fig. 5.3 (a) Temperature-dependent properties and (b) True stress — true strain behavior of
HDPE incorporated during FE simulations

The core layer completely fails near the joint due to the mixing of upper and lower sheet
material. Therefore, in simulation, a damage criterion is required in order to remove elements after
failure. The damage criterion includes damage initiation followed by damage evolution. A shear
failure criterion is used for damage initiation in elements of the core layer. The shear criterion

states that failure starts when the equivalent shear strain 2" crosses a critical value Egl as described

below (Levanger, 2012)

O Aoy ) L, (5.3)

where Egl is the equivalent plastic at the onset of damage. Egl depends on shear stress ratio (6s)
. ~pl .
and strain rate (¢ ), and 6 is given by

q+kgP

Os = (5.4)

Tmax

where ¢ is the von Mises stress, P is the hydrostatic stress, T,,4, 1S the maximum shear stress and

kg is a material parameter. The value of kg for HDPE is chosen as zero. The values of 65 and
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?plare initially selected as 1 and 1 respectively while the value of EEZ is selected as 0.001 based
on several iterative trials for the first element to fail. When damage initiates, an effective plastic
displacement-based criterion with linear softening and maximum degradation is specified to
introduce progressive material damage until the final failure describes the damage evolution. In

the damage evolution model, the stress developed in the element is given as
o= (1-D)o, (5.5)

where o is the stress due to undamaged response and D is the overall damage variable obtained

from

D=2 (5.6)

where L is the characteristic length of the element (0.5 mm) and ﬂ}?l is the effective plastic

displacement at fracture. ﬂ})l is taken as 0.2 mm by several iterative trials to make complete mesh

deletion of the core layer in the pathway of upper sheet metal flow.

The FE model is solved by dynamic coupled thermal-stress analysis using explicit integration.
A general contact algorithm is applied with a slip rate and contact pressure-dependent coefficient
of friction (Table 5.3).

Table 5.3 Variation in the coefficient of friction with slip rate and contact pressure (Awang,
2007)

Slip rate (m/sec.) Contact pressure (N/m?) Coefficient of friction Variation
0.002 - 0.295 .
Linear
0.499 - 0.084
- 2042950 0.300 .
Linear
- 1502087730 0.099

5.1.3 Prediction of failure modes by FE simulation

An attempt is made to predict the failure modes during mechanical testing using FE simulation
by ABAQUS FE code. FE simulations are performed on a three-dimensional (3D) model of each
test specimen. The 3D models are generated using AutoCAD, in which important geometrical
features of the joint such as flash, hook, and extruded zone of the sandwich sheet, are incorporated.
These features are obtained from the macro-structural characterization of the joint cross-section.
Each specimen consists of three different regions, viz., AA5052-H32, HDPE, and the joint.

Individual properties are assigned to different sections. The skin and core properties are obtained
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from the tensile tests. The joint properties are taken from the tensile test conducted for the welded
specimen, where the deformation is localized near the joint (Fig. 5.4a). The selected element type
is C3D10M, which is a ten-node modified quadratic tetrahedron element. Zivojinovic et al. (2013)
have used the same element to study the phenomena of crack growth in FSW. Variable element
sizes are used at different sections of the model. In the joint region, a finer mesh of 0.5 mm size is
used to identify the correct location of the failure. On the other hand, the region away from the
joint is assigned with a coarser mesh of 10 mm size to reduce computational time. A typical

element size is shown for lap shear specimen (Fig. 5.4b). Further, mass scaling is adapted to reduce

© 00 N O o A W N

computational cost. The deformation speed in the simulation is kept equal to the ram speed in the

=
o

actual experiment. After completion of the simulation, the failure location in the FE model and

[
[

the actual specimens are compared and validated.
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13  Fig. 5.4 (a) Method of incorporating joint mechanical properties, (b) Element size in the lap-
14  shear specimen in the FE model

15 5.2 Results and discussion
16 5.2.1 Hook formation

17 A hook is a geometric defect and a characteristic feature of FSSW (Badarinarayan et al., 2009).
18  The hook originates at the interface of the overlapped sheet and gets arrested at” the boundary of
19  the stir zone. It is formed due to insufficient metallurgical bonding between two sheets because of
20  the trapped oxide layer at the interface. The oxide layers break into tiny particles by tool rotation
21  and displace upward while tool plunge downwards. The broken oxide particles are properly mixed

22 with the plasticized material in the stir zone and a continuous joint is formed.

23 However, outside the stir zone, the oxide particles remain unmixed due to reduced stirring. The
24 unmixed oxide particles often follow a curved profile, which appears as a hook-like structure.

25  Typical hook formation is shown in Fig. 5.5. It is observed that two hooks originate from a single
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interface in the bimetallic sheet, unlike two separate interfaces in the sandwich sheet.

Bimetallic FSSW Sandwich FSSW

" =
Upper hook [

s

Fig. 5.5 Hook formation in bimetallic and sandwich FSSW joints

The hooks formed at the FSSW joint are characterized by measuring various geometries
associated with it. These geometries are schematically described in Fig. 4.3 in Chapter 4. The bond
width represents the minimum gap between the hook tip and the keyhole boundary. Lin et al.
pointed out that the larger bond width gives better strength to the FSSW joints (Lin et al., 2012).
The horizontal and vertical gaps between the hook tip and the hook originating point are the hook
width and the hook height, respectively. The minimum distance of shoulder touching surface from
the upper hook tip is termed as effective upper sheet thickness. Yin et al. have proposed that the
FSSW joint performance improves when bond width increases, hook height decreases, and

effective upper sheet thickness increases (Yin et al., 2010a).

Fig. 5.6 demonstrates the hook features formed at different dwell times in sandwich and
bimetallic sheets. Typical change in upper and lower hook geometry with dwell time is observed.
Furthermore, the material flow in the extruded zone in the sandwich sheet increases with
increasing dwell time up to 15 s and then decreases. The initial increase in material flow is
attributed to softening caused by larger heat input at a larger dwell period. Moreover, a larger
volume of extruded material at prolonged processing time is obvious. However, after 15 s,
excessively softened material would exert difficulty in extruding against the polymer layer, which

reduces the size of the extruded zone.
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Fig. 5.6 Hook morphologies at varying dwell time

The change in hook geometry with dwell time is shown in Fig. 5.7. The upper bond width
initially increases up to a dwell time of 10 s and decreases after that in the sandwich sheet (Fig.
5.7a). With increasing dwell time, the heat input increases, resulting formation of larger bond
width. However, after a critical limit, the material softens more, causing slippage between the tool
and work-piece, resulting in reduced stirring, which limits the size of the bond width. The upper

hook height increases with dwell time up to 20 s and then decreases slightly (Fig. 5.7d).

With increasing dwell time, the upward metal flow increases due to increased plasticization.
However, at prolonged dwell time, the metal flow reduces due to reduced stirring. The upper hook
width and lower bond width do not change much with dwell time (Fig. 5.7b, ¢). The lower hook
height and width increase with dwell time up to 15 s and then decrease (Fig. 5.7e, f). The lower
hook geometry directly depends on the extruded zone characteristics. As shown in Fig. 5.6,
maximum extrusion of plasticized metal into the core layer occurred at a dwell time of 15 s. Larger
extruded zone signifies greater plasticization. The broken oxide particles from the lower interface
displace upward easily due to softer material in the extruded zone. This results in a farther shift of
lower hook initiation point from the keyhole boundary, thereby increasing lower hook width. At
the same time, the softer extruded zone facilitates the oxide particle to displace upward, which
increases the lower hook height. After 15 s, the extruded zone reduces, reducing the height and
width of the lower hook. The change in effective upper sheet thickness with dwell time is

insignificant.
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Fig. 5.7 Effect of dwell time on (a) upper bond width, (b) lower bond width, (c) upper hook
width, (d) upper hook height, (e) lower hook height, (f) lower hook width, and (g) effective
upper sheet thickness

In the bimetallic sheet, the upper and lower bond width increases with dwell time due to the
expansion of stirred material with time (Fig. 5.7a, b). Lin et al. (2012) have also reported that the
bond width increases at prolonged dwell time due to the extension of the stirred region as a result
of greater heat generation. The upper hook and lower hook of the bimetallic sheet mentioned in
Fig. 5.7 correspond to secondary and primary hook, respectively. Since the secondary hook in the
bimetallic sheet is not fully developed, Fig. 5.7 does not reflect any significant change in the upper
hook geometry with dwell time. However, the height and width of the lower hook are decreased

at larger dwell time (Fig. 5.7¢, f).

In contrast with the bimetallic sheet, the sandwich sheet exhibits smaller bond width (Fig. 5.7a,
b) due to formation of smaller (~72 %) stir zone, which is due to the expansion of plasticized
material outward, unlike flowing through the core layer in sandwich sheets. Furthermore, the
temperature generated in the bimetallic sheet is also higher than in the sandwich sheet, which

causes intense stirring and expanding the SZ. The upper hook height and width are lower than
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that of the sandwich sheet as these are associated with the secondary hook in the bimetallic sheet,
which is partially developed. The smaller bond width results in a lower joint performance of the
sandwich sheets. The lower hook height has higher and lower values in contrast with the sandwich
sheet, respectively, at lower and higher dwell time. The lower hook geometry becomes important
in sandwich sheets because failure is likely to occur from the lower hook. Earlier research shows
that when lower hook height increases, the chance of nugget fracture increases during loading,
which eventually reduces the joint performance. The lower hook width of the bimetallic sheet is
larger due to the farther existence of hook initiation point from the keyhole boundary due to larger
stir zone size. The effective upper sheet thickness of the bimetallic sheet is lesser than that of the
sandwich sheet (Fig. 5.7g). For the same plunge depth of 3.6 mm, the pin plunging into the lower
sheet is higher in the case of bimetallic sheets as compared to sandwich sheets. Consequently, the
hook tip is displaced in the upward direction, reducing the effective upper sheet thickness. There
is a positive correlation between effective upper sheet thickness and joint performance

(Badarinarayan et al., 2009).

During the FSSW of the sandwich sheet, the core layer gets degraded locally at the joint region
(Fig. 5.8). The degradation of polymer sheet increases with increasing dwell time, which is due to
longer contact time of polymer with nearby stirred metal and large temperature generation at larger

dwell time.

Fig. 5.8 Effect of dwell time on polymer sheet degradation

5.2.2 Material flow visualization during FE simulation

The material flow in the sandwich sheet during FSSW is investigated using FE analysis. The
visualization of the joint cross-section and instantaneous displacement vector of each element is
shown in Fig. 5.9. The joint clearly shows severe plastic deformation of the material in the joint.
The hook formation and extrusion of plasticized material into the core layer are also seen. The
same features are observed in experiments (Fig. 5.5, Fig. 5.6). The formation of the lower hook is
not seen in the present model since the upper sheet, and the lower sheet are separated by a

continuous boundary. However, the tendency to form a lower hook is justified well by the upward
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Fig. 5.9 Typical flow pattern of material in FSSW of the sandwich sheet in plunging stage
and dwell period from FE simulation

plunging start, the upper sheet material under the tool pin displaces vertically downwards. As time
passes, material displacement increases. After 15 s, a larger volume of material from the pin
surrounding is dragged near the pin surface and displaced in the downward direction. However,
the downward movement of material is hindered by the relatively harder lower sheet material.
Therefore, the plasticized material easily moves into the polymer core layer. This change in the
direction of material flow is confirmed from the displacement vector shown in the frame

corresponding to 20 s. With further increase in plunge depth, when pin plunges into the lower
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sheet, the upper sheet also gets plunged by the shoulder. Now the local upward movement of upper
sheet material is reversed by the tool shoulder. Therefore, a larger volume of material starts flowing
downward, as shown by the displacement vectors at the completion of the plunging stage. Here, a
larger portion of the upper sheet is being pressed by the shoulder, deforming it significantly. This
makes the passage narrower through which the plasticized material flows into the polymer core.
This also generates a curved separation boundary between the upper sheet and the extruded
portion, which gets extruded significantly into the joint, termed as the upper hook. After the

maximum plunge depth, the dwell phase begins.

The material flow is compared at two dwell periods, 5 s and 20 s. The displacement vectors do
not show any significant change with change in dwell time. However, plasticization of material is
increased at higher dwell time due to larger heat input. The increased plasticization is reflected by
the expansion of the extruded portion by 2.58 % and the flash formation. The experimental results

also confirm about 2.34 % larger extruded zone for 20 s dwell time in comparison to 5 s (Fig. 5.6).

5.2.3 Temperature measurement

An infrared thermograph captured during the FSSW at the edge of the overlapped sheet is
shown in Fig. 5.10a. The thermograph shows a larger temperature field near the weld. A typical
temperature profile at the three locations, 4 mm, 6 mm, 8 mm from tool axis, obtained in the
sandwich sheet (Fig. 5.10b). Temperature increases from the beginning when the tool touches the
work-piece. Point ‘A’ corresponds to the time when the spindle starts rotating, and it attains its
maximum rotational speed at point ‘B.” ‘B-C’ is the time lag for the beginning of the plunge stage.
‘D’ 1s the point when the pin has completely plunged the upper sheet. This is the first stage of
plunging for which the temperature increases continuously. After point ‘D’, the tool starts
plunging through the soft polymeric core layer, reducing the plunging force. As a result, the
temperature decreases suddenly. When the tool crosses point ‘E,” the pin descent into the lower
sheet, at the same time, the shoulder plunges the upper sheet. Consequently, the temperature
increases rapidly. At ‘F,” the tool attains its maximum plunge depth of 3.6 mm. ‘F-G’ is the dwell
time (5 s). After that, the tool retracts, and the joint cools down. At ‘H,’ the process is completed.
A comparison between the temperature data obtained from the IR technique and the thermocouple

is presented in Fig. 5.10c.
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Fig. 5.10 (a) IR thermograph of FSSW, (b) typical temperature profile from IR
thermography measured at different distances from the tool axis, (¢) comparison of
temperature data obtained by two techniques [SW: Sandwich sheets; BM: Bimetallic sheets;
IR: Infrared camera; TH: Thermocouple]

The temperature near the keyhole boundary is larger and decreases outward irrespective of the
type of material (bimetallic or sandwich) and measuring technique. Thermocouple records lesser
temperatures than that measured by the IR technique. This is believed due to a reduction in plunge
force due to the presence of holes in the work-piece, which are used to fix the thermocouples.
Moreover, the temperature measurement by infrared technique depends on factors such as
emissivity of the material, environmental conditions etc. These factors further depend on the
working temperature. A constant value of emissivity and environment temperature is used in the
present study. Therefore, finding the exact temperature by the IR camera is difficult despite its
advantages. Furthermore, when the experiments are repeatedly executed, the thermocouple data
are found to be consistent than data from the IR camera. Hence, for the rest of the work, the

temperature measurement from thermocouples is considered.

The peak temperature distribution on the sandwich and bimetallic structures is depicted in Fig.
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5.11. The temperature in the weld vicinity is larger and gradually reduces while moving away from
the tool axis. With increasing dwell time, the heating period increases resulting in higher
temperature generation in upper and lower sheets of sandwich sheets. Li et al. (2019) have also
reported higher weld temperature at longer dwell time in FSSW of dissimilar metal. Further, a
higher temperature is observed on the upper sheet than on the lower sheet due to the larger contact

area between the shoulder and upper sheet.
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Fig. 5.11 Peak temperature distribution in the sandwich and bimetallic structures [US:
Upper sheet; LS: Lower sheet]

In the present work, the contact area of the shoulder with the work-piece is about 68% larger
than that of the pin. The temperature difference between the upper and lower sheet represents the
temperature gradient across the thickness of the joint. The difference is 113°C and 179°C,
respectively, for 5 s and 20 s dwell times at 4 mm from the weld center. Hence, with an increase
in dwell time, the thermal gradient across the thickness also increases. This is in accordance with
Bakavos and Prangnell (2009) work, in which it is reported that a higher thermal gradient is
beneficial as it produces shorter heat affected zone and prevents the aging of grains, which in turn
gives improved weld strength. It is evident from Fig. 5.11 that the temperature around the keyhole
is sufficient enough to melt a portion of the polymer core in the joint as it has a melting point of

140°C (Capiati and Porter, 1975).

In bimetallic sheets, the temperature of the upper sheet is higher at a larger dwell time.
However, in the lower sheet, the lesser peak temperature is attained for a larger dwell time. As the

dwell time increases, heat loss through backing plate increases resulting in lesser temperature in

TH-2584 146103017 107



o b~ W N -

10

11
12
13

14

the lower sheet at the end of the process. Like the sandwich sheet, the thermal gradient exists
across the thickness of the bimetallic sheet too. The upper sheet temperature is 106°C higher than
the lower sheet at 5 s dwell time, and it is 191°C at 20 s dwell time measured at 4 mm from the
weld center. In contrast with bimetallic sheets, peak temperature in the sandwich sheet is lesser,

which is because some heat is utilized for polymer melting.

5.2.4 Microstructure evolution and hardness distribution

The joint microstructure in sandwich sheets is depicted in Fig. 5.12a—c. Based on the grain
morphology, the weld is divided into three distinct zones, namely, stir zone (SZ), transition zone

(TZ), and thermo-mechanically affected zone (TMAZ).

Extrudd zo_né F :

%5

Fig. 5.12 (a) Typical microstructure in sandwich sheet, microstructures in (b) upper sheet
[region b in (a)], (c) extruded zone [region c in (a)] [SZ: Stir zone; TZ: Transition zone;
TMAZ: Thermo-mechanically affected zone; BM: Base metal]

The heat-affected zone (HAZ) is not visible clearly. The mechanism for microstructure
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evolution is different in all the zones. In SZ, the grains are very fine as a result of intense dynamic
recrystallization (DRX). DRX is a process of formation of sub-grains in large grains of crystalline
materials subjected to deformation at elevated temperatures (Sakai and Jonas, 1984). Y. Lin et al.
(2012) proposed that larger plastic strain near the tool yields more nuclei formation during DRX,
resulting in finer grains. TMAZ is characterized by highly elongated grains subjected to plastic
deformation metal at high temperatures. Tutar et al. (2014) have identical findings in the TMAZ
of FSSWed AA3003-H12 alloys. The material in TMAZ is predominately deformed by hot forging
by tool penetration, unlike stirring in SZ (Fig. 5.12b, c¢). The degree of deformation varies across
the TMAZ, developing different grain morphologies at different locations. The material beneath
the tool shoulder in the upper sheet deforms downward along the direction of tool plunging.
However, in the extruded zone, plasticized material flows easily through the soft polymeric core
layer in radially outward direction. Therefore grains in the extruded zone are largely elongated
(Fig. 5.12c¢) as compared to the portion below tool shoulder (Fig. 5.12b). TZ is a narrow band that
separates the SZ and TMAZ. The grains in this zone are subjected to partial stirring, frictional
heating, and shear deformation because of different material flow in SZ and TMAZ. Combination
of all these actions produce slightly coarser grains in TZ than SZ, but finer than TMAZ. All three
zones are clearly seen in the sandwich and bimetallic sheets for weld produced at each dwell time.

However, the heat-affected zone (HAZ) is not visible clearly.

The microstructures of base metal, sandwich, and bimetallic sheets at different dwell times are
shown in Fig. 5.13. The grain sizes in a particular zone are not uniform. Moreover, the effect of

dwell time on the size of the zone is prominent than the grain size in that zone.

() (b) (©) () (e)

Fig. 5.13 Microstructure of (a) base metal, (b) sandwich sheet (5 s), (¢c) sandwich sheet (20 s),
(d) bimetallic sheet (5 s), and (e) bimetallic sheet (20 s)

A similar effect is observed in the sandwich and bimetallic sheets. Hence, to correctly
understand the effect of dwell time on the grain size, the microstructures are selected from the
same location in sandwich and bimetallic sheets. The common location is typically found at a

distance of 0.6 mm below shoulder touching surface and 4 mm away from the keyhole extremity,
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where a notable change in grain size is observed. This location is in TMAZ in the sandwich sheet

and TZ in the bimetallic sheet.

The average grain size of the base metal is 34 um, whereas it is 23 pm and 28 um in the
sandwich sheet at 5 s and 20 s dwell time, respectively. The grains are slightly coarsened with
increasing dwell time due to higher heat input. The higher heat input at larger dwell time is verified
by higher temperatures, as depicted in Fig. 5.11. The bimetallic sheet also shows larger grains at
larger dwell time. In the bimetallic sheet, the average grain size is 17 pm, and 20 pm at 5 s and 20
s dwell time, respectively. Farmanbar et al. (2019) have also reported larger grain size at higher
dwell time. However, in comparison to the sandwich sheet, the finer microstructure is revealed in
the bimetallic sheet at the same location. This is because the selected location belongs to TZ in the
bimetallic sheet, unlike TMAZ, in the sandwich sheet, as mentioned earlier. In the bimetallic sheet,
TZ shifts farther from the keyhole due to the expansion of SZ. A comparative graph showing
variation in SZ width with dwell time is shown in Fig. 5.14. Since the width of SZ is not uniform
across the thickness of the weld, it is measured at 0.6 mm below the shoulder touching surface.
With increasing dwell time, SZ expands significantly due to larger heat input. With the expansion

of SZ, the TZ and TMAZ shift outward from the keyhole.

2.5 ; V4
w le— 5
P _
E 2.0 0.6 mm : ];
£ 1 N~ —_
a 1.5"
5‘“ 4
= L
; 1.0 1 /
N
7))
0.5 1
0.0 T v T T T v T
SW-05 SW-20 BM-05 BM-20
Specimen

Fig. 5.14 Variation in SZ width with dwell time

The micro-hardness variation across the joint is represented in Fig. 5.15. The hardness near the
keyhole is maximum in all the conditions in both the material combinations and decreases from
the keyhole boundary. An identical trend in hardness distribution is observed in FSSW of
AAS5052-H32 alloy by Kumar et al. (2019). The lowest hardness region in the upper and lower
sheet exist close to the shoulder and pin diameter, respectively. This indicates that the size of the

hardened region is controlled by shoulder and pin dimensions in upper and lower sheets
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respectively. In the sandwich sheet, slightly lower hardness at larger dwell time is observed on the
upper sheet. However, the hardness difference is prominently seen after I mm from the keyhole
boundary which is the TMAZ in the upper sheet. The microstructure is shown in Fig. 5.13(b, ¢)
reveal grain growth at larger dwell time. This could be a primary reason for the lower hardness.
Zhang et al. have also confirmed local softening in FSSW of AA5052 (Zhang et al., 2011). The

hardness variation in the lower sheet is insignificant because the metallurgical changes in the weld

~N o o A W DN

are limited only in a small region below the tool pin.

The bimetallic sheet shows slightly larger hardness than sandwich. This is due to larger SZ

oo

width in the upper sheet. The SZ is always harder due to small equiaxed grains. With an increase
10  in dwell time, the hardness varies insignificantly because of small variations in grain size. The

11  lower sheet also exhibits almost the same hardness for weld produced at both the dwell times.
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5.2.5 Mechanical performance and failure modes

This section aims to discuss the load-extension behavior, failure load, and ductility evaluated
from different mechanical tests at varying dwell times. Finally, the failure modes are correlated

with joint strength and ductility.

5.2.5.1 Lap shear test

Typical load-extension behavior of sandwich and bimetallic sheets in lap shear test is shown in
Fig. 5.16a. The bimetallic sheet shows a higher failure load and ductility. In the sandwich sheet,
the failure load and ductility increase up to 5 s dwell time, remain almost the same up to 20 s, and
then decrease (Fig. 5.16b). The initial improvement in the failure load is due to the expansion of

the stir zone with dwell time.

However, excessive dwell time yielded poor joint strength due to the evolution of the coarser
microstructure. The bimetallic sheet shows a larger failure load and extension with dwell time. A
similar trend is reported by Garg and Bhattacharya during dwell time study in FSSWed AA6061
alloy (Garg and Bhattacharya, 2017). In comparison, the bimetallic sheet shows superior
performance than the sandwich sheet because of the larger bond width (Fig. 5.7), providing a

greater resisting area during lap shear loading.
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Fig. 5.16 Lap shear test; (a) typical load—extension behavior, (b) failure load, and ductility
vs. dwell time

5.2.5.2 Cross-tension test

The FSSW joint of sandwich and bimetallic sheets behave identically during the cross-tension

test (Fig. 5.17a). Here the total extension shown is the sum of extension caused by sheet bending
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and extension in the joint. The failure load and ductility of joints are lesser in the sandwich sheet
as compared to the bimetallic sheet. The cross-tension failure load and ductility of the sandwich
sheet are not significantly affected by changing the dwell time (Fig. 5.17b). During the cross-
tension test, the sandwich sheets failed by nugget pull out mode, in which fracture occurred from
the lower hook tip. Hence, it is believed that the failure of the joint is controlled by lower bond
width. The lower bond width is almost the same at all dwell times (Fig. 5.7) and hence the failure
load. The bimetallic sheet also shows an insignificant effect of dwell time. Like lap shear test, the

cross-tension test shows lesser failure loads at all dwell times for the sandwich sheet in contrast
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with bimetallic sheets. However, the ductility of the sandwich sheet is almost the same as that of

=
o

the bimetallic sheet. This suggests that though joint strength is reduced in sandwich sheets, the

[
[

ductility of the joint is maintained at par with a bimetallic sheet. The cross-tension failure loads

[EY
N

are lesser than the lap shear failure loads. A similar observation is reported by Tran and Pan (Tran

and Pan, 2010).
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15  Fig. 5.17 Cross-tension test; (a) typical load—extension behavior, (b) maximum load and
16  ductility vs. dwell time

17 5.2.5.3 Peel test

18 The superior performance of the joint is achieved for sandwich sheets (Fig. 5.18a). The failure

19  load of the sandwich sheet initially decreases up to 10 s dwell time, then increases (Fig. 5.18b).
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Fig. 5.18 Peel test; (a) typical load—extension behavior, (b) maximum load and ductility vs.
dwell time

It is seen earlier that the hardness of the joint decreases with increasing dwell time. This would
reduce the joint strength slightly. However, apart from the joint strength, the mechanical
performance of the FSSW joints also depend on the hook geometry. The upper bond width is larger
at 10 s dwell time (Fig. 5.7a). Larger upper bond width requires larger failure energy, and hence
the critical region shifts to lower hook during peel test. In the sandwich sheet, the upper bond
width and peel test failure load are inversely related. In the bimetallic sheet, the peel strength and
ductility of the joint increases with increasing dwell time. In comparison, the sandwich sheet
shows a slightly lower failure load than the bimetallic sheet. However, larger failure load of the
sandwich sheet after 10 s dwell time suggests that at higher dwell time, the sandwich sheet would

perform better than the bimetallic sheet FSSWed at lower dwell time.
5.2.5.4 Uniaxial tensile test

The stress-strain behavior of the sandwich sheet, bimetallic sheet, skin sheet, and core sheet is
shown in Fig. 5.19a. The result shows that the mechanical behaviour of welded sandwich and
bimetallic sheet is identical to that of the parent metal. In comparison to the bimetallic sheet, the
sandwich sheet shows improved ductility without any expense of strength. The effect of dwell time
on the failure load and ductility is insignificant (Fig. 5.19b). This suggests that the FSSW can be
applied on the sandwich sheet without scarifying any forming characteristics. The joint made in
the bimetallic sheet shows a slight decrease in failure load and extension at higher dwell time.
However, the sandwich sheet performance is found to be superior to the bimetallic sheet at any
dwell time due to the larger load bearing area at the joint cross-section. Sandwich sheets form a
bigger nugget because of extrusion in the core layer. Therefore, the FSSWed sandwich sheet is

encouraged whenever a similar forming operation is involved.
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Fig. 5.19 Uniaxial tension test; (a) typical load—extension behavior, (b) maximum load and
ductility vs. dwell time

The fracture surfaces of the joints in different tests are shown in Fig. 5.20. In lap shear, cross-
tension, and peel tests, the sandwich sheets predominantly failed by nugget pull-out mode at all
dwell times. The only exception is observed in the peel test of specimens welded at a dwell time
of 15 s. The joints with lesser lower bond width and larger upper bond width are likely to fail by
nugget pull-out mode. Lesser lower bond width is evident in Fig. 5.7, which is true for sandwich
sheets welded at any dwell time. However, if the joint is pulled along its axis, the portion of nugget
material which remains bonded with the lower sheet increases with an increase in lower hook
height. When a significant portion of the nugget remains bonded with one sheet after failure, while
the remaining portion of the nugget remains bonded with another sheet, it is referred to as the
partial nugget fracture. It is seen earlier (Fig. 5.7) that the lower hook height in the sandwich sheet
is maximum at 15 s, which is why partial nugget fracture is observed in the peel test in this

particular case.
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Fig. 5.20 Modes of failure in various mechanical testing procedures

In bimetallic sheets, two modes of failure, interfacial separation, and nugget pull-out, are
observed. In interfacial separation, the joint separated into two halves from the sheet interface. It
occurs due to existence of primary hook closer to the interface resulting in crack propagation along
the interface. This failure mode is seen in lap shear as well as in cross-tension tests at all dwell
times. Tran et al. (2009) have also reported interfacial fracture in lap shear test. In cross-tension
tests, the nugget pull-out mode of failure is observed at all dwell times. However, the
characteristics of nugget pull-out mode are different in bimetallic and sandwich sheets. In the
bimetallic sheet, the nugget is separated from the upper sheet and remains attached to the lower
sheet, unlike in sandwich sheet, where the nugget is separated from the lower sheet and remains
attached to the upper sheet. Similar fracture mode is observed by Tozaki et al. (2007) in FSSW
joints under cross-tension test. The sandwich and bimetallic sheets failed along the transverse
direction of the joint in the uniaxial tensile tests due to presence of keyhole and geometrical
irregularities such as a hook. Therefore, the joint failed from the middle of the joint. In uniaxial

test, the failure mode is independent of dwell time.

The FE models of mechanical tests and stress distribution highlighting the critical region and

failure location in sandwich sheets are shown in Fig. 5.21.
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Fig. 5.21 FEA results of mechanical test depicting failure modes in sandwich sheets

The von Mises stress distribution in the joints indicates that maximum stress develops in the
portion between the lower hook and the keyhole periphery. Therefore, it is expected that the failure
of the joint would occur from this location during testing. The same is confirmed when the joined

specimen is extended further. It should be noted here that the ‘nugget pull-out’ is the mode of

sandwich sheet when the failure occurs from the lower hook. In the actual

experiment, the ‘nugget pull-out’ is seen most often, except in the peel test specimen fabricated at

15 s dwell period. Therefore, the FE simulation and experimental results on failure location match

11 5.3 Conclusions

12 The consequences of varying dwell time on the FSSW of three-layered polymer core sandwich

13  systems are addressed in the present work. The important findings are summarised as follows.

14 o The signific

ant effect of dwell time is observed only in lap shear and the peel test. In the lap

15 shear test, the sandwich sheet performs best when the joint is made with the dwell time in the

16 range of 5 s
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to 20 s. This is likely due to the combined advantage of larger bond width and the
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finer microstructure of the joint. In the peel test, a critical dwell time (10 s) is found where the
worst performance sandwich sheet is seen. It is believed that the longest upper hook width at

this condition favorably shifts the failure location to the lower hook.

The bimetallic sheet performance is better at higher dwell time in lap shear as well as in peel
test due to larger bond width. The bimetallic sheet performs better than sandwich sheet in lap

shear, cross-tension, and peel test while worse in uniaxial tensile test.

With increasing dwell time, significant temperature rise is seen on the upper sheet. Larger
dwell time produced higher peak temperature due to heat generation for a prolonged period of
time. Moreover, the upper sheet is subjected to higher temperatures due to larger contact area
between tool and work-piece. In sandwich sheet, some heat is being utilized in melting the

HDPE sheet in the core, therefore, peak temperature attained is lesser than the bimetallic sheet.

The macro and micro features of the joint also changes with varying dwell time. Higher heat
input at larger dwell time results in grain coarsening and expansion of SZ. The width of the SZ

in bimetallic sheet is larger than the sandwich sheet due to larger heat input.

Slightly higher hardness of upper portion of the sandwich joint is observed at larger dwell time
due to finer microstructure. However, influence of dwell time on the joint hardness of lower

sheet and bimetallic sheet is not significant.

The FE simulation for flow visualization reveals that increasing dwell time increase material
flow in to the extruded zone as a result of increased plasticization. The same is reflected in
experiment also. The material flow controls the hook geometry and therefore the joint

performance.

The predominant failure mode in the sandwich sheet is ‘nugget pull-out’ because of the smaller
lower bond width and larger upper bond width. However, ‘partial nugget fracture’ occurs in a
particular peel test due to a very high lower hook height. On the other hand, ‘interfacial
separation’ is observed in the bimetallic sheets in lap shear test and peel test while ‘nugget

pull-out’ mode in the cross-tension test.

The von Mises stress is maximum at the lower hook region, as seen in FE model, which is
responsible for the failure of the sandwich sheet by ‘nugget pull-out’” mode. The fracture

location also confirms the same.
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Chapter 6
Numerical and experimental response of FSSW of AA5052-H32/
Epoxy/AA5052-H32 sandwich sheets with varying core properties

6.1 Experimental procedure
6.1.1 Materials

Two metallic skin sheets are joined in lap configuration by a layer of adhesive in between to
fabricate sandwich sheets. The skin is made of AA5052-H32 material of 2 mm thickness. The
intermediate core layer is made up of 1 mm thick epoxy resin with resin and hardener in
appropriate proportion. Epoxy resin is frequently used in the fabrication of sandwich sheets.
Recently, Logesh et al. (2018) have successfully made an AA5052-H32 skin sandwich sheet with
a glass fiber core joined together by an epoxy resin binder. Russig et al. (2014) have used an epoxy
binder to fabricate Glass-fiber reinforced aluminum (GLARE) sandwich sheet. The total thickness
of the sandwich sheet is 5 mm. In order to vary the properties of the core layer, four different h/r
ratios are selected. The selection of epoxy quality and its composition are important as they affect
the performance of sandwich sheets, such as mechanical strength and cohesive strength.
Satheeshkumar & Narayanan (2015) have reported that increasing hardener content in the
adhesive improves the formability of adhesive bonded blanks. The mechanical properties of the
skin sheet are evaluated by the standard tensile test as per ASTM B557 M-15 standard. Plastic
strain ratios along three rolling directions are evaluated as per the ASTM E517-00 standard. To
obtain the mechanical properties of epoxy, ASTM D 638-14 standard is followed. Four tensile
specimens are prepared by altering the hardener to resin (h/r) ratio at room temperature. The tensile
tests are carried out in a universal testing machine (Make: INSTRON, Model: 8801) at 5 mm/min.
ram speed. The typical stress-strain behavior of skin sheet and core layers are shown in Fig. 6.1.
The strength of epoxy is lesser than AA5052-H32 skin, and ductility increases with the h/r ratio.
The increase in ductility with h/r ratio is also reported by Satheeshkumar and Narayanan, (2014).
The reported reason behind this is the inediquate cross-linking between hardener and resin

molecules at higher h/r ratio.
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The mechanical properties of skin and core materials are shown in Table 6.1.
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Fig. 6.1 Typical stress-strain behavior of skin and core layers

Table 6.1 Mechanical properties of AAS052-H32 and Epoxy at different h/r ratio

Material [h/r |Rolling |Yield Ultimate |Uniform |Total Strain Strength | Plastic
ratio | direction | strength | tensile elongation | elongation | hardening | coefficient | strain
(MPa) |strength |(%) (%) coefficient | (MPa) ratio
(MPa)
AAS052- | - 0° 155+1 |215+1 7+1 9+1 0.16 356+3 0.62
H32
- 45° 14742 | 20642 9+1 1242 0.15 327+4 0.68
- 90° 148+1 |209+1 8+1 1310 0.16 333+1 0.85
02 |- - 20.09+0.62|2.05+0.18 |2.06+0.19 |- - -
04 |- - 23.66+0.23|4.41+0.52 |4.49+0.42 |- - -
Epoxy
06 |- - 12.73+0.11|8.05+0.83 |8.20+0.84 |- - -
08 |- - 16.36+0.34 | 13.14+1.58 | 13.61+1.96 | - - -

6.1.2 Specimen preparation and FSSW

Test specimens with FSSW joint are prepared for lap shear test, peel test, and micrographic
examination. Lap shear tests and peel tests are conducted to evaluate the joint performance under
shear and peel loading conditions that are observed under the industry environment. For each type
of specimen, four different types of cores are fabricated that vary in h/r ratio from 0.2 to 0.8 at 0.2
intervals. This range is chosen based on available literature. Satheeshkumar and Narayanan (2014)
have shown that increasing the h/r ratio of epoxy improves the formability of adhesive bonded

blanks. They have varied h/r ratio from 0.6 to 1, where larger ductility of adhesive is observed at
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higher h/r ratio. However, the variation in the tensile strength of the adhesive is only a little with
the h/r ratio. Therefore, the range of h/r ratio in the present work is selected in such a way that both
strength and ductility change significantly with h/r ratio, and hence FSSW expecting observable
behavior. The epoxy resin in the sandwich sheets is allowed to cure in a furnace at room
temperature for 24 hours. The geometrical details of the specimens are kept the same as the

previous studies.

FSSW is conducted at 1200 rpm tool rational speed, 0.6 mm plunge depth, 6 mm/min., plunge
speed, and 5 s dwell time. The process parameters are chosen suitably based on the results of
previous chapters. A straight cylindrical pin with a flat shoulder tool used for FSSW is made of
tool steel having a 10 mm shoulder diameter, 4 mm pin diameter, and 3 mm pin length. FSSW is

performed at the geometric center of the overlapped region in the sandwich sheets.

6.1.3 FSSW joint Characterization

The metallurgical examination is done to observe the effect of varying core properties on the
grain morphology, hook geometry, and micro-hardness of the joint. In order to achieve these, the
FSSW joints are sectioned to expose the inner surface. The sectioned joint is cold mounted and
polished by waterproof emery papers and Silvo polish on a velvet cloth. A perfectly polished
surface is chemically etched by modified Keller’s reagent to reveal macro-and microstructure. The
etchant is prepared by mixing 2 ml hydrofluoric acid, 3 ml hydrochloric acid, 5 ml nitric, and 10
ml distilled water. First, the microstructure is obtained by etching the sample for about 20 s. Once
images are captured, the etched layer is removed by cloth polishing followed by dipping into the
same solution for about 60 s resulting in over-etching of stir zone. This reveals the macro-structure
(hook geometry and distinct stir zone) of the FSSW joint. The images are taken by the Nikon

SMZ25 stereo microscope at lower magnification, which reveals the hook formation in the joint.

After this, the etched layer is removed from the surface by little polishing in order to measure
the micro-hardness. The micro-hardness is measured across the thickness at the locations 1 mm
below the shoulder touching surface on the upper sheet and 0.4 mm below the keyhole on the
lower sheet. The load and dwell time selected for micro-hardness measurement are kept at 100 gf
and 15 s, respectively. The mechanical performance of the FSSW joints are evaluated through lap
shear test and peel test on a digitally controlled closed-loop servo hydraulic 100 kN dynamic
testing machine (make: INSTRON, model: 8801) at room temperature with a cross-head speed of

I mm/min, and test environment is maintained at room temperature. Typical test setup for peel
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test and test stages are shown in Fig. 6.2.
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-crosshead JISTANS §

Clamping Peeling A Failure

Fig. 6.2 Typical setup for peel test and deformation stages

6.1.4 FE simulation of FSSW of sandwich sheet

6.1.4.1 Cohesive zone modeling (CZM) and evaluation of cohesive zone (CZ) parameters

In order to understand the material flow during FSSW of a sandwich sheet, the FE simulation
is carried out in Abaqus. During FE modeling, to model the interface adhesion, cohesive zone
modeling is performed. CZM is a useful technique to predict delamination in composite panels.
Jang et al. (2017) have conducted a numerical analysis of delamination in a steel-polymer
composite sheet. Here, CZM is used to define the interface between steel and polymer, and the
peel test validates numerical results. Liu et al. (2012) used CZM to study the formability of a
sandwich sheet comprising AA5052 skin and polyethylene core, where CZM is used to specify
the interfacial adhesion. Other than adhesion, they have modeled two more interface conditions,
separation, and stick. Out of three, the adhesion with CZM has shown good agreement with the
experimental results. Stigh et al. (2010) have highlighted the usefulness of CZM in simulation.
CZM holds a full signature of interface conditions with fewer variables. No separate geometry is
required to create for crack propagation study. Instead, the interfacial failure separates two

adjoining surfaces and acts as a crack (Stigh et al., 2010).

In CZM, failure occurs in the cohesive layer, where a crack generates and grows in the course
of deformation. Here, the delamination is battled by cohesive traction. The interface condition can
be modeled by defining: cohesive surface and cohesive element. In the former one, no separate
part is required to be created. Instead, a separation criterion is included in the contact property. On
the other hand, in the cohesive element technique, a separate element is defined as a cohesive type,
and the separate material property is assigned to it. The cohesive surface method is simple and
quick but does not deliver failure details. However, the cohesive element technique reveals the

intricate details related to the failure of adhesive at the interface at the expense of computational
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cost. Salomonsson and Stigh (2009) have conducted a numerical analysis of adhesive failure using
both techniques in elastically deforming a double cantilever beam and found that the load-
extension behavior is the same in both cases. In the present work, the cohesive element technique

is used, where the failure is associated with the fracture energy, Gc, which is given by the area

g B~ W N

under the traction-separation curve (Fig. 6.3).

A

Damage initiation

rmax

> \Damage complete

X ;

, \\
o
6

5 5

7 Fig. 6.3 Traction-separation curve for adhesive

8 Fig. 6.3 defines an irreversible, bilinear softening behavior of adhesive given by (Camanho et

9 al, 2003); (Davila et al., 2001); (Kukreja and Narayanan, 2019)

Ké ; 67 € [0,6]
t ={(1—-D)K§ ;& € (6;,6) (6.1)
0 ; 8 € [87,0)
10 where K is the penalty stiffness, and D is the scalar damage variable, given by (Camanho et al.,

11 2003); (Davila et al., 2001); (Kukreja and Narayanan, 2019)

8 (6" — &;)
. (6.2)
5"(85 — &)
12 where §; is the separation at the onset of damage, &y is the separation at complete damage, and
13 67 is the maximum separation.
14 The quadratic nominal stress criterion is used as a damage initiation criteria in Abaqus, which

15 is given by (Camanho et al., 2003); (Davila et al., 2001); (Kukreja and Narayanan, 2019)
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where on, o5, and ot are the stresses in normal, first shear, and secondary shear directions, and,

0%, o5, and of are the critical values of the corresponding stresses.

The damage evolution is modeled using fracture energy-based power law given by (Camanho

et al., 2003); (Davila et al., 2001); (Kukreja and Narayanan, 2019)

G\* (G\* (G
@) +@) +(@) = o4

where G;, G,, and G3 are the fracture energies in normal, first shear, and secondary shear
directions respectively, and, G, G5,and G5 are the critical values of the corresponding fracture
energies. a is the degree of the power-law and is assumed unity (Gustafson and Waas, 2009);

(Kukreja and Narayanan, 2019); (Liu et al., 2013).

The damage initiation and evolution criteria are widely used in damage modeling of adhesive
bonded and sandwich sheets with adhesive between interlayers. Liu et al. used this damage
criterion in CZM of lap shear test and peel test of adhesive bonded polyethylene core aluminum
skin sandwich sheet (Liu et al., 2013). Azevedo et al. (2015) estimated cohesive law in adhesive
bond using the quadratic nominal stress criterion given by Eq. (6.6). André et al. (2012) analyzed
the failure of an adhesive joint between metal and polymer laminates using damage initiation
criterion shown above. This damage criterion is based on mix mode delamination, which is likely
to occur in most of the composite structures, where deformation is caused by normal as well as
shear load (Davila et al., 2001). Other than the power law, other damage evolution laws are
available in Abaqus, such as tabular law and Benzeggagh and Kenane (B-K) law. Dai and
Mishnaevsky (2013) have compared many damage evolution laws in damage of nano-clay-
reinforced polymers and concluded that the power-law gives a more realistic failure pattern than
the B-K law. Chen et al. (2009) have also reported better failure prediction of linear power law
than the B-K law.

Lap shear test and peel test are simulated to evaluate the values of 6%, %, of, G5, G5,and G5.
At first, some initial values are given to the FE model, and simulation is done. The initial values

are decided from the experimental data. The peak stress is obtained from the experimental load-
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1 extension data by dividing the peak load with the load-bearing area. The load-bearing area is the
2  surface area upon which the adhesive is applied. The initial values of o5, 5, and of are kept as
3 the peak stress, which is believed to cause the onset of delamination. The initial values of fracture
4 energies,Gy, G5, and G$, are decided by the area under the load-displacement curve obtained
5  experimentally, which signifies complete delamination. The load-extension behavior is obtained
6 and compared with the experimental load-extension curve. The values are modified iteratively
7 until acceptable error is achieved. Once the error is minimized to the acceptable limit, the values
8 are finalized. Fig. 6.4 describes the optimization procedure, which is usually adopted for CZM by
9  other others as well (Kukreja and Narayanan, 2019); (Jianguang Liu et al., 2013).
Initial values of %, 6§, of, Gf,
G5 ,and G§ are assumed
Lap shear simulation and obtain
load-extension data
Comparison
Lap ghear ¢ done Change c%, of, G5 ,and
experimen Is error within G35
acceptable
Peel test simulation and obtain
load-extension data
Comparison
Peel test done Change o and Gf
experiment Is error within £ On !
acceptable
Finalize 6%, 0%, of, Gf, G5 ,and
G3
10
11 Fig. 6.4 Flow chart for optimizing CZ parameters
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In order to select the right element size in the model, trial simulations are done by varying
element sizes of the core layer only as the deformation in the skin sheets is insignificant. Three
different element sizes, 1 mm, 5 mm, and 10 mm, are assigned to the core layer. The load-extension
behavior during the lap shear test and peel test is separately compared at changing element size,
as shown in Fig. 6.5. It is observed that there is no effect of changing element size in the lap shear
test. However, in the peel test, the load-extension behavior changes slightly for element size 1
mm, but no effect is seen when element size changes from 5 mm to 10 mm. Therefore, to reduce
the computational cost, a 10 mm element size is assigned to the core layer during the lap shear test

and peel test simulations.

3 H T Element Size: 1 mm 0.06 1 H - Element Size: 1 mm
~O— Element Size: 5 mm . —O— Element Size: 5 mm
4 F =% - Element Size: 10 mm)| 1 e < F =% - Element Size: 10 mm)|
-~ ] ~ 0.044
3 3 ]
= ) =
S S
Q 24 =
=] ~0.02
14
0 — T T 0.00
0.0 0.2 0.4 0.6 0.8 1.0 0
Displacement (mm) Displacement (mm)
(a) (b)

Fig. 6.5 Mesh sensitivity analysis in (a) lap shear test, (b) peel test
6.1.4.2 Prediction of hook formation and delamination by FEA

Failure of the cohesive interface in the sandwich sheet has been investigated to predict the
delamination of epoxy core from the skin sheets during FSSW. The FE tool allows visualization
of material flow during welding, which helps locate critical zones in the weld, causing
delamination. To achieve this, the CZM is integrated with the FSSW in the FE code. Later,
simulation results are analyzed, and two quantifiable indexes, namely hook geometry and damage,
are compared at different h/r ratios. The simulated model of the sandwich sheet is sectioned about
the plane passing through the diameter of the joint. The inner surface of the joint is exposed, where
the hook geometry is measured. Molnar and Gravouil (2017) explain the concept of damage and
its significance in analyzing fracture of solids. They reported that it is a scalar variable, which
affects the stiffness and stress-induced in an element. When damage in an element reaches a value
of 1, the stiffness of the element becomes zero. In other words, there is no stress in the element.

Imran et al. (2020) have related damage variables with the deformation to explain damage
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initiation and evolution in cohesive elements. In an earlier attempt, FEA is performed for FSSW
of a bimetallic sheet by Chu et al. (2018). However, the FSSW, coupled with CZM, is not reported
elsewhere. In the present investigation, FEA is carried out in ABAQUS. In modeling, three-

dimensional geometries are created and assembled, as shown in Fig. 6.6.
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Fig. 6.6 Elements used in numerical modeling of FSSW using CZM

The lower surface of the lower sheet in the assembly is fixed in all directions such that it acts
as a backing plate. The four sides of the assembly are completely restrained to ensure perfect
clamping. Four different types of elements are used in the parts. The upper and lower sheet is
assigned with the C3D8RT element, which is brick-shaped with 8 nodes and having a temperature
degree of freedom. The core layer is assigned with two types of elements. In the core region, the
C3D4 element is used, which is a 4-node linear tetrahedron type. This central region of the core is
allowed to fail during welding. The remaining part of the core layer is assigned with a C3D8R
element, which is an 8-node linear brick with reduced integration. Additionally, two layers of zero
thickness are created above and below the core layer having cohesive elements. This creates a
virtual adhesive bond between core and skin sheets. An 8-noded three-dimensional cohesive
element (COH3DS) is chosen for this. The element sizes are shown in Fig. 6.6. It should be noted
here that the cohesive elements are not defined throughout the interface. A circular region of 5

mm radius about the weld axis is assumed free from cohesive elements. It is believed that severe
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plastic deformation of skin sheets in this region would fail the cohesive element in a very short
time. The deformation behavior of skin sheets depends on its physical and mechanical properties
that are dependent on temperature. The temperature-dependent properties of the skin sheet used
are the same as those in the previous study (Fig. 5.2). All these properties are incorporated during

the FE simulation as tabulated values. The core dependent property differences are ignored.

The heat loss to the surrounding from the top surface of the upper sheet and side faces of the
upper and lower sheet is modeled by assuming convective heat transfer coefficient (h1) as 30
W/m2-°C (Kim et al., 2010). This value is taken as 2000 W/m2-°C (h2) for the bottom surface of
the lower sheet (Kim et al., 2010). Many researchers, believing greater heat loss through the
backing plate, consider the higher value of the convective heat transfer coefficient for the bottom
surface (Kim et al., 2010). A gap conductance of 100000 is W/m2-°C is defined between upper
and lower sheet interface to allow conductive heat interaction between them (Awang and Mucino,
2010). The heat transfer at the interface between tool and work-piece by conduction is ignored as
the heat transfer occurs for a very short period of time (Kim et al., 2010). The Johnson-Cook
material model incorporating thermal softening of the material is selected to describe the flow

stress evolution of the skin AA5052-H32 sheet as described in the previous chapter.

The true stress-strain behavior of the epoxy layer with (different h/r ratios) obtained from the
tensile test conducted in the present work (Fig. 6.1) is incorporated in the core layer. It is assumed
that the effect of temperature is negligible on the epoxy layer, and the cohesive layer properties
totally govern the failure during FSSW (Table 6.2). von Mises yield criterion is used to model the
skin and core sheets. Though the skin sheet is anisotropic, as observed from Table 6.1, using
anisotropic yield function is kept for future work. Coulomb’s friction model is used to define the

contact between all the mating parts. The coefficient of friction varies with slip rate and pressure.

In actual FSSW process, the upper and lower skin sheets are joined together by making a solid
symmetric annular nugget about the weld axis. In the joint cross-section, this nugget appears as
an extruded zone. This makes the pre-existed epoxy to be swept away from the nugget zone. In
the FE modeling, this local swiping of epoxy is achieved by incorporating a shear failure criteria.
An element is likely to fail when the equivalent shear strain exceeds the predefined limit in the

criterion. Mathematically, it is given as (Levanger, 2012)
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—pl . . .. . . =pl, . .
where g5 is limiting value of equivalent shear strain, € is the strain rate, and 6 is the shear

stress ratio, which is calculated as (Levanger, 2012)

_ q+kgP

s (6.6)

Tmax
where ¢, P, T,nax, and kg are respectively the von Mises stress, hydrostatic stress, maximum
y . ~pl —pl .
shear stress, and the material parameter. The numerical values of 85, € , and &5 are suitably

fixed after many iterative trials required for damage initiation. The values of s, ?pl, and Efl are
1x 108, 1, 0.0001, in the central region respectively, whereas 1x 107, 1, 1 in the surrounding
region of the core. The values are suitably fixed after several iterations required for damage
initiation. The damage evolution is defined by a linear softening model, where the stiffness of an
element degrades with an increasing effective plastic displacement of its nodes. Mathematically,

it is expressed as (4baqus Documentation)

o=(1-D)7 (6.7)

where o and o are the stress developed in the element and stress due to undamaged responses

respectively. D is known as the overall damage variable calculated from (4baqus Documentation)

.pl
. LE
D=

—pl
uy

(6.8)

where L and H}’l are the characteristic length of the element and the effective plastic

displacement at fracture, respectively.
6.1.4.3 Comparison of FSSW simulation with and without CZM

The effect of CZM on FE simulation of sandwich FSSW is well understood when results are
compared with that of without CZM. The procedure for FSSW with CZM is already explained in
the previous section. A similar procedure is used while FE simulation without CZM, with the only

difference, is the absence of any cohesive elements or layer. Instead, Coulomb’s friction law is
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applicable at the interface between core and skin sheets (same as Table 5.3). The hook geometry
at the joint cross-section is measured and compared for with and without CZM. Further, the plastic
deformation that occurred in the core layer is predicted by total plastic energy dissipated in both

cases, which helps in describing the delamination behavior.

6.2 Results and discussion
6.2.1 Macrostructure

The macrostructure of the joint cross-section of the sandwich sheet is shown in Fig. 6.7. The
geometrical features in the joint are similar to that of the sandwich sheet without adhesive bonding

having a different polymeric core, as seen in previous chapters.

Shoulder diameter

4
7

R AT A T i, odtion.. e M. oo S s oo

Shoulder touching surface

\j

Upper bond width

Lower hook height

Lower hook width

Fig. 6.7 Macrostructure of the joint cross-section of the sandwich sheet with adhesive core

Fig. 6.8 shows the response of change in the h/r ratio on the hook geometries. The upper bond
width decreases up to 0.4 h/r ratio and increases after that. There is a positive correlation between

the bond width and the volume of stirred plasticized material extruded through the core layer. The
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volume of extruded material again depends on the ease of material movement against the core
material, which is decided by the quality of core, i.e., h/r ratio. As shown earlier, the epoxy with
a 0.4 h/r ratio has larger strength (Fig. 6.1), which means it would exert more resistance to the
extrusion of plasticized material through it. That is why the upper bond width is lower at 0.4 h/r

ratio.

Similarly, other hook geometries change with the h/r ratio. The lower bond width initially
decreases up to 0.6 h/r ratio and then increases. The upper hook width initially increases up to 0.4
h/r ratio and then decreases. The upper bond width initially decreases up to 0.4 h/r ratio, then
increases. The upper hook height initially decreases up to 0.6 h/r ratio, then increases. The lower
hook height is larger at the higher h/r range (0.6-0.8). The lower hook width initially increases up

to 0.6 h/r ratio, then decreases. Variation in the effective upper sheet thickness is insignificant with

the h/r ratio.
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= )
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Fig. 6.8 Effect of h/r ratio on (a) upper bond width, (b) lower bond width, (¢) upper hook
width, (d) upper hook height, (e) lower hook height, (f) lower hook width, and (g) effective
upper sheet thickness

6.2.2 Microstructure

The microstructure of the joint region of the sandwich sheet is shown in Fig. 6.9. The
microstructural variation with respect to the h/r ratio is observed at 1 mm below the shoulder
contact surface. The micrograph reveals fine-grain near the keyhole and coarse grains away from
the keyhole for all the h/r ratios. The fine grains near the keyhole is due to dynamic
recrystallization. Similar microstructures are obtained in a sandwich sheet having different core

qualities. The grain size is measured in regions away from the keyhole for different core properties.
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With an increasing h/r ratio, the grain size first increases and decreases when measured at a
distance of 0.5 mm from the keyhole boundary. At a slightly farther distance, 1.5 mm away from
the keyhole boundary, the average grain size decreases with increasing h/r ratio. However, at 2.5
mm from the keyhole boundary, variation in the grain size is insignificant.
0.5 mm
T T V//11.5mm
50 - i I 1[1§2.5mm
’é\ — -
2 404
g 304
‘s —
=
g 204 :%
& =/
= —] /
o ] =
< 10 :%
=/
0 1 :4 I T
0.2 0.4 0.6 0.8
5 h/r ratio
6 Fig. 6.9 Effect of h/r ratio on the grain size distribution of the sandwich sheet
7 The microstructure of the FSSW joint is mainly controlled by the degree of deformation and

8  heating, and the extent depends on the alteration of welding parameters, material, tool dimension,
9  work-piece thickness, surface conditions etc. In the present experiment, the welding parameter is

10  fixed, and the only variation is kept in the core property—the core property changes with the h/r
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ratio, which controls the plunging force. Therefore, frictional heating and deformation also change.
Moreover, the status of the core layer in the joint itself changes when subjected to heating and
mechanical pressure. It is believed that the ductile nature of the core layer at a higher h/r ratio
allows stirring to a larger volume resulting in expansion of the stirred zone. This could have

resulted in the grain refinement at a larger h/r ratio.
6.2.3 Hardness distribution

The hardness distribution on the joint cross-section at different h/r ratios is shown in Fig. 6.10.
It is observed that the hardness near the keyhole boundary is higher than in other locations because
of the fine grain structure. Moreover, the effect of the h/r ratio on the hardness is insignificant on
the upper sheet, whereas in the lower sheet, it is considerable. In the lower sheet, the hardness

increases with increasing h/r ratio, specifically in the vicinity of the keyhole (Fig. 6.10b).
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z 1204 1 -\ h/r: 0.6 =
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2 907 hardness £
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= 704 i ] =
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(@) (b)

Fig. 6.10 Effect of h/r ratio on the hardness distribution on (a) upper sheet, and (b) lower
sheet

It is believed that the lower skin material is deformed to a greater extent at a higher h/r ratio
resulting in significant strain hardening. The significant plastic deformation in the lower sheet is

evident in Fig. 6.8e, where a sharp jump in lower hook height is observed at a higher h/r ratio.
6.2.4 Mechanical performance

The load-extension behavior, maximum load, and extension at failure evaluated from the lap
shear test and peel test at varying h/r ratios are discussed in this section. Further, the modes of
failure of the joints are analyzed, and a logical connection is established with the mechanical

performance outputs, macrostructure, microstructure, and hardness of the joint.
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6.2.4.1 Lap shear test

Typical load-extension behavior of sandwich sheet with adhesive bonding and friction stir spot
weld and without weld (only adhesive bonding) in lap shear test is shown in Fig. 6.11a. The load-
extension behavior in both cases is similar, while considerable variations in strength and ductility.

The maximum load and extension at failure at changing h/r ratio are shown in Fig. 6.11b.

1.6
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5] *V
1@ ® e |
1 f\*74 ¢
TLoad (Adhesive bonding+FSS Weld)
Extn. (Adhesise bonding+FSS Weld) _L4
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1.2 4 (only adhesive bonding)
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Extension at failure (mm)

0.4+ Adhesive bonding g §=_<Q i
+ FSS Weld TT—— -1
Extension (only adhesive bonding) r
0-0 v T L T ¥ T ¥ T L T 4 T 5 1 0-0 T ¥ T ¥ T X T 0
00 05 1.0 15 20 25 3.0 35 0.2 0.4 0.6 0.8
Displacement (mm) h/r ratio
(a) (b)

Fig. 6.11 Lap shear test (a) typical load—extension behavior, (b) failure load, and ductility vs.
h/r ratio

It is evident that the failure load of the FSSWed sandwich sheet (adhesive bonding + FSS weld)
is almost independent of the h/r ratio. However, the failure load of the un-welded sandwich sheet
(only adhesive bonding) initially decreases up to 0.4 h/r ratios and then increases considerably.
With respect to the un-welded sandwich sheet (only adhesive bonding), the sandwich sheets
(FSSW + adhesive bonding) show higher failure load and ductility at a lower h/r ratio but lower
at a higher h/r ratio.

The mechanical behavior of an un-welded sandwich sheet (only adhesive bonding) is controlled
by the adhesion between core and skin layers, while it is majorly the hook geometry in the case of
the FSSWed sandwich sheet (FSSW + adhesive bonding). In some cases, the combined effect of
adhesion and hook geometry decides the overall performance of the FSSWed sandwich sheet. At
lower h/r ratio, the lower hook height is lesser, which is beneficial in lap-shear performance. At a
higher h/r ratio, the lower hook height is larger. Hence, it is expected that the sandwich sheet
would fail at a lesser load. However, here the improved adhesion plays a favorable role in the
improvement of lap shear failure load. Therefore, the reduction in failure load is compensated
thereafter. Nevertheless, FSSW is promising against delamination in a sandwich sheet having a

core with a lesser h/r ratio.
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6.2.4.2 Peel test

The load-extension behavior during the peel test is shown in Fig. 6.12a. The failure load and
ductility of the welded sandwich sheet (FSSW + adhesive bonding) are significantly larger as
compared to that of un-welded sheets (only adhesive bonding). The maximum load and extension

at failure at changing h/r ratio are shown in Fig. 6.12b.
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Fig. 6.12 Peel test (a) typical load—extension behavior, (b) failure load, and ductility vs. h/r
ratio

Unlike the lap shear test, the peel test performance of the FSSWed sandwich sheet (FSSW +
adhesive bonding) is significantly affected by the h/r ratio. It is observed that the failure load of
the FSSWed sandwich sheet (adhesive bonding + FSS Weld)decreases initially up to 0.6 h/r ratio,
then increases. Hence, a 0.6 h/r ratio represents a critical one in the peel test. It is shown earlier
that the lower bond width is minimum at 0.6 h/r ratio (Fig. 6.8b), which could be a possible reason
for it to be a critical ratio. Furthermore, the failure load and extension at the failure of FSSWed
sandwich sheet (FSSW + adhesive bonding) is higher than that of the un-welded sandwich sheet
(only adhesive bonding) irrespective of h/r ratio, which suggests that FSSW is beneficial in

adhesive bonded sandwich sheet to avoid delamination.

6.2.4.3 Failure modes

The physical appearance of the fractured surface after mechanical tests are shown in Fig. 6.13.
Nugget pullout failure mode is seen irrespective of the loading condition and quality of the core
layer. This is due to the lesser lower bond width than the upper bond width in all the joints, as
shown in Fig. 6.8. Interestingly, the core layer is significantly affected when the core quality
changes. At lower h/r ratio, severe burning and large cracks are observed on the adhesive layer

near the joint, which is probably due to the hard and brittle nature of the adhesive.
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2  Fig. 6.13 Failure modes of sandwich sheets with different h/r ratio in lap shear and peel test

With increasing h/r ratio, crack formation on the adhesive reduces, and the effect of heat
generation is limited only to melting. In other words, epoxy core degradation is less likely to occur

in FSSW when h/r ratio is higher. It is believed that at a higher h/r ratio, the plunging force reduces

o o1 B~ W

due to softer core adhesive. Reduction in plunge force reduces the frictional heat generation
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1 resulting in lesser degradation of the core layer. It should be noted that the degradation discussed
2  here is attributed to the thick cured epoxy core layer only and not the cohesive interface between

3 core and skin sheets.
4  6.2.5 Finite element analysis results
5 6.2.5.1 Selection of CZ parameters

von Mises stress distribution and comparison of load-extension behavior from FE simulation
and experiment for lap shear and peel test are shown in Fig. 6.14a-d for optimized CZ parameters.

It is evident that the peak loads in the lap shear test and peel test from FE simulation are almost

© 00 N O

the same as obtained in experiments. Several iterations lead to the correlation. The data fit is shown

10  only for the 0.8 h/r ratio.
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12 Fig. 6.14 (a) von Mises stress distribution in lap shear test, (b) FE simulation vs. experiment
13  load-extension behavior in lap shear test, (c) von Mises stress distribution in peel test, and
14  (d) FE simulation vs. experiment load-extension behavior in the peel test

15 A similar analysis is done for all other h/r ratios to finalize the optimized CZ parameters listed
16  inTable 6.2. These values are incorporated in the numerical model of FSSW of the sandwich sheet

17  to study the effect of the h/r ratio. A comparison between damage occurred in the upper and lower
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interfaces of the sandwich sheet is shown in Fig. 6.15a. As explained earlier in Section 6.1.4.2, an

increase in damage means the stiffness of the element is degraded.

Table 6.2 Optimized CZM parameters used for FE simulation

h/r ratio | E" Critical stress (Pa) Critical fracture energy (J/m?) R? value
o ot ot G G5 G5
0.2 2.60 | 65000 | 2050000 | 2050000 30 850 850 0.9025
0.4 3.50 | 40000 | 1320000 | 1320000 130 280 280 0.9467
0.6 3.00 | 43000 | 3000000 | 3000000 500 1700 1700 0.9488
0.8 18.5 | 50000 | 5500000 | 5500000 50 1200 1200 0.9647

* E is the stiffness of cohesive elements and is assumed equal in normal (E/E,,) and two shear directions (G,/Essand
Gz/E”)

The result indicates that the damage does not initiate immediately (case of D = 0). It starts after
some deformation in the element. Once damage initiates, it gradually approaches towards
complete fracture (case of D = 1). However, the curve shows incomplete damage (case of D<I).
This is because the damage shown here is the average of damages that occurred in all cohesive
elements. Only a few elements are wholly damaged, and some are entirely un-damaged. Therefore,
whole cohesive elements are selected to specify damage to maintain consistency. The failure of
the adhesive bonding at lower interfaces occurs prior to the upper interface and is valid for any
core quality (or h/r ratio). It is believed that the cohesive layer at the upper interface is subjected
to the compressive load applied by the upper sheet due to the tool plunge. This keeps the upper
sheet and core layer intact. On the other hand, the lower sheet has a tendency to deform in the
direction of the tool plunge, creating a favorable situation for detachment of the core layer from
the lower sheet slightly. This could be a possible reason behind the early failure of the lower

interface.

The effect of changing core quality (h/r ratio) on interfacial degradation is shown in Fig. 6.15b.
It should be noted here that the damage behavior of cohesive elements changes with the h/r ratio,
but the variation is not linear. Therefore, the failure of cohesive elements does not only depend
only on the cohesive strength of the epoxy core. It also depends on the h/r ratio, which changes
the adhesion severity. Failure of the core layer element is governed by the shear failure criterion
(Eq. (6.5)), while the cohesive elements fail by traction-separation law (Eq. (6.1)). Failure of core
layer elements automatically eliminates the corresponding cohesive element, but vice-versa is not
true. Hence, delamination may occur either by cohesive element failure or by core element failure.
In FSSW, multiple factors are involved simultaneously, which control such a failure. There is

relative deformation between core and skin sheets during FSSW, which develops critical traction
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1  on the cohesive element, causing failure. Again, the core layer gets extruded when the plasticized

2  material flows against it, resulting in core layer element failure by shear.
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4  Fig. 6.15 (a) Damage evolution in upper and lower interfaces, (b) effect of core quality (h/r

5 ratio) on the interface damage, and (c) stiffness degradation contour of cohesive elements

6 In Fig. 6.15b, the initial slope of the curves signify how quickly the interface failure occurs. It
7  1is observed that damage initiation occurs at the start of the displacement as the h/r ratio of the core
8 layer increases. It is shown earlier in Fig. 6.1 that ductility of epoxy adhesive increases with h/r
9 ratio. It is believed that higher ductility facilitates the cohesive element to reach the separation

10  required for damage initiation (6" = §; in Eq. (6.2)). Furthermore, it is also observed that the
11  maximum and minimum damage occurred in 0.4 and 0.6 h/r ratios, respectively. The base adhesive
12 with a 0.4 h/r ratio shows maximum tensile strength, and that of 0.6 h/r ratio is minimum (Table
13  6.1). From this, a direct correlation can be established that stronger the core layer, interface
14  damage would be more considerable, indicating chances of significant delamination. In particular,
15  adhesive with 0.4 h/r ratio is brittle when compared to 0.6 h/r ratio. Therefore, the brittleness of
16  the core layer has to be reduced in order to prevent delamination. Hence, it is concluded that FSSW
17  is best suited in a sandwich sheet with the ductile core as delamination starts early, but the core
18 layer degradation is little. Stiffness degradation contour of cohesive elements shown in Fig. 6.15¢
19  depicts that the elements closer to the weld are excessively degraded and are most likely to fail

20 during joining.
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The cross-section views of the joint in the FE simulation of sandwich sheets after FSSW are
shown in Fig. 6.16. The formation of the hook and the extruded zone is seen similar to that of the
experiment. However, lower hook formation is not visible in FE simulation because the plasticized

material always deforms above the upper surface of the lower sheet.
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Fig. 6.16 Hook geometries from FE simulation with changing core quality (a) at joint cross-
section and (b) simulation vs. experiment

In order to form the lower hook in FE simulation, a continuous connection between the upper
and lower sheet is required. This way, a portion of the lower interface (interface between the core
and lower sheet) ceases to exist in the continuous joint region, and the lower hook would have
formed. But, the softer plasticized material can not penetrate the harder lower sheet to make a
continuous connection as the same failure criteria are assumed for both the sheets. Further,
material intermixing is extremely difficult to model in FSSW as the excessive deformation of

elements creates convergence problems in Abaqus. Since only upper hook formation occurs in
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numerical simulation, three important indexes, namely upper hook width, upper hook height, and
effective upper sheet thickness, are compared. The upper hook width initially increases up to 0.4
h/r ratios, then decreases. The hook height decreases with increasing h/r ratio. However, it
increases slightly after the 0.6 h/r ratios. The effective upper sheet thickness is inversely related to
the hook height. The hook geometry obtained from the FE simulation is compared with that from
the experiment, as shown in Fig. 6.16b. Some difference exists between the numerical and
experimental values. This difference is obvious because the material intermixing between upper
and lower sheets does not take place in simulation, unlike in experiments. Only the plastic
deformation of the skin sheets takes place under the action of thermomechanical action of the tool.
The material intermixing in simulation is prohibited by the excessive elemental deformation,
which causes the simulation to stop. However, the characteristic variation with the h/r ratio is
similar. The difference in hook geometry is due to the absence in modeling lower hook formation

during FE simulation.
6.2.5.2 Influence of integrating CZM in FE simulation

An investigation is performed to understand the effect of CZM on FE simulation results. For
this, separate FE simulations are carried out with changing core quality (h/r ratio) without

incorporating any interfacial bonding between core and skin sheets.
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Fig. 6.17 Hook geometries with changing core quality (a) from FE simulation without CZM,
comparison of hook geometry from FE simulation with and without CZM for (b) 0.2 h/r, (¢)
0.4 h/r, (d) 0.6 h/r, and (e) 0.8 h/r

It is assumed that all three layers are stacked one above another before joining. All other
conditions followed during CZM are kept the same. The internal features of the joint are predicted
and compared with that of prediction with CZM. Hook geometries from FE simulation without

CZM and its comparison with that with CZM is shown in Fig. 6.17.

Though the hook geometries are influenced by the h/r ratio, they vary little if compared with
that of from simulation with CZM. The hook width and height are slightly lesser in joint without
CZM than that in with CZM at all h/r ratios with the only exception of hook height at 0.4 h/r ratio
(Fig. 6.17c). Moreover, in the 0.6 h/r ratio, the measured values of hook geometry suggest that the
hook is not fully developed (Fig. 6.17d). It is fully developed when modeled with CZM. This
suggests that adopting CZM in FE simulation of FSSW of the sandwich sheet results in a situation

closer to that in experiments (Fig. 6.16a).
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Fig. 6.18 Plastic energy dissipated into the core layer with (a) 0.2, (b) 0.4, (¢) 0.6, and (d) 0.8
h/r ratios; CZM: cohesive zone modeling, WCZM: without cohesive zone modeling

Further, the total plastic energy dissipated in the core layer obtained from FE simulations with
and without CZM is compared (Fig. 6.18). The energy dissipated is more significant in the case
without CZM than in the case with CZM, irrespective of core quality (h/r ratio), which illustrates
that plastic deformation is significant in the core layer when there is no adhesive bonding at the
interface. In actual composite panels, core and skin layers are usually bonded by adhesive.
Therefore, in the present work, incorporating CZM during the FE simulation yields a more realistic
model. Moreover, CZM has shown its prominence in predicting the delamination behavior in

sandwich sheets.

6.3 Conclusions

The effect of changing core properties on the FSSW of epoxy-based three-layered sandwich
systems is addressed in the present work through experiments and numerical simulations.
Cohesive Zone Modeling is used to model the core-skin interface to predict the formation of hook
and delamination. The numerical technique adopted in the present research work resulted in a
better understanding of two key features of FSSW of sandwich sheet: delamination of adjoining
layers, and hook geometry. It is found that the overall delamination is promoted when the core
polymer is brittle in nature. The location of onset of delamination is also predicted. The core
delaminates from the lower skin prior to the upper skin. Further, incorporating cohesive zone

modelling improves the development of hook geometries. The critical findings are summarised as
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follows.

The hook geometry is significantly affected by the h/r ratio. The upper bond width increases
with the h/r ratio but after 0.4. A good correlation is achieved between hook geometry and h/r
ratio. The joints formed at 0.4 h/r ratio are characterized by smaller upper bond width, greater
upper hook width, and shorter lower hook height, whereas, that formed at 0.6 h/r ratio have
smaller lower bond width, smaller upper hook height, greater lower hook height, and greater

lower hook width.

A significant variation in the grain size is seen closer to the keyhole when the h/r ratio is
changed. The grain size decreases with the h/r ratio, but after 0.4. This is due to increased

ductility of the core layer results in grater stirring leads to finer grains.

The hardness of the joint is significantly affected by the h/r ratio at the lower sheet in the
vicinity of the keyhole, where it increases with the h/r ratio because of greater plastic

deformation.

The lap shear failure load of an un-welded sandwich sheet (only adhesive bonding) initially
decreases up to 0.4 h/r ratio, then increases. Conversely, for the FSSWed sandwich sheet
(adhesive bonding + FSS weld), the effect of changing the h/r ratio is insignificant. Moreover,
joint performance in the lap shear test improved after FSSW at a lower h/r ratio while it
deteriorated at a higher h/r ratio. It is inferred that smaller lower hook height and improved

adhesion are advantageous for lower and higher h/r ratios, respectively.

On the contrary, the performance of the FSSWed sandwich sheet is significantly affected by
the h/r ratio in the peel test, while the unwelded sandwich sheet performance is almost
unaffected. Moreover, a 0.6 h/r ratio is crucial in the peel test, where minimum failure load
and extension at failure is obtained. This is attributed to the smaller lower bond width. Further,

FSSW has improved the peel test joint performance at all h/r ratio.

Nugget pullout failure is observed in the peel test and lap shear test. The h/r ratio does not

affect the failure mode.

FE simulation results suggest that overall delamination at the skin core interface reduces with
increasing h/r ratio. Moreover, delamination near the joint is larger than the region away from
it. Further, delamination occurs at the lower interface prior to that in the upper interface. It is

suggested that the FSSW is suitable for a sandwich sheet with the ductile core.

The characteristic variation in the hook geometry with the h/r ratio in FE simulation and
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1 experiment is alike. With increasing h/r ratio, the upper hook width initially increases up to
2 0.4, then decreases, while the hook height decreases up to 0.6, then increases. Contrarily, the

3 effective upper sheet thickness increases up to 0.6, then decreases.

4 o Incorporation of CZM during FE simulation results in better development of hook geometry.
5 Substantial plastic deformation in the core layer occurs when FE simulation is carried out

6 without CZM. Furthermore, the CZM facilitates a better explanation of delamination.
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Chapter 7

Conclusions and scope of future work

7.1 Conclusions

In this research work, a detailed analysis is carried out to propose an alternative way of joining
polymer core sandwich panels. Many joining difficulties associated with the multi-material
composite sheet are resolved. The achieved findings are encouraging for automobile industries
towards adopting lightweight sandwich sheets. Major conclusions drawn from the present work

are as follows

o The sandwich sheet FSSW essentially contains an extruded zone, where a portion of the
plasticized material is accommodated and forms the nugget of the joint. The accommodation
of plasticized material is facilitated by the soft polymeric core layer, which melts near the joint

during FSSW and displaces outward by the stirred material.

o In all FSSW conditions, the sandwich sheet forms two distinct hooks, unlike one hook in the
bimetallic sheet. The hook geometries change with process parameters and eventually affect

the joint strength. The failure mode is strongly related to the hook geometry.

o The mechanical performance of the FSSWed sandwich sheet not only depends on the process
parameter but also on the loading condition. Though this the case, the acceptable range of
FSSW parameters for the sandwich sheet is rotational speed 1800 rpm and above, plunge depth
of 3.6 mm and higher, plunge speed between 8 mm/min. and 6 mm/min, and dwell time
between 5 s to 20 s. The sandwich sheets show excellent mechanical performance when welded

within these ranges.

o In comparison to the bimetallic sheet, the lesser peak temperature of sandwich sheets suggest
that a part of the heat generated is consumed for the melting of the polymer layer. Another
reason for lesser peak temperature of sandwich sheets is smaller contact area between tool and
work piece. The reliability of temperature measurement given by thermocouple is more than

the IR camera.

o Sandwich sheet exhibits finer grains in the joint as compared to the bimetallic sheet due to

lesser peak temperature, and grain size increases with an increase in rotation speed due to more
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heat generation.

Deterioration of joint performance is observed in sandwich sheets due to the presence of
polymer. The formation of smaller bond width at the lower sheet side is responsible for this.
However, it is possible to make a stronger joint in the sandwich sheet by suitably adjusting the
welding parameters. Though this the case, the flash formation is lesser in sandwich sheets as

compared to bimetallic. By using sandwich sheets, the flash defect can be minimized.

The sandwich sheet joints perform better than the bimetallic sheet in uniaxial tensile tests

irrespective of the welding condition, which signifies its better formability.

The predominant failure mode in the sandwich sheet is ‘nugget pull-out’ because of the smaller
lower bond width and larger upper bond width. However, ‘partial nugget fracture’ occurs when
the lower hook height is larger. Moreover, the ‘nugget pull-out’ and ‘partial nugget fracture’

are associated with lower and higher joint strength, respectively.

The FE analysis reveals that the von Mises equivalent stress and equivalent plastic strain
distribution is maximum near the lower hook. This allows the lower sheet to detach from the

joint at this location, resulting in a ‘nugget pull-out” mode of failure.

Changing the quality of the core layer in the sandwich sheet significantly affects the hook
geometry, microstructure, and hardness of the joint. All these together decide the joint
performance. A sandwich sheet with a ductile core is suitable for FSSW, where the overall
delamination is less. Therefore, less degradation occurs in the damping characteristics of the

sandwich sheet.

The FE simulation is very useful in understanding the material flow and predicting
delamination during FSSW of the sandwich sheet. Furthermore, it is also possible to predict

the failure mode of FSSWed joints in different loading conditions.

7.2 Scope of future work

Although the effect of important process variables is investigated in detail, further study may

be carried out to explore the influence of other factors. Moreover, optimizing the FSSW of the
sandwich sheet to meet a specific requirement in the automobile industry can be attempted. The

following future works are recommended for further exploration of this field

o The FSSW of sandwich sheets is affected by the quality of the core layer and it is expected that

the thickness of the core layer will also affect the process. So, the FSSW of sandwich sheet at

varying core thickness can be studied by experimental and numerical techniques. Furthermore,
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the FSSW is successfully applied on polymer core sandwich sheet and adhesive core sandwich
sheet separately. Therefore, the FSSW can be applied on a sandwich sheet having the polymer
core layer bonded by adhesive to establish optimum joining condition on actual sandwich

sheets.

FSSW is a successful joining technique for sandwich sheet with HDPE or epoxy core. So,
FSSW can be analyzed on the sandwich sheet with variety of core and skin materials to justify

the process capability. Joining of a sandwich to the sandwich sheet can also be attempted.

The process parameters can be varied beyond the selected range in this work for the

improvement of joint performance.

The mechanical behavior of FSSWed sandwich sheet shows better formability than FSSWed
bimetallic sheet. Therefore, the formability of the FSSWed sandwich sheet can be studied in

detail by conducting deep drawing and stretching operations.

The FE simulation integrated with CZM shows delamination of sandwich sheet during FSSW.
Similar numerical technique can be used to predict delamination in post welding forming

operations.
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