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Abstract

The joining of dissimilar metals isne major challengér welding technology. There are not mai@asible
welding techniquesble to overcome the different physical propertiad delivera sound structural joint. Tt
application of soliestate welding techniqugalthough challengings one common solutio hiswork details the
development of welding conins, tools and parameters for the Friction Stir Welding (FSWAlominum-
Copper(Al-Cu) butt joint The application oFSWto these dissimilar jointsas proved in the past to be feasil
but several technological and joint performance featstaéisdemand further investigation and developmé&hte
motivation and support dhis project was a cooperation between Aalto University and Promeco Oy, witt
Drives Oy as a strategic partner, aimat providing Promeco Oy with the ability to manufacturghhialue
dissimilar componentsuch asAl-Cubus bars.

Multiple conventionaFSW tools were designed atebted.Parameters were developed to optimézeam thick
AA1050-H14/247 CU-OF-04 butt joints After preliminary testsiFSW toolwas selected for dimization of the
process parameters. The tdals@D3 concave shouldeand @B threadedaperN/A long probe. The Taguct
method for desigof experimentsvas used for the optimization tifree process parameters: travel speed,

position and offsepostion of the tool in relation to the joint line between the base mateTihtsweld wathen
thoroughly characterized. Tensile, bending and microhardness tests were used to establish the n
properties. Optical microscope and scanning electronosgope were used to investigate the microstruc
Joining mechanisms and intermetallic compounds in the weld were investigated usirayadifftaction analysis
The electrical resistance of the waldsassessed using a microhmmeter.

The optimized pameters were found to DFA travel speedN/A tool plunge andN/A offset into the aluminurr
Theproperties of tis optimized weld resulteid 84.8 % Global Efficiency to Tensile Strength (GBEnd 40.8 %
Global Efficiency to Bending (GEB) compared to A#60H14/24 and 97.2 % electrical conductivity efficien
compared t@n ideal bimetallic component made of the same materials with no contact resistance.

To understand the benefits of having arbAs bawith Cu bolted end, compared with one made ohatithic Al
material,a dedicatedxperimendl test setup and protoceis designed and implementddis experimental te:
enables to monitothe force relaxation ofa pre-loaded bolt joint, under cyclic thermal loadingimulating rea
operational condibns. The test was applied to both Ahse materiabnd Cubase materiatomponentsThe
experimental results show ththeforcerelaxationin the Cu bolted jointvasabout 50% lower compared with th
Al. Thus,bus bars withiCu endsare more stable andilvneed less maintenance while in operation than bus
with Al ends.

An advanced Stationary Shoulder FSW tool was designed, produced and is ready for testing, envisagi
joint with improved top surface finishing and good overall engineerinfgmeance.

Keywords Friction Stir Welding, Dissimilar Joint , Aluminum, Copper, Tool Design, Stationary Shoulder, Design of
Experiments, Bus Bar, Intermetallic Compounds; Metallographic Analysis, Mechanical Properties, Electrical Resistance.
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Abbreviations and Acronyms

AA Aluminium Association (e.g. AA1050)
Al Aluminum

ANOVA Analysis of variance

BM Base material

BOM Bill of materials

Cr Chromium

Cu Copper

DoE Design of experiment

DoF Degree of freedom

Fe Iron

FS Friction stir

FSW Friction stir welding

GEB Global effciency to bending

GETS Global efficiency to tensile strength
HAZ Heat affected zone

HB Brinell hardness

HV Vickers hardness

IMC Intermetallic compound

Mg Magnesium

Mn Manganese

Pb Lead

PcBN Polycrystalline cubic boron nitrade
RPM Rounds per minet

SEM Scanning electron microscope

Si Silicon

SSFSW Stationary shoulder friction stir welding
Ti Titanium

TMAZ Thermemechanically affected zone
WNZ Weld nugget zone

Zn Zinc

Cleft Conductivity efficiency

Vi




1 Introduction

As various industries cotently strive to improve their competitiveness with higher
performance products made with efficient processes with low environmental impact. Most of
the developments are supported by material optimization demanding advanced solution for
processing, namelining. The researcand engineeringommunity worls towards meeting
these demandsilling to transfer the innovative solutions and krbaw into industry.Friction

Stir Welding (FSW)is asolid-statematerial joining technology, which opens up posgibagiin
bimetallic joints of dissimilar materials that is almost impossible to docmitiventional fusion
welding methodsWelded joints such as aluminum to steel, aluminum to copper and steels to
other highly dissimilairon based componentave becoma possibility as the process joins
materials without melting thenthis has opened up new possibilities in the despimization

and manufacturing of various products.g. in electricalapplicationsenables to combine
cheaper and lighter materiauchas aluminumwith copperthat hadow electrical resistance,

with more stable properti@nd corrosion resistangea wider temperature range

1.1 Scope

This thesis details the development of the process conditions for theoF&Wninum (Al)T
copper (Cu) btt joints. It is a cooperatioresearchprojectbetween Promeco Oy and Aalto
University, named FALCU,which aims at providing Promec®y with the knowhow for
making highvalue components based on these joints. The good quality of newdligh
productswill contribute to increase the competitiveness of Promeco Oy into new international
markets ABB Drives Oy is a strategical partner in this project and a potential customer for the
new highvalue products.

The solidstate FSW proces$gs shown to be a feiletechnological solution to weld dissimilar

Al-Cu joints. Fusion welding processes, even advanced technologies such as electron beam
welding or laser weldingare not recommended to joii andCu, as they tendo form large
Intermetallic Compounds (IMs) [1]. These IMCs are hard and brittle, whichitically
compromises the qualignd applicabilityof the jointsMoreovers ol i di ycati on and
cracking arecommonly encountered problenassociated withthe fusion welding of these
materialsFSW is a joining process that uses a-oonsumabléool, Thecombinedrotationof

the tool while travelling along the joistirs thevisco-plasticizedmaterial,activatingjoining
mechanisms between tlemponents withat melting and solidifying them. Because the
process does not melt thasedmateriatit is very useful for the joining of dissimilar materials

with differentmelting temperatures and other thermal propersiesh asAl andCu.

The FSW ofjoints encompssing dissimilammaterialsis quite sensitive toariations in the
clamping tools and parameters§he FSW of AICu has beepreviouslyinvestigated byther
authors, mainly focusing on the influence of basic process paransetetrsastool travel speed,
spindle rotational speed awdrtical forgingforce or penetration depth. The development of key
technological issues, like dedicated shoulder and probe dimensions and gpabfeatureson

the other handre typically not considereddvantages of acancements in the technology,



such as Stationary Shoulder Friction Stir Welding (SSFSW), for the FSW-©t Alave also
not beerfound for this particular applicatiomhe work done ithis thesistarted bydevelopng
the welding conditionsand tools basé on triatanderror approachfor FSW of AlCu
components. The best conditions were then selected for base of optimization ES\Rey
parameterandimplementation of a dedicated test setup and protocptove the advantages
thatbimetallic Al electricbus barswith Cuendshave ovethe commommonolithicAl bus bars
used today

1.2 Work Plan and Objectives

In order to fulfill the purposef the thesishechallengesveresystematicallyaddressedA wide
theoretical backgrounglasestablishedenabling théamiliarization withthe materials anBSW
processEXxisting research on the subjecas covered irdepthandbuilt uponin a literature
review.SpecificAl andCu materialsvere selected with the manufacturing of bus bars in mind.
The selectedl andCuwerethen characterized and toelere designedpecifically tailored to
the process setuased on comprehensive testingtlod different manufactured=SW tools
with evaluation of thenechanicaproperties, the best one was selected for optimizatitmeof
process parameterdhe performance grameters were the efficiency ténsile strength,
efficiency on bending and efficiency of electrical conductivity. The optimized conditions were
implemented an@ropertieghoroughlyevaluatedncluding microscopi@nalysis and hardness
field establishmentA dedicatedexperiment was designed and conddde investigate the
operationabifference between Al bus bars and Al bus bars ®@iittonnection ends.

The objectives of thisork areas follows:

1 Review and deththe current state of the art for FSW of-&Ll joints.
o Establish a comprehensiligeraturereview.
1 Characterize the properties of selected base materials.
o Evaluate the tensile strength under static loading, bending strength, electrical
resistancehardress and metallurgical features.
1 Developthe technological conditions of the procdes the selected materials and
thicknesses.
o Design manufactureand testconventional tools for the production of-&lu
joints.
o Design and manufacture a SSFSW module.
1 Optimize the FSW process parameters based on design of experiments.
o0 Apply the best conditions in the production of test specimens for mechanical and
metallurgical characterization.
o0 Monitor the optimized process temperatures using strategically pesition
thermaouples.
1 Evaluate the properties of joints produced with optimized FSW process parameters.
Establish the results in terms of efficierreyativeto the base materials.
o Investigate and establish the tensile strength, bending strength, electrical
propertieshardness and metallurgical features of the joints.



1 Design and condu@n experimento assesthe operational performanacaf bimetallic
bus barcompared t@onventional onesade of Al
o Determine the different clamping force relaxation rates these @greyience
while in operation.

1.3 Organization of the Thesis

Following thepresenintroduction, the second chapter is the State of the Art. The fundamentals
of FSW, Al andCu are covered and a comprehenditeraturereview on the FSW of ACu

joints is established. Additionally the technologies for evaluating the quality of welds and the
procedures to implement tiesign of Experiments (DoE) methodologyed for the process
optimization are detailed.

Chapter 3 describes the selection and charactenzafitheAl andCu base materialssedin
thiswork. Chapter 4 details the development of tooling for the FSW «€W\|oints, focusing

on conventional and SSFSW toofShapter 5 covers the optimization of the FSW process
parameters using DoE and Analysfsvariance (ANOVA) methods.

In chapter 6the optimized weladtonditionis characterized and the tensile, bending, electrical,
metallurgical and hardness properties establiskRed.the optimized welding condition, the
temperaturesare monitoredusing themocouples. Thesetup and implementation of the test
protocol,of an experiment proving the advantages of bimetallic bus isazsvered in chapter

7.

Chapter 8 summarizes the waikd compriserecommendations for future work.

This document is a publievsion of the work. Sensitive details have been removed and replaced
with AN/ A0 and i mportant di mensions of de
Sensitive information in figures has been blacked out.



2 State of the Art

2.1 Introduction

This chapter first coves the fundamentals of FSW, tool design and SSF3Wén it details
issues related to tHeSW of AFCu with a comprehensive review ofherwork done in the
research area as well as a general characterization of the base materiafspliations of Al

Cu parts is briefly coveredHow weld quality is evaluated and the DoE methodology is also
discussed.

2.2 Fundamentals of Friction Stir Welding

The process oFSW is one of themost important recent discoverigs the field of joining
materids. Invented in 1991 by Wayne Thomas and his colleagues at the welding institute in the
United Kingdom[2], it has opened up numerous new possibilities for making high quality welds
and avoiding defects that are commiemoreconventionafusion welding techniques.

FSWis a solidstate weldingrocessit joins materials without melting them. The process welds
by rotating a norconsumable tool inside the materials to be welded in order to soften them
locally using heatgenerated by friction and plastic deformation. Once softetined joint
surfaces are stirreghd joined still in thar solid state as the materials do not reach their melting
temperatures. This increases the weld quality compared to fusion weldimyaisig the many
problems associated with fusion welding such as changes in volume, gas sotlibibtyion

and residual stre$3].

FSWhas numerous other benefits unrelated to the quality of welds. It Gashewn to nearly
reduce the emission of hazardous fumes to zero as well as to reduce the energy used during
welding, therefore having less environmental impact than other more traditional welding
techniques. The process can be used in all orientatiagraasy has negligible impact during
FSW. Due to high forces the process is typically fully mechanized which increases the
equipment cost while lowering the skill requirements and cost of opefajors

axial force [Fz]

sufficient to maintain
registered contact

Shoulder

retreating side
(flow side)

workpiece
thickness

advancing side
(shear side)

trailing edge

Figure 1 - A schematic of FSV|4]



Traditionally, theFSWtool consists of a shoulder, which sits on the surfaces of the materials
being welded, and a smaller pusuallycalled probe, thatiaost fully penetrates the materials.
While the tool rotates and travels along the joint surfaces, the shoulder keeps the softened
materials down, preventing them from escapiigen the materials are softened, deformed and
plasticized they generate thejoréty of the heat input of the procedhe friction between the
rotating shoulder and the welded material also provides additional heat input into the weld.
Inside thematerials,the probe breaks up the original surfaces of the joamd mixes them
togeter. In order to achieve a fully penetrated joint pnebemust penetrate to at least 0.5 mm

from the bottom surface of theaterials.Theprobeis commonlythreaded in order to provide a
downward push to theaterial, whichthwaits pores and voids fronefming[3]. The design of

the tool has been intensely researched and in aomasconventional tools with flat shoulders

and threaded pins have given way to other innovative shapes such as conical and scrolled
shoubers andaperand plainprobeg5].

It is possible to divide thESW process into three parts: The plunge phase, the weld phase and
the termination phase. During the plungeasethe tool is plunged downwards, ifetbase
materials are parallel to the ground, into the materials with a specific speed and force while
rotating. Due to friction andressurethe material is displaced and deforms around the pin as it

is entering the base materials. The pin is usuallygadrinto the interface of the materials to

be joined but sometimes, especiallyF8W of dissimilarmaterials;it is plunged into either
material at the side of the interface line and then moved towards it. During thphaskethe
rotating tool is movedlong the joint. Plastic deformation and friction generate heat in order to
soften the materials so it may flow around the pin. Once the tool has reached the end of the joint
line, it is stopped and the tool is moved up out of the materials. This ledamdale in the
material at the end of theeld thatcan makat unfit for use. This is usually solved by using a
run-off tab where the tool is withdrawn which is then cut off in order to avoid leaving the welded
materials with a keyholg3].

As the forces acting during the process are high this sets great requirements on the clamping
system that keeps the materials fixed and prevents them from sliding, bending or separating.
The backing plate has lvery planarwithout any variations greater than 0.1 mm or otherwise

the FSW machine has to be able to compensate for it in order to keep the constant bond of the
pin. The most straightforward way to clamp sheets is using clamping claws. They provide a high
clamping face while taking a long time to set up. In sepabduction,automatic clamping
systems made of hydraulic or pneumatic fixtures are often used although they are quite
expensive so their use can only be justified in industrial ptexusituationg3].

In FSW, thereexist two different material flow paths. These flow paths have an origin to the
|l eft and right of the movement of the tool
is in the same direicn as the tods movement, the material is forced to flow forward along the
tool. This side is called the advancing side,[Sgare 1. The material on the other side is forced
backwards along the tool and is thus callesl teteating sidg3]. This phenomena causes the



weld to be asymmetrical and becomes increasingly importditdtion Stir (FS)buttwelding
of dissimilar materials.

FSW joints consist of four different regions; leamaterial (BM), heat affected zone (HAZ),
thermomechanically affected zone (TMAZ) and the weld nugget zone (W\\&D) called the

stirred zoneThe base @terial is remote from the welid, unaffected by the process and has not
been deformed. The heatedted zone is closer to the center of the weld and the zone has been
through a change in microstructure and/or mechanical properties due to a thermal cycle which
it has experienced. Theermomechanicalkaffectedzone lies even closer to the weld center

and has been both plastically deformed by the FSW tool and affected by the thermal cycle it has
experienced. The weld nugget zone has, just like TMAZ been plastically deformed and heat
affected but the difference between the two zones is that the matahal Wweldnugget zone

has recrystallize{b].

Figure2 - A cross section of a FSW welshowing the four different regiofig

Many joint designs and geoinies are possible to make wisW. ForFSWto be able to weld

a certain joint design it is crucial to have: enough area for the shoulder path, the possibility to
contain the softened weld material, enough clamping force to keep the welded materials from
moving and to dissipate the heatthé processvith a good enough heat sink. Common joint
configurations like butt joints, lap joint, 90° joints angdlnts can all be welded usirgSW.

The joints themselves often need to be prepared to minimize coatamand oxide layers that

can result in poor fatigue strength, volumetrifedés and low ductility locally3]. The oxide

layer can cause bonding problems and weak points within the weld. It is importatitethat
rotating probe is able to break the layer up so that is not continuous insideldhevhichcan
drastically lower theveldés strength.



2.2.1 Conventional Friction Stir Tools

As stated before,BSWtool traditionally consists of a round shoulded arthreaded cylindrical

probe Theprobemoves the softened material around and mixes it to form the joint while the
shoulder keeps the material from escaping. Duringptbeessthe FSW tool is under severe
stress and high temperatures, especially whedding hard materials such @siand steel. The
geometry of the tooleffects the heat generation rate, torque, traverse force and the
thermomechanical environment that the taod base materials experiendeis not only
important to select a tool witheometry suitable for the materials and joint design but the tool
needs to be manufactured from suitable materials and processed so that it can withstand the
forces and the stress it experiences during the @dlterwise the tool quickly wears out and

fails. Most tools for weldingAl are made out of steel. Tool steleigh-speedsteel and other
hardened steels are a popular choice and are also used for welding some dissimilar materials
such asAl to magnesium andl to Cu. For welding other, more demandimatrials, tool
materialslike Polycrystalline cubic Boron Nitride (BN) andtungsterbasedones are a good
choice.[5].
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Figure3 - Shoulder geometrig8]

The geometry of the FSW tool is a very important factor in the welding process, both the
shoulder and pin geometryhe shoulder generates most of thetional heat during=SWand

the material flow is largely governed by the shoulders grip on ltstigized materialsThe

main influencing parts of the shoulder is the contact area between the shoulder and the welded
material. The three most commonly used shoulder end surfaces are either flat, concave or
convex. The simplest end surface is featuselmst features such as scrolls and grooves are
commonly used to influence and improve the material flow properties and the heat generated



duringwelding Scrolled shouldereither, depending on the tool rotation, move material into or

out from the weld cder as the geometry guides the material into certain flow p&ths.
shoulders can pose a problem, especially when high forging loads are used as the flat surface
does not efficiently keep the flowing material constrained under the shoulder, whichudan res

in weld defects when the material escapeswieéd. Concave shoulders do not have this
problem. They are operated using a small tool tilt -@ . 2When the tool moves inside the
materials with an angl¢he front end of the shoulder does not push tiinahe material but is
positioned a small distance above it. The surface material gathers insatmtia®eshoulder

and is then deposited back into the weld fromeuride back end of the should8t.

Probegeametries can also be quite variable; cylindrical threaded, triangular, thrésgukd
square and flatylindrical probesare commoly used in FSWFlutes are also a common feature

on probesbut threads and flutes increase the downward fisooe the pin oito the material

[5]. Tapergeometries lower the force acting on the bottom of the probe, thus extending the life
of the tool.Flutes and scrolls on the prolbereasdurbulent flow in theveld, which promotes

better mixirg and the breakup of the oxides of the materials. This forces new chemically active
surfaces of the two materials to form, whpplomoteshe bonding of the materials
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As during welding th&SWtool, especially the probe, is under high stresses and forces while it
rotates which often results in heavy wearing of the tool. The tool can also plastically deform
under elevated temperatures as the yield stréog#rs.Thereforetools are often liquid cooled



in order to keep the working temperature of the tool low to avoid plastic deformation. The tool
wear mechanism duringSW is mostly diffusion and abrasion. Certain techniques have been
used to reduce toolemar inFSWof dissimilar materials. In lapvelds, the softer material can be
placed on top of the harder material so thaptiodeis mostly immersed in the softer one. This
reduces the stress and forces onpttederesulting in less tool wear. Similagdhniqueds often

used when welding butt joint¥here the tool is often offset towards the saftaterial, which
reduces the contact with the hardeaterial;reducing tool stresand tool weaf9].

2.2.2 Stationary Shoulder Friction Stir Welding

Stationary Shoulder Friction Stir Welding (SSFSi/a variant technique of traditional FSW.

As the name suggest the difference in technique is that in SSFSW the shoulder does not rotate.
It was originally developed to welttaniumb ased al |l oy s, due to ti
conductivity. SSFSW is also used for welding most other materials commonly welded by FSW
as the variant offers numerous benefits over the traditional mgtapd

1 Improwved surface quality

Reduced flash formation

Less and more localized heat input

More accurate control of the process is possible, which offers more stable welds
Penetration of thprobeinto the base material can be adjusted during welding

More flexibility as the stationary shoulder can be redesigned to fit different joint designs

= —a - —a -9

) Part

FSW Tool

% ™ Esw Tool

Contoured Stationary
_~"" Shoulder

- ] Part
] - ]/

Figure5 - Schematic viewf a SSFSW tod11]

Stalionary Shoulder
-~

The design and manufacturing of a SSFSW tool is quite demanding.fdfggs act on the
system during welding and the probe spins inside the shoulder at considerably high speeds.
Thus, the system needs to be structurally very rigid and have a good bearing between the
shoulder angbrobe

M.J. Russett al[12] developed a tool design for an SSFSW systegant for welding titanium.
They publicized their conceptudesign, whichcan be seen ifigure 6 below. Their design
operates sohat the probe rotates insidestbtationary shouldemvhich is kept from rotating



using a sledAs the system is designed for titanium, it includes an inert gas system to protect
the welded metal. This is not needed in dissimilasaCal FSW. In their presented design a
support bearing isised between the rotating tool holder and surrounding stationary tool head
while a sliding shoe is used between the rotgtiodpeand the stationary shoulder.

1) Rotating spindle

2) Draw bar

3) ISO 50 Tool holder
4) Water cooling jackets
5) Argon input

6) Support bearing

7) Stationary tool head
8) Ti workpiece 9) Backing plate
10) Sliding shoe

11) Rotating pin

12) Sliding seal

13) Argon supply

14) Gas chamber

15) Inert gas input

Figure6i TWI SSFSW concept desigh?2]

Beckman and Sundstr6ft3] developed and designedSSFSW tool moduleneant for the
making of corner welds. Thework was done in co@peration with ESAB, a FSW machine
manufacturer. Théool modulewas designed to be attached to a normal ESAB FSW machine
sothatit may be used for the welding of corner joints. Their finalglesioncept can be seen in
Figure?.

Probe holder
Ider holder [F_

>l
[ shoulder |

Figure7iBec kman and Bceppldl]str °mdés co

Wire feeder & levler
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Beckman and Sundstrom designed their system so that a sliding bearing is placed between the
stationary shoulder holder and the rotating probe. Between the stationary shoulder itself and the
probe theyused a sliding fit. A sliding fit is a simple clearance between a stationary and a
moving/turning part with H7/g6 hole tolerances and G7/h6 shaft tolerfitjeé crosssection

of the probe, shoulder, shoulder holded &earing can be seenRigure8.

Sliding bearing

Probe

Shoulder holder

Shoulder

Figure8i Crosssect i on of Beckman[ladnd Sundstr"

2.3 Friction Stir Welding of Aluminum-Copper

As asolid-state processFSW operates under the fusion temperatures of the materials it is
joining. It has therefore opened up possibilities to weld dissimilar materials with very different
properties thamormallycreate problems for fusion welding. Difference isifuin temperatures,

as withCu and Al make it near to impossible to acquire sound welds with fusion welding.
Several issues like different defioation behaviors, formation of Intermetallico@pounds
(IMCs) and differences in physical properties promote asgiry in the flow of material and
heat during dissimilar FSW dmeed to be taken into acco(i5].
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Different flow mechanism on the advancing and retreating side need to be seriously considered
when choosing material pitioning when FSWof dissimilarbutt joints If the material on the
retreating side does not soften enough duringptbeessit will restrict it from moving around

the toolprobe Thus, it is important to place the harder and stronger material onvhecat

side so that it can flow around thekand result in stronger wel{3).

IMCs are defined as solid phases containing two or more metallic elements, with optionally one
or more normetallic elements, wdse crystal structure differs fratmat of the other constituents

[16]. They are generally very stable, brittle and with a high fusion temperature. They pose a
problem in the welding of dissimilar materidi®th in fusion and soligtate welding. In fusion
welding they are generally formed during the solidification of the melted met&SWhthey

form under high pressures and intense plastic deform@dtijnin fusionwelding of dissimilar
materials the amount of intermetallic compounds is so that it compromiselthi almost

every case and renders the welding method useless for many material combinationg\such as
andCu.

2.3.1 General Characterization of Copper and Aluminum

Cuis the metal that has beesedby humanityfor the longest. It can be found in its usable
metallic form naturally and has been in use since 8000B@:as the first metal to be smelted
from its ore, the first metal to be casted and s metal to be alloyed with a different metal.

In 3500BC, humanity started alloyin@u with tin in order to create broazthus starting the
Bronze Agd18]. Cuand its alloys have high thermal and electricalductivity, good corrosion
resistance, ductility anfbrmability, whichmakes it ideal in numerous applications, especially
as a transporter of electricity and heat. For a long tueyas the second most widely used
commercial metal after iron. Due ts high cost, it has been replaced by other lower cost metals
such asAl in some applications and is now the third most widely used commercial metal after
iron andAl [19].

Figure9 - Copper org20]
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PureCu has a melting point of 1084.62°, atomic weight of 63.55 u, density of 8.98 ghchis
number 29 on the periodic tabl2l]. Pure Cu hasa tensile strength from 172&5 MPa,
depending on if it is casted, annealed or aptitked.Cu is not only an important engineering
material but it also has important antibacterial properties. Bacteria, yeasts and viruses die
quickly onCu surfaces, a gmomenon known since ancient times. Egyptians of old used it to
sterilize chest wounds and drinkimgter;these methods were detailed in the SrRi#pyrus,

which was written between 2600 and 2200 HZ2].

The mostknown Cu alloys are Bronze and Brass. These names have been used for different
alloy composition for over thousands of years. Bronze refers to num@tetirs alloys while

Brass is &u-zinc alloy.A list of Cualloysand their typical applicatioran beseerfrom Table

1.

Tableli CommonCu alloys their chemical composition and applicati¢23]

Alloy number | Chemical analysis [%] | Typical use

C11000 99.9 Qu Architectural, electrical
C26800 65 Cu, 35 Zn Plumbing, grill work
C61400 91 Cu, 7 Al, 2 Fe Condenser, tubing
C71500 70 Cu, 30 Ni Desalinization, tubing
C17200 98 Cu, 2 Be Springs, tools
C81100 100 Cu Electrical conductors
C83600 85 Cu, 5Sn, 57 Pb | Valves, bearings
C93700 80 Cu, 10 Sn, 10 Pb Bearings, pumps
C96400 70 Cu, 30 Ni Marine valves
C82400 98 Cu, 2 Be Dies, tools

C90500 88 Cu, 10 Sn, 2 Ni Gears

C95300 89 Cu, 10 Al, 1 Fe Gears, bearings

As can see frontablel, the alloys C11000 and C81100 are the ones mostly used in electrical
applications. These alloys are both almost uw@nd thus have electric conductivity superior

to ones with a lower concentration®©fl. C81100 has an electrical conductivity oP®2ACS

while C11000 has an electricarductivity of around 100% IACR4]. Cuand its alloys have
excellentformability due to their faceentered cubic crystal structure. They are easily cast for
hot or cold workng into wire, plate, sheet, rod or tube by rolling, drawing, machining, forging
extrusion and joining method$9].

13



Numerous different fusion and solstate welding processes are able to v@iandCu alloys.
Common fusion processes such as-fugl welding, resistance welding and arc welding
processes are typically chosen to wéld and its alloys while diffusion welding, friction
welding, explosion welding and roll welding are common sstate welding teakiques used

for the same task. In welding 61, its high thermal conductivity is a major factor affecting the
weldability of the material. Théhermal conductivities for the various alloys diff@ure and
neaty-pure Cu such as Oxygefree Cu (C10200) ad electrolytic tough pitcifCu (C11000)

have athermal conductivity of 391 W/nAK while heavily alloyedCu such asCu nickel
(C71500) and nickel sivgfr C75200) have ther mal conducti vi
Cualloys have thermal conductivities somewhere in between. When arc w€ldlimgh high
thermal conductivities itsiimportant to adjust the welding parameters so that it maximizes the
heat input of the process into the joint. Some volatile, toxic alloying chemicals are often existent
in Cu and Cu alloys. This generally results in much more release of toxic fumeswhan
welding ferrous metals so that it requires a more effective ventilation system to protect the
welding operator than normally. This is generally avoided in stéte welding processes that
operate under the fusion temperature of the material.-Stialiel techniques are also much more
suitable for welding dissimilar materialsl-Cujoints are made by techniques such as diffusion
welding, friction welding, cold welding, ultrasonic welding and recelR8yV[24].

Ali' s the most ab un dausttwhiocheohsestsof aronnd 8%lg25leAsnt h 6 s
highly important consumer metafl and its alloys are used for foil, cans, kitchen tools,
electrical applicaons and variety of structures. Due to its natural oxide layer, Aloalioys
have a very high corrosion resistance in many different environnfdnits.a great conductor

of electricity and due to its low price ameeight; it is often used to replac&u in various
electrical applications. As with most materials that are a good conductor of eleaMicstyalso

a good conductor dfeat, whichhas led to its applications in radiators and cooking equipment.
It is also widely used in transportation apptions such as in aircrafts and train bodies due to
the high strength relative to weight of certain alloys. The material is soft and gduttitd
makes it one of the easiest metal to machine and farrand its alloys are not toxic to the
environment ad are among the most recycled materials as the energy required to Addgcle
only 5% of the energgeeded to process néW/ [19], [26]
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Figure107 Pure duminum|[27]

Al has a low melting point for a metal, 655°C, although its oxide layer has a much higher melting
point of 2072€, whichcan make the material tricky to aneld. Al has a density of 2.70 g/ém

It is eady formed and machined do to its facentered cubic crystal structure and low work
hardening rateAl and its alloys have a wide range of strength, depending on alloy composition
and strengthening, from 6807 MPa.Al alloys can be divided in twolassescast alloys and
wrought alloys. In the production and processind\qfit is of vital importance to control the
microstructure of the material. Coarf@ermetallic @mpounds(IMCs) form by eutectic
decomposition inside the material during the solidificn of Al ingots. Some compounds, like
CuAlz and SiMg, are soluble while others containing iron and silicon, likeFAl and

UAI (Fe, Mn, Si ), are insoluble. The solubl e
ingot homogenization before the material is hot worked. The insoluble compounds are then
broken up and aligned as stringers during hot working. Thd€s arevery brittle and can
damage the mechanical properties of the matdi®4l They pose a considerable problem in the
dissimilar welding ofAl-Cuwhere they are formed under the proéeksat and pressure.

Al alloys are divided into 9 categories depending on the major alloying element. The Aluminum
Association registers and publishes specifications that describe the mechanical properties,
chemical composition and nomenclature Alf alloys [28]. They developed a fowdigit
numericaldesignation, which is used to designatealloysand wroughtAl. The first number
defines the dominant alloying element in that series. The 1xxx series are composegpuafeear

Al alloys. Thewo last digits in the 1xxx series dictate ffresentencef Al, which is always
between 99 and 100% while tbecond number indicates if ooemore of the natural impurities
were specially controlled. In the other series, the second number indicagytmeodification

and if it iszero, it indicates the original alloy. The last 2 digits are not as significant as in the
1xxx series as the only identify the different alloys existing in the series. The 9xxx series are
only used in the designations faAt casting alloys. The numerical designation Adrcasting

alloys is different as it uses a decimal point within the number. Ihxke, series the second
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and third number are used to indicate the magnitudé of the alloy in the same way as in the
1xxx series. The last number in the casting series dictates the product form, 0 if it is a cast
product and 1 if it is an ingot. The designations for both wrought and ocalstdlbys can be

found inTable 2.

Table2 - Designation foAl alloys[19]

Designations for wrought | Designations for aluminum
aluminum alloys casting alloys
Al content or main Al content or main
Series alloying element Series alloying element
1IxxX 99.00% minimum | 1xxx  99.00% minimum
2XXX Copper 2XXX Copper
Silicon + copper
3XXX Manganese 3xxx  and/or magnesium
4XXX Silicon 4XXX Silicon
SXXX Magnesium SXXX Magnesium
6xxx  Magnesium and silicorn 6xxx Unused
TXXX Zinc TXXX Zinc
8Xxx Others 8Xxx Tin
OXxXxX Unused Oxxx Other

Al and its alloys can be joined by numerous joining method, as many or more than all other
metals. Gashielded welding techniques are the most commonly used processesAb sin

has many chemical and physical properties that have to be takedotmawhen it is to be

joined. Properties such as the solubility of hydrogen in ligidthe thermal, electrical and
nonmagnetic properties, absence of color change once heated and wide differences between
different alloys are important factors that slibbe considered in order to acquire sound welds.

The thermal conductivity of purl, although notashigh&u, i s ar oun,awhich34 W/
makes it six times higher than of steel. It therefore needs, j@&1, ashigh stable heat input in

order to avoid alteration in fusion and penetration when being fusion welded.ANisuision

welded to materials such &3, steel, magnesium, or titanium it causes the formation of very
brittle IMCs, which severely deteriorates the properties of the joint. Othetfusion welding
processes are therefore used to @iirto other materials. The techniqgues commonly used are
explosion welding, friction welding, flash welding, hot pressure weldingecentlyFSW[29].
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2.3.2 Material Flow

The material flow during=SW of dissimilar materials is a complex mechanism. Not only is the
materal flow in normalFSW asymmetrical due to the rotation and movement of the tool but
when the materials themselves have different properties which cause them to react differently
to the forces from the tool it adds another layer of complexity onQope a few researchers

have mentioned how the matesidlaveflowed in their research of dissimilar&lu FSW.

Galvaoet al.[30] researched the material flow in dissimie@W of thin Al andCusheets. They
noted a great fference in the material flow depending on which material was placed on the
advancing side. When thd was placed on the advancing side, it underwent severe softening
and was pushed away from under the shouldeChbywhich entered the area with each
revdution. This caused thal to be expelled and gave rise to flash formation. In addition to
this, no mixing of the base matesator formation ofIMCs occurred with theAl on the
advancing side. When theéu was on the advancing side, the shoulder dragsAhé¢o the
advancing side. There it is not able to push Gheaway from under the shoulder and thus
becomes constrained inside a cavity under the shoulder and flows downwards from there. Then
it is mechanically mixed inside th@u that then gives rise tthe formation of intermetallic
structures. This material flow occurred imin thin sheets

The flow mechanics are highly effted by the material positionshich material is on the
advancing side and which one is on the retreating side. According &rlBné€xt al.[31] the
material from the retreating side is moved to the advancing side behind the probe, where the
formation of the weld bead takes place. When the softer material is placed at the retdsting si

it is easier to force it towards the advancing side.

T.K. Bhattacharyat al.[32] studed the material flow ianAl-Cu Friction Stir (FSputtwelded

joint. They noted that a complicated macrostructurak flad occurred inside the nugget. A
large amount of tinyCu particles were scattered in the nugget along with streamline shaped
continuougAl strips. On top of the nugget, the should®inly influenceghe material flow. It
makes theAl flow from the reteating side of the tool to the advancing side. This influence
diminishes quickly lower into theveld, where bulkCu flows from the advancing side to the
lower area influenced by tipeobe There it mixes with thal and forms some IMCs. According

to them,the classical FSW flow model is so tht on the retreating side flows towards the
advancingCu which first flows downwards and then up again. This typically results in sound
weld joints.

T. Saeidet al.[33] reportedon the material flow of FS lagveld of Al-Cu. According to them,
the interface in the central region of thield moves considerably into the bottom plate because
of the circlelike vortex flow of the materials caused by the prabeeads. Higher welding
speels reduced the vertical transport, especially on the retreating sidg.afthibuted the
reduction of vertical transport to fewer revolutions over the distance of the weld.

M. Guerraet al.[34] studied flow patterns ding FSWwith a threaded probe. They concluded
by describing two processes by which thaterial is moved around the profreb) in FSW.:

17



AMat eri al on the advancing front side of a
advances with the nib.hls material is very highly deformed and sloughs off behind the nib in
arcshaped features. Material on the retreating front side of the nib is entrained and fills in
mat er i al on the retreating side of the nib
processes have very different properties according to them.

2.3.3 Weld Structure

Previousworks have detailed thgeld structure andAl-Cu interaction patterns in the FSW of
Al-Cu. It is possible to divide these structuiet three groups; lamellar intm@lated features,
homogeneous mixtuseand compositéke structureg435]. In FSwelded nuggets okl andCu

it is typical to find more than @nkind of interaction structuras is reported imost papers
detailing theissue[36]-[38].

The lamellar intercalated morphology is swikie and vortexshaped. It forms via intense selid

state plastic deformation and flow. The morphology usuallgistsof two or more IMC phases

and the formation is deeply influenced by process parameters such as rotational speed and tool
offset as reported by Galvab al.[17] and Liuet al.[39].

Figurell- Intercalated lama@dapted from Muthu anthyabalarf36])

The homogeneous mixtures have been characterized by Galafa], [17] and they seem to
be the rarest morphology that forms in #ed. According to them, the homogeneous mixtures
form when intense stirring and heaput is imposed on a shear layer which is verl i either

Al or Cu[35].
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Homogeneous
CuAl,-rich mixture

Figurel2- Homogeneous mixture (adapted from Galeaal.[35])

The compositdike structures are composed@d, Cu-rich orIMC particles dispersed in &
or Al-rich matrix. This morphologgan range from beingmall and localizedo coveiing the
whole nugget. The morphology has been reported by researches sucleaalq48]-[42] and
Al-Roubaiyetal. [43].

Aluminium-matrix .
. \ composite

Figurel3- Composite structure (adapted from Xateal.[42])

2.3.4 Intermetallic Compounds

During FSW, different Al-Cu phases are forme@&dause of the heat input and flow of base
materialswhile subject to intense pressurénede phases are called intermetallic compounds
(IMCs). These IMCs also occur in Au welding using various other joining methods like
explosive and friction weldm[42], [44] The most commonly formed IMCs are $8ls and

CuAlz [35], [45] These IMCs are brittle and to achieve sound F&WAI-Cu joints it B
important to avoid excess formation and keep them as a thin, uniform and continuous layer at
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the base material interfaddl], [42] The AFCu phase diagram and a table detailing the
chemical composition dhe most relevant phases can be seéngurel14.
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Figurel4 - Al-Cu phase diagrafd6]

Table3 - IMC chemical formulas

Phase Chemical fomula
I m | CwAl

1 CuAbL
' M9 |CuAl

Y M9 |CuAk
‘ CuA}d

Numerous works have detailed the formation of IMCs duRB§V of Al-Cu and the effects

they have on theveld. Few reasons for the formation mechanism have been reported although
Galvaocet al.[17] pointed out a thermomechanically activated setate diffusion phenomenon

that controls the formation of the two most commonly seen IMCs in the FSW@d ACWwAI 4
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and CuAb. Because the chemical reactions thatuv under the thermal cycles of the FSW
process are not close to the equilibrinondition,the formation cannot be understood solely
based on the phase diagram. In addition, the fusion temperaturefdf,Guhich is 1030°C is
much higher than the tempgures reached in the process. Thus, it is reasonable to say that only
a thermomechanically induceolid-statediffusion process could form dMC with such high
fusion temperatures. Galvabal.argue that CaAl4is formed by the incorporation of Al ats

into the Cu structures, which can be assuasadmechanical process resulting from the stirring
during FSW. Intense plastic deformation is believed to accelerate the rate of diffusion-in solid
state weldingwhich enables the sufficient atomic concatiom for IMCs to form even at low
temperatures.

H. Barekatairet al.[45] reportedhatthe microstructure of the stir zone consists of Cu particles
from the bas€u surrounded by IMCs layers.

Li Xia-wei et al.[47] on the other hand reported no IMCs in the weld nugget of a sound 1350
Al alloy to Cu FSW butobserved aomplex microstructure consisting ofovtexlike pattern
and lamella structure.

T.K. Bhattacharyat al.[32]reported& ont i nuous | MC | ay d&lrand6d 3. 6
in aFSbuttweld, whichhad atensile strengtlpint efficiency of 86.5%.

Braunovicet al.[48] investigated th effect the IMC layer has on the electrical resistance of the
Al-Cu joint. |1 MC | ayers with thicknesses up t
formation of the IMC layer has a very detrimental effect on the electrical properties of the joint.
The electrical resistance of the joint interface rises linearly with the thickness of the IMC layer,
around O0.5% f or e v e-Cuwthefhicknass of thedMCilayer iB Bwvdllygust A |
a couple of em it shoul celearioal rgsistanees ul t 1 n a m

Savolaineret al.[49] studied the electrical resistance of an FS\ACAlbutt joint. The material
welded was 10 mm thick. After having measured the resistance of the welded component and
then sibtracting the resistance of the base materials they found the resistance of the joint to be
around 0.£ q .

M.N. AvettandFenoélet al. [50] studied thdMCs in dissimilar AFCu FSW. They found the
penetration of Cyparticles into thél and Alparticles into th€uto result in théocalformation

of IMCs. Ther X-ray diffractionanalyses established thesBlw IMC to be rich in oxygen.
According to their sourcg$1], the first IMC phase to form is the one with the most negative
effective heat of formation at the compogitiof the lowest temperature of the liquids. In the
FSW of ALCu this is the AICu phase at thal side. The IMC that first forms at tiu side is

not the one that should be expected to form first. The first one to form Gutkele is the
Al4Cuw phasewhich should be the second phase to form orCihgide according to traditional
knowledge.
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2.3.5 Defects and Failures

It is quite difficult to achieve sounBSW of Al and Cu. The most reported weld defects in
scientific literature are internal discontihes, cracking and bad surface finishing. Internal
discontinuities occur usually due to improper mixafighe base materials at the-&l interface
as has been reported by Tetral. [38], Liu et al.[37], Muthu and Jayabaldi86], Al-Roubaiy

et al.[43], Celik and Cakif52], Bhattacharyat al.[32], Bisadiet al.[53], Xueet al.[41] and
Saeidet al.[33].

Figurel5 - Internal discontiuities(adapted from Xuet al.[41])

Cracking is caused by the high brittleness of IMEs present in the welds. This has been
reported in works by Liet al.[37], Galvaoet al.[17], [30] Muthu and Jayabaldi36], [54]
Bisadiet al[53], Saeidet al.[33] and Sahwet al.[55].

Figurel6 - Crack(adapted from Galvaat al.[17])
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Bad surface finishing occurs mostly due to irregular itstion of IMC layers on the surface
of the weld which can result in flashes, grooves, pits and cracks as reported byadli{37],
Muthu and Jayabaldi36], Al-Roubaiyet al. [43], Galvaoet al.[1], [17], Xueet al.[41] and
Barekatairet al.[45].

Figurel77 Void and flashobserved oithe surfaceof an AFCu FS weldadapted from Al
Roubaiyet al.[43])

According to AtRoubaiyet al.[43] surface pits and grooves can form due to insufficient axial
force and plunging depth, which results in inadequate refilling of the advancing sidevefdhe
By increasing the axial force, it is possible to minimize the formation of surface tunnedf as w
as collapsing internal voids and promoegtér mixing of the materials.

2.3.6 Influence of Heat Input, Rotational Speed and Travel Speed

Articles have detailed the effects of rotational and welding speeds on the resulting KW Al
weld. The rotatioal and welding speeds govern the heat input during the process, which also
has been studied in detail. Correctly selecting the parameters value can be paramount to the
outcome of the weld procedure.

With increasing heat input, that is; lower travel sgeadd higher rotational speeds, the weld
zone grows largemwhich, along with more material mixingan be beneficial for theveld
properties. On the other hand, too much heat input increases the formalid@syfwhich
increase the brittleess of thaveld, and lowerthe tensile strengtfs2]. If the heat input is too
low, as it is with high travel speeds, it cannot induce interfacial reaction betwegn dneAl
[38].
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T.K. Bhattaclaryaet al.[32] investigated the correlation betwemgatinput, joint strength and
welding forces. They noted that when they incredbedheatinput in the FS buttvelding of

Al-Cu both the axial force and tpre decreased. In their research, it was also observed that
increasing the rotating speed from 8B®M to 1000 RPM, and therefore the heat input
improved the joint strength significantly. This was for both of the travel speeds they used in
their investigéion, 20 and 40 mm/min.

H. Bisadiet al.[53] investigated the influences of rotational dravelspeeds oirSlap-welds

of Al-Cu.They found that both very low and verigh welding temperatures lead to many joint
defects. In their experiment, higher welding temperatures resulted in a joint surface quality
reduction as well as increase in flash formation. Lower welding temperatures caused defects
close to the sheet interface as well as some cavity defects. It reinfoec@sportance of
balancing the heat input during FSW of @l in order to acquire sound welds.

Akinlabi et al. [30] found the electrical resistance afFSWAI-Cu joint to increase with
increasing heat input. This likely due to the increased formatiohIMCs.

A couple of articles have detailed the effects of the rotational speed on the weld. Their results
have been compiled ifiable4.

P.K. Sahtet al.[55] when FSWAA 1050 toCu found that increasing the rotational speed up to
1200RPMresulted in greater weld strength but once the rotational speed surpass&Pi200
the resulting strength started to decrease.

Liu et al.[37] found the tool rotatioriaspeed to have a significant effect on the distribution of
Cu during their FSouttwelding of Al-Cu experimentsWith a high rotational speed of 1000
RPM, they found the weld root to consistainly of Cu, with a homogeneous distribution of
structures. Whe the rotational speed was lowered to &M, they found largeCu fragment
left on theAl alloy side as well as finding the distribution @& fragments in the weld to be
very concentrated.

While it seems that with increasing rotational speed the sujfsadéy of the weld decreases, it

is important to balance it so that the tensile properties of the weld are sufficient as noted by
P.Xueet al.[41]. In addition they stated that with higher rotational speeds the IMC iayte

weld became less uniform in thickness.
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Table4 - Effect of rotational speed

Rotational
Article Materials | Thickness speed Issue highlights
Medium rotational speeds produce
better welds. Higher welding speeds le
Sahuet al. | AA1050 600-2400 | to more flash formation and more
[55] | Pure Cu | 4 mm RPM material interaction.
Better Cuparticle distributon with
higher rotational speeds. Lower
AA5052 600-1200 | rotational speeds promotes less
Liuet al.[37] | Pure Cu | 3 mm RPM intermixing and cavity defects.
Better welds acquired with higher
Bhattacharya AA6063 800-1000 | rotational speels. Lower rotational
etal.[32] | Pure Cu | 3 mm RPM speeds promoted less intermixing.
Medium rotational speeds promote a
composite structure and high tensile
Celikand | AALO50 630-2440 | strength in the weld. Higher speeds
Cakir[52] | Pure Cu | 4 mm RPM promote more IMC formation.
Thinner and more uniform IMC layer
achieved at lower speeds. Surface
Xueet al. | AA1060 4001000 | quality deterred and IMC formation
[41] | Pure Cu | 5 mm RPM increased with higher speeds.

As seerfrom Table4, the effect of rotational speed on theld has been detailed by several
articles. The works detailed in the table reach a consensus that increasing rotational speeds
results in increased base materials interactioore intermixing as noted by Liet al. [37],
Bhattacharyaet al.[32] and Sahtet al.[55] and greater formation dMC phases as ned by

Celik et al.[52] and Xueet al.[41]. Effect on the surface quality was also noted in the works of
Xue et al.[41] and Sahtet al. [55], where increasing rotational speeds contributed to worse
surface quality of the welds.

The travel speed, how fast the FSW tool travels in the weld line during the procedure, controls
the heat input of the welding proceduike the rotational speed. With slower travel speeds, the
FSW tool dwells a longer amount inside the material and thus generates more heat.

H. Barekatairet al.[45] investigated the effects of different travel sge and rotational speeds

on the FSWof severelyplasticallydeformed AALOS0AI andCu sheets and found that for both
rotational speed and travel speed there is an interval where the parameters chosesoasdlt
welds. The parameters cannot be too Ieimce there needs to be a minimum heat input but
setting them too high will be damaging. The acceptable parameters they found were travel
speeds between mm/min and rotational speed between 12000RPM.
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Akinlabi et al.[56] researched the effect of travel speadhe properties of FButtweldedAl -

Cu sheets. The travel speeds investigated were between 50 and 300 mm/min. They found that
at lower travel speeds the metallurgical bonding and mixing of thalsnetre improved
because of high heat input and low axial force. This resulted in imptdv8d

Table571 Article compilation on theféects of travel speed

Joint | Welding
Article Materials | Thickness design | speed | Issue highlights
Higher welding speeds
promote cavity defects ang
insufficient mixing. Lower
speed promote less flash
formation, good
AA5A02 | 3 mm Butt 20-40 appearance and proper
Tanet al[38] | Pure Cu | 3 mm weld mm/min | mixing.
Better welds acquired with
lower travel speeds. Higheg
Bhattachaya | AA6063 | 3 mm Butt 20-40 speeds produced less
etal[32] | Pure Cu | 3mm weld mm/min | smooth material flow.
Higher welding speeds
have lower vertical
transport of material and
promote cavity defects.
Lower welding speeds
Saeidet | AA1060 |4 mm Lap 30-375 | increase the mixing of
al[33] | Pure Cu | 3mm weld mm/min | materials.
Lower welding speeds
improved mixing of both

3.175 metals. Higher welding
mm speeds did not achieve
Akinlabiet | AA5754 | 3.175 Butt 50-300 | coalescence and proper
al.[56] | C11000 | mm weld mm/min | mixing.

Higher welding speeds
reduce material mixing.

AAS083 Lower welding speeds
H111 1 mm enlarge the mixing area
Al-Roubaiy| CuDHP Butt 160250 | and increase IMC
et al[43] | R240 1 mm weld mm/min | formation.

As displayed irTable5, the effect of the travepged on theveld has been detailed by several
authors in both butt and lap weldsn et al. [38], Saeidet al.[33], Akinlabi et al. [56], and
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Galvaoet al.[17] are in agreement that lower welding speeds result in increased mixing of the
base materials. Most authors did not report on the weld surface quality in their works although
Tanet al.[38] noted less flash formation and better appearance with lower welding speeds.

2.3.7 Influence of Tool Offset, Material Positioning and Alloy type

Other factors of the process haae importaninfluence on the outcome of the weld. Man
works on the subject have detailed the influence of aspects such as tool offset and material
positioning. A few have detailed the effects different alloys have on the process.

Tool offset has showitself to be important to tool life antthe overall quaity of theweld. Tool

offset is when, instead of the tool being centered at the joining line of the two materials, the tool
is centered at a certain distance from the joining line. When the tool is placed more into the
softer material, thél, the tool lie increases as less forces act on it from the harder material
since it comes less into contact with Ge

Sare Celik and Recep Caki2] noticed that when FS buittelding Cuto AA1050 alloy a full
mixture of the madrials could not be achieved without an offset betbwke2 mm (50100%of

probe radius When the probes located on either side of the joining line the weld zone shifts
from the joining line dwards the material the tool proiseoffset to. Similar restg were noted

by P. Xueet al. [41] where good tensile properties were acquired when the tool offset was
between 2 and 2.5 mm @B%), although too high offset is disadvantagebesause of
insufficiency in thereactionoccurring betweenthe Cu pieces and the Al matrix structure that
forms during FSW. Tolephilet al.[57] also reportedn the advantages of tool offset in an
experiment where the higheseld strength wasehieved sing an offset of 33%.

P. Carloneet al.[31] also reported sound dissimilar FSW joints by offsetting theitaolthe

Al sheetAl-Roubaiyet al.[43] reported sucessul weldswith a high offset of 93%although
with an offset of 100% their specimens failed during preparatory machining becaaae a n
absence of stirring actiomdhe Cu side. Li Xiavei et al.[47] reported growee defects when
using an offset of 100%.

Some researchers suggest that it might not be necessary to offset the tool in otdestuge
FS buttweld between AICu. T.K. Bhattacharyat al.[32] reported a jmt efficiency 0f86.5%
without using an offseM.N. AvettandFeonélet al.[50] found offset in either direction, during
FSbutt-weldingof Al-Cu, to increase the formation of IMCs within the weld, especvatign
the tool was offset into th€u sheet.
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Table61 Article compilation on theféects of tool offset

Offset
Article Materials | Thickness [%radius] | Issue highlights

Increasing the offset up to 50% resulted ir

better welds. Going over 50% damaged th

Sahuet | AA1050 weld. Higher offset decreases tl@uin the
al.[55] | Pure Cu | 4 mm 16.7-66.7 | nugget zone.

Low offsets promotél melting at the
interface. High offsets weaken material

Tolephih| AA2024 bonding. Medium offsets produce sound
etal[57] | Pure Cu | 5 mm 50833 welds.
Al- | AAS083
Roubaiy | H116 100% offset resultedch improperly mixed

etal]43] | Pure Cu | 6.3 mm | 86.7-100 | welds. Low offsets promoted void defects

Full mixture could not be reached with 0%
Celiket | AA1050 offset. 50% and over led to a homogeneo
al.[52] | Pure Cu | 4 mm 0-100 mixture and better properss.

Sound welds could only be achieved with
66% offset or higher. Surface quality

Xueet | AA1060 becomes worse and IMC formation
al.[41] | Pure Cu | 5mm 0-100 increases with lower offsets.
Avettand | AA6082 Offsetting the tool into either material
Fenoélet | T6 0-33, both | increased IMC formation, especially for
al.[50] | Cual 5 mm materials | offset intoCu

Fromtable § it can be seethat most researchers agree on the benefitsobbffset. Although

it differs from work to work, there is a certain interval in these works where the sétseis

to promotesuccessfulvelds. Too high offsets, especially close to 100%, promote improper
material mixing according to AToubaiyet al.[43], Tolephihet al.[57] and Sahwet al.[55].
However, these works do not reach a full consensus on the benefits afl thiéstet.
AvettandFenoélet al.[50] reported increased IMC formationwelds for offsets in both
direction which results in less sounder welds. The lack of consensus might stem from
differences in the allgyused or the thiclasses of the materials. It che concluded that
offsetting the tool into the softer material promotes better welds for some conditions but not
all.

Positioning of the dissimilar materials to be joined via FSW stated befores of geat
importance dué¢o the flow mechanics that are in effect during the weld procedure. When the
tool moves forward and is turning clockwise the material on the left side of the tool flows along
the front end of the tool towards the other side, the ldé& i this example is therefore called

the advancing side while the right side is called the retreating side. This creates a vacancy on
the advancing side and material from the retrgatide isransported at the rear end of the tool
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to the advancing sato fill that vacancy52]. The resulting microstructure is thus significantly
governed by the relative positioning of the materials.

Researchers at Shenyang, China, observed that sound welds of FGWcauld only ke

obtained when th€uwas placed at the advancing side and not the other way getijndhis
knowledge has been reinforced by several other resedBdie$31], [49], [S55]and has been
attributed to the flow mechanism that occurs during the process. The material on the retreating
side is transported via the shoulder towards the advancing side at the toplafabevhile the
advancing side pushes into the retreating side at a lower depth. Because of the softness of the
Al it is pushed away from under the shoulder area, when it is positioned on the advancing side,
by the hardCuwhich is pushed down by the shaer. This produceiash formation and hinders

Al-Cu mixing which is much more successful whenG@hes placed at the advancing side.

< _- Al - Advancing side

! Cu - Advancing side

Figurel8i Effects of material positioning (adapted fram et al [37])

On the other hand, C.W. Tax al. [38] reported sounder welds with tik on the retreating
side than the advancing side when slow travel speed (20 mm/min) was used.

Liu et al.[37] made multiple experiments witil both placed on the retreating and advancing
side. They found that all the joints welded withon the advancing side had poor appearance,
contained grooves flashes as well as cracks and pits. Once theydmggahheAl to the
retreating sidethe appearance became much better and the joints were without continuous
defects.

Although not every research addressing the positioning of the base materials BSrimgtt
welding of Al andCuis in agreement on whighositioning is better it is clear that due to the
flow mechanism of the weld procedure there is a large difference in result depending on which
material is positioned where. The vast majority of works detailing the issue note the improved
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weld that resuls from placing theCu on the advancing side and it seems to be the standard
procedure in the fiel{B5].

SinceFSlap-welds have not beers éhoroughly researched as bwttlds fewer works detail the
influence the mateai positioning has on theeld using that joint design. Akbast al. [58]
investigated the effect of materials position dufii®lap welding ofAl-Cu. In the research it

was noted that for all the different rotatiomald welding speed tested the strength of the joint

Is always higher when th@ is placed on top of theuduring the process. This was contributed

to differencs in the thermal conductivity of the materials. One of the main sources of heat is
the frictionbetween the shoulder and the upper sheet and placidd,tiwnich has lower heat
conductivity, on top will therefore concentrate the weld zone to a smaller area and result in less
coarse mechanical properties and a sounder weld. This seems to benmeagneth general
practices irFS lapwelding ofAl-Cu as the vast majority of works is made with #ieon top.

Although there exists a variety of different alloys with different properties for @ot#ndAl

only a limited amount of works have detaildt teffect different alloys have on the weld
properties and success. Most wolisuson one combination d€u andAo, most often using
pure or nearly pur€u, as the purpose is often to maximize the joint properties of that particular
material combinationGalvaoet al.[59] investigated the effect that two differehit alloys had

on a dissimilar AICu lap weld.The alloys investigated were AA6082 and 2083, the former
being a heatreatable alloy while the latter beingn-heattreatable. They found the difference

in plastic properties of the alloys to have a considerable effect on both the metallurgical
phenomena and material flowardhg lap welding. While the ABO83welds had an excknt
surface finish and poor ACuinterfacesthe AA6082welds had poor surface finish but strong
mixing of the base materials. This was contributetthéogreater softening of the AA6082 alloy
compared to the ABO83 alloy.

2.3.8 Effect of Tool Geometry

The geometry of the tool used duriR§W has considerate effect on the flow of the materials
and thus the final properties of the weld, especially in welding of dissimilar materials. A few
previous workdave detailed the effects of different taelsigns on the propertiesdiEsimilar
Al-Cu FSW.

Muthu and Jaybalafb4] invedigated the effects of three propeofiles on the weld properties

of dissimilar AFCu FSwelds. Tle profiles tested were whorl propeofile, plaintaper probe
profile and &per threaded prolpeofile. They concluded that among these three profiles the best
results were olained by using a plain taper prgi®file that they attributed to a defdote stir

zone and dispersion strengthening.
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Figurel19- Three differenprobeprofiles (adapted from Muthu and Jayba]a4])

Galvaoet al.[1] investigated the influence of shoulder geometry on the properties of dissimilar
Al-Cu FSwelds. Two different shoulders were tested: a scrolled shoulder aotcave
shoulder. The same welding parameters were used for both shoulders and the investigators
observed that with different shoulders the weld nuggets had completely diffesgmntetallic

content. The researchers reported that the scrolled shoulder promoted formation of a mixed
region almost exclusively made of CuAvhile theconcaveshoulder promoted the formation

of a more diverse mixture of CUAICWAI4, CuandAl as wellas lower intermetallic content.

The scrolled shouldgroducedetter surface finish.

Figure20- A concaveand a scrolled shoulder

E.T. Akinlabi [9] looked into the effects of the shoulddiameter on the properties of FSW.

3 different shoulder diameters were tested, 15, 18 and 25 mm. The results were so that using the
18 mm shoulder resulted in the best mechanical properties. 15 mm diameter was also superior
to the shoulder with 25 mm diaater. This was credited to the difference in heat generation
when using the three different shoulddrise base materials were 3.175 mm thick.
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2.3.9 Applications

The applications of dissimilarly welded materials are numeroudepehd on the properties of
both joined material€Cuis mostly applied where its conductive characteristics are needed, such
as in electrical or heat transferenéé.is a conductive material as well although its properties
are not as ideal dsr Cu. On the other handl is a mu& cheaper material and therefore can
be used to replace ti&u in applications where sonsections do not need the full effect of the
Cucharacteristicdt can be very costffective to be able to replace partSafwith Al where

the Al properties suffie [60]. This can also be reversed in order to improve certain sections of
electrical or heat transferal applications by replaéihgith Cu.

Figure21i Conventional monolithic Al bus bar

The last example is exacthynepurpose of this work. By replacing the end#\bbus bars with

Cu, the overall characteristics of the bus bars should improve significantly. The ends of the bus
bars are electrical hotspotshdir resistance is higher than tin&dle section of thear,as they

are both thinner and in bolted contact with other parts of the eledyst@m, whichresults in

a locally higher resistanca the connectianThis means that the temperatures of the bus bar
rise while the system is use. The ends are under high forces from the bolt and due to thermal
cycles, the material slowlyeformsover time. This lowers the bolted force, which increases the
local electrical resistance that results in further elevated temperatures. Thus, ltae jougs

need to be rightened periodically in order to prevent failuf@u has higher electrical and
thermalconductivities, whiclresults inlower local temperatures in the bus bar efide Cu

also has 30% lower thermal expansion tAirso thedeformationdue to thermal cycles should

be much lowef61].
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2.4 Evaluation of Weld Properties

The quality of the dissimilar FSW joint needs to be assessed and evaluated considering the
desired application for the jomitThe joints are to be used in the manufacturird) spiral bus

bars with aCu end. Three joint characteristics were selected to be evaluated based on the
intended purpose of the joints:

1 Tensile strength
1 Bending ability
9 Electrical resistance

Tensile stength and bending ability detail the mechanical strength and formability of the joint
as it is required to withstand the forces affecting it while the bus bar is formed into a spiral. The
electrical resistance of the joint needs to be minimal as to miaithe electricapowerlosses

in the bus bar while in operation.

Tensile and bending tests both deliver many outputs and it can be difficult to compare different
welds when using these values separately. To simplify the analysis of th&tsotwm
coefficients are used; Globaffiei ency to Tensile tBength, GET1) and Gobal Efficiency to
Bending, GEB(2) [62].

0o 62 5 e 5 . ss iy Y
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Where E isthe Youngmodulus,Uy is the yield stess,lurs is the ultimate stress, A is the
elongation andJr is thetoughness.
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Where F is the maximum load, d is displacement atinmam load andJs is theconsumed
energy until a certain minimum load is readiafter the maximum load has begsssed

In both equation the different C values areights, whichconsider the level of importance of
the mechanical properties in theended application of the joirf62].

To evaluate the electrical resistance of differeiCAl welds theresistanceof the joints is
measured An electric resistance coefficientonductive efficiency Uer), is used for this
purpose.

! Y Y Y @
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Where R is the resistance of th side of the joint, Buis the resistance of ti@u side of the
joint and Rointis the resistance of the joifithe joint length is considered to be the same as the
diameter of the shoulder used to produce the jdihe conductive efficiency compares the
resistance the welded joint to an ideal welded joint without contact resistance.

2.4.1 Tensile Tests

Tensile test is a destructive test where a tensile force is applied tospaeshen, whichs
pulled apartt a constant rate untracture.The specimenis machide&vi t h t wo wi de
endso and a t hi nnwherethenfractuke ds infendedttoltade placed d | e
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LENGTH
GRIP SECTION = -
\1_
. [ ] j
Y
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GRIP SECTION < >
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Figure22i1 Tensile test specimd63]

The loadon and elongation of the specimen is monitored and the first fsaltensile test is a
load-versuselongation curveThe data is then normalized for the original geometry of the
specimen to obtain an engineering stemsusstrain curve. Engineering stress, and
engineering strairt, are defined beloy64].

: 4
. @

a a Ya (5)
a

Where P is théoad on the sample,o&he original crosssectional area of the samplas the
gauge length at a certain load andsl the original length.
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Figure231 An example tensile test stressain diagranj65]

In the first segment of the curue Figure23, where it is the steepest, the material experiences
elastic deformation. Elastic deformation is a tempod&fprmation and a material will take its
original shape oncéhé load is removedVhen the material has been strained past the elastic
region it becomes plastically deformed and will not recover its original sNagld. strength,

dy, is the point where plastic deformation starts to take place. It can be hardify ppmisely

it but conventionally it is defined as the intersection of the curve with a straight line parallel to
the elastic part of the curve offset 0.2% on tkexis. In other words, the yield strength is the
stress needed fermanentlydeform the raterial by 0.2%The slope of the elastic part of the
curve is called modulus of elasticity, E.

The ultimate tensile strength (UTS), or tensile strength, is the maxstress reached during

the testWhen the material starts to reach that point the egesgonal area where fracture will

occur experiences reduction. Therefore, the original area of the sample cannot be used to model
the true stressir, defined below64].

"oz (6)

For most metals it is possible to approximate the true sttess strain it) curve between the
yield stress and ultimate tensile stressg the equation defined beld@4].

s 0N (7)

Where K and n areonstants, whickiary for each material.
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The final value acquired from tensile test is the toughness of the material. Toughness describes
the combination of strength and ductility andtishhe mat eri al 6s abil ity
energy up to the point of failure. It is equal to the totah ameder the stresstrain curvg64].

N
"

Y o) (8)

Where Uris toughness ang strain upon failure.

2.4.2 Bending Tests

Bending testsor flexure testsare used for the characterization of weld joints when the bending
ability of the joint is an importamroperty such as it is in this workhe most commohending

test method is the three point bending test. Three point bending tests are conducted so that the
bar to be tested is mounted on top of two cylinders, one under each end. A third cylinder then
presses on top of the middle of the bar with a constaegd so that the bar starts to bend in the
middle. The test is ended when either the bar has been fully bent’tor18@ joint fractures.

3 - point
Flexure test
Loading Force
pin
A 4
Specimen

Supporting pins

Figure24i 3-point flexure tesf66]

The reason for conducting bending tests is to be able to determine the GEB of the welded joints.
Thus, the important results from bending tests for this work is the maximum load on the loading
pin, the displacement at maximum load ang tie energy consumaeuhtil the force lowers to

a minimum specified load after the maximum load has been reathednergy consumed is
equal to the area under the bending stbeswling strain curve. Equations 8 and 9 below detail
how the stress and strain in-g@8int flexure test is calculated.
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Wherel is the flexural stress, F is the force, L is the length between the two supporting pins, b
Is the width ofthe specimen, d is the thickness of the specifiémnihe flexural strain anD is
the displacement of the specinié].

2.4.3 Electrical Resistance Tests

Accurately measuring lovelectric resistances can be diffit with traditional hand held
instruments such as multimeters, which are rather used for high resistance values. When low
resistances of joints are measured it is better to have a current flow through the joint and measure
the voltage drop occurring ovér The resistance can then be calculated based on the voltage
drop.This is known as fouterminal sensing.

Voltmeter \
=
‘ —::I:i :;///
h 1”E(// >

Ammater

Currant

Figure25 - Fourterminal sensingt8]

Four wires are attached to the bahjeh is to be measured. Constant current is forced through
the two outer wires while the voltmeter measures the voltage drop occurring between the two
inner wires. Theesistivity of the bar can thebe calculated as follow§8].
®wUiQ YUQ
"= (11
(6] a

Where} is resistivity, V is the voltage difference measured, w is the width of the bar, h is the
height of the bar, | is the current flowing through the Bais resistancand F is the distance
between the two wires measuring the voltage.
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This is the operational principle of microhmmetres, which have been used to measure the
resistance ofl-Cu joints in previous workBt8]. To evaluate the res@ice of the joint itself

the total resistance from one side to the other is first measured. Then the base material
contribution of resistance is subtracted to acquirevitlds resistance.

! , p I T@gTt a pTTat @ T
— — 12
Y Y v Q 0 Q (12)

Where w and h are the widths areldhts of each side of the weld ana resistivity,laand I
areexplained inFigure26. The equation is tuned to distances being measured in millimeters.
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Figure261 Schematic of electrical resistance measurements

2.4.4 Hardness Tests

Hardness tests meastthe resistance of a material to indentation. The hardness of a material is
an indication of its strength. The test is conducted so that an indenter, made of a much harder
material than the material to be tested, is pressed on the surface of the tésted with a
certain force. Afterwards, the indentation
reldion to the area of indentati¢64].

There are a few different types of hardness tests, tis¢ common ones being Brinell, Vickers

and Rockewell hardness tests. During the course of this work Vickers hardness tests were used
to characterize the hardness of both base materials and Welllsrs hardness test uses a
diamond pyramid indenter, whiglroduces a pyramidal indentation.
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Figure271 Vickers hardness tef9]

The hardness is calculated after the indentation has been measured:

. O

Where VHN is Vickers hardness number, F is the force of the indentation and & are the
distances between opgite corners of the indentati¢éd].

2.5 Design of Experiments

In order to acquirevalid results from a test program it is necessary to design it statistically.
Statistical DOE gives unambiguous answers to important questions with minimat edso.

allows for the measurement of experimental error, quantification of effects andrggighd

into interactions of variablg30]. A common form of DoE is the factorial design, which can be
used to investigate the effects of parameters in a process by testing all the possible combinations
of the dfferent levels of the parameterd/hen a process is governed by many different
parametersa factorial design becomes very thoe@nsuminglnvestigating such processesn

bemade more efficient by usiragher methods such as the Taguchi one.

2.5.1 Taguchi Method

The Taguchi method, developed by Dr. Genichi Taguchi, is a collection of methodologies that
has become populdor designingexperimentsvith the purpose of optimizing a setaintrol
paramegrs of a process and is ugadnultiple industrie§71]. The key variables of a process

are studied and optimized in order to improve certain desired charactefiegogariables are
investigated using an orthogonal set of experiments and the desired output is exqesssdar
functiors to be optimized by the methpt®]. The main benefit of the Taguchi method compared
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to other DoEs is the usage of an orthogonal experimental set. This allows for much fewer
number of experiments wth makes the method both less expensive and more efficient than its
alternatives.

There are three main concepts fréaguchi, whichform the foundations of his methodologies
[71]:

1 Quality should be designed into theduct and not inspected into it.

1 Quality is best achieved by minimizing the deviation frotarget. The product should
be designedsothat it is immune to uncontrollable environmental factors.

1 The cost of quality should be measured as a functioewation from the standard
and the losses should be measured sysii®.

Traditionally, a product either meets certa
this might result in products not being manufactured optimally, since asdahgyameet the
specification it satisfies the producdraguchi developed another way of depictopgglity,
whichfollows a parabolic function:

0 Qu a (14)

Where Lis loss, k is a constant, y is theual size ofie product and m is thibeoretical target
value of mean value.

This way of thinking encourages companies to further improve their products, beyond just
meeting the productsd specifications.

Loss Loss
incurred incurred

Traditional » <« Taguchi
No loss
v A
Lower specification Target value Upper specification
[imit limit

Figure28i Loss function, traditionea nd Tag3chi 6 s
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2.5.2 Taguchi Method Implementation
Implementatiorof the Taguchi method can be divided into eight sfépk

1. Identify the main function, sidefetcts and failure mode

Identify the noise factors, testing conditions and quality characteristics
Identify the objective functiasito be optimized

Identify the control factors and their levels

Select the orthogonal array matrix experiment

Conduct the matxiexperiment

Analyze the data, predict the optimum levels and performance
Perform the verification experiment and plan the future action

©ONOOA WD

Knowledge of the process that is to be optimized is needed before using the Taguchi method.
What is the process, whateaits side effects and how does it fal@ise factors, which cannot

be controlled such asomtemperature and vibrations, should be identified as well as the testing
conditions.The quality characteristics of the product must be selected and desesrdigddiive
functions which the Taguchi method seeks to optimizeere are three possible objective
functions: Rated the best (e.g. dimension), higher the better (e.g. bending ability) and lower the
better (e.g. cost)The control factors are also knows the process parameters. In FSW these
are parameters such estationalspeed, travel speed and forging force to name a Téw
minimum and maximum levels of these parameters should be selected so that the optimal levels
are likely to fall within thatmterval and that the desired characteristics of theegsoresults,

when using those limifgan be measured.

Once the process itself has been detailed to fit the Taguchi method the set of experiments in the
form of an orthogonal array matrix needs toseécted depending on the number of control
factors and their level§hese experiments are then conducted and the desired characteristics
measured from all the different resuliBhe mean desired characteristiesathematically
expressed as performancegaetersresulting from each parameter level is extracted from the
Taguchi experimental result¥he process parameter levels giving the highest performance
parameter results on average are identified and their average results are combined with the total
means of each performance parameter in an algebraic model to eatbelaiptimum weld
performanceANOVA statistical analysigs then used to further interpret the results from the
experimentsising the Signalo-Noise ratios (S/N) of the process outANOVA estimates the
proportional contribution of the process parametersthe desired characteristiosnother
algebraic model uses the proportional contribution of each process parameter and the highest
performing process parameter levels on each psquasmeter to calculate the optimal process
parameter levelg4].

The mathematical models mentioned here are further detailed in cBapteich covers how
these methods are used in theirazation of process parameters for the FSW ofCAIl butt
joints.
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3 Selection and Characterization of Base Materials

3.1 Introduction

Al bus bars are generally madeeatruded 6000 seried . ExtrudedAl alloys are subjected to
multiple deformations durgn manufacturing that gives them tougher and stronger
characteristics compared to chemically simiplates, which are rolledr laminated Work-
hardened alloys are more difficult t8SW and are generally not ideal for the mass
manufacturing of longrSWbus bars because welding them one at a time would not only prove
to be very slow but also a material wasting process.

During thiswork, a few differentAl alloys were selected for characterization based on the
wishes of Promeco Oy and ABRivesOy. Thesewere extruded alloys and thus a similar rolled
alloy was also chosen for characterization as it would prove to be a better choice for the mass
manufacturing of bus bars while otherwise possessing similar characteristics important to the
transmission of efdricity such as low electric resistanca@his chapter covers the
characterization of the base materials chosen for the productionGf Bus bars.

3.2 Material Selection

Three differentAl alloys were selectedf characterization: Extruded AQ60T6, extruded
EN-AW-6101T4 and rolled M1050H14/H24.The first one was ordered and sent by Promeco
Oy in the form of long bars, the second is the altdyan Al bus bar, which was further
investigated in chapter 7.h& third one was chosen as it is a chemycsilnilar alloy to the
former two and is rolled as a platehese thred\l variantshad their hardness tested. On the
other hand, AA105(H14/24 was the onlyl tested for its bending and tensile strength as wel
as its electrical resistivity as it was tAechosen for the optimization of weld parameters.

TheCuchosen is a high purity, oxygen free, ramosphorusieoxidizedCu alloy that does not
contain any vacuum evaporating eleme@snerally it is simply known a®xygen free copper
or Cu+OF.The paricular variant used durintpis workwas CuOF-04. The thickness of the two
materials meant for bus bar production was chosen to be 6 mm.

3.3 Material Characterization

To be able to evaluate the properties of the weld joints the base materials need to be
characterized and their properties documented to give a comparison. Knowing the initial
composition and microstructure of the base materials helps in knowing their susceptibility to
form IMCs, which should be minimized.

3.3.1 Hardness

The hardness of all ¢hselected materials was tested usin@biVickers method. The Vickers
hardness is measured by indenting the material using a pyramidal diamdender with a
certain force.n the case of HVQSalf akilogram of force is usedvhich equals to 4.81. The
hardness number is the determined by calculating the-&veze ratio, using the area the
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diamond indents into the base materkadr every material, three surfaces were tested; the top
surface, the longitudinal surface and the transversal su@acwertional bus bar ends have a
clamping area, which is flattened and thinner than the extruded part of the bus bar. Thus, both
the extruded and the flattened parts had their hardness investigatedests were made for

each sample and the indentations msamléhat they formed a square as can be seen below from
Figure29. Table7 shows the measured hardness@ c h mat er i al 6s t hr ee

. . *
. o .
» b .

Figure29i1 Hardness indentatiorisr base materials

Table7-Vi cker 6s microhardness of the selected

Material Top surface Longitudinal surface | Transversal surface
Cu-OF-04 87.1+3.4 90.2+ 4.0 86.7+1.7
AAG060-T6 70.8£1.5 69.4+ 1.3 69.7£5.5
AA1050
H14/H24 39.5+1.0 39.3+ 3.0 39.7+ 1.2
EN-AW-
610174 60.6+ 2.5 58.2+ 2.9 59.3+£1.0
EN-AW-
6101T4 92.3+4.2 90.1+ 3.8 87.6£5.5
(Flattened)

As can be seen in the table above, AA6O&GSs the hardest dsrmedAl. EN-AW-6101-T4 is
softer, but oncés end has been flattened, the hardness increaskexceeds the hardness of
AA6060-T6. Interestingly, the hardness of the flattened bus bar material is similar to that of Cu
OF-04.
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3.3.2 Tensile Strength

To be able to evaluate the tensile strengthheffinal weld joint it is important to be able to
compare it to the tensile strength of the base matéhalssompose the joinThus, the tensile
strengtls of AA1050H14/24and CuOF04 wereinvestigated.

Both the longitudinakextrusion or rolling diretion) and transversal tensile strengthiere

tested, three tests for each direction. The sample sizes fAf el longitudinal direction of

the Cuwere the same, a standard sized tensile strength test specimen with a neck length of 65
mm. Because theidth of theCubar is only 60 mm, a smaller specimen had to be made to test
the transversal tensile strength of @ Figure30 shows the dimensions of the specimens.

60 65 |

15

20

202,39

Figure307 Tensile test specimadrawingsfor base materials
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Figure311 Forcedisplacement graphs for all base material tensile tests
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Due to the small length of the transver§al specimens, it was not possible to mount an
extensometer on them. Therefore, tesile test results are more limited for it. The transversal
directional AA1056H14/24 sample also had problems of necking occurring outside of the
extensometelrigure31 shows the raw forecdisplacement data from the tensiletsetnFigure

32 are the main results of the base material tensile tests. Some values are empty for some
materials due to the problems in testing mentidrere

Modulus of elasticity of base materials True tensile strength of base materials

300

150
100 200
(] 0]
& =
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Engineering tensile strength of base materials Yield strength of base materials
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\p{‘
i
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Elongation of base materials Toughness of base materials

Figure321 Base materials tensile tessultsdetailing the 6 different tensile properties
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3.3.3 Bending Strength

Three longitudinabamples were macled and tested for each base mateA&l1050-H14/24

and CuOF-04. Threepoint bending tests were made using MTS 810 material test system.
width of each specimen was @0nand the distance between the supporting rollers was 7.8 mm
All specimens bent fully and no cracks were observed on their surfaces.

AA1050-H14/24 Cu-OF-04
5 T T T 5 T T .
Sample 1
45t Sample 2| | 45t
Sample 3
4 4 p
_./
V4
3.5 3.5 s
3 3
z z
X, X,
o 25 @ 25
2 2
o o
L L

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Displacement [mm] Displacement [mm]

Figure331 Bending test forcelisplacement grapter base mateails

Based on the foredisplacement graphs, three characterizing values were extracted or
calculated. These values are maximum force, F, displacement at maximum force, d, and the
energy consumed until a minimum specified load is reached after the maxioagimisl
exceeded, Bl The minimum specified load was chosen tal®equal to the maximum force

The results from the bending tests can be seenFigare34.
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Maximum force Displacement at maximum force Energy consumed
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Figure34i1 Bending characteristics of lamaterials

3.3.4 Electrical Resistivity

The base materials, AA108814/24 and C+OF04, were cut into small bar samples for electric
resistance measuremenisvo samples were measured for each matesalg Cropico D07
microhmmeter. The device measuegectrical resistance usingtdrminal sensing principle and
returns the absolute resistance betwtem crocodile clips which are attached to the sample
being measured.

- oaassn aan |

ot
i o

b;

Figure357 Cropico D07 digital microhmmeté& an Al sampe being measured
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The width and height of the lsawas measured as well as the distangasd b, from one end
of the bars to the center of each crocodile clip. Thus, the resistivity of the base medeitdhls
be calculated using equati¢hl). The error of the distance measurements was evaluated to be

0.1 mm.

Table81 Measured variables for evaluating the resistivity of the base materials

Sample Width [mm] | Height [mm] | la [mm] lb [mm] Rle q]
Cul 4.95 5.95 44.5 77.8 20.5
Cu2 4.99 5.98 38.3 74.5 22.0
Al-1 5.06 5.95 44.6 73.6 29.3
Al-2 5.00 5.95 46.5 80.4 33.6
Table91 Resistivity of base materials
Material CuOF-04 AA1050-H14/24
Resitivity [ An] 0.0181+ 0,0001 0.03+ 0,0007

In addition to measuring the electrical resistivity of the base materials themselves, the contact
resistance between them was also measured uanygng contact forces. The base material
samples were cut into smaller pieces and thadsenilled. Then they were clamped together

using a small vice and the resistance over the contact measured for low, medium and Isigh force
The lowest force was so that the samples would stay in place but could easily be moved by hand.
Medium force was sthat the samples could not bwved by hand and high force waken

the vice was tightened as much as possible. Three samples of each material were measured for
each varying force and the resulting contact resistanran be seen ihable 10. The contact
resistance is the total resistance measured subtracted by the resistainiceition of the
materials themselves.

Table107 Contact resistance between base materials

Force Contact resistancde q |

Low 8000+ 2000
Medium 340+ 30

High 110+ 30
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Figure361 Contact resistance between base materials being measured

The contact resistancghighly dependent on the contact force between the material, especially
whenlow force is compared to a medium on€&his is due to the increase in contact spots
between the materials, which correlates with the increase in ffob¢eThese measurements
were made in order to have a compariorthe resistance of the dissimilar FSdihts, which

is a subject oEhapter 6.

3.3.5 Metallurgical Features

The metallurgical features of the base materials, AAL1858/24 and CtOF-04, were
investigated using an optical microscope. Both materiald@seto being pure, with negligible
amount of alloying particle.he structure of thal plate stays homogeneous within the sample
but as theCuis extruded, there is a difference in the grain structure within the-seaion of
the bar from which theasnple was taken.

— |

Figure377 AA1050-H14/24 microscopic image
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Figure381 Cu-OF-04 grainsat one endf the crosssectioral sample

—— |

Figure39- Cu-OF-04 grains in theniddle of the crosssectional sample

As can be seen frofigure38 andFigure39the grain structuref the Cu varies within the

extruded crossection. At theniddle of the crosssectioral samplethe grains areakrge and

can be seen clearly. This is not the case agtldewhere the grains are on average much

smaller. This kind of change in the microstructure was not detectedA.thais is due to

the difference in the manufacturing process ofntlagerials The Al, beingrolled, is not

subject to the high forces and deformationGeexperiences when the extruded bar is made
straight after extrusion and therefore the grain structure remains more stable within the sample
compared to th€u.
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4  Development of Tooling for FSW

4.1 Introduction

A considerate part of the work is the tool design. The tool material and geasnétal to the
success of the weld and the tools need to be customized and designed to fit the application.
Finding the suitable manufacturer also vital as heat treatment and material strengthening
greatly influences the final properties of the tools. Few comphams theexpertiseof making

durable and reliable FSW tools that can withstand the high forces of the process for an extended
period without wearing out and failing.

In addition to designing and ordering the manufacturing of conventional FS8/a&BFSW
tool module was designed and manufactured at Aalto Univeiidity.module wasdesigned to
be attachedtothenui v e r s i t ygid ESWETGCEIBeE. L e

This chapter detailthe design and manufacturing of conventional FSW tools and an SSFSW
tool module. The conventional tools were further used in subsequent chapters for the
optimization of weld process parameters. The SSF®W module wa designed and
manufactured but not tested during the work of this thesis.

4.2 Design and Manufacturing of Conventional FSW Tools

The tools were designed for a modular tbolder, whichholds a shoulder and a probe. This
probe holder was already desigr®da colleague in the department and was available for use.
The designed tool geometries were based on geometries foutidsimilar AFCu FSW
researctworks

Tools were designed to fihree differentbasematerial thicknesse®, 8 and 10 mm After
desgning multiple potential geometrieour probe designs and five shoulder designs were
chosen and sent to manufacturikty.3 tool steel was chosen as the tool material. Preliminary
welds had been made using H13 tool steel tools and it proved to be stowggp éo withstand
the applicationThe tools were machinequenched, tempered and surface hardesed) ionic
nitrationby Jodo Luis in Portugah machinist experienced in the manufacturing®¥tools

The inner diameter of a shoulder is the sam@sajordiameter of probes intended for

usage with that particular shoulder antershoulders having the same inner diameter. It was
decided after consulting with Pedro \&athat the inner diameters of the shoulders would be
equal to the thicknessof the materials their usage was intended for. Thus, tools were
designedvith 3 different sizesA, B andC mm inner diameter shoulders along with matching
probes. It was decidethat for 6 mm thicknesmore variable geometries would be designed
for testing as the projectds focus had been
the larger diameter tools only concave shoulders, threaded probes and threaded grobes wit
scrolls were made. These designs were also maderfon diameter tools but additionally
convex, convex scrolle@gndtwo flat scrolled shoulders were designed and ordered for that
particular diameter as well as flaperand threadethperprobes withflutes. As the outer
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diameter of shoulders has considerable effect on the heat input of the weld,ivozsszes

of concave shoulders were designed and ordered for each intended probe diameter. Most tool
geometries were based on geometries found inqus\Al-Cu FSW works apart from the

fluted probes and convex shoulders. The intended purpose of the fluted probe design is similar
to the scrolledne, whichis to be able tbreak up the base mater@lide layers to create new
chemically active surfaceabat produce better bonding between the welded materatide11

details the shape, diameters and geometric details of the ordered shoulders as well gs showin
an illustration of the desighgenerakhapes. Table12 shows the shape, major and minor
diameters, length of welding geometry, other geometric details and illustrations of the ordered
probes.

Tablel11 - Shoulder designs chosen for manufacturing

External Internal

Shape diameter | diameter

Geometric details [llustration

D1
D2
D3
D4
D5
D6

Concave N/A

O0Omw > >

Convex D7 A N/A
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Convex

with one

positive
scroll

D8

N/A

Flat with
one
negative
scroll

D9

N/A

Flat with
two
negative
scrolls

D10

N/A
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Table12 - Probedesigns chosen for manufacturing

Shape Major Minor Probe Geometrical lustration

P diameter | diameter | length details
A E H

Tr;;eaeor'ed B F | N/A

P C G J

meased 4

Wﬁh B F | N/A
C G J

scrolls

Threaded

taper A E H N/A

with

flutes
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Flat
taper

After having received the tools from manufacturing they were tested for their surface hardness.
The back surface of a single shoulder was polished. Then its hardness was tested using HV30
indentations. The nmaral had average hardnessG83 HV. This equal$o 57.9 RockwellC
hardness, which is above the range of tempered H13 tool 2838 RockwellC hardness)

[76. The surface hardeni ng hashardresscoaesideraby. i ncr e

Figure407 Manufactured conventional FSW shoulders and probes

Afterwards several welds were made to test different tool geomeffies concave shoulders
immediately performed very well, which was to &ected since it is the shoulder design
mostly used in AICu FSW research. Other shoulder designsndtdshow the same potential

and were therefore not used more throughout the course of this Tweokprobe designs,
threadedaperand threadethperwith scrolls,gavethe best result®r the probe designs tested

The threadetaperone was selected for the optimization of the weld parameters as its geometry
is simpler and more conventional thanthé he.or 6 s i s
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4.3 Design and Manufacturing of a Stationary Shoulder Tool Module

As previously stated, &tationary Shoulder Friction Stir Welding (SSFSW) tomdule was
designed and manufactured during the process of this Btakonary shoulders are a recent
advancement in FSW technology and is highlyegedir i n Aal t o6s Pmaeo®r i al
Oy6s FSW machine is similar in design as Aa
limited attachment capacitie$he design was made based on certain specifications and the
concept was highly influende by Beckman and ltSQasrdecslddrt® keeps d e
cost down, that the whole module would be manufactured inside Aalto University.

4.3.1 Design Specifications and Concept
First, design specifications were compiled together as detailEabie 13.

Table1371 Stationary shoulder design specification

Design specifications

Attachable to Aaltods ESAB Le
Able to withstand up to 1500 RPM operational rotational speeds
Capable of producmlong welds
Able to easily force the shoulder down from the probe after operation
Deflectionwhile in operation < 0.1 mm
Wi dth of shoulder O 60 mn

The ESAB Legio FSW machine has slots and threaded holes on the three free sides above the
spindle, which are intended to beed with attachable equipmeiihe moduleneeded to be
designed to be mounted theRSW rotational speds sometimes go up to 2000 RPM, which
canbe very demanding for bearings. Such high rotational speedsa@mmonso it was

deemed acceptable for the design to be operational da@d€& RPM as otherwise it would
require larger and more expensive bagsiA cooling channel close to the bearing was deemed
necessaryo be able tprodue long welds.During FSW material, especialljl, tends to stick

to the tool and enter cavities between the probe and shoulder. This can cause the shoulder and
probe to bdifficult to separate, as the sticky matetahdsthem togetheand therefore it was
specified that the design would alldhe shoulder to be easily forced away from the probe.
Deflection of the module needed to be kept at minimum teeprahe bearingnd probe and
thusdeflections under 0.1 mm were deemed accept@hkewidth of the shoulder needed to be

equal or less than 60 mm to be able to operate with the clamping system used for the course of
this thesis.

A few different concepts were exploreddain the end the most promising one chosen. The
concept is made up of five main parts; 2 arms for mounting the module to the machine,
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shoulder that attaches to the arms, a probe holdéch holds the probe and is mounted to the
spindle and a probeThe following 3figuresdisplaythe final designof the moduleBill of
Material (BOM)tablesare also presented explain theigures

Figure41li SSSWtool moduleDesign overview

Table14i OverviewBOM

Part no. Part name
ESAB Legio FSW Machine

Left arm

Right arm

Shoulder

Probe holder
Probe

Coolingchanndls qui ck ¢

N[OOI IWIN|F-
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Figure42i A crosssection of the SISSWtool moduledesign

Tablel57i Crosssectional BOM

Part no. Part name
1 Probe
2 Probe holder
3 Sliding bearing
4 Extraction bolt
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Figure431 A crosssection of a single cooling channel in the SSRS8@Wmodule design

Table1671 Cooling channel crossectional BOM

Part no. Part name
Cooling channel
Quick-connector
Channel tap bolt
Shoulder
Probe
Probe holder
Probe end

~NoOOHA~IWIN|F

All parts were designed to be fully machined excepiatines, viich were designed to be first
welded and then machined, as they are too largefidlipeanachinedcheaply Thetool module

design was made to meet its specifications and the general design met all of them except for the
deflection of the shoulder and thility to operate using high rotational speeds, which both
needed to be calculated. The deflection was evaluated Esiitg Element MethodHEM)
analysis and the arms were redesigned and
specifications.The bearingdés ability to withstand hi
operation was evaluated using Lagermetal | 0:¢
bearing is the toughest one available on the makdtwas chosen as the sliding bearimg f

the tool module

Lagermetall 6s onl i ne -valuel wichlisae pnoduat @f the avérage e s
contact pressure and sliding velocity, the bearing experiences based on the dimensions of the
bearing, rotational speed and force. The for¢m@on the bearing was estimated to be 2kN at
maximum.Using that forcevalug 1500 RPM rotational speed and the inner diameter and length

of the bearing, the PValue was calculated to be 7.85 N/fmAm/s. This is lower than the
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maximum recommendedPV-value of the bearing, which is 9.6 N/riAm/s. The ordered

bearing has diamond shape pockets on the sliding surface that hold grease, as the SSFSW
module was not designed to include a grease pocketdidim®ond pockets allow for the module

to be relubricatedafter a certain amount of timeh@& frequency of lubrication needs to be
determined by testing the module.

4.3.2 FEM Analysis

An FEM analysis was used to calculate the expected deflection of theéawdukn in operation.

The analysis was made so that both mounting surfaces of the arms were constricted and the load
was defined to act on the bottom surface of the shoulder. After consulting with Pegeoth@a
maximum forces acting on the shoulderidgroperation wreestimated to be less than 20 kN

in the z-direction and 10 kN in the-direction given that the materials to be welded are in the
xy-plane These values were used during the FEM analyrsitsal design, seen iRigure 45,

was deemed insufficiently rigid and was therefore changed by adding a secocdrhyath

bar and 2 stiffening plateseen inFigure46. After improvement the FEM analysis showaed
maximumdeflection under 0.1 mm wth met the design specificationsis to be noted that

the coordination system the FEM figuress wrong, y is z.

Constrained surfaces

Weld direction

Load

Figure44i Load direction and constrained surfaces used for FEM analysis
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355,619 041256 0.12808
Van Mises stress (MPa)

320,087 Deflection in x-direction (mm) 0.40000 Deflection in z-direction (mm) 0.10382
284 496 0.35000 0.07856
248.934 0.30000 0.05530
213372 0.25000 0.03103
177810 0.20000 0.00877
142,248 0.15000 -0.01749
106,686 010000 -0.04175
71.1246 0.05000 -0.06602
355627

-0.09028
-0.11454

0.00000
-0.01801

0.00091

Figure457 FEM analysis before improvemermsstructural rigidity

Von Mises stress (MPa) 225486 Deflection in x-direction (mm) ullais 1.929e-03
202.940 0.06059 Deflection in z-direction (mm) 1.5008-03
160399 WL 1luuue-uz
157850 o.04672 s:oooe-oa
135.304 0.03978 1464810
112.759 0.03284 -5.000e-04
90.2133 0.02591 -1.000e-03
67.6678 0.01897 g
48122 0.01203 -2ruuue-ua
225770 0.00509 -2:5009-03
0.03157

-0.00184

-2.648e-03

Figure46i FEM analysis after improvements structural rigidity

Clear difference in structural rigidity of the two different arm designs is sef€igume45 and
Figure 46. After changing the design of the right arm from a single bar to a more complex
structure with two stiffening plates for both planar directions, the maximualeflgction is
reduced from 0.413 mm @068 mm. Similarly, the-deflection is reduced from 0.128 mm to

0.0019 mm. This allows for the module to meet its specifications of a maximum deflection of
0.1 mm.
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4.3.3 Manufacturing

First, plates and bars were cut, machined and welded together igentital shape of the arms.

The material chosen for the arms was structural steel. Afterwards, the arms were machined; the
mounting holes, slots and threaded holes for the shoulder made. Meanwhile, the probe holder
and probe were turned. The materialstfe probe holder was H13 tool steel while the probe
itself was turned from a QRO 90 Supreme steel rod from Uddeholm. The shoulder was then
machined, everything except the hole for the probe. The hole was made after the arms and
shoulder had been mountedtbe FSW machine so that the actual center of the probe could be
determined. Due to potential distortion, resulting from the welding of the, @rmwas decided

to positionthe hole for the probe in that walhe shoulder was machined from structural steel
After every part had been fully machined, the arms and parts of the shoulder were painted black.
The assembled tool module can be dasow.

Figure4d7i1 TheSSFSW t ool modul e assembled on Aal't
machne
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5  Optimization of FSW Process Parameters

5.1 Introduction

To acquire process parameters sufficient for the production -@uAbus bars they were
optimized based on the Taguchi DoE methatiich was conducted as described in chapter
25.2. Nine welds vere madewith statistically varying parametersising B major diameter
threadedaperprobe and a correspondi¥ diameter concave shoulddhe @B probe was
chosen even though the base material thickness was 6 mm because the@mallebes
proved to beunfit for manufacturing conditions as they tended to break after few vEHIES,
GEB and theconductivty efficiency of the joits were chosen as main functions while travel
speedtool plunge (weld positiorand offset into thél were chosen as the vaible parameters

to be optimizedThis chapter details the optimization of FSW process parametersniion 6
thick AA1050H14/247 Cu-OF-04 butt joints.

5.2 Performance Parameters

To assess the performance of the dissimilaCAIFSW jointsthree performare parameters
were used: GETS, GEB and thenductivity efficiency(Uef). An emphasis was put on the
ductility of the joints over their strength and so the performance parameters are as follows:

o ” ” 6
00"Y'Ydt ys— T’ e T8 g T (15)
‘006 T8 — @ .
O 0 'rY. (16)
s A 1
Y Y Y (17)

The equations for GETSGEB, Rioin, Ra and Ru were explainedn chapter 2.4For the
equations above, the performance parameters scale frorh artd the qualityf the jointis
better when the value of the parameters is closer to 1.

5.3 Establishment of Test Matrix and Process Parameter Levels

The parameters to be optimized and their levels were chosen after multiple preliminary welds.
The major parameters chosin optimization were travel speed, weld position and offset into
the Al as previously stated’he parameters uséor the DoE optimizationand thei levels can

be seen imablel7.
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Tablel77 Constant ad variable parameters and their leveiissen for DoOE optimization

Parameters Symbol | Level 1 | Level 2 | Level 3

Variable parameters

Travel speed [mm/min] A 80 120 160
Weld position [mm] B N/A N/A N/A
Offset into Al [mm] C 0 1 2

Constant parameters

Rotational speed [RPM] 800
Tool geometry @B threadedaperprobe +JD3 concave shoulder
: » Manually clamped 25 mm from weld line for both
Clamping condition :
materials
Machine tilt [degrees] 2
Probe length [mm] N/A
Dwell time [s] 5
Acceleratonlength[mm] 20

There are many orthogonal arrays available when using the Taguchi method and each array is
to be used with specific number of variable parameters and levels. For 3 variable parameters
with 3 levels each the corresponding orthogonalyagdhe so called L9 one. It is meant for
understanding 4 different variable parameters with 3 levels each but can also be used with 3
different parameters, one column simply has to be eliminAtethere are 3 parameters with 3
levels each the total deses of freedom is 2&nd thereare 27 possible parameter combinations.

This is the number of tests that need to be made if a full factorial DOE method is being used but
because the Taguchi test array is orthogonalpbssible to extract the effeat each variable
parameteusing only 9 testg/7].
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Table1871 L9 orthogonal array

Test no. Parameters

A B C D
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

With only three parameters one of the colupidscan be eliminatednd afterwards the table

can be completed by filling in the parameters and their levels

Table197 DoE test matrix

Parameters
Test no.
Travel speed Weld position Tool offset
1 80 mm/min N/A 0 mm
2 80 mm/min N/A 1 mm
3 80 mm/min N/A 2 mm
4 120 mm/min N/A 1 mm
5 120 mm/min N/A 2 mm
6 120 mm/min N/A 0 mm
7 160 mm/min N/A 2 mm
8 160 mm/min N/A 0 mm
9 160 mm/min N/A 1 mm

5.4 FSW Procedure

To have accurate results from the DoE welds it is impottahaveall welds made under the
exact same circumstances so that no extra noise skews the results. A certdur@nas
followed for each weldfter the FSWool was assembled. Thisqredures detailed inTable

20.
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Table207 DoEweld procedure

Step Action
no.
Mark a point on top of thé\l plate where the FSW tool will plunge int
1| considering the offset of theeld.
Clamp the basmaterials using théuclamps and steel plate an\lace the end
2 of theCu clamps 25 mm away from the joint lindoth base materials shall ha
the dimensionsf 250x60mm.
3 Drill a hole where the tool will plunge usingzB drill.
4 Insert the tobinto the FSW spindlgjghten the Gring sealby pressinghe tool
into a plastic block andhenturnliquid cooling on.
5 Zerothe FSW todd s-pogitiononto theCu, 10 mm from the joint line, using 5k
force.
6 Set the offset by first centering theéddle of the probe over the joint line and th
increase the distance into tAkby the required offset.
. Move the tool towards the end spot of theld to make sure that there is no
noticeable change in offset throughout the weld.
8 FSW the base ntarials together, weld length should be 200 mm.
9 Save the logile of theweldto a USB drive for future analysis.
10 | Clean the tool using a lathe.

FSW tool

Backing anvil

Plastic block

Figure481 DoE weld setup
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The materials were clamped usi@g clamps whicthave the option of being liquid cooled,
although cooling was not used for these welds, and side stoppers that prevent the base
materials from separating when the tool plunges into the joint line. A 6 mm thick high
strength steel plate was used as a backimgj. All welds were made during the same day.

The weld setup for the DoE welds can be sednguare48.

As itis quite difficult and timeconsuming to fully clean the FSW tool between welds, which
makes it economically ineffient in productionall the welds were made with fairtyo

probe but a clean shoulder, which is much easier to clean. A preliminary weld was made
before the first DoE weld in order to make the probe dirty so that all welds would be made
under the same coitidns. Figure49 further explains the difference between a clean and a
dirty tool.

Figure491 An unused probe and clean shoulder vs. shouldepiei filled with stickyAl
5.4.1 Clamping system

A very important factor for FSW is the clamping system used for the process. It is vital to the
success of the weld that the base materials are thoroughly clampeat they stay completely

still during the process. Insufficientampingcan cause multiple pblems. The materials can

rise around the area the welding force acts on, preventing the root side of the weld from staying
flat. This occurs when the clamping force is either nadeclenough to the joint line & simply

too low. This problem occurs miaenore seldom if a hole is drilled where the probe will plunge.
When weldingbutt jointsit can be important to use side stoppers to prevent the materials from
sliding away from ach other when the tool is plunging into them. This is certainly the case in
Al-Cu FSW.

For all welds done during the work of this thesis a certain clamping system was used, seen in
Figure50. The system is composed o2 clamping bars, a steel backing anvil, 4 clamps and

2 side stoppers. Clamping was deraso that the edges of tla clamping bars were 25 mm

from the joint line. The start position of each weld (the red circle) and the advancing and
retreating sides are also marked on the figure.
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Figure507 Clamping system setugnd weld directiorfior all welds made durinthis work

Table21i Clamping parts seen Figure50

Part no. Part name
1 Cu clamping bars
2 Steel clamps
3 Backing anvil
4 Side stoppers

5.4.2 Surface Characterization and Specimen Extraction Plan

After all 9 welds had been made their surfelsaracteristics were analyzadd therthey were
cut into tensile, bending and electric resistasecimens as detailed igure52. The surface
characterization was fully observationdlhe top surfaceof the weldswere inspected to
characterize their flash, concavityidth regularity and striadeegularity.The roos of the welds
werealso inspected to characterize the flatness, unifgrand evidence of joining of the welds.
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Figure517 Visual surface analysis of the maststhetically pleasinDoE weld, weld no. 5

250

5 20 20 20 20 20 20

Copper

Aluminum

el el - — el

Figure5271 Extraction plan for mechanicahd electricaspecimas used for weld
characterization
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Table221 Surfa@ characterization of DoE welds

Face of the weld

Root of the weld

: : Evidence
: Flash VIR EF | REmeEL W'dth. Strlad_e Concavity | Flatness of Uniformity
= flash of flash | reqgularity | regularity joining
o
2 2|z =5 |2|l.5 2| = |5 5|5 g 5|2
sl ele|l2 2|23z |8|c3/8|E|elzl2|ls|8lz]| 8
= = = © = = [} = c c L o o =) =
2|3 5| E|5|U|8|&|8|%8 8|5 5| |22 8|&s
] S (O] > > h = < >
1 X X X X X X X X X Surface crack
2 X X X X X | x X X X Surface
cracks
3 X X X X X X X X X Surface and
root cracks
4 X X X X X X X X X
5 X X | X X X X X X X
6 X X X X X X X X X Surface and
root defects
7 X X X X X X X X X
8 X X X X X X X X X Surface and
root defects
9 X X X X X X X X X Root defects
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5.5 Performance of the DoE Welds

After the welds had been analyzed and their performpac@meters calculated tedfect of
each process parameter on thefgremanceparametergould be evaluatedTable 23 presents
the variable parameters and the experimental results for the GETS, GEBr ahdach weld.

Table231 Experimental results for DoE welds

Parameters
Test Tsrpag’gé p‘é\éiet'ign Offsetinto | GETS  GEB Cl
[mm/min] [mm] Al [mm]
1 80 N/A 0 0.629 0.559 0.887
2 80 N/A 1 0.473 0.252 0.947
3 80 N/A 2 0.463 0.255 0.863
4 120 N/A 1 0.562 0.375 0.929
5 120 N/A 2 0.753 0.468 0.967
6 120 N/A 0 0.610 0.167 0.863
7 160 N/A 2 0.575 0.259 0.912
8 160 N/A 0 0.554 0.222 0.935
9 160 N/A 1 0.595 0.248 0.945

Effect of process parameters on GETS
Process parameter

Travel speed Weld position Offset

064 ® 06418
0,62

0,60 / 0,5976 0,5971
‘ \ 0,5937 [t »
o

T 90,5886

GETS

0,58

0,5745

0,56
*
0,5557

#0,5435
0,54

0,52 @ 05217

0 120 10 I © 1 2

Figure537 Effect of process parameters on GETS
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Effect of process parameters on GEB
Process parameter

Travel speed Weld position Offset
0,40 #0,3977
0,3550
035 °
e 03365
) / #0,3273
o0 # 03140 03159
w
U 030 .
#0,2916
0,25
#0,2432
.;112230
0,20
80 120 0 I 0 1 2
Figure541 Effect of process parameters on GEB
Effect of process parameters on conductivity efficiency
Process parameter
Travel speed Weld position Offset
0,95 90,9498
0,94 ;“ #0,9405
. \
[®)
g #0,9309
g 093 :
=
7]
g 0,92 #00108
=
= \
=] / | ®0,9140
S 0191 .“ #0,9095
V] / /
0,90 o.n,sagu [
o'ln)sgsz
0,89 gu.ascd
g0 120 100 N O 1 2

Figure5571 Effect of process parameters on conductivity efficiency

It can be seen from the three previous figlin@sthe variable parameters have different effects

on different performance parameters. A medium level travel speed results in high GETS
performance of the weld while low speed increases the GEB and high speeds increase the
electrical conductivity efficiencyHigh speeds fornthinnerIMC layers which could explain
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better conductive characteristics for higher travel speeds while lower speeds soften the base
materials which promotes better bendability of tfwent area. Similarly, the differernixing
characteistics caused by the offset might explain why the conductive efficiency is highest for a
medium offset while the mechanical performance parameters prefer either a high or a low level
offset.

5.6 Analysis of Variance

Analysis of VarianceANOVA) is used tdind out how significantly each process parameter
affects each quality characterisfihe proportional contribution each process parameter has on
the quality characteristics can be calculated using ANOVA. This is accomplished by separating
the total varmbility of the Signato-Noise (S/N) ratios, which is measured by the sum of the
squared deviations from the total mean S/N ratio, into contributions by each of the design
parameters and the error. The total sum of the squared deviationsatle calclated using
equation(18) [78]:

YUY 0w ® (18)

Where n is the number of experiments, 9 in this cass,tieexperimental results for test¥m
Is presented in equatida9) below.

6 2 % (19
g
SS can be divided into two parts: the sum ofpStBe squared deviations of each process
parameter, and the sum of the squared &%rEquation(20) presents how S$Ss calculated
o op .
Y'Y — T W (20
i €
Where one of the parameters is represente bynd | is the level of that parameter, r is the
number of repetition which is 1 here and; &ythe eperimental result sum of the experiments
that include parameter P and leveb§ can therbe calculated using equati¢2il).

YUY OYY Y'Y Y'Y Y'Y (21
Where S&-c are thesquare deviation sums for parameters A, B and C.

Then the total number of Degrees oé&dom (DoF) is determined for both the total number of
tests and for each tested parameter. The DoF for the total number of tests is calculated by simply
subtracting Irom the total number of tests, so in this case the total DoFSisarly, for each

tested parameter the DoF is calculated by subtracting 1 from the total number of factors, so in
this case the DoF for each parameter is 2. Thalke, Fr, for each pameter and the
proportional contribution of each parametar, are tlen calculated using equatio(®2) and

(23):
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TG (22

O © 23
= 23

Where \kis the mean of squares deviations ards\themean of the squared errors.
Using equation$18)-(23) the ANOVA for all three performance parameters was tatied.
Table247 ANOVA results for GETS

Sum of Mean . Contribution
Factors DoF squares square F-ratio (%]
A 2 0.02175 0.01087 0.736616 36.48
B 2 0.00255 0.00128 0.086406 4,28
C 2 0.00579 0.00290 0.196148 9.71
Error 2 0.02953 0.01476 49.53
Total 8 0.05962 0.02981 100.00
-Travelspeed
[ Weld position

[ offsetinto Al
I:l Error

50%

10%

Figure561 Proportional contribtion of each parameter on GETS
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Table257 ANOVA results for GEB

Sum of

Mean

Contribution

Factors DoF F-ratio
squares square [%0]
A 2 0.02155 0.01077 0.343844 16.33
B 2 0.04579 0.02289 0.730592 34.69
C 2 0.00199 0.00099 0.031729 151
Error 2 0.06267 0.03134 47 .48
Total 8 0.13200 0.06600 100.00
I Travel speed
16% [ Weld position
[ offsetinto Al
I:|Errc|r

35%

2%

4T7%

Figure571 Proportional contbution of each parameter on GEB
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Table2617 ANOVA results for conductivity efficiency

Eactors DoE Sum of Mean E_ratio Contribution
squares square [%0]

A 2 0.00157 0.00079 1.232140 13.73

B 2 0.00551 0.00276 4.314842 48.10

C 2 0.00310 0.00155 2.424512 27.02

Error 2 0.00128 0.00064 11.15

Total 8 0.01146 0.00573 100.00

14% 1% I Travel speed
[ weld position
[ offsetinta Al

[ JEror

27%

Figure5871 Proportional contribution of each parameter on conductivity efficiency

Proportional contribution of each vabile process parameter on each performancaneer

is presented ifrigure56-Figure58. From thefigures,it can be seen that error has a significant
contribution on thenechanical performance assessment parameters. Looking past the error,
while travel speed has the most effect on the GETS, the GEB and the conductivity efficiency
are mostly governed by the weld position. The offset has almost no effect on the GEB as

detailed byFigure58.
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5.7 Calculation of Optimum Performance Parameters

The results from ANOVA and the effect each parameter has on the performance parameters can
now be used to predict the optimum performance ofpifteess and the parameters that will
results in that performandBy knowing the best performing performampaeameter leve]seen

from Figure53-Figure55, the optimum results oabe estimated using eafion (24) below:

®w o 0 o 6 o o o (24

Wherex.s the mean of the results and, B2 and G are the best responsés.the example of
the optimization of GES, the best responses would be A2, B2 @idas can be seen from
Figure53.

The optimum performanceas calculated using equatig®4) and is presented in the table
below.

Table2771 Calculated optimum performance

GETS GEB } eff

0.457 0.988

0.674

The optimum parameters aequiredoy multiplying together two matrixes, P and Q. Here, the
columns of P are the best parameter levels for the performance parameters:

~ 0¢ Op oo PCTMYT PpOT
b 6¢ 60 0¢ 076 076 070
0p 00 0¢ T C P
The columns of Q are the proportional contribution each process parameter has on each
performance parametérable28 below is used to assist in the construction of Q.

Table281 Proportional contributios of weld parameters

Travel speed Weld position Offset into Al
GETS } AGETS 36.48 } B.GETS 16.33 }J ccETS 13.73
GEB } AGEB 428 |)sces 34.69 |)coces 48.10
J eff J A.Cond 9.71 J B.Ccond 1.51 J c.cond 27.02
Total jaT 50.47 JBT 52.52 Jcr 88.85
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The optimum parameters can then be calculated as seen below:
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The calculated optimal parameters for the dissimilar FSW of 6 mm thick AAHQ8{P4 and
Cu-OF-04 is presented imable29 below.

Table297 Optimal parameters fohé process

Optimal parameters
Travel speed [mm/min] N/A
Weld position [mm] N/A
Offset into Al [mm] N/A
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6  Characterization of Optimized Weld

6.1 Introduction

Once the optimized FSW process parameters were calculated, it was time to test and cbaracteriz
the optimal joints as well as the process itself. The welding process had its temperatures
investigated and analyzed using strategically placed thermocoAplesd wasproduced using

the optimized parameters in the same fashion as the DoE welds Wwengh€ tensile, bending,
electrical and surface propertiefjoint were characterized.he metallurgical properties were
investigated using optical microscopy é&wxhnning Electron Microscopy (SEfend the micre
hardness field of the joint establishethiSTchapter details this characterization.

6.2 Temperature Analysis

The temperatures of the base materials were monitsiag strategically placed thermocouples

and analyzedd1l mm holes were drilled into the base materials at positions seerrigome

59. The strategical position was so that the thermocouples on eachesiel@t same distance
fromthe center of the stirred zotweld line) The thermocouples were placed inside these holes
along with thermal paste for improvétermal conductivity. The thermocouple wires were then
attached to the base plates using epoxy adhesive to keep them stable during the weld. 16
thermocouples were placed in total. During the waldcess,some of the thermocouples,
especially on thé\l side, were pushed away by the flash formed duringublel and the data

they sampled was not used for further evaluation.

49 49 21 21 49 49

- -
= —_ -
o5 ; (] E S ;‘ o Cu
P an = p11+_ pl2 plEF_ pid, ney ple £

T . |

Weld direction

Al

Figure591 Placement of thermocouples-fp6, showing both the original joint line
and the offset weld linglimensions in mm
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Figure601 Thermocouples inside clamped base matebelsre welding

After welding the temperature data was analyzed and is preseaiteith two ways.Figure61

details the top tengratures reached at certain distances from the center of the stirred zone for
the Cu and theAl, excluding the thermocouples at the start and end of the weld. The actual
position of the holes was measured oncentekel had been cut into crosectiongo be able to
measure the actual distances from the thermocouples to the center of the stirrEdynoe@2

shows the temperature behavior at different points in both materials.

360 T T T
Aluminum
Copper
300 - * a
o
2
2
© 250 o
Jih]
o
g
2 _
—
I
200 N
150 | | | | | | | | |
12 13 14 15 186 17 18 19 20 21 22

Distance to center of stirred zone [mm)

Figure61i Maximum tempeaturesreached at varying distances from the stirred zotiee
base materials
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Temperature behaviour in aluminum

Temperature behaviour in copper
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Figure62i Temperature behavior of different points in base materials

The temperature behavibighly differs dependingon which base material isvestigated The
highest temperatures reacheddn are much higher than ial, especially for thermocouples
closer to the center of the stirred zoBg.using interpolation, it was found that the maximum
temperature in Cu at a 15.8 mm distance from théecearfthe stirred zone is 293.7C while

the maximum temperature in Al at the same distance from the stirred zone i$Q Ik can

be contributedbothto the higher heat conductiviGu and the different heat inpgenerated by

the plasticization oAl compared to Cu. Cu generates more heat when deformed and thus the
Cu side heats up more than the Al sitleis also supports the notion that the majority of heat
input generated by FSW is not a result of friction between the tool and the base niaiebwls

their deformation and plasticizationhe highest temperature reached inAlhés at pl1, which

is at the start of the weld. This is due to the high heat generated during the plunging of the probe
into the materials. Becausé the offset used in thprocessthe probe is in more contact with

the Al side and heats it up more than tbe side at the start of the weld. There is also less
materialaround the start point for the héadissipate to and the dissipatioto theCuis slower

than later inthe weldas the materials have only been welded in a localizzthathat point in
the process

6.3 Tensile Properties

The tensile pperties of the optimized weldere characterized. Three tensile specimens were
made and teste&igure63 shows the stresstrain curves for all specimen&able30 details
the tensile values evaluatedm the stresstrain curve
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Figure631 Engineering stressgrain curvef the optimized wéd

Table3071 Tensileproperties otheoptimized weldoint

E Cy o A ,
[GPa] [MPa] Uuts [MPa] %] Ut [J/mm~] GETS
90.54+ 2 64.09+2.9 | 90.14+4.3 | 26.80+4.8 | 4.32+1.6 | 0.848+0.1

There is some diffrence in the behavior die three sample§Vhile sample 2 is stronger, has
highermodulus of elasticity and a greater ultimate tensile strength than the other specimens it
lacks the toughness and elongation the other two samples have as can b&igeeadB. On
averagethe tensile properties are better than the best DoE welds, with both good strength and

toughnessexceeding the calculated performance

6.4 Bending Properties

Bending tests were conducted on the optimized vid®ith sides were testeot and face side.
Figure64 shows the stresstrain curves of the bending tests diathle 30 details the maximum
force, displacement at maximum force and energy consumed fothigotiice and root sidef

theweld.
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Figure641 Bending stresstran curves of the optimized weld

Table311 Bending properties of optimized joint

Side Frmax [KN] d[fmj‘x . /rl;‘?nq GEB GEBaverage
Face 1.28 6.56 6.64 0.396

0.408+ 0.02
Root 1.31 7.55 7.26 0.419

The GEB for the optimized joint i®.05lower thancalculated There isa smalldifference in the
bending properties of the two different sides of the joint. The root side hasdvetigiibending
chamcteristics.

6.5 Electrical Properties

The electricapropertiesof the optimized joinivere measured and characterized in the same
manner as the DoE welds. The resistance, proportino@ase ofesistance&eompared tan
ideal 24 mm joint without any aact resistancand conductivityefficiency are presented in
Table32.
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