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Abstract

Stationary Shoulder Friction Stir Welding (SSFSW) allows joining of materials without the
addition of massand could be a potential solution to expedient helicopter repair in
operational theatre. This research considers the suitalfititySSFSWf two aluminium

alloys commonly used within the Merlin helicopter airframe, AA8090 and BS L165.

Techniques includingptical microscopy, hardness, tensile and fatigue testimgre

usedto characterise the two alloys and to establish a baseline for comparison with the
welded specimens. The welds were performedomr configurationswith each welded

both parallel and perpen] po EoC S} SZ u S ] o[* E}oo]VvP JE S3]}
to establish SZ 00}C[e *p]S ]o]SC (}E& ~"&"t Jv }SZ;¢he]lo E
effect of changing the alloy positioned on the advancing sai®l the influence ofthe
materialrolling direction on the quality of the weld. Techniqussnilar to those used in

the material characterisation wenesed to determine the quality of each configuration.

Encouragingensile and fatigue strength results were achieved, especially for thiéasim
materials welds with BS L165 welded parallel to the rolling direction achieving over 100%
UTS weld efficiery. Inconsistentquality including the presence of kissing bonds was
however,observed When welding parallel to the rolling directiostronge welds were
produced withBS L16%ositionedon the advancing side. The presence of kissing bonds
made analysis ahosewelded perpendicular to the rolling direction inconclusive. The
material rolling directionalso hal an effect onthe weld, as demonstrated through
differences in weldappearance degree of mixing of materials anensile and fatigue

test results.

Additionally, a relationship between hardness and tensile strength was determined
which revealed close correlation betwe¢he governing equation and the test results,
with only 7% scatter. This will allow for prediction of tensile isgh, based on the
measured hardness, when the materials are joinsthg SSFSW.
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Nomenclature

Symbol or Definition

Abbreviation

Variable used in staircase method for fatigue analysis

A(H, ) Generalisation of the uniform stress calibration constants a

The strain relaxation due to a unit P stress within increment j of
hole tincrements deep
ANOVO Analysis of Variance

ARTIMS Aircraft Repair Task Information Management Systems

ASDSTAN Aerospace and Defence Industries Association of Europe
Standardisation

American Society for Materials
ASTM AmericanSociety for Testing and Materials

Agusta Westland

Variable used in staircase method for fatigue analysis
Base material

British Standards

Variable used in staircase method for fatigue analysis
Commando Helicopter Force

Certificate of Conformity
CTC

Concurrent Technologies Corporation

Average diameter of grain (Hdtetch)

Stress increment used in staircase methodffdigue analysis
Variable used in staircase method for fatigue analysis
Young's modulus

EBSD Electron Backscatter Diffraction
EDX

Energy Dispersive-tdy

Edge of Weld

Engineering Repair Instructions
Face Centred Cubic

Fatigue Crack Growth
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Symbol or Definition

Abbreviation

Finite Element Analysis
Number of events (staircase method)
Friction Stir Processing

Friction Stir Welding

GuinierPreston

GS, GS Grain Size 1, Grain Size 2
GTAW Gas Tungsten Arc Welding
H

- Nondimensional hole depth from surface (depth from surface/
Heat Affected Zone

ICROES Inductively coupled plasma witbptical emission spectroscopy

strain gauge rosette mean radius)
Hardness
Nondimensional hole depth (hole depth/ strain gauge rosette

mean radius)

Symbol denoting that the material has been welded parallel to i
rolling direction

Intermetallic Compound

Material constant relating to the capability of grain size hardeni
for an alloy (HalPetch)

Onesided tolerance limit for a normal distribution (staircase
method)

Longitudinal

Number of stress levels (staircase method)

Materials and Engineering Research Institute
millimetres per minute
millimetres per second

MoD

Ministry of Defence

Microsoft

MSLP Merlin Life Sustainment Programme
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Symbol or Definition

Abbreviation

evon

Number of partial hole depths achieved during drilling (Integral

method)
N/A Not Applicable
NAS Naval Air Squadron
Navy Command
NPL National Physical Laboratory
OEM Original Equipment Manufacturer

Probability of failure (staircase method)

Isotropic stress combination that exists at depth H from the
measured surface

Isotropic strain combination which is relievedhen the hole
reaches a depth h at increment i

Precipitate free Zones

Isotropic combination strain at increment i, corresponding o P
Isotropic combination stress at increment j

Parent Material

45° shear straicombination that exists at depth H from the
measured surface

45° shear strain combination which is relieved when the hole
reaches a depth h at increment i

Precipitates in BS L165 (Cu2Mg8Si6AlI5, AI3Cu2Mg9Si7 or
Al4Cu2Mg8Si7)

45° sheacombination strain at increment I, corresponding tp Q
45° shear combination stress at increment |

Radius of tool pin

fatigue load ratio

Relative Accuracy

Radians per second
_ Royal Air Force
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Symbol or Definition

Abbreviation

Royal Navy

Rotations PeMinute
Residual Stress

Room Temperature Rolled

Percentage scatter of results

Standard deviation (staircase method)

Strengthening Precipitate in AA8090 and BS L165 (Al2CuMg)

SEMEDX Scanning Electron Microscofmergy Dispersive-tdy

Lowest stress value considered valid for the data(sktircase
method for fatigue)
Shoulder Affected Zone

Scanning Electron Microscope

Solution Heat Treated

Sheffield Ha#im University

Stressstrain

SSFSW Stationary Shoulder Friction Stir Welding

Supersaturated solid solution

_ ShortTransverse

Transverse

1l (z)) Axial strain combination that exists at depth H from the measur
- surface

t(hi) Axial strain combination which is relieved when tiwe reaches a
- depth h at increment i

Strengthening precipitate in AA8090 (AI2CulLi)

Transmission Electron Microscope

Axial shear combination strain at increment |, corresponding to
Tungsten Inert Gas

Axial shear combination stress at increment j

TMAO Transverse Mechanical Arc Oscillation
TMAZ ThermaMechanically Affected Zone
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Symbol or Definition

Abbreviation

The Weldingnstitute
United Kingdom

Ultimate Tensile Strength

Ultimate Tensile Strength of the Parent Material
Ultimate Tensile Strength of the Welded Material
Ultraviolet/ Infrared

_ Variable Pressure

Very,Very Important Person

Watts per meter Kelvin

Weld efficiency

Westland Helicopter Process Specification
White Light Interferometry

Weight percentage

Estimated lower limbf fatigue strength (staircase method)

- Principal stress directiomthe clockwise angle from gauge 1 axia

S]}v Siax8iction

Precipitates in BS L165 (Mg5AI2Si4 or Mg1.8Si)
Incoherent precipitate in AA8090 (AILi)
Strengthening Precipitate in AA8090 (AI3Li)

Measured strains from elements 1, 2 and 3 of the strain gauge
Coefficient of variation (staircase method)

Precipitates in BS L165 (AI2Cu)

Precipitates in BS L1§6u2Mg8Si6Al5, AI3Cu2Mg9Si7 or
Al4Cu2Mg8Si7)

Population/ number of degrees of freedom (staircase method)
Poisson ratio

Linear speed

Pi (approximately 3.14)

Material constant relating to frictional stress or the starting stres
for dislocation movement (HaPetch)
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Symbol or Definition

Abbreviation

Estimated UTS
UTS obtained experimentally

_ Mean fatigue strength

Maximum and minimum principle stress

_ The normal force exerted by the tool pin in tHection of travel

UTS UTS of the SSFSW material at the position of hardness minimu

the absence of any flaws

Yield Strength

Shear force exerted by tool pin

Shear force exerted by tool shoulder

Angular velocity

Symboldenoting that the material has been welded perpendicul.

to its rolling direction
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1 Introduction

1.1 Issue

1710 Naval Air Squadron (NAS) provides specialist scientific and engineering support to
the UK Navy Command (NC) Fleet Mim and to other establishmentéVinistry of

Defence, no_datea)TheS<yu @E}v[e E u]S ]Je S} e ee v E % |JE u |
and unmanned @& systems, design and fit modificatis to enhance the capabilities of

UK military aircraft, provide advice and support on the material integrity and health of
aircraft and provide specialist support with-@epth investigations following equipment

failures and accidents.

Within the scope of "(E % ]E S} u P Z 0] }%S E+_U id6ii E N u
conduct expedient repair and enduring structural repair of helicopters in an operational
theatre, such that they may remain operationally actiRepairs are currently carried

out in theatre (one the asset is recovered to the local base) using riveting techniques

and structural adhesives. If the asset cannot be repairesitinor returned to base

safely it may be destroyed at great expense to the Ministry of Defence (MoD) and UK

taxpayer.

A repair using patches and riveting adafmssand expense to an aircraft as additional
material is required to ensure a structurally sound jouging sufficient material overlap
with potentially numerous rows of rivets. Riveting is a process dependent oskithef

the maintainer through which poorly installed rivets may fail early, or damage to the
aircraft caused by the process may lead to fatigue cracking of the structure. Further, the
addition of rivet holes to a structure may weaken it. Finally, eeréaeas of an aircraft

do not lend themselves to riveting as a repair technique making it complicated and time

consuming to carry out.

With regards to bonded repairthere is a general lack of confidence both in thend
strength and in the method of prading quality assurance through adiieely bonded
test sampleghat are not fully representative of the joint. Repair teams from 1710 NAS

have experienced this and have been required to remove and replace the repair,



sometimes many times, before getting@eptable results from the shear test pieces

(Hepplewhite, 2013)

This research aims to ascertain whether another @fgtctive and reliable method of
conducting both expedient and enduring helicopter repairs, which does not add weight

to the aircraft and is not reliant on maintainer skill, is possible in operatioresttb.

While fusion welding is utilised extensively throughout the build anelepth

ujlvd vv }( Z o] }%S$ E+U ]38 ]+ Z AJoC & o] v }v 8§72 A
consumables and is not suitable for useth several commonly used aerospace

aluminum alloys. As such, Friction Stir Welding (FSW) has been considered.

1.2 Technique Selection

FSWisasohd3 3 % E} e+ AZ] Z pe e u Z v] 0 U Ve 8} "eZ]E_ &
together. As the materials never reach their melt temperature the processbean

carried out in any orientation as there is no weld pool such as found in fusion welding
(Threadgill, Leonard, Shercliff, & Withers, 2008his process can be used to join
materials cosidered to be difficult to fusion weld successfully e.g. 2000 and 7000 series
aluminium alloys and can be used to join dissimilar materials. There are no consumables
used and no exhaust system or UV/IR protection is required. Res@dratadgill et al.,

2009; Zhang, T., He, Shao, Zhang, & Wu, 2@ti®)ates superior joint properties for

many aluminium alloys over fusion welding and rivetiegpecially with respect to

fatigue.

Stationary Shoulder FSW (SSFSW) uses the same general processstditedditirring

of materials, however while conventional FSW utilises a tool with a rotating shoulder
and pin (more detailed description providedsections2.3.1and 2.3.2), SSFSW has a
rotating pin but stationary shoulder. This was originattgnded for welding materials

with low thermal conductivityMartin, 2013) such as titanium, in an effort to mitigate
uneven temperature distributioiiLi, Z., Yue, Ji, Chai, & Zhou, 20$&FSW can be used

to control residual stress and distortion in thin she&irainium welds when compared

with conventional FSWHe, Li, Song, Liu, & Hu, 20E)d can alsonitigate against
thinning of the workpiecéLiu, Li & Dunn, 2013or these reasons, and due to tisimeet
aluminium alloys being used extensively on helicopter airframes, SSFSW was selected

for investigation in this research.



FSW is currently a permanently fitted workshop tool for manufacture of components in
the aircraft, aerospace, marine, automotive and rail industries. In order to be seriously
considered as a technique for repair in operational theatre, especially in the ca
expedient repair, it would require development into a portable, ideally handheld
apparatus. The development of portable equipment is not being considered within this

research.

1.3 Materials Selection

For FSW to be a feasible and economical repair tecienigr inservice UK military
helicopters it must be proven for repairs which are carried out regularly. A vast number
of materials are used across the various types of aircraft used by the UK military,and so
to narrow the field to a manageable level fihis research, the decision was made to
concentrate on the versatile Merlin aircraft, secti@rl. The 1710 NAS Aircraft Repair
Task Information Manament System (ARTIM$)710 Naval Air Squadron, 2014)
documents all repairs carried out by the 1710 NAS Repair department on current Royal
Navy (RN) aircraft. This was interrogatedv a E}eerE& ( €E Vv Alsz d
Publications(Agusta Westland International Ltd, 2014hd Agusta Westland (now
known under the parent company name of Leonardo Heliccg)t&ngineering Repair
Instructions (ERI)(AgustaWestland International Ltd, 2013)The interrogation
concerned understanding the most common repair type, position oratfezaft and the

alternative repair material used if applicable.

Hence, i was determined that the research would focus on damage to the lower
forward aircraft skin which is manufactured from 0.7 mm thick AASD8D amage
tolerant, recrystallised sheet aluminium alloy. The type of damage in this area was
typically cracks and holes which patches using rivets or adhesive were used to repair.
Instead of patches, SSFSW butt weldiogld be used tsimulateboth repairing a crack
without the application of a patch, i.e. welding the crack faces together, or cutting a
larger section from the airframe and using butt welding to apply the patch without any
overlap. AA8090 is no longer in widespread use dueperaeived anisotropy of tensile
properties dependent on the orthogonal direction in rolled material, particularly
strength and fracture toughness in tighort Transverse&T) direction. However, as the

material was used extensively by the Original Equipment Manufacturer (OEM) on Merlin

3



aircraft which are still in use, it was necessary to investigate the suitabfiithis
material with regards FSW in the event of damage in thedtihe. nowcancelled Agusta
Westland specification for AA809B1 (Agusta Westland International Ltd, 2010)
specifies BS L1§The British Standards Institution, 2014 the repair replacement,
however BS L167 was withdrawn by the British Standards Instituvith no
replacement upon commencement of this research. BS L(I6%8 British Standards
Institution, 1978a)was selected to be used as the alternative repair material for the
purposes of this research due to its similarities to BS L167 and its prevalence in aircraft
repairs as revealed in ARTIMS. In 2016 BS L165 was withdrawn and BS L167 reinstated
due to its ontinued and frequent use in aerospace applications. Due to work already
completed the decision was taken not to revert to the recommended repair material of
BS L167 but to continue with the withdrawn alternative of BS L165.

In summary, 0.7 mm thick AA80-T81 and BS L165 aluminium alloys were selected as
the most suitable materials to determine 8SFWSvould be a suitable method of
expedient and enduring repaio the Merlin aircraft lower forward fuselage skand

other locations where these thin shealuminium alloys were employed within the

airframe

1.4 Project Aim

The aim of this research was to determine whether SSFSW is a sjoialrlg technique

for AA8090 and BS L165 in various configurations, based on the quality of welds
produced. Tk eventual goal is to ascertain whether SSFSW could be used as an
expedient repair techniqgue on UK military Merlin helicopters in operational theatre,
however this would require significant advances in the portability of the equipment and
is outside the sape of this research. This research instead focuses on the metallurgy of

the welds produced.



1.5 Objectives

The objectives of this research were as follows:

1.

Interrogation of data held by Ministry of Defence (MoD) Navy Command (NC) to
characterise and ideify the type of repair and material to focus research upon.
Characteriation of the material(s) to ensure theywere consistent with the
respective specifications and to establish a baseline prior to welding.
Determination of SSFSW tools and parameteradioieve defectree welds.

To arry out SSFSW, produce test specimens and conduct testing to characterise
the microstructure and mechanical properties of the FSW materials widsgo
consider similar and dissimilar welds and the influence of the nulteri
orientation, if any, to the weld quality.

Analysis of test results to determine suitability of SSFSW as a repair technique

based on the materials examined.



2 Literature Review

2.1 EH 101 (Merlin) Helicopter

dz , iiiU Iv}Av ]v 8Z h< « ~D Eo]v_]* u ]Jupu o](3 Z o] )

variants utilised in a range of roles within the UK military today. The aircraft is also used
by the militaries of numerous other nations under different guises am@énts including

Italy (EH 101), Canada (@#O Cormorant), Denmark (EH 101) and Japan (MCH101)
among others(Pittman, 2017) A luxury variant was also developed primarily for the

transportof Very, Very Important Persons (VVIP), utilised by several nations.

HEl UK Merlin Helicopter

The Merlin is capable of lifting approximately 3.8 tonnes and is equipped with a variety
of weaponry and surveillance equipmgRoyal Navy, no_datean example is shown in
Figurel. It was developed in the 1980s as a collaboration between the Beitistpany
Westland and Italian company Agusta who formally amalgamated in 2000 to become

AgustaWestland, now Leonardo Helicoptépgtman, 2017)

Following theintroduction of theoriginal Merlin Mk1 in the 1990s, the modern Merlin
fleet is primarily operated by the Royal Navy in the Wikh different variants employed

for a diverse range of roles. These are summarised below:

x Mk2: This variant entered service in 2014 as an upgrade to tiggnatiMk1; its
primary roles are airborne ansiubmarine warfare and maritime force
protection. It is intended to replace the airborne surveillance and control role of
the Sea King Mk{Royal Navy, no_date)

x Mk3: This variant was originally purchased for the Royal Air Force (RAF) with the
formal rollout in 1998. These were used to support many operations worldwide
before all aircraft were handed over to 845 NAS (Royal Navy) in(Zdtifman,

2017)

X Mk3A: The RAF acquired six additional Mk3A aircraft from Denmark in 2008

(Pittman, 2017)The Mk3A variesdm the Mk3 with an altered nose, cabin and

window layout. The Mk3A was not used in front line service, but as a training



aircraft. The fleet was handed over to the Royal Navy Commando Helicopter
Force (CHF) in 2014. Both the Mk3 and Mk3A are currently rgndey a
programme to be modified into the Mk4/ Mk4A varia(Winistry of Defence,
no_dateb)

X Mk4/ Mk4A: The UK Merlin Life Sustainment Programme (MSLP) was introduced
in 2014 b convert the Mk3/ Mk3A aircraft into an aircraft optimised for ship
operations to be utilised by the RN Cgileonardo, 2016)CHF is the air wing of

the UK Royal Marines, and the aircraft wélused for troop and supply transport

and delivery and Search and Rescue operations, with the full fleet expected by

2023(NavalToday.com, 2018)

Figurel: Showing a Merlin Mk4 helicopter landing on HMS Queen Elizabeth with
RFA Tideforce in support. Photo credit LPhot Kyle Heller, reproduced
under the Open Government Licenéeeller, 2019)



HEl AA8090 and BS L165 in Merlin airframes

The Merlin utilises significant amounts of the alloy AA8090 (see seziibafor more
details of this alloy) in its design. This secgatheration aluminiurdithium alloy was
recently commercialised at the time of the Merlin development and the material was
designed tdbe both light and damage resistant, with the result that approximately 90%
of the original airframe was constructed from(Rittman, 2017)It is now known that
aluminium alloys with lithim content of >2 wt% suffer disadvantages in anisotropic
properties, low shortransverse () ductility and fracture toughness and a loss of
toughness due to thermal instabilityEswara Rysad, Gokhale, & Wanhill, 2014)

although AA8090 is still present in modern Merlin structures.

The Merlin Mk4 Aircraft Documentatio(Agusta Westland International Ltd, 24)
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which the alloy is used include skin, stringers and frame forgings. During development

of the Merlin helicopter, designers were tasked to provide a target minimum weight
saving of 55 kg. This was a major justification of usidg é&wver conventioal aluminium

alloys extrusions, sheet and forgings, as composite materials were considered too

expensive at the timéSmith, 1988)

In 2004 a Merlin helicopter suffered a crash from on¥§ #netres in height which
resulted in severe damage (disintegration) to the airframe. In 2006 a Canadian
Cormorant helicopter crashed into the sea off Nova Scotia which resulted in extensive
damagg, including separation of the entire cockpit area. The invesbgs of both
accidents highlighted that the damage to the airframes was more severe than might be
expected (Wanhill, Symonds, Merati, Pasang, & Lynch, 2023hough material
deficiences were not the primary cause of the afementioned accidents, the extensive
damage to the airframes was exacerbated by -lewergy brittle fracture of AA8090

componentgWanhill et al., 2018

AAB090 sheet was originally intended as a substitute for BS L165 (among other alloys)
(Smith, 1988ylue to the weight saving characteristics. Issue 5 of the Agusta Westland

AAB8090T81 maerials specification was released in 2010 with a cancellation statement



(Agusta Westland International Ltd, 20liiflicating the withdrawal of AA8090 from
new use in Merh helicopter manufacture. The recommended replacement was BS
L167, however BS L167 was withdrawn with no replacement upon commencement of
this research as described in sectioh.3. BS L16%The British Standards Institution,
1978a)was selected to be used as the alternative repair material for this research as it
has the same composition and temper as BS L167 with the addition of an alclathlayer
layer of commercially pure aluminium on the surface to improve corrosion resistance)
Additionally, following an interrogation of the Aircraft Repair Task Information
Management System (ARTIM3Y10 Naval Air Squadron, 2014)was found that BS
L165 had been useagularly in repairs to the original AA8090 structure. The types of
damage which this material had been used to repair were mainly impact or ordinance

damage, or cracks

Throughout this literature review, when discussing results of other researchers ivork,
a material is not specifically referred to as alclad it should be assumed to be bare, i.e. no

layer of commercially pure aluminium on its surface.

2.2 Materials

Il Precipitation Hardening Aluminium Alloys

AAB8090 and BS L165 are bgtiecipitation-hardened aluminium alloys. In these alloys,

a sequence of time and temperature dependent changes occur. In the first instance
solute alloying elements are dissolved in aluminium. Fast cooling (quenching) results in
an unstable supersaturatedolid solution. At ambient temperatur@.e. no active
external heatingand abovethese solute atoms form clusteghich are coherent with

the matrix(GuinierPreston (GP) zongswvhich produce distortions in the lattice planes
causing local strain andaldening. As aging times or temperatures are increased, these
zones are either converted or replaced by particles known as transition precipitates.
These precipitates generally have a coherent or sewhierent structure relationship
with the solid solution They havea strengthening effect due to dislocatiguarticle
interactions which are dependent on the dislocation movemamd volume fraction of
precipitates Dislocations either cut through the precipitatedhen coherent or semi

coherent,or loop aroundthem as coherency is lostThe strength continues to increase

9



as the size of the precipitates increase while the dislocations are still able to cut the
precipitates. As the precipitates grow they lose their coherency with the solid solution
and change frm transition to equilibrium form. The dislocations then loop around the
precipitates and the strength drops. Precipitation hardening aluminium alloys must be
aged at specific timesand temperatures to achieve maximum strength without
overaging Figure2 illustrates the influence of changing time and temperatures on the
tensile strength of a typical precipitation hardening alloys, courtesiligfins,(1993.

This shows the fine balance required to achieve optimal strength, without incoherent

precipitatesbeing formed.
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Figure2: Showing the effects on strength of time and temperature of typical

precipitation hardening alloys, courtesy of Higgins (1993).

Depending on the type of aging (e.g. natural or via precipitation heat treatjrand
cold working, precipitation hardening aluminium alloys are used in various tempers,
including T4, T6 and TGASM International Handbook Committee, 199Tnble 1
provides a short description of the heat treatments required to achieve each specific

temper for wrought aluminium products. Note, the temperatures and times (at each

temperature) will differfor different alloys.
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Tablel: Showing temper designations of wrought aluminium alloy products.
Modified from Benedyk2010)and Kaufman2000).

Temper Definition

Cooled from an elevated temperature shaping processratdrally aged.
Cooled from an elevated temperature shaping process, cold wor
and naturally aged.

Solution heat treated, cold worked and naturally aged.

Solution heat treated and naturally aged.

Cooled from an elevated temperature shagiprocess and
artificially agedprecipitation heat treatment)

Solution heat treated and artificially aged.

Solution heat treated and artificially overaged.

Solution heat treated, cold worked and artificially aged.

Solution heatreated, artificially aged and cold worked.

Cooled from an elevated temperature shaping process, cold wor
and artificially aged.

tz E AN ]e §}SZ v }( S u% &
this designates that the material has begaenched in boiling watel
or oil, rather than cold water. For example, T81 has been solutiol
heat treated, quenched in boiling water/ oil, cold worked, and
artificially aged.
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Il Recovery and Recrystallisation

Raabe(2014)provides a detailed overview of recovery and recrystallisatigure3
shows thei schematic representation of the process. Recovery and recrystallisation can
often be used to restore desirable mechanical properties following severe plastic
deformation. Recovery can occur either statically (when previously deformed materials
are subjeted to suitable temperature) or dynamically (during cadrking) andboth
involve microstructural (swgrain) changesto release internal stored energy. During
both processeshe defects/ dislocations created during cekdrking (e.g. stretching or
rolling) moveor areabsorbed which reduces the internal stresses. osementleads

to the formation of subkgrains within the original deformed grains. Recrystallisation can
again occur either statically or dynamically. It concerns the nucleatioricanthtion of

new highangle grain boundaries to replace thecoveredcold-worked structure with

strainfree and equiaxed grains.

11
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Figure3: Showing an illustration of the basic steps during recovery, static

recrystallisation and gragrowth. From Raab@014)

FSW is both a thermal and mechanical process (see setfidar a description of the
process) and so a combination both static and dynamic recovery and recrystallisation is
undertaken. Mishra, De and KumgR014) describe how static recovery and
recrystallisation occurs both as the tool approaches and moves away from an area of
material under consideration; dynamic recovery and recrystallisation occurs when the

tool is traversing the aa under consideration.

2.2.2.1 Static Recovery

When a metal is plastically deformed there is an increase in the dislocation and vacancy
density. Applying sufficient heat to this deformed material allows reorganisation of the
dislocations via slip/ climb movemg the point defects are absorbed at grain
boundaries and dislocatiomgith oppositeBurgers vectors annihilate each oth@lishra

et al., 2014Raabe, 2014)Static recovery can occur at modest temperatures well below
that required for recrystallisation (itself only approx. t %2 of the absolute melting
temperature) (Raabe, 2014)As recovery continues, syjrains with boundaries are
formed; these sulgrain boundaries are described as lawgle boundaries (normal

grain boundaries are higangle boundaries) and have lower surface energy than the

12



normal grain boundariegMishra et al., 2014)Second phase patrticles can influence

recovery via their interactions with dislocations and syrain boundaries.

2.2.2.2 Static Recrystallisation

While the main grain structure does notarge in recovery (only the formation of sub
grains), in static recrystallisation the dislocations in the deformed microstrugjiicie

or climbto form new strainfree, approximately equiaxed grains separated by faggle
boundaries(Mishra et al., 2014; Raabe, 2014) static recrystallisation, no additional
deformation is introduced. As recrystallisation requires an incubation period, the
material will already be in a recovered stdtee. recovery having occurretigfore the
process begins. For recrystallisation to initiate, a suitable amount of preceding plastic
cold working has to have occurred; for aluminium alloys this is approximédehp%

cold reduction prior to heat treatment, however the process is thermally activated and
generally the temperature required for activation varies depending on the amount of
preceding cold work. The presence of second phase particles can slow riicgtaba

by retarding the movement of dislocations, although if recrystallisation occurs at the
same time as precipitation from solid solution it can accelerate the pro(ieaabe,

2014)

2.2.2.3 Dynamic Recovery

Dynamic recovery occurs during the deformation process itself rather than due to an
externally applied heat treatment. Mishra et §014)describe that although dynamic
recovery results in a similar stgyain structure as found with static recovery, little is
known about the steps which lead to this structure with the dynamic process. Raabe
(2014) states that dynamic recovery is a gradual mechanism occurring in almost all
metalsin a continuous manner and leads to gradual annihilation of dislocations by
climbing and crosslip. In aluminium, dynamic recovery can continuously remove and
balance strain hardeng introduced during hot working, leading to overall steatiyte

plastic flow when forming occurs above 50% of melting temperature.

13



2.2.2.4 Dynamic Recrystallisation

Dynamic recrystallisation occurs when the new kagigle grain boundaries are formed
during defamation at elevated temperatures. A specific threshold measure of
deformation is required (which depends on the material and previous thermal and
mechanical history) and beyond that nucleation occurs and new grains (lReabe,
2014) However, these new grains will only grow to a certain size as they are
continuously being further deformed by the ongoing hot work. Mishra e{2014)
describe how an initial input strain produces recrystallisation resulting in new gteen
grains. The continued input strain introduces new dislocations into the newly
recrystallised grains, forming stgvains which act as nucleation sites farore
recrystallisation as the strain input continues. This series of recrystallisation events is

known as discontinuous dynamic recrystallisatidhshra et al., 2014)

Il Grain size and mechaal properties

It is well known that the grain size of aluminium alloys is influenced by a number of
factors including heat treatment, cold/ hot working, aging, alloying elements etc. It is
also known that the mechanical properties of alloys are strongpeddent on the grain

size. Grain boundary strengthening occurs when dislocationsipibg grain boundaries
producing a local stress eventually allowing the plastic deformation to pass to an
adjacent grain. In materials with larger grain sizes therehss ability for many
dislocations to pile up at each boundary and so the local stress is greater and the
material therefore has a lower resistance to yielding. In materials with smaller grain
sizes, fewer dislocations can pile thus increasing the matera[¢ E ¢]*S v 8} C] o
The grain boundaries act as barriers to deformation propagation, thus in materials with
smaller grain size, grain boundaries are more abundant and the deformation has more

resistance to its propagation.

The HalPetch relationsip, reproduced by Schempp, Crossicker, Pittner and
Rethmeier(2013)describes the inverse relationship between the yield strength and
grain size; this relationship is shown in Equation 1

iyLiyE=

= Equationl
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Wheres ] SZ u S E] o[ C ot antaErial PahZtént relating to a frictional

stress or the starting stress for dislocation movement, k is a material constant relating

to the capabiliy of grain size hardening for the alloy and d is the average diameter of

the grains. The HaPRetch relationship applies for grains above a certain size (for
example Jeong et al2015)found that grains above 70 nm in diameter followed this
relationship); below this size dislocation pip does not occuand the applied stress is
relieved C §Z o 83] A] PE ]Jv }uv EC +0] JvP AZ] Z 3Su o

resistance to yiel.

HEl AA8090 Characteristics

2.2.4.1 Metallurgy

In order to develop low density and therefore lighter alloys, researchers took the

approach of using elements with low atomic weights as alloying elements. Lithium is the

lightest metallic element in the periodic tablend has the characteristic that the

addition of 1 wt% of lithium resulted in an approximate 3% decrease in density and
%o% E}A]JU § 09 Jv E - ]v (KJlkari, [Bane}jee 0§ Ramachandran,

1989; Sohn, Lee, & Kim, 1998) 06idi A « }v }( 8Z "¢ }v P v E §

aluminiumlithium alloys developed in the 1980s; these alloys were once viewed as the

possible future of aerospace matals.

The elemental composition of AA8090 is shownTible 2 from two sources for
comparison, as per EM 10(Agusta Westland International Ltd, 2018hd ASM
Handbook Volume PASM International Handbook Committee, 19960yvas noted tha

both compositions were identical.
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Table2: Showing elemental composition of AA8090 as per 1) EM(A@dsta
Westland International Ltd, 2018hd 2) ASM Handbook VoluméASM

International Handbook Committee, 199When only one value is given

rather than a rangehis constitutes a maximum value.

ﬂﬂﬂﬂﬂﬂ-l R
| Each | Total |
02 0.3 10— 0.1 0.6- 0.25 22- 0.04- 0.1 0.05 0.15 Remainder
13 0.16
E 0.2 0.3 1.0- 01 06- 01 025 2.2- 0.04- 0.1 0.05 0.15 Remainder
1.6 1.3 27 0.16

AA8090 is an AlrCuMg-Zr precipitatiorhardening alloy with the primary

*SE VPSZ V]VP % E ]%d),St$Ak pe]w[ v dJuMg)oalthough other

%o E ]%]S S ¢ E W& * vSX dZ u Sseascoherentyprécigidte on w— ('}
aging following solution hedteatment, which orients with the aluminium matrix
(Eswara Prasad et al., 201di)e to its similar lattice parametdiKostrivas & Lippold,

1999) i.e. there are geometrical similarities between the latticewyf %o E  ]%0]S S ¢ Vv
that of r-FCC solid solutio(Kebriyaei, Mirdamadi, & Saghafian, 201¥his results in

low misfit strain which leads them to be easily sheared by moving dislocation lines thus
allowing for planar sligHolmes, ChinHuang, & Pasternak, 199Z)veraging results in

the formation of incoherentwAlLi) precipitates which nucleate both at grain boundaries

and within the graingEswaraPrasad et al., 20147 he precipitation sequence fonf ]« W

AAN T W>To~w (e W. Tleeschanges in precipitation are illustratedrigure4 with

respect to aging time and the effects on hardness.
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Figured: Showing a typical age hardening curve (at’CQdor AA8090, courtesy of

Prasad (1999, with additional labelling.

The addition of copper produces the hexagonal, partially coherephdse in artificially

aged conditions(Eswara Prasad et al., 2014; Kulkarni et al., 198%)s forms

heterogeneously on dislocations and subgrain boundaries and, when in high

concentration, this phase inhibit 3Z PE}ASZ }( w[X /v 3Z~[ % Z}¢

dominatesover T. (Kulkarni et al., 1989; Miller, White, & Lloyd, 198udg to the ratio

}( MWDPW>] Jv $Z  oeahé€réent dithprhombiaigtructure which takes the

form of laths. This precipitate promotes creslfp, improves ductility and toughness by

% E A v3]VvP 37 «EostvisR Lippold, 1998nd this retards planar slip and
E | vp o 3]}vX [ }ubes Gu atoipSanddheterogeneous nucleation sites

which is the reason for stretching prior to aging; this provides new ntioleaitesfor

A within the matrix thus improving the mechanical properti@sostrivas & Lippold,

1999; Sohn et al., 1993Jhe resultant madrial is of high strength but the ductility and

fracture toughness are reducd#&ostrivas & Lippold, 1999)

In addition to precipitate phases, insoluble constituent particles generally agitiin
the matrix or at the grain boundaries of aluminium alloyis the case of Ali alloys,

these are mainly compounds of Al with Fe, Mn, Si and Cu.

17
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2.2.4.2 Mechanical Properties

One of the primary concernggardingAl-Li alloys ishe perceived anisotropy of tensile
properties dependent on the orthogonal direction in rolled material, particularly
strength and fracture toughness in the-TSdirection. This is more apparent in
unrecrystallised products, e.g. extrusions, forgings and soimeetsdue to the
crystallographic texture and strengthening precipitates. Recrystalldd damage
tolerant sheet (T81) shows far less anisotr¢p$sM International Handimk Committee,
1990)and improved fracture toughnessomparable with AA20243 sheet(Wanhill,
1994) Examples of the differences in these two grain structijoggecrystallised and
unrecrystallised AA809@ye shown inFigure5. Bregianos, Crosky, Munroe and Hellier
(2010) describe the dispute within the literature as to the reason for low fracture
toughness. It has been attributed to: slip planaiiBtankenship, Hornboge#, Starke,
1993)U [X X «Z E]JvP }( w][ He]vP } e JVvZ}u}P v}ipge ¢0]
groupings leading to a stress concentration and intergranular failure (low toughness);
grain boundary precipitate or precipitate free zones (PFRYasudévan & Doherty,
1987) PFZ formation causdlse accumulation of precipitates at grain boundanesich
nucleate voids which join together and result in intergranular failure. This is
accompaniedy the presence aluctilemicrovoid coalescenaesultingfrom the width

of the PFZ; or to lithium segregation to the grain bounda(ligsch, 1991 ynch, Wilson,

& Byrnes, 1993)Lithium segregation involves brittle intergranular failure when the
lithium concentration at the grain boundaries is above a certain level, and ductile
intergranular failure occurs below it. While Bregianos et(20.10)found evidence to
support aspects ofachmodel in their experimental workindicating that the dispute

remains today
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100 um 100 um

Figure5: Showing microstructures of AA8090 sheet: (a) Recrystallised grain
structure; (b) Unrecrystallised grain structure. From ASM Handbook

Volume 2ASM International Handbook i@mittee, 1990)

Aside from the influence of the anisotropy involving th& 8irection, the failure mode

of tensile overloaded AAB090 test specimens varies depending on thetieaatnent

and coldworking applied. Burzj urovi U 'E Z}A v " §1993)iebdrted a
vast range of failure and yield strengths and failure modes (ductile or brittle) depending
on the heat treatment and degree of rolling applied. The experimental work bthRa
Joshi and Pathaf019)on ultrafinegrained AA8090 revealed a change in hardness,
UTS, vyield strength and ductility of products which wBmm-Temperature Rolled
(RTR) (postadution treatment) and then annealed at varying temperatures -B30°C,
compared with those with only a solution heat treatmefhe following effects on
mechanical properties are attributable to dynamic recrystallisation during RRA&.
tensile and yieldstrengthsof the former peaked at RTR+150°C and then fell to the
minimum (beyond even the solution treated only samples) at RTR+350°C, while the
ductility was highest in the solution treated only condition and fell sharply with RTR, but
increased steadilywith annealing temperature. The hardness increased from its
minimum in the solution treated condition to a peak at RTR+150°C then fell with
increasing annealing temperature. The fractography revealed mixed dibciitke
(intergranular failure coupled whit ductile microvoid coalescencéddilure in those

samples with annealing up to 200°C with only ductile failure modes present in the
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solution treated samplgand those annealed above 200A0though not specific to this
alloy,Figure2in section2.2.lillustrates these changeSrivatsan and Pla¢&989)found
higher strength but lower ductilitfor tests carried ouin the longitudinal direction over

the transverse direction of AA809IB51 the heat treatment wasa solutiontreatment,

then 2% stretchingfollowed by artificial aging). The fractography revealed a mix of
regions of transgranular shear fracture and regions of intergranular failure, with cracking
along the sukgrain boundaries in the transgranular areas and mubiraples m the

intersubgranular fracture surface.

When AlLi alloys are compared with conventional aluminium alloys in notched high
cycle fatigue testing, the results are generally favouraféanhill, 1994) Prasad,
Gokhale and Ra@003)report that AtLi alloys are inferior to other aluminium alloys in
low-cycle fdigue testing, however AA8090 in its partiatBcrystallised form is far
better. The presence of unrecrystallised grains improves the fatigue resistance, although
there is a degree of anisotropy¥he esistance taratigue Qack Growth (FCG) of Ali
alloys is owing to a rough fracture surface topography which introduces increased
roughnessnduced crack closure, crack deflection and irregular crack fronts, although

this is more prevalent in plate products than in sh@@tasad et al., 2003; Wanhill, 1994)

However, results have been reported of AASBORIL (damagéolerant, recrystallised)
sheet achieving FCG resistance of an order of magnilaleer than AA2024 3 (ASM
International Handbook Committee, 199QFontrary to this,Giglio, Manes, Fossati,
Mariani and Gianj2010)compared the FCG of 0.8 mm sheet helicopter fuselage panels
manufactured from AA809081 and alclad AA202E3; they concluded that the two
materials had similar damage tolerance. AA8Q®1 sheet and plate does however
disphy macroscopic fatigue crack plane deviation and a change in fracture
characteristics dependent on the speed of the crack growth; this may lead to

unpredictable crack propagatiqiregson & Sinclair, 1996; Wanhill, 1994)

The mechanical properties tie AA809GT81material used in this researchs per the
material specification (Agusta Westland International Ltd, 2010gertificate of
conformity (Dolgarrog Aluminium Limited, 200&8hd ASM Handbook Volume(RASM

International Handbook Committee, 199%re shown inrable3.
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Table3: Showing table of AA809IB1 mechanical properties as per EM101
(Agusta Wesand International Ltd, 2010)Certificate of Conformity
(Dolgarrog Aluminium Limited, 20@G5)d ASM Handbook VoluméASM

International Handbook Committee, 1990)

L =400 L=280 L= >120 150
T=410 T=280 i

Strength (HV) Strength at
(MPa) 50,000 Cycles
6
9

45° =400 45° =270 45°=8
Certificate of 423! 287* 15 Not provided  Not provided
Conformi
ASM L = 345-440 L =295-350 L=8-10 Not provided  Not provided

Handbook T=385-450 T=290-325 T=10-12
45° =380-435 45° =265-340 45° =14

Table3 notes:

1 Orientation not specified

2.2.4.3 Weldability
FSW/ SSFSW of AA8090 will be discussed in s@cBdhthis section focuses on fusion

welding of AA8B090 as a comparison and baseline.

Heattreatable aluminium alloys are generally prone to solidification cracking due to
their high coefficient of thermal expansion and tendency to form low melpogt
constituents. For this reason, these alloys are rarely, if ever, fusion welded for aerospace
use. Vgraman, Vijay Krishna and Pavan Kurf2021)state that difficulties in using
Tungsten Inert Gas (TIG) welding on AA8090 arise due to the high oxidation potential of
the material at elevagd temperatures. The high temperatures generated during TIG
welding causes lithium hydrate to form and evaporate; this depletion in Li leads to

porosity, oxidation and brittleness.

Lippold(1989)compared Gas Tungsten Arc Welding (GT&&ANown as Tungsten Inert

Gas (TIG) welding in the UK) of AA8030and-T851 to other ALi alloys and reported

a higher susceptibility to weld solidification cracking than other commercial alloys,
includng AA5083 and AA6061. The cracking was shown to occur along solidification
grain boundaries with no evidence of eutectic crack healing. Griffee, Jenson and
Reinhart(1989)achieved weldsvith no cracking in Variable Polarity Plasma Arc welded

AAB090T851. Kostrivas and Lippold999) summarise GTAW of AA8090 (temper
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unknown) and show that improvements to joint efficier(&yT Sei/UT Sarent materiaX100)

can be made through posteld heat treatments and choice of filler rod. Without these

it is difficult, if not impossible, to achieve joint efficiencies higher than 60%. They did
show that AA8090solidification crack susceptibility reaches a maximum whies

lithium content is ~2.5wt.% but is less prone to HAZ liquidation cracking than AA2024.

Aluminium alloys are also prone to porosity in the nugget due to moisture absorption
through the oxiddayer forming hydrogen bubbles during solidification. Kostrivas and
Lippold (1999) found that while AA8090 was susceptible to porosity, this could be

greatly alleviated by careful surfagreparation prior to welding.

Bonaccorsi, Costanza, Missori, Sili and T2€d.2) characterised the mechanical and
metallurgical aspects of AA8090 GTAW joints; they produced soundswiet. no
cracking or macroscopic defects with full penetration. They showed that the weld metal
was characterised by dendritic growth. The hardness varied across the weld with the
minimum hardness close to the weld centreline. Tensile tests achievetdgfiiciency

of approximately 66% with a significant drop of approximately 75% in % elongation.
Despite the lack of macroscopic defects or porosity, the weld quality was adversely

affected due to coarsening of precipitates in the HAZ.

Bl BSL165

2.2.5.1 Metallurgy

BS L165 is a British alloy designation which has a very similar American counterpart,
alclad AA201476. As the materials have extremely similar eleraégbmpositions
(apart from the composition of the alclad layer) and mechanical properties, for the
purposes of this literature review the two materials shall be considered to be
equivalent. BS L165 (and AA20T4) is a popular aerospace material owing to its high
strengthto-weight ratio and corrosion resistancth¢ corrosion resistances primarily

owing to the alclad layer; unclad AA2014 may be susceptible to various corrosion

mechanisms). The elemental compositions of BS L165 as per BThEsBritish

1 BS L165 specificati@ithe British Standards Institution, 1978a) + v}3 §]}v AZ] Z «§ § U "EKd
The chemical compositions of the core and cladding of this rizteomply with those registered as
/v Ev §]}v o «]Pv §]}ve 11id v (ifii E «@RSTH) Ateor@tional, 201@) 716
states that AA2014 is clad with AA6003.
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Standards Institution, 1978and AA2014 as per ASTM BZBSTM International, 2014)
are shownTable4 below. BS L165 is an-Bi+rMg-StMn precipitatiorthardening alloy,
I.e. solution heat treated, quenched and artificially agaxd isclad withAA1050 to an
average thickness of approximately 4% thickness of the bulk mat@red British
Standards Institution, 1978a)

Table4: Showing theelemental composition of 1) BS L165 as per BS 01®&5
British Standards Institution, 1978a@nd 2) AA2014 as per ASTM B209
(ASTM International, 2014)Vhen only one value is given rather than a

range, this constitutes a maximum value.

—_
Cr T+
m

0 5- 3 9- 0 2- 0.25 0.15 0 2 0.05 0.15 Remainder
0 5- 0.7 3 9- 0 4- 0 2- 0.1 - 0.25 0.15 - 0.05 0.15 Remainder
152 50 1.2 0.8

Differing designations for precipitates and descriptions for the precipitation sequence
(during low temperature agingost solution treatment at a higher temperature and
guenchingpf AA2014 have been found in the literaty@&assani, Gariboldi, & Vimercati,
2007) Bassani et a{2007)report on the work of several authors and give the following
three potential sequencethat may occur simultaneoush56SSWGP zonesW } [ [W } |

W} AZ E 8Z } % ES] 02 UMIREIW W Idv « W HEWIfv W [
W AAZ E 3Z " % ES] 0« JMMWEPMAIW (WPl « W Y[ W Y
the Q pecipitatescomprise of CtMgsStAl, ABCLeMgoSt or ALCL,eMgsSt (the Q phase

]l* E ((EE S} -« , C(BdssaniptakL }ZBO/tDutta, Harper, & Dutta, 1294)

Gazizov, Dubina, Zhemchuzhnikova and Kaibyq2€15) report that the main
strengthening particles are the coherent and seasoherent configurations off phase

(AkCu). Both they, and Chand et &016)assert that the precipitation sequence is
independent of other phases antlis as follows: SS®/GP zonesN}[[W}[W} X ~ o Z
(2018)agrees with thissequence and reports the precipitation sequence as a plot of
hardness against aging timgigure6), showing that peak hardness is achieved at 12
hours of aging (at 165 °C). This plot begins at the solution heat treated position and
attributes the hardening to the precipitation of®%Z « }[[ v u 8§ «§ o }[X

JA i1 Z}uEe E p e 8Z Z E v ee u 35} 83Z % E cius]S 3]}v
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incoherent with the matrixA pictorial representation of therecipitation sequence is

shown inFigure7 with reference to the Atich end of tle ACu equilibrium diagram,
courtesy of Higgins (1993}rossreferencing ofFigure6 and Figure7, shows that in the

T6 condition (solution treated and precipitation hardened), the maximum volume
(E S1IV I(} % E 1%]3 8¢« E %E » v8U A]§Z € +pos3 vs
condition for AA2014 corresponds to the correct temper for BS L165. In the overaged

condition (T7), noh }Z €& vS } % E]V % S ¢« (JEUU SZpe E p JVvP

material.
160 -
150 - @ Precipation
S 140 -
= L .
2 ©' precipitation
d 130 -
<
= 8"( GP II zone) == Series]
T 120 -
110 -
00 +——+———
00 2 2 6 8 10 12 14 16
Aging time (Hr)
Figure6: ~ZYAlvP A (201B]work depicting hardness with respect to aging

time at 165 °C for AA2014 alloy.
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Figure7: Showing the microstructural changes due to solution and precipitation

heattreatments of an ACu alloy, courtesy of Higgins (1993).

Gazizov et al2015)also report on secondary strengthening ¥gphases which occur
in the sequence; SS®Mg-Si clustersWGRI 1}v « W t[[ W t[ W tX dZ C E %o}
v t[[ J(( € Jv }85Z «SEUP SUE Vv %% E Vv sAbBRAr&Z § %o
V. 0 *Z % U wgN[e~P E} *Z % Xt %Z « ] SZ <«plo] G
form of plates or cuboids. It isowever noted elsewhere in the literatu(@assani et al.,
2007)8Z 8§ SZ t %oZ ¢ % E ]%]S S]}v * <u Vv v }voC (Juv

ratio greater than 1 which will not occur in all AA2014 alloys.

Gazizov et a[2015)state that the pregitation sequence can change due to the Cu/Mg
Vv DPIA] Ju%}e]8]}v E §]}*U v 51| «"§Zopr&EEB¥ WVW IDWP
t[[U Y[U W Y[ W Y(X994)eport that pr&cipiition begins with GP zones
which nucleate either homogenously or at vacancy clusters. Dissolution of the GP zones
§ e vpu o EJ}ve ]38 ¢« (JE [ ~Y[* % E ]1%]3 3« Azl Zz E
§Z u SE]AU AZ]Jo }[ vu o § e JixdiStecations50C }v u SE

Styles et al(2015)comments that from the ACuMg ternary phase diagram, alloys with
HWDP & 3]} }( TWi ~A89¢ AJoo % E} N r=" %Z « X P 8§

AA2014 cannot achieve this ratio. Grenchnikov and Nos(@l7) base their

experimental work on a similar alloy (AA2024) despite the misleading title, and indeed,

none of the literaturereviewed (including that referenced hBassani et al., 200y7)

25



relate to the S phase in AA2014, rather to other alloys in the same family with different

compositions.

2.2.5.2 Mechanical Properties

Throughout this literature review, whenever reference to AA2014 is made, it is assumed
to be bare unless specifically stated as being alclad. Narender, Ramjee and Eswara
Prasad(2019)studied the effects of aging on the anisotropy previously reported for
AA2014. Carrying out testing on solution heat treated (SHT), underaged, peak aged (T6)
and overaged specimens in the L, T anélattentations, they found that the iplane
anisotropy wadighest in the T6 condition although it was described as modgrate
(1v181}v }( ~u} E § oveéalEBainination of the fracture surfaces of the
T6 specimens revealed microvoid coalescence typical of ductile failure, however there
was a changen the size and shape of the dimples depending on the orientation
examined (spherical and larger for L direction, progressively smaller and elongated for T

and then L+45directions).

Ashok, Maruthupandian, Ganesh Kumar and Vig@l5)carried out tensile testing of

L and T orientatedhA2014 T651 specimens at both room temperature and increasingly
elevated temperaturesip to 300 °CThey found that the UTS and proof stress decreased
with increasing temperature while the % elongation increased and attributed this to the

coarsening of second phase patrticles.

Singh and Gog€R005)examined combinations of thermal and mechanjgalcesses in

an effort to improve the fatigue properties of AA2014. They found that the peak
artificiallyaged condition (T6) produced the poorest fatigue results of all the treatments
(includingnaturally agedr4) and that the inclusion of warm rollingankedly improved

the results. TEM analysis indicated that the T6 condition produced the coaggest
precipitates with the addition of warm rolling producing finer precipitates. $he
thermo-mechanical treamentsalso changdthe nature (fine and uniform or coarse and
non-uniform) of the dislocatiofprecipitate tangles, and the size and dispersion of

intermetallic particles

The UTS, yield strength and % elongation of BS L165 and alclad AA2844er the
material specificaon ((The British Standards Institution, 1978and (ASTM
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International, 2014)espectively) and BISL65 as per the certificate of conformifysed

in this researchjWilsons Aero Metals Alliance, 20E8¥ shown inTableb.

Tableb: Showing table of BS L165 and alclad AAd®ldechanical properties as
per material specificatidf and Certificate of ConformityBS L165).

0.2% Proof % Elongation
Strength (MPa)

415 345 7
AA2014-T6 alclad’ 435 380 7
Certificate of conformity (BS L165)° 455 407 8

Table5 notes:

1 BS L16%The British Standards Institution, 1978a)
ASTM B209ASTM International, 2014)
CofC(Wilsons Aero Metals Alliance, 2016)

W N

The introduction of an alclad layer hte effect of reducing the UTS and yield strength

of AA2014 when the same overall thickness of material is considered, due to part of that
thickness being occupied by a material with lower strengitible6 shows a comparison

of the UTS, 0.2% proof strength and % elongation of BS L165 with BStHekg/
materialshave the same elemental composition bthe latter hasno alclad layer. Also

shown inTable6 are both clad and unclad AA20I4 for comparison.

Table6: Showing comparison of clad and unclad materials andeffext on
mechanical properties. The table steotvemechanical properties for the

thickness relevant to this research, i.e. 0.7 mm.

(MPa)

415 345
430 370
435 380
440 395

Table6 notes:

NN O N

1 BS L16%The British Standards Institution, 1978a)
2 BS L15(The British Standards Institan, 1978b)
3 ASTM B209ASTM International, 2014)
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2.2.5.3 Weldability

BS EN 463Q02:2008 (Aerospace and Defence Industries Association of Europe
Standardization (ASBTAN), 2008b)with reference to BS EN 46801:2008
(Aerospace and Defence Industries Association of EwrSpendardization (ASBTAN),
2008a)yecommends that AA2014 has a degree of weldability for TIG welding rated as 4.
dz]e 1« (]v « "u 8 E] o A3z A EC A o ]o]8CX d}

Sivaprasad, Muthupandi Shankar and Sokkalin¢g2®i9)carried out GTA welding of
annealed AA2014, examining thaamostructure and tensile properties. They reported
on coarse equiaxed dendrites within the nugget with dispers&dhBase precipitates
identified as coarse ACuaround which dislocation looping accompanied by a drop in
strength occursTesting revealethe hardness values to be lowest at the centre of the
weld, rising above the parent metpvalues at the fusion boundary (boundary between
the nugget and the HAZ) before dropping to parent matdrsahlues throughout the
HAZ. UT®as lower thanthe parent material values in the nugget and HAZ, although

the yield strength in the nugget was similar. Ductility was lowest in the nugget.

Kramer, Heubaun and Pickefdi®89)compared hoicrackingesistance of Weldalite 049

(AFLI alloy) to GTA welded AA20T8 and other ALi alloys (not AA8090) and found
T1io §} §Z 0 3 "A o o _ }( 8Z}-comsparison oftke tojal

length of cracking within the weld. In addition to hot cramck cracks were also observed

in the HAZ of AA2014, although the authors did concede that AA2014 can be successfully

welded under wellcontrolled conditions with a suitable filler.

Biradar (2016) carried out studies using different filler materials addansverse
MechanicalArc Oscillation (TMAO) to attempt to improve the resistance to solidification
and liquidation cracking of AA2014 T6 TIG welds. Improved resistance to solidification
cracking was observed through use of TMAO (although all welds still exhibited some),
which was attributed to the mechanical disturbance of the TMAO breaking up the

solidification structure and reducing dendritic growth resulting in a refined structure.

Limited research was found which compared alclad and bare aluminium fusion welds
and the resultant effect of the alclad layer on weld propertidsss, Wyant and Winsor
(1947)found that when sptwelding alclad and bare materials (with the same core

parent material), the fusion penetrated deeper into the bare material than the alclad
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one. This waslue to the higher melting temperature of the alclad layer when compared
with the core parent materila Brungraber and Nelsofi973)found that the same size
of HAZ was produced when alclad and bare AA3904 were (separately) Gas Metal
Arc Welded (GMAW) using the same weld equipmesttings, although no data was

provided on the weld strength of those materials.

2.3 Friction Stir Welding

FSW was invented and patented by The Welding Institute (TWI) in(T®@inas et al.,
1991), although this and subsequent patents have since expired. A plethora of additional
patents from many different companies and individuals have since, and continue to be,

submitted and approved as the technology progresses.

I Friction StiWelding Process

The FSW process for butt welding is described pictoriafygare8. A norconsumable

rotating tool comprised of a shoulder and probe (also known as a pin) is inserted and
traversed along the jolline of abutting sheets of material, mechanically stirring the
material to form a jointFigure8 shows an advancing and retreating side of the weld.

dz A v I]vP <1 1+ (]v « $Z § |v Aahpl dirécHion $giches E 1} &
that of the traversing direction, and the retreating side where the rotational direction

opposes the traversing direction.
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Figures: Showing diagram of the FSW process: 1) plunge of the tool to theiahate
2) dwell at the insertion point to generate heat in the material; 3) traverse

of the tool along the workpiece; 4) retraction of the tool from the material.

The process is solstate, i.e. the material never reaches melting temperature, however
heat is generated(the temperature of which depends on the materials and welding
parameters usedfluring FSW to allow stirring of the material. There are several stages
to FSW which Mishra, De and Kunfa014)define as: a) plunge and dwell (shown as
stage 1 and 2 iigure8); b) traverse gtage 3) and c) retract (stage 4). Plunge refers to
insertion of the rotating tool into the workpiecérior to this stage both the tool and
the material are at ambient temperature; as the tool is inserted the temperatidite
surrounding material andobl rise, the rate of which depends on the rate of insertion.
The temperaturerises owing 1 frictional contact and from adiabatic frictional
deformation within the material, until the workpiece reaches the critical temperature
for plastic flow. Thigs dependent on the properties of the material and may require the
tool to remain in this position for a short time (dwellhe tool then traverses along the
material forming the joint. Threadgill, Leonard, Shercliff and Witl{2@99)compare

SZ &"™"t %o E&} <o S} N }veSE ]v AESEpPe]}v pv & SZ S]}v
constrains the softened material and, as the tool traverses, material is gathered from
the advancing side, sy around the pin and deposited between the retreating side

and the surrounding cooler material.
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There are several advantages and disadvantages of FSW in comparison with
conventional fusion weldin¢Threadgill et al., 2009 Advantages include: the ability to
weld alloys considered fiicult to fusion weld e.g. 2XXX or 7XXX series due to their
susceptibility to hot cracking; no consumables are used in conventional FSW; dissimilar
materials can be joined. Disadvantages include: the current automated process makes
it suitable for high vlume, uniform welding, but less suitable for complex weld
configurations or where access is limit@sh fully portable assembly is required; an exit
hole is left following FSW; the requirement for adequate clamping to compensate for

the forces applied dung the process.

The thermemechanical process inherent in FSW produces a highly characteristic
microstructure in aluminium alloys as described Higure 9 below. Threadgill and

Leonard(1999)proposed the terms defined below; these have been overwhelmingly

adopted.
Retreating side g Wwidth of tool shoulder _ Advancingside
- ; >
= - —— -+ -
e e SRS 3 »//.'_ ___________________
- -4 v/,' "//. B R vt e ik i e bt et
,-" / ey - S S VT VWY Sy LGRS SRS VY|
I D z/ C'\ _________________________
c | | - 4
\ \ 3 /r' o AR = TR i PR ST s |
A B ‘L\ e NSRS o o s e s o rea s L A
Figure9: Showing diagram of typical atinium alloy FSW microstructural areas.
Parent material (PMY ]Jv ] § CFigure9] Material is sufficiently distant from

the nugget to remain unaffected in both microstructure and mechanical properties.

Heat Affected Zone (HABE) Jv ] § CFigure9] srea is thermally affected with
consequences to the microstructure and mechanical properties. It is not significantly

plastically deformed.

ThermoMechanically Affeted Zone (TMAZ4Y v ] § C Figure 9.vArea is
thermally affected and plastically deformed with consequences to the microstructure
and mechaical properties. The microstructural change in this area is primarily through

recovery(The Welding Institute, 2013)
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v

NuggetU Jv ] § C Fiyure9] Wwor aluminium alloys the nugget lies within the
TMAZ and is formed at the hottest part of the weld where the material has undergone
dynamicrecrystallization. The nugget is «fét from the centre of the weld due to the

asymmetry in FSW.

These areas are also shown in an actual welignrel0X /v §Z]« A o ~""E_ E ( f

§Z Ne3]E vuPP 8§ }E vuPP 83U v §Z ( 3] vs](] A @&

material being cast.

FigurelO: Showing FSW of an-8i casting. This image has been reproduced from
Bhadeshiano_date whoidentifiesProfessor J. Fukii of JWRI Japan as the

source (no reference provided).

dz ~"}v]iv EGJvP_ (( 8§ Vv }(S v } » EA Figwd)and® ~v}s§
characterised by metallurgical banding, the origin of which is alternatively attributed to:
periodical deposition of layers of material betlithe tool; differences in grains sizes in

the deposited layers; and variations in particle density in the lafMdishra et al., 2014;

The Welding Institute, 2013; Threadgill et al., 2009; Threadgill & Leonard,.1999)
Additionally, several areas can often be observed in the nyggahdcated by numbers

1-3 in Figure9: 1) aShoulder Affected Zone (SAZ2) a pin and shoulder influenced

region; and 3) a pin influenced regigAhmed, M., Wynne, Rainforth, & Threadgill,

2008)
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Il Stationary Shoulder Friction Stir Welding (SSFSW)
Stationary Shoulder FSW (SSFSW) was developed 4Gibsbn et al., 2014h 2004

and was intended for welding materials with low thermal conductiiartin, 2013)

such as titanium, in an effort to mitigate an uneven temperature distribuian Z. et

al., 2016) SSFSW differs from conventional FSW in thasstitmulder does not rotate;

the pin rotates and provides the majority of frictional heat generation while the shoulder
slides over the surface providing forging pressure @¢Gljpson et al., 2014 According

to Neto and Neto(2013) approximately 6680% of the heat in conventional FSW is
generated by the rotating shoulder due to the tool/workpiece relative velocity. This
leads to asignificant temperature gradient between the top and bottom surfaces of the
workpiece. Using SSFSW, a narrowete focused HAZ may be produced. The reduced
temperature gradient can be used to control residual stress and distortion in thin sheet

aluminium welds when compared with conventional Fg¥é et al., 2019)

A diagram showing the microstructural areas of a typical SSFSW is shbBigarigll 1.
This shows the smaller HAZ area associated with SSFSW when comyptred
conventional FSW. Two shapes of nugget have been observed in the literature, depicted
by the green and orange dashed lines. The green line describeshapéd/conical
morphology which reasonably follows the shape of the tool pin. This shape wasaghi
by Ji, Li, Zhou and ZhafgP17) Ahmed, Wynne, Rainforth and Thread@D11) Zhang
et al. (2015)and Patel, Li, Liu, Wen and @019) Ahmed et al(2011)attribute the
increased width at the top of the weld to an increase in the tangential velocity of the
tapered pin as its diameter increased, coupled with the stationary shoulder acting as a
heat sink on the top surface. The second shape, depicted by the oraspedlane has

v ¢ (E] ]Jv §Z 0]8 E $ (et al. 3043 CE }op (Dong et al.,
2019) v " E&pd %o (Li, D., Yang, Cui, He, & Zhang, 20k5enerally forms a
bulbous shape and can have the maximum width either at the weldthigtkness or
close to the weld bottomExamples of these shaped from literature are showhigure
12. There is little in the literature to explain the difference in shape, however Liu et al.
(2013)suggest that at faster traversing speeds the high tangential itgloo the surface
of the pin cuts material rather than allowing it to stick. In this way slower traversing
speeds achieve the orange dashed line shape, gradually changing to the green dashed

line shape at higher traversing speeds. A review of the weldrpaters used by other
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researchers shows some support for thise images provided by Zhang et @&015)
(Figure 5 of their work¥how a changing morphology towards a more vaglfined \
shape/conical as the traversing speed is increased. However, some researchers achieved
the V/conical shape at relatively slow traversing speeds (Ji €@l7)at 50 mm/min

and Patel et al(2019)at 100 mm/min). It should however be noted that while Liu et al.
(2013)used a stationary shoulder in their research, the pncompassed a stgized
rotating (with the pin) shoulder which they acknowledge would also be a contributory

factor together with the increasing traversing speed to the difference in weld

morphology.
Retreating side Advancing side
A c C A
D
VAN 7
= B

Figurell: Showing diagmm of typical aluminium alloy SSFSW microstructural areas.
Labels A, B, C and D have the same meanings Bgpe9. The nugget
depicted by the ora P «Z o0]v e (E] §Z "Ne%oZ E] ol
shape, while the nugget depicted by the green dashed line describes the

}vl 0 ~s_ eZ % X
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Figurel2: Showing (apSFSW AA704®51 microstructure shape broadly follows
that of the pin, courtesy of Patel et al. (2018hd (b) SSFSW AA7075
doAiV u] EB}+SEU SPE ] + E] e N EMU_ *Z %o
(2015).

SSFSW can also be used to mitigate against thinning of the waekpiacet al., 2013)

TWI (Martin, 2013)had success using SSFSW on titanium and aluminium alloys and
produced smooth weld surfaces with no thinning of the workpiece at the centreline, an
issue for conventional FSW especially in thin sheet, and small HAZ areas. (2@16).
incorporated both a conventional FSW tool and an external stationary shoulder to weld
3 mm thick Aldad AA2024T4and observed negligible weld thinning, little flash, a
smooth surfaceTheyconcluded that using the external stationary shoulder produced
fewer defects at a wider range of parameters than conventional FSW. Wu, Chen, Strong
and Prangnel2015)found that when they compared conventional FSW of AA7050 with
SSFSW, the weld thinned <0.2 mm on the SSFSW compared with ~1 mm on the FSW
specimens. This reduction in thinning was a result of the far reduced heat generation

from the stationary shoulder meaning that the colder tex@al could support the
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the surface finish was greatly improved on the SSFSW welds, with a surface roughness

parameter(Rs) over an order of magnitude lower thaor conventional FSW. This was
SSE] us 8} §zZ ~NE}V]vP_ (( S }(SZ <35 8]}v EC «Z}luo @

during traverse.

SSFSW has also been used effectively for joint geometries which do not lend themselves
to conventional FSW, such asetfiljoints. Martin (2013) describes the procedure in
which a rotating pin inside a nemotating shoulder is shaped to the internal corner of

the plates to be welded and can be used to cesabrner joints.

Chehreh, Gitzel, Bergmann and Walth¢R020)carried out studies comparing fatigue
and corrosion resistance of AA5754 when welded using conventional FSV&W and
dual FSW (the shoulder rotates in the opposite direction from that of the pin). The
fatigue resistance of SSFSW weldsiound to exceedoboth that of the conventional
FSW andhe dual FS\Wand wascomparable with that of the unwelded parent material.
This was attributed to the lower heat generated by the tool for SSFSW, and to the
introduction of beneficial compressive residual stresses introduced to the weld by the
stationary shoulder. The SSFSpé@mens also performed best in the corrosion tests,

second only to the unwelded parent material specimens.

oSzZ}uyPzZz v} & ( € v §} 2z ~] o_ "M&M suCE( %0 %o (E
amount of the literature praise smooth, ironed surfaces. Li, Y&, He and Shen
(2014)created smooth weld surfaces which did not require subsequent machining and
which, they consideredwould be beneficial to the fatigue resistance of the finished
weld. They found that the weld top surface width was equivalent to the diameter of the
stationary shoulder. Sejani, Li and Paf2021) found that the stationary shoulder
produced an ironing effect whereby the sliding motiontbé shoulder over the joint
removes markings on the top surface. They did however find that the contact friction
between the stationary shoulder and the weld suacauses material adhesion and
removal which created a duller appearance at the edges of the weld surface, in
comparison to the centre area of the weld surface which was more reflective; they

§ ®u &Z]e Z VP ]V %% @E v 3§} Ne & %]VP §E -« _X
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Thereare some known issues with SSFSW in that the tool design leads to large forces
being applied to the pin in the welding direction which can lead to failure, and material
has been found to flow into the space between the shoulder and the pin resulting in th
requirementfor regular cleaningBarbini, Carstensen, & dos Santos, 2088)hmar and
Dwivedi (2020b)developal a tool which essentially satfeans due to its innovative
design, however the volume of research available on SSFSW is still far smaller than that

of conventional FSW.

The parameters used when welding using either FSW or SSFSW are of great importance
and have a significant effect on the quality of the weld; see sec@9for further

details.

EEl FSW/ SSFSW of AA8090

There is little documented in the literature specifically targeting FSW of AA8090 and no
research could be found on SSFSW of this alloy, perhaps thue tge of AA809falling
out of popularity as FSW and latterly SSFSW gained momentum.

Lertoraand Gambar@2010)investigated optimal parameters for defeftee joints in 5

mm thick AA8090d 6 pe]vP }VA v3]}v 0 &t % E% v | po E 3§} §Z
direction. They used a totilt angle (see sectio.3.9.1.3 of 2 and a modest range of
rotational (230, 330 and 460 rpm) and traversing speeds (115 and 170 mm/min) in their
comparison. The results of their hardness, tensile and fatigue tests are reported in the
relevant sections of this chapter, however they did report zero distortion during welding
attributed to low thermal load and radiographic tests found no defects in @inthe

weld parameter combinations used. They achieved a fine equiaxed grain structure in the
nugget, in which the grain size grew as the weld ratio (rotational speed/ traversing
speed) increased due to change in heat input to the weld. The nugget codtkrge
precipitates concentrated at the grain boundaries with the concentration much greater
in the nugget than in the parent material (no analysis on the type of precipitates was

provided).

Pedemonte, Gambaro, Lertora and Mandolfif2®13)studied conventional FSW on 5
mm thick AA809r8. They used welding parameters ¢ft@ol tilt angle, rotational

speed 330 rpm and traversing speed 175 mm/niihe parameters wersourced from
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elsewrere (Ponte, 2007 and stated to be the optimal parameters for this material,

oSZ}uPZ ~Nl]ee]vP }v _ (2.310 was ebsarigd on one weld.

Vigraman et al(2021)studied FSW of 10 mm thick AA8090 (temper not provided) using
a range of rotational speeds (800, 1000 and 1200 rpm) with constant traversing speed
(2.5 mm/s). Optical microscopy and SEM revealed the presence of fine grains and
intermetallic compounds likg to have been ACu, AICuLif-phase, FeA] MnsSpAl2

and oxides throughout the nugget. It was observed that Li containing precipitates were
concentrated more at the weld nugget than at the interface between the weld and the
parent material (presumedybthis author to refer to the HAZ/ TMAZ)hey postulated

that this was a resultof centrifugal action of the thermanechanical process,

segregating the heavier elements and compounds to the interface.

Panwar and Chanda(2021) investigated FSW of 5 mm thick AA8090 (temper not
provided), although the measured composition of the material was outside the
tolerances given in the specificationsTiable2 (Li 3.07 %wt and other discrepancies).
They used the Taguchi design process to reduce the number of experiments required to
predict and achieve optimal weld parameters; these parameteese found to be
rotational speed 1400rpm, traverse speed 25 mm/min, 7 s dwell time witto0l tilt

based on the mechanical testing (discussed later in the relevant sectidas, the

parameters tested used different weld ratios throughout the experitse

HEEl FSW/ SSFSW of BS L165/ AA2014

A significant amount of work has been carried out on FSW of AA2014; this is discussed
throughout the subsequent sections where appropriate, e.g. with respect to tool design,
weld parameters etc. Where not specifically teth as being alclad, the author has

assumed the material to be bare, i.e. with no alclad layer.

BS EN 463Q02:2008 (Aerospace andDefence Industries Association of Europe
Standardization (ASBTAN), 2008b)with reference to BS EN 468p1:2008
(Aerospaceand Defence Industries Association of Eureféandardization (ASBTAN),

2008a)recommends that AA2014 has a degree of weldability for FSW welding rated as

2 Note: the author did not have access to this original source.
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Rajendran, alongside various other researchers, has carried out substantial research into
FSW 6 AA2014. Rajendran, Srinivasan, Balasubramanian, Balaji and SENHI)
carried out FSW of 2 mm thick AA2014 (believed not to be alclad) and found fine and
equiaxed grains in thaugget, with fewer (presumably than pxeeld) but uniformly
distributed and fine 2 phase precipitates (ACu). The large precipitates found in the
parent material (ACu and FéMn-Al) were fractured within the nugget due to the
extensive plastic deformain involved. The TMAZ showed severely deformed-non
recrystallised grains, and no significant graoundarycoarsening was observed in the
HAZ. Rajendran, Parthiban, Pranav and Nithi B@aRp1l)and Rajendran, Srinivasan,
Balasubramanian, Balaji and Selvd@f)16)investigated the effect of posteld heat
treatments (PWHT) on the propertiesE8WAA2014T6. They foud that the previously
identified soft region in the HAZ/ TMAZ was reduced in width and shifted towards the
centre of the weld/ nugget due to the dissolution of coarse precipitates in the aluminium
matrix and precipitation of fine}[ % ES] o <X Zinivasaf; Balasdbramanian,
Balaji and Selvargp019a)compared the peak loadbtained fromtensile tested TIG
welded, FSW and rited sheets of AA20146. They found that the TIG welded
specimensgave a peak load approximately 50% that of the FSW samples with
comparable results to single cover riveted butt joint and a riveted lap joint, with the
double cover riveted butt joinhaving almost double the load carrying capability af th

TIG welded butt joint and approximately 40% stronger than the TIG welded lap joint.

Lin, Zhao and W(2006)conducted testing on 8 mm thick AA2014 and considéhed

the welded jointcould be regarded as finite thin layers throughout the thickness and
carried out their testing accordingly by sectioning it into 3 layers. They found that the
mechanical properties varied throughout the thickness with the weakest being the
middle layer. This waattributed to the influence of the shoulder on the top layer which
inputted more heat into this part of the weld and all@da material to flow more freely
with less variation in microstructure between the different zones of the weld (eg. HAZ,
nugget etc.). The middle and lower layensere influenced only by the pirand
experienced dower heat input as a result. The middle layg#soabsorted more heat

and hal reduced heat output tha the lower layerexperienced (due to heat dissipation
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from the lower layer to the backing plategsulting in it softeningnore thanthe other

layers.

In the work conducted by Ramanjaneyulu, Madhdisan Reddy, Venugopal Rao and
Markandeya(2013)on 5 mm thick AA20146 it was found that although the lowest
hardness value was measured on the advancing side TMAZ/ HAZ, the safgiad
was wider on the retreating side than the advancing side due to the material flow
(relatively higher velocity difference between the tool and the material) on the

advancing side, antthereforetensile failure always occurred on the retreating side.

Das, Robi and Sank&020) examined the microstructure of their most successful
(judged on mechanical propertieBEW AA2014 (temper not provided). They found that
the grainsat the top of the nugget were finer compared with the bottom due to the
influence of the shoulder, although they do not quantify the difference in size. They
measured (via the Heyn line intercept method) that the average grain diameter at the
top of the rugget was 84% smaller than that of the parent material. The grains at the
advancing TMAZ were slightly smaller than those at the retreating side (advancing 66%
smaller than parent material and retreating side 64% smaller). They state that the
material is atracted from the advancing side, moved around the tool and deposited on
the retreating side and then the advancing side undergoes dynamic recrystallisation
resulting in finer grains. They postulate that this is the reason that their tensile tests
failed & the retreating side TMAZ. The grain size in the HAZ (no distinction between

retreating and advancing) was 35% smaller than the parent material.

Muhammad et a(2021)compared FSW 2.5mnthick AA2014 sheets in the TO and T6
tempers. They observed partial onion rings in hatithough they were more dominant

in the T6 temper. They stated that the onion ring feature demonstrated sufficient plastic
flow in the weld with the plasticised matal deposited in layers and owing to an uneven
distribution of hard particles. For T6 the majority of precipitates were metastable of
which many were dissolved in the aluminium matrix during FSW. The fraction of stable
precipitates was unaffected by FSWdabecame segregated into high strain regions
resulting in high and low particle density bands within the nugget. In the TO condition
there were far fewer metastable precipitates to dissolve as the majority existed in the
stable state, thus the banding efft was less prominent. They also observed a transition

area between the nugget and TMAZ on both sides of the T6 weld, however this was
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more distinct on the advancing side. This was due to the advancing side producing
greater shear forces and plastic straibecause of the direction of travel and material
(0}AU % E} p JvP ]*3]v 8 ~o]lv _  S8A v §8Z vuPP § v 3
distinguishable boundary between the HAZ and the parent material due to no
recrystallisation occurring in that area. The didte that in some cases thgrain size

may be slightly larger in the HAZ than in the parent material and precipitates can dissolve

or coarsen which results in a reduction in hardness.

VIA o foo¢]vP_ ~ } « v}$ -up offrAatenidloon the Isoulder) stationary
shoulder tool was use@Sinhmar & Dwivedi, 2020t weld 6mm thick AA2014 and
compared with conventional FSW. They observed a more uniform nugget, a smaller
shoulderaffected region and a narrower HAZ on the SSFSW. The interface between the
nugget and TMAZ on the SSFSW was less distinct with some mixing between the two
and the grain size in the nugget was smaller. The size of the strengthening precipitates
was also foundo be smaller in the nugget and HAZ of the SSFSW, in the range of 35 nm
65 nm and 61 nr124 nm respectively, compared with 60 88 nm and 94 nr197 nm
in the conventional FSW. Precipitate density was measured as 122 precipitatéahd
67 precipitates/ .m? in the SSFSW nugget and HAZ respectively, compared with 89
precipitates/ .m? and 40 precipitates/ .m? in the FSW. Further workSinhmar &
Dwivedi, 2020ajvas carred out on the same material to compare the width of HAZ and
corrosion properties between FSW and SSFSW using the same novel tool. They
measured the width of the HAZ at mildickness (advancing or retreating side not
specified) and found the FSW to be 2188 and the SSFSW to be 1.18 mm, with the
precipitates in the nugget and HAZ of FSW measuring@@&5 .m and 0.520.83 .m
respectively, and in the SSFSW 60488 .m and 0.430.53 .m. The precipitates at grain
boundaries of the HAZ of the FSW were cortimg; while those at the grain boundaries

in the HAZ of the SSFSW were unconnected.
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Hl FSW/SSFSW of Dissimilar AluminNioys

As BS L165 is used as a repair material for the original AA8090 used on the aircraft it is
necessary to consider joining the twoatgrials together. This is currently achieved
through riveting, however it is possible to FSW dissimilar materials; both different
aluminium alloys and different types of metal. Mishra et @014) explain how
consideration of the different melting points of the materials to be welded and thus the
ease of material flow at different temperatures must be considered and how the
positioning of each, i.e. which is situated on the advancing aitt which on the
retreating side, is of great importance. They also note that there is conflicting data

within the literature regarding this positioning.

There is a plethora of research on dissimilar FSW within the literature. For brevity, this
review was intended to be limited to those most relevant for this research, i.e. dissimilar
FSW/ SSFSW involving AA8090 or BS L165/ AA2014. No research was found on FSW of
AAB8096BS L165/AA2014, and indeed none regarding any dissimilar welds incorporating
AAB090, herefore other AlLi alloys shall be included. Joining of aluminium alloys to

other metals (e.g. steel, copper) is not considered in this review.

2.3.5.1 Dissimilar FSW containinglAl
A significant number of studies concerned FSW of thki Alloy AA2198 to digmilar

aluminium alloys, particularly AA2024 (although there are others). The compositions of

these materials are shown ifable7.

Table7: Showing elemental compositions of AA2024 and AAZR®8e et al.,

2015) all compositions in wt%

[ T e e e e
3.8- - 1.2- - 0.3- 0.5 Remainder
49 1.8 0.9

AA2198 AR 0.8 IRG2 50 01 0.5 0.1 0.35 0.08 = Remainder
3.5 11 0.8 0.5

Robe et a[2015)examined FSW 3.2 mm thick AA2IE8 t AA2024T3, with AA2198

positioned on the advancing side and the weld perpendicular to the rolling direction of
AA2198 and parallel to the rolling ditean of AA2024. This configuration was selected
to overcome the anisotropic mechanical behaviour present in both, with the
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longitudinal tensile properties of AA2198 similar to the transverse tensile properties of
AA2024. They found that the advancing HAEIAZ region was narrower than the
retreating as previously discussed regarding similar metal FSW, however it was not
possible to distinguish between the HAZ and TMAZ using optical microscopy alone. Two
distinct areas were observed in the etched nuggetvging the two materials separated

by an Sshaped boundary, and Energy DispersivegayX (EDX) analysis mapping
confirmed the lack of mixing of the two materials based on the Mg content on each side
of the S. A banded onion ring structure was observed withenAA2198 part of the
nugget, however the SEM analysis confirmed that this was not due to mixing of the
materials, rather a difference in grain orientation. Macroscopic and microscopic
analysis, together withElectron Backscatter DiffractiorEBSIP suggeted that the
joining mechanism was due to mechanical impingement and rja@ning of the grains,

rather than actual mixing of the materials.

Khalilabad, Zedan, Texier, Jahazi and Bo2@21)welded the same materials in the
same orientations and referenced the reasons given by Robe &Gd5)for welding
usingthose orientations. They produced welds whichldhauggets with 3 areas, rather

than 2, with each area separated by &l&ped borders which was attributed to the
variant flow rate of the material at the centre and around the pin, showRigurel3.

The first S shape separated AA2024 and AA2198, with the second separating two areas
of AA2198 with a variation in Mg between all three areas. This microstructure was not
explained fully but it was suggest#uat different recrystallisation mechanisms may be

at play.
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Figurel3: Showing double-Shape on AA2198A2024 dissimilar weld, reproduced
from Khalilabad et a{2021) a) whole joint; b) retreating side transition
between parent metal and nugget) 1st Shape transition in nugget; d)
2nd Sshape transition in nugget; e) advancing side transition between

nugget and parent material.

Wu, Deng, Fan, Ji and Zha@2@18)studied dissnilar 10 mmthick A-LFCu and AEZn
Mg-Cu FSW alloys (actual alloy designation not provided) in the T6 condition, with the
welding direction parallel to the rolling direction of both plates and theZz&Mg-Cu
alloy on the advancing side. Microscopy shawieat the Sshape previously described
in the nugget was not present, however there were clear aassistingof each alloy

v 3Z 3A} 00}Ce A E ~u $ oopEP] 00C Jvd PE 8§ _ A]
was shown that Mg had diffused from thé&2n-Mg-Cu alloy to the ALFCu alloy.

2.3.5.2 Dissimilar FSW containing BS L165/ AA2014

A significant volume of work exists on dissimilar FSW of AA2014 and AA6061. The
composition of AA6061 is @8 Si, 0.7 Fe, 0.1%84 Cu, 0.15 Mn, 0-8.2 Mg, 0.040.35

Cr, 025 Zn, 0.15 Ti with the remainder as(Mema, Sai Kumar Naik, & Ravindranath,
2017) Raturi, Garg and Bhattacharya019) conducted dissimilar FWS of the two
materials (6.1 mm thick) in T6 condition, with AA6061 on the advancing side (no
information on the material orientations was provided). Using a selection of pin types
(see sectior2.3.9.2« §Z C E %}ES SZ}E}uPZ ul&E]JvP v "~Z § E}
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(not defined in the study but presumed to refer to uneven intimate mechanical joining)
of the materials in the nuggeThe tensile tests failed in the advancing H#d this was
attributed to the softened zone (due to thermal influences and the accumulation and
coarsening of Mgpi precipitates) and inherently weaker properties of AA6TU61

compared withAA2024T6.

Venkateswara Rao and Senthil Kunf2020)joined 10 mm thick platesf the same
materials (temper unknown) with AA2014 on the advancing side. Clear onion rings were
apparent in the nugget, with no -Shape, shown ifrigurel4. They reported alternate
layers of the two alloys formed in the nget (Figurel4dc and d), due to the stirring action

of the tool, and the presence of'2phase particles from both materials within these
onion rings. The authors of the two studiessked on AA201-AA6061 dissimilar welds
discussed so far used different process parameters and tools so a direct comparison
cannot be made between the two for judging which configuration is superior, i.e. which
side the AA2014 is positioned in based on ahiy. It was however noted that the most
successful tests achieved 74% joint efficiency (based on the lower AA6061 UTS) for
AA2014 on the retreating sidéRaturi et al., 2019)and 70% withAA2014 on the
advancing sidévenkateswara Rao & Senthil Kumar, 2080pbther studies, AA2014 was
positioned on the retreating side with the most successful weld achieving 65% joint

efficiency(Nadikudi, 2021)and 68% joint efficiendjRaturi & Bhattacharya, 2020)
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Figurel4: Showing the various zones of AA6(@G42014 weld, produced from
Ventakeswara Rao and Senthil Ku(@ag0)

Raturi and Bhattachary@020)also carried out testing on AA2014 welded with AA7075
(AA2014 on the retreating side). They found that although the tensile strength of these
welds exceeded that of AA60@1A2014 (due to the higher initigtrength of AA7075),

the ductility was severely reduced to only Zo8longation. The joint efficiency was not
included in the study but these have been calculated as 64% for AAXRZ814 and
63% for AA6O6AA2014 (based on UTS values in ASTM BZDOMSTM International,
2014) Saravanan, Banerjee, Amuthakkannan and Rajak(@0d5)positioned AA2014

on the advancig side of their AA20XAA7075 joints and achieved 76% joint efficiency
for their most successful weld. They found that an appropriate welding speed and
diameter of shoulder/ diameter of pin ratio (D/d) was required to achieve proper mixing
of the two materals without resulting in turbulent flow, i.e. sufficient heat input was
required to properly plasticise the materials and achieve sufficient movement from the

advancing side to the retreating side.
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2.3.5.3 Dissimilar SSFSW of aluminium alloys

Very few studiesauld be found regarding SSFSW of dissimilar aluminium alloys (most
concern dissimilar aluminium to another metal, e.g. steel, copper), with none on the

materials under investigation in this research.

Barbini, Carstensen and dos Santp818)carried out comparisons of FSW and SSFSW
of 2 mm thick sheet AA2024 F3A7050 T7651 with AA2024 positioned on the advancing
side That decisiorwastaken based on previous work indicating that the best results are
achieved when the weaker material is on the advancing side (previous work is not
referenced). It was necessary to use different parameters for the FSW and SSFSW to
achieve defecfree weldsdue to the different amounts of heat input from the rotating

or stationary tool influence, i.e. the SSFSW had a rotational speed of 1200 rpm,
compared with only 600 for the FSWhe same pin was used for both welds. Tineted

a lack of shoulder affected zone in the SSFSW with the nugget profile strongly
resembling the pin profile. There was a resultant reduction in the width of the TMAZ in
SSFSW, especially in the upper half of the weld thickness due to the far reduced
influence of the shoulder, i.e. it was not stirring the material to cause deformation. The
authors used EDX analy® the degree of interdiffusion between the two materials by
measuring across an onion ring. To find the amount of diffusion thegsored the Zn
content, as there is a significant difference in content between the two materials
(AA7075 6.2wt% and AA2024 0.25 wt%). Both welds had a sharp interface between the
alloys, with a thin zone of interdiffusion; this level of interdiffusion réased with
increasing traversing speed (due to lower heat input). FSW had a slightly larger
interdiffusion thickness of £20 .m (SSFSW 1B6 .m), which was attributed to the
lower heat input in the SSFSW process. The tensile test results (forastesoccessful
welds) were reported as 86.4% for FSW and 94% for SSFSW
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Hl FSW/ SSFSW ofold Material

In their literature survey, Zhang, Xiao, Wang and(R€ 1)describe the work of Talwar
et al (2003 where it was found that the alclad layer on AA2024 FSW was drawn into
the weld at the advancing side at the boundary of the nugget and the TBBABINng
deterioration of the mechanical properties. The solutionswia remove the alclad layer
on the root side via machining; Zhang et(@D11)assert that this is not a best practice
solution, hence their work into the effect of the alclad layer in AARGSW. They
compared 6.5 mm thick alclad AA202351 with 5.0 mm thick unclad AA20Z351
using varying weld parameters to monitor the change in material flow, especially with
respect to the alclad layer. Regions of residual alclad were observed on ghantb
bottoms of the welds. Using a small plunge depth and low traversing speed, the bottom
surface alclad layer was drawn into the weld at the boundaries of the nugget on both
the advancing and retreating sidesbaild-up of alclad material was observdstneath
the tool shoulder region (the thickness was noted as 0.5 mm while the original layer was
only 0.2 mm) as the material in close proximity to the pin was severely deformed and
flowed to the shoulder. There was found to be a distinct difference inenilt flow
around the tool between the alclad and unclad FSW, and the top layer was found to play
and important part in this difference in flow. They noted that the soft alclad layer
SA v §8Z +Z}luo E Vv 8Z % & vS u § E] octdBingFSW,"ou E
reducing the friction coefficient which in turn redut¢he plastic deformation of the
parent material in theSAZ with the size of thesAzbeing smaller than that for unclad
FSW. This made the paifected region much more importayend the parameters used
critical to the quality of the weld. Slow rotational speed or fast traversing speeds caused
the alclad material from the bottom surface to extend into the weld along the nugget

boundaries.

In addition to studying the effect of tools, press parameters and initial temper on 3
mm thick AA2014 FSW lap welds and Friction Stir Spot Welds (FSSW), Bafa0 &2 al.
2013)examined the #ect of the alclad layer. They found the presence of alclad made

little difference to the microstructure or mechanical properties of the finished FSSW or

3 Cited as R. Talwar, D. Bolser, R. Lederich and J. Baurfidnh: ymp. Friction Stir Welding, Park City,
UT, 2003. Based on the authors listed, it is considered that this actually refers tpea ipathe 2th
International Symposium on Friction Stir Welding in 2000, however neither paper could be obtained by
the author to review.
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lap welds. They did however note that as the alclad is removed from the top surface

during welding, e finished weld may be more susceptible to corrosion.

Rajendran, Srinivasan, Balasubramanian, Balaji and Se2ad#))tested a variety of
parameters when carrying out FSW2oimm thick alclad AA201R6, however could not
achieve a joint efficiency of greater than 83% which was attributed to the redistribution
of the alclad layer providing a preferred path for crack propagation. They also found that
90% of the tensile failuresccurred at the advancing side TMAZ which was attributed to
thermal softening and grain coarsening, and the differing velocity gradient of plasticised

materials between the advancing and retreating sides.

Aoh, Huang and Li§2013)found that during FS lap welding of 1.6 mm AA2034 the
alclad layer between the two sheets appeared as a continuous layer throughout the
nugget, despite the pin penetrating through this area (they acknowledgedhthather
authors had reported this outcome). As a result they carried out work to find a tool
which could better break or deform the alclad layer in this area. They concluded that a
cylindrical or secteshaped threaded tool best achieved this, howevss techanical
properties for the welds created by the cylindrical tool were not improved by disruption
of the alclad layer, although those of the sectbraped tool were. This was attributed

to the formation of onion rings in those welds made by the sestuped tool.

When conducting FSW of 0.8 mm alclad AA2024heets, Yue, Wang, Yang, Wu and
Yan (2018) found that different parameters resulted in differing amounts of
redistribution of thealclad layer. At 100 mm/ min traversing speed an unbroken layer
of alclad was observed in the nugget drawn from the top surface; at 150 mm/min alclad
was observed flowing upward into the nugget from the bottom surface. This was
attributed to the plasticiation of the weld and uneven material flow between the

advancing and retreating sides of the weld.
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HEl FSW/ SSFSW of Thin Sheet Aluminium Alloy

FSW of thin or ultrahin (< 1 mm, sometimes referred to as midge&W (ESW)(Scialpi,

De Giorgi, De Filippis, Nobile, & Panella, 2G0®&ket creates additional complications
over the more comprehensively studied thicker sheet. These complications include the
issue that mosESW results in a small reduction in thickness over the stirred area due to
the forging effect of the shoulder. This is generally acceptable for thicker materials as
the percentage reduction is negligible. For thin or ultnen sheet however, this could
result in a significant reduction in mechanical properties of the W8ldalpi et al., 2008)
Huang, Meng, Zhang, Cao and FE&@j 7)stated that generally the thickness reduction
always reduces the tensile properties and that the thickness reduction should not
exceed 10% of the parent material thickness to avoid tensile property reductions,
however this statement was not elabated on nor its origin cited. Scialpi et €2008)
examined FSW 0.8 mm AA20P3 and AA6086 in both similar and dissimilar
configurations. The welds suffered approximately -2B96 thickiess reduction
(calculated from the reported images) which was blamed in part for a reduction in
mechanical properties and location of tensile failure. Scialpi &f280D8)also caution
aganst micro defects which, again, may be acceptable in thicker sheet welds but could

be highly detrimental to thin or ultrghin sheet welds.

Dong et al(2019)joined 0.8 mm thick AA202/eets using SSFSW for lap welds and
compared with conventional FSW of the same material. They found that the surface
roughness of the SSFSW was improved by almost 50% compared with the FSW and
noted that material loss was reduced, achieving 96% of themalighickness when the
traversing speed was 200 mm/min and 85% and 91% at lower traversing speeds. This
was attributed to the stationary shoulder acting as a sealed barrier to block plasticised
material escaping as flash, and faster traversing speedswiatjo for reduced
plasticisation of the material than at slower speeds; at slower (and thus hotter) speeds
the shoulder penetrated further into the material due to the softer material and thinned
the weld. The authors found that the lap shear failure loafithe SSFSW were generally
higher than the FSW which they attributed to lower heat input from the stationary

shoulder.

Fourier's law of heat conduction shows that the rate of heat conduction is inversely

proportional to the thickness of the materigCengal & Turner, 2001)hus thinner
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materials conduct greater amounts of heata fixed period of timeAdditionally, the
surface to volume ratio of the plasticised zone increases withedesing zone radius,

I.e. as the thickness decreasdise surrounding parent material provides means for
more rapid heat dissipatio(ireh, Goddin, & Whitaker, no_daté challege of .ESW is
compensating for the heat loss (sufficient heat is required to form a weld) resulting from
the reduced thickness, without introducing weld parameters which would cause
deleterious effects on the weld, for example higher rotational speeds vatatively
large tool shoulders can cause tearing of thin sheet mate(igds et al., no_date) To
compensate for the substantial heat loss, Park, Joo and K&a§)studied the effects

of backing plates with different thermal conductivities (ceramic, titanium alloy and
copper alloy) on the weldability and mechanical properties of dissimilar 1 mm FSW
AA6061T6 and AAB52-H32. The copper alloy plate (with a higher thermal conductivity)
caused poor stirring at the bottom of the weld interface resulting in defects and poor
mechanical properties while the ceramic plate produced welds with the maximum

tensile strength of tie three due to a reduction in heat loss from the weld.

Separation of the sheets whilst welding is also an issue for thin sheet, for which Sattari,
Bisadi and Saje(®012)employed clamps (alays used in FSW) and a roller forward of
the tool to hold the sheets in place when FSW 0.8 mm thick AAB323. The problem
arose that as the tool rotated it could lift the thin sheet as it traversed due to motion
and the thermal gradient; this is notpically as issue for thicker sheet or plate due to
the increased stiffness. The roller in front of the tool stopped this lifting effect and thus
prevented sheet separation. In addition to sheet separation, the introduction of
distortion to the sheet matedl can arise due to the high thermal gradient. Ahmed and
Saha2018)developed a fixture to secure 0.5 mm thick AA6dJ@Land then compared
various weld parameters. The fixture involveda mm thick stainless steel backing
plate, asbestos cover plates, a top clamp which reached close to the weld area and
lateral clamps to minimise movement and distortion. Despite these precautions a
degree of distortion was observed in all welds; concageding was observed in the

longitudinal direction and convex distortion in the transverse direction.

The rigid clamping, necessary to hold the workpiece in place and mitigate distortion,
impede the thermal contraction in both the longitudinal and transesdirection and

therefore lead to the introduction of residual stresses in the weld. This is discussed in
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greater detail in sectior2.3.9.3.4 however it is intuitive that due to the higher
distortions inherent to thin sheet FSW that this may be more of a concern than with

thicker materials.

Hl FSW/ SSFSW Mechanisms

2.3.8.1 Material Flow

FSW is a thermmechanical process, i.e. it relies on both heat amaterial flow to stir

the workpiece material to create a weld. There are various studies throughout the
literature documenting how the material flows in a complex pattern in the locality of the
tool and that the pin and shoulder have differing influenaes the flow. Based on
marker experiments, Mishra et §2014)schematically describe the role of the shoulder
and pin in moving material, as shownHigurel5. The shoulder (represented by images

a and b inFigurel5) transfers the mader from the advancing to the retreating side,
while the marker on the retreating side is moved to the advancing side. The difference
between the two is that the rotational movement from the advancing side pushes the
material vertically downward into the &d, while the rotational movement from the
retreating side pushes the material vertically upwards towards the surface which can
result in flash. The pin (represented by images ¢ andrigurel5) transfers the material
from the advancing side by almost a full pin circumference to return to approximately
its original lateral position. The marker on the retreating side is pushed behind the tool
by the pn. There is a similar vertical movement of the material as to that described for
the shoulder. The interface between the bottom surface of the pin and the material
works in a similar manner to that of the shoulder. It was however noted that other

authors rave described more complex movement of material.
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Figurel5: Showing schematic representation of material movement based on the
roles of the shoulder (a and b) and the pin (c and d). Reproduced from
Mishra et al(2014)

The deformation, i.e. material movement, is closely related to the thermal cycle which
determines the degree of material flow. Mishra et &014)state that due to the
dynamic recoverygerienced during the process, in FSW the material strain becomes
independent of the stress due to plastic flow and deformation follows a flow based on
the premise that the material behaves like an incompressible fluid. They assert that
based on experimeation and modelling, material flow close to the pin occurs mainly
via shear and can be split into different zones. The rotational zone is positioned
immediately adjacent to the pin and the material movement is a mix of transverse,
longitudinal and anguladisplacement. The transition zone is a sheared layer situated
between the rotational zone and the undeformed material border. These areas
(rotational and transition) comprise the shear zone. Mishra et(20.14)report on
equations developed by Long, Wang and Reyn¢&f¥)7) calculating the strain at
different points of the FSW shear zone. The estimated strain distribution ethdlaat

the strain on the retreating side was approximately zero, reaching a maximum on the
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advancing side; Mishra et dR014)postulated that this corresponds to experimental
findings where the shear zone has a sharp transition at the advancing side (between the

nugget and TMAZ) while there is a far more gradual transition on the retreating side.

In order to understand the forces in play during FSW, Mishra €R@l4)developed

simplified schematics of forces around the pin and shoulder, showigurel6.
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Figurel6: Showing the forces around the (a) pin, and (b) shoulder during FSW.
Reproduced from Mishra et §2014)
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Referring to the pin forces, Mishra et €2014)describe the shear forcé-(gurel6a) as
always tangential and represented hy for a cylindrical pin with no features (rare, see
section2.3.9 the force interacts with the materiah a uniform manner. The normal
force exerted by the pin in the direction of travel, i.e. as it traverses, is represented by
*t. The images have been split into 4 quadrants to describe the region of interest. On
the leading side (quadrant 1 (QI) and queaat 2 (QII)) thesy pushes the material to the

pin surface while thesy on the trailing side (QIll and QIV) exert no pressure on the
material behind; this leads to lack of consolidation behind the pin. If the pin shape is
changed from cylindrical to cazal a downward component o#y: will be introduced
which enhances material flow and consolidation. This can also be resolved with a tool

tilt (discussed in sectio®.3.9 which again introduces a downward element 4.

In their examination of FSW alclad AA2024, Zhang €2@l1)described thematerial
(0}A HE]VP 8Z % E} oo SZEIWPVZ |AZ TH "3Z}%0 P E]3
which would break at various stages during the process and allow the material flow to
be observed. They found that the material moved closely with thegmnd itcould be
observed that the material flowed vertically downward on both the advancing and
retreating sides of the pin, with a vertical swirl occurring beneath the and the
bottom alclad layer being mixed into the parent material with no extension eftllad
layer into the weld at the high traversing speed used. At the trailing side the shear layer

§ Z o AJvP 3 u%}E& EC ~Z}o _ -settonsldse ¥ iheXdgé E}
of the pin, the previously detached shear layers were depositetifarmed the onion
ring structure described previously. These detached layers moved upwards to fill the
temporary hole being pushed by incoming material. They noted that the parent material
around that hole was pushed into the hole at the retreating selegggesting that the
hole was displaced by the upward sheared material attributed to the pin and downward

sheared material attributed to the shoulder.

2.3.8.2 Temperature and Heat Generation

Mishra et al.(2014)state that the heat generation in FSW results from two sources:
friction between the tool and the workpiece surface (predominantly in the case of
conventional FSW rather than SSFSW); and heat generated during plastic deformation/

adiabatic sear within the weld/ workpiece. The frictional force is dependent on both
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the physical and chemical properties of the tool and material (e.g. macro/microscopic
asperities on the surfaces), plus the loading and velocity of the process. Heat is
generated atdifferent areas of the tool; the shoulder, pin shaft and pin bottom/ tip.
There are several models for the frictional heat generation at each of these areas
however these are not discussed further here. The heat generation from plastic
deformation withinthe material is demonstrated by Mishra et €014)in that when a
tensile test is performed, part of the total energy expended in the process is converted
to heat (the testpiece will feel warm/ hot to the touch depending on the material after
failure), while the rest is stored in the material microstructure. It is generally
acknowledged in the literature that the majority of heat generation arises from the
frictional contact between theshoulder and the workpiec@Barbini et al., 2018; Mishra

et al., 2014)

When comparing FSW and SSFSW of dissimilar 2 mm thick AR2G8d AA7050
T7651, Barbini et a(2018)found that different welding parameters were required for

the different processes due to the severe reduction of heat generation from the
stationary shoulder when compared with the conventional tool; the SSFSW required
higher rotational speeds and slower traversing speeds to achieve sufficient heat
generation to produce material flow which would result in defieee welds. The higher
rotational speed allows for greater material flow around the pin, however the lack of
heat generated by the shoulder results in less overall material being affected. This can
result in higher loading on the pin, especially at higher traversing speeds as the material
directly in front of the pin has less time to heat and soften due to the more localised
thermal field. He et al(2019)used an external stationary shoulder in addition to the
smaller rotatingshoulder and pin. They found that the external stationary shoulder
absorbed a significant amount of the heat generated, resulting in a slower heating rate
and increased cooling rate of the material, and uniform temperature distribution

throughout the thickiess of the workpiece.
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2.3.8.3 FSW microstructural evolution in the various zones

As previoushalludedto there are several microstructural evolutions that occur during

FSW due to the thermmechanical process involved, resulting in different distinct zones
within the weld. Mishra et al(2014) summarised these evolutions schematically, as

shown inFigurel?.
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Figurel?: Showing schematic of the microstructurabtution in different zones of
FSW material. Note BM = base material and is equivalent to parent

material. Reproduced from Mishra et @014)

The parent material (or base material asi®own inFigurel?7) remains unchanged by

the process; this material is sufficiently removed from the tool as to not be affected by
either the thermal @ mechanical aspects of the process. The HAZ is only affected by the
thermal aspects of the process therefore depending on the parent material
microstructure and processing history it is possible for static recovery, recrystallisation
and grain growth andrecipitation to occur, although most authors do not report
recrystallisation as having occurred. The TMAZ is plastically deformed under a thermal
cycle therefore its microstructural evolution is comparable to-hatrking. In this zone
dynamic recovery andecrystallisation will be followed by static recovery and
recrystallisation, grain growth and precipitation, dependent on the original parent

material, with the development of dislocations.
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In the nugget there are three stages to the microstructural ettoh. Stage | refers to

the material being moved within the shear layer to the trailing side of the tool. In stage
Il there is a combination of stress and thermal activity in which the microstructure
undergoes repeated grain growth, dynamic recovery arythagnic recrystallisation
(similar to TMAZ). Once the pin has moved and the material is no longer within its
deformation zone, stage Ill occurs involving static recovery, static recrystallisation and

grain growth (similar to the HAZ).

Il Parameters, Tools aldechanical Properties

This section shall comprise of a description of various elements of parameters, tools and
mechanical properties relevant to the current research and their influence on the
finished weld. A summary of the literature which relates pagdens, tools and the
mechanical properties of the weld shall then be provided in sec@@&9.4 Table10.

There is a plethora of literature available documenting research on FSWminalm

alloys and one cannot hope to capture it in its entirety, therefore only the literature
deemed particularly relevant to the current research due to the materials, process,

thickness, cladding or configuration used will be included.

2.3.9.1 Parameters
Several variables influence material flow and temperature distribution in FSW/ SSFSW.
Because of this, the resulting quality of weld is dependent on these variables including

rotational and traversing speeds, plunge depth and tilt angle.

2.3.9.1.1 Rotational and tversing speeds

Rotational and traversing speeds are two of the most important parameters in FSW due
to their role in frictional heat generation within the material and therefore the influence
they exert over the finished weld qualit{Sidhy & Chatha, 2012\s suggested by the
name, rotational speed refers to the rate at which the tool rotates and is usually
measured in rotations per minute (RPM). The traversing speed is the rateiet tte

tool travels along the weld line and is usually measured in mm/min. In general, as the
rate of rotation increases stoo does the amount of heat generated and thus the
amount of plasticisation, until a point where the material is eseftened andthe

frictional influence is no longer vali@he Welding Institute, 2013Referring to the
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traversing speed, if the tool travels slowly heat generated via friction and plastic
deformation has time to conduct ahead of the tool and thus the tool will move inte pre
heated and softened material. This also applies to the dwell time discussed in section
2.3.1 Conversely if the tool travels quickly, the heat generation and conduction and
S§Z & (}E& %0 8] ] S]}v Z }(8Z 3}}o]* E p X " lo A
high traverse speed) can produce higher strength welds duleds thermal damage
having occurredThe Welding Institute, 2013)ut can lead to wormhole defects or
insufficient penetration(Mishra et al., 2014X ~,}8 A o «_ ~Z]PZ &}$ §]}v o
traverse speed) enhance material flow and reduce the transversze fon the tool,
reducing the likelihood of tool breakagé€fhe Welding Institute, 2013However, this

can cause surface lack-fill as the shoulder struggles to contain the maté(Mishra et

al., 2014)and material strength may be reduced due to an increased HAZ. Defects
associated with FSW are discussed in further detail in se2t&aQ The rotation of the

tool also provides the means of stirring the materiaA EC Ju%}ES vs Jv (E] &
welding However, this is closely related to the heat generatadiowing material flow

discussed previously.

As stated previously, rotational speed is usually measured and reported in RPM; indeed,
this appears to be the industry standard unit and the vast majority of literature report it

in this manner. This, howevesresents a difficulty in comparison of process parameters
between researchers and studies. If tools of different diameters are used at the same
RPM, the actualinear speed of the tool (or a point on the tool surface) would be
different for the different bols. This in turn affects the amount of heat generated in the
weld, and thus studies using the saRBMbut different tool diameters are not directly

comparable.

An example could be a comparison of two studies, both of which use a rotational speed
of 1000 RPM, but one uses a tool with a 5 mm pin diameter (at its widest point), and
another which uses an 8 mm pin diameter. The RPM is converted to angular velocity

usingEquation 2, and has units of radians per second (rad/s)

EE. e Equation2

nI_:4

And so in this example, the angular velocity for both would be 104.72 rad/s

60



And the linear speed is then calculated from Equation 3, with units of meters per second

(mm/s).
i LAN Equation3
Where r is the radius of the tool pin.

In this example, the linear speeds are 261.8 mm/s 418188 mm/dor the 5 mm and 8
mm diameter tool pins respectivelit.is thus clear that more heat would be generated

using the largerdol.

As RPM appears to be the industry standard in terms of reporting rotational speed, this
is the format which has been reported in this research when describing work in
literature. However, the reader should keep in mind this issue when considerisg the

studies.

2.3.9.1.2 Tool tilt angle
The tool is often tilted, typically-8° (He et al., 2019; Mishra el.a2014; The Welding

Institute, 2013) so that the rear (heel) of the tool is slightly lower than the front and
exerts a downward force on the plassed material behind the pin, helping to
}ve}o] § 8Z A o ~3Z ~Z}o _ ]331Bd. Thisstile also has the
v (13 }( "E] ]JvP_ u% v }A E 8Z u s Elo Z ]S & S
way through(The Welding Institute, 2013Yhis tilt is usually used on tools with flat or
concave shoulders, however it can sometimes be used effectively on those tools with

scrolled shoulderéThe Welding Institute, 2013%ee sectior2.3.9.2.2

2.3.9.1.3 Plunge depth

The plunge depth refers to theeasurement from the pin bottom!/ tip to the top surface

of the workpiece during weldin@Mishra et al., 20143nd has a strong influence on weld
penetration. In general, a pin length which approximately 95% of the material
thickness should be sufficient to successfully FSW most aluminium alloys as mixing
occurs below the tip of the pi(frhe Welding Institute, 2013however if the pin is too

short this mixing would not be sufficient thus the plunge depth can be altered. If a short
pin is used, plunge depth can be increased to generate more heat within the material to

promote material flom{ The Welding Institute, 201B) increasing the shoulder contact
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with the workpiece, although care must be taken not to impart shoulder grooves in the
top surface. Increasing the plunge depth also reduces the distance between the pin tip
and the bottom of the workpiece and can apply a larger downforce on the surfahe of

material improving consolidatiofhe Welding Institute, 2013)

2.3.9.1.4 Tool offset

The entire tool, or just the pin, position can be offset from the weld centreline; this is
mainly usedin dissimilar metal welds, i.e. aluminium alloys with ferrous alloys to
compensate for the difference in material melt temperatures by primarily concentrating
the heat generation on the side with the lower melt temperature to promote thorough
material mixng or to avoid excessive tool wear by reducing contact with the harder
material (Ahmad Shah, Midawi, Walbridge, & Gerlich, 2020; Mishi., 2014) It was
suggestedde Backer, 2015hat an offset may also be used when joining very thin
material as it may be sensible to separate the pin from the centreline to ensur
maximum material mixing across the faying surfaces, however no evidence of this can

be found in the literature.

2.3.9.2 Tools

The tool selection is of vital importance to the success of the weld; the tool must
physically survive the welding process and the pid shoulder must promote sufficient

mixing within the workpiece to produce a sound weld.

2.3.9.2.1 Tool material

The tool material must be able to withstand the loads imposed during welding as it
plunges, rotates and traverses, especially at the start of the wéldnaboth the tool

and workpiece are cold, and it must be able to withstand the welding temperatures
generated during the process without melting or deterioration, i.e. the tool material
must be both stronger than the workpiece parent material and havegaifgtantly
higher melt temperature. Mishra et af2014)list 6 characteristics that a suitable tool
material should possess: 1) sufficient strength at both ambient and welding
temperatures; 2) adequate fatigue strength at weld temperature; 3) satisfactory
fracture toughness; 4) suitably resistant wear characteristics; 5) long term thermal

stability; and 6) chemical stability, i.e. it will not react with the workpiece parent
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material. Whenconsidering aluminium alloys as the workpiece parent material, two
popular choices are H13 tool steel and MP159 cobalt base saljpgr(Mishra et al.,
2014; The Welding Institute, 2013}113 is easily available, relatively low cost and is
suitable for FSW lower strength aluminium alloys, while MP159 has high strength and
moderate ductility and is readily machinable in itsraseived st&e; both materials
require hardening heat treatments for use in FEWe Welding Institute, 2013There

are however drawbacks of both materials in the form of wear susceptibilityeaker
material (i.e. the aluminium workpiece) can induce wear on the tool material in certain
circumstances, e.g. an aluminium containing hard intermetallic particles over a long
weld(s). Additionally, in an industrial environment where long, continupoaseftially
miles, e.g. ship building) of runs are required, fatigue life at elevated temperatures

becomes an issu@Mishra et al., 2014)

2.3.9.2.2 Tool features

The tool geometry plays an importapiart in controlling material flow during FSW.
According to The Welding Institu{@013)the role of the shoulder is to generate heat
both via friction on the surface indirectly viaaterial shear below the shoulder, exerting

a down force to hold in material and consolidate the weld and to feed material towards
the pin. They show that the role of the pin is to break up and disperse oxide layers and
contaminants, generate heat via dtion in order to plasticise the material and to
mechanically mix the separate plates/ sheets of material. There are a wide range of tools
available; Mishra et a[2014)pictorially summase some of the common features of

FSW, shown iRigurel8.

A FSW shoulder can be flat, concave or cor{iighra et al., 2014)however flat or
concave tools typically require a suitable tool tilt angle to achieve a sound(iidtra

et al., 2014; The Welding Institute, 2018)d convex shoulders require a sc(®lishra

et al., 2014)although scrolls can be used on flat and concave shoulders also. The scroll
acts to sweep material in from the edge of the nugget towards the centre which aids in

weld consolidation.

With regards to the pin, The Welding Instituf2013)asserts that cylindrical and plain
tapered tools can struggle to effectively mix the material vertically which can lead to

wormhole defects (see sectioh3.10. Threads on pins generate more heat and can
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improve material flow due to the introduced down force. Mishra e{2014)show that
a stepped spiral pin will displace more material per rotation than a threguednd
have a larger down force. Flutes and flats are used on a tool pin where it is important
that the remnant oxide film is fully broken up; these features disruptemat flow in
both the horizontal and vertical directions, so that instead of continuous flow (as with a
threaded or spiral tool) the material is displaced discontinuously and the oxide film is

successfully broken ugMishra et al., 2014)

Figurel8: Showing some features of FSW tool shoulders and pins. Reproduced from

Mishra et al(2014)

Verma, Gpta and Mishrg2016)provide illustrative tables detailing the characteristics

of shoulder and pin designs; these have been reproduced herahbie8 and Table9.
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Tables8: Characteristics and effects of different shoulder geometries on FSW.

Reproduced from Verma et §2016)

Geometry| Characteristics and effects Example
Simple 1n design
Fails to entrap flowing metal beneath shoulder

s iwface  duri d this flash

Shoulder .‘.51 ace urimg  process ue to S as.
increases.

v" Most commonly used shoulder which 1s simple
in design and easily machined.

Concave | It is easy to control the flowing metal beneath

Shoulder | the surface and it reduces flashes.

v It requures tilt angle (1° to 3°).

v Improves surface integrity and Stirring

It 1s worst design of shoulder which pushes the

flowing material away from the probe due to

this strength decreases.

p It may be used for material having thickness

below 1mm.

Convex
Shoulder

v" Features geometry used on shoulder surface.

v" Complex 1n design and difficult to machine.

v It avoids tilt angle and produces same amount
of weld quality as compared with concave

Scroll shoulder.

Shoulder v Shoulder surface increases friction during
process which increases stiring phenomena
and improve weld and surface quality.

v’ Containment of soften material

v" Enables higher welding speed
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Table9: Characteristics and effects of different pin geometries on FSW process.

Reproduced from Verma et §2016)

Geometry Characteristics and their effects Example
e High plunge force requirement |
Flat Surface
Pin L
v' Requires less plunge force [
Domed v' Improve quality of weld and tool
Surface Pin life.
L e Simple in Desi
Cylindrical ple 1 Desigh.
7 e No pulsating stirring.
Pin without
Thread
v' Ratio of plasticized material from
static volume to dynamic volume
(ratio of swept volume) 1s 1.01.
Threaded v" No pulsating stirring.
v i ;
Cotiidiical Comprgsswn of w gld zone. :
? v' The stirring material moves from Ef}
the top to bottom of the pin via
threads and deposited in the stir
zone.
Geometry Characteristics and their effects Example
e Ratio of plasticized material
Tapered from static volume to dynamic
— volume (ratio of swept volume
Cylindrical btk - ) ia- |
W5 g i 8 A/
e No pulsating stirring. —
v Extremely uniform  particle
Threaded distribution.
T v’ Hardness of the joint has good
aper correlation with the grain size =
e Incompressible material flow
e Ratio of plasticized material
from static volume to dynamic
Square Pin yolume (ratio of swept volume)
15 1.56.
e Pulsating sturing. it ]

Higher mechanical strength

Triangular Pin

It 1s associated with eccentricity
Incompressible material flow
during the process.

Ratio of plasticized material
from static volume to dynamic
volume (ratio of swept volume)
1s 2.35.

Pulsating stirring.

Higher mechanical strength.

e Large Cluster formation 1n
Four Flute nugget zone.

e Hardness of the joint has good
Square

correlation with the graimn size.

LIL]

L.
|
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2.3.9.3 Mechanical Properties

Several of the most common mechanical properties examined in FSW research are
considered below, with the main trends for each discussed and the literature

summarised imMablel0 of section2.3.9.4

2.3.9.3.1 Hardness

A hardness profile is an illustrativemeans of indicating a change imechanical
properties across the cross section of a weld. Threadgill §2@09) summarise the
generic hardness profiles for heat treatable and #wat treatable aluminium alloys
graphically, whickare shown inFigurel19. Of gre#est interest to this research is the
heat treatable alloys in T6 and overaged conditions which typically take the form of a
N X IS e us]tv C dZ@09)RHat wareS viodl be taken during
interpretation of hardness results from literature due to: natural aging occurring post
weld as the elapsed time between welding and measurement is not always provided;
the load used for hardness testings low loads can introducedher uncertainty and
scatter; some researchers may choose to mount their samples in a hot press which can
further age the material; and most researchers take the hardness measurements
through the midpoint of the cross section, however this is not alwagdesd and there

is a variation in hardness throughout the thickness of the specimen.
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Figurel9: Showing plots of generic hardness profiles for-heat treatable(top
images)and heat treatabl€bottom imagespluminium allgs in various

tempers. Reproduced from Threadgill e{2009)

dZ ~t_ *Z % Z E v e %o Hgh(dk®is fdhad/die to the thermal inputs

and microstructural evolutions in the different zones of the weld, as described
previously. Threadgill et g2009)describe the hardness as being at a peak in the parent
material, then a softening in the HAZ with sharp reduction as the TMAZ is approached
with the minimum hardness values typically being observed at the HAZ/ TMAZ
boundary.Some of the hardness is regained in the nugget, in part to theRéadh
relationship previously described, and may or may not achieve the original parent
material value. The literature available regarding FSW of AA8090 indicates that the
hardness in theaugget should recover to and even beyond that of the parent material
(Lertora & Gambaro, 2010; Pedente et al., 2013; Vigraman et al., 202Wixed results

were reported for AA20146 with Rajendran et a(2019)achieving parent material
hardness within the nugget, but othe (John, Shanmuganatan, Kiran, Senthil Kumar, &
Krishnamurthy, 2019; Satyanarayana & Kumar, 2@h®) achieving limited hardness
recovey. Muhammad et al(2021)attribute the lack of hardness recovery in the nugget

to high temperature and severe plastic deformation causing dissolution of the hardening
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precipitates intothe aluminium matrix, with the partial limited hardness recovery due
to grain refinement and rgrecipitation of hardening phases during cooling. Some
authors place the point of minimum hardness at the TMAZ/ nugget boun@asbini

et al., 2018)and some specify that the hardness is lower on the advancing side for a
narrow region than on the retreating side due to relatively greater velocity difference
between the tool and workpiecerpducing a higher rate of heat generation in that area
(Ramanjaneyulu et al., 201 3Ithough the width of the softened zone was larger on the

retreating side.

In the case of dissimilavelds, Threadgill et a{2009)explain that the behaviour of the
HAZ/ TMAZ is typically of that described for similar welds, however differing behaviour
is often observed in the nugg&here it can either oscillate between hardness levels
expected for the two alloys or a relatively flat level (in the nugget) attained through
combination of the two hardness levels involved. Mishra e28114)describe research

in which the degree of variation in hardness within the nugget was dependigor

which side the AA6061 and AA5052 alloys were positioned; in this study the hardness
minimum was located within the HAZ and it was at this point that tensile fracture
occurred. Robe et al2015)reported hardness maps of AA2024 andLAIAA2198
dissimilar welds which showed variatioh]$Z]v Z "Z o(_ }( 8Z vuPP & A
values reported close to the weld centreline. They also state that for precipitation
hardening aluminium alloys the grain size is not a reliable indication of hardness.
Saravanan et a(2015)used AA201416 within a dissimilar weld and found that the
hardness minima occurred within the HAZ. They assert that the hardness within the
nugget depends greatly on the amount of material mixing whicduozwithin the weld.

In their research on AA2198A2024, Khalilabad et gR018)found that the hardness
minima occurred in the TMAZ/ HAZ area but did not specify exactlghvanea.

2.3.9.3.2 Tensile Strength and Ductility

In their review of FSW, Threadgill et(@009)state that due to the differenweldzones

the tensile strength and ductility may vary significantly across the weld, and may vary
dependent on whether the sample is tested longitudinally or transversely with respect
to the weld. They also point out that although there are many reports of lowgzibon

in FSW tensile tests, this may not be due to low ductility as a reduction in area is also
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noted; instead the strain may be concentrated in a small, locally softer region of the
weld. Thus, overall elongation measurements are generally not considerdok
representative of any particular region of the weld and instead shmavlikely failure

location. In respect to this, they report that for hetneatable aluminium alloys, tensile

tests usually fail at the side of the nugget, on or close to the/ INAZ boundary (either
advancing or retreating side), with a ductile shear failure mechanism atfd@éis. The
elongation is always less than that of the parent material due to the reasons already
given. They report that for these alloys, the tensilesgth is generally approximately

<po 8} 828 }( 8§8Z % & vS u S E] o[+ vVvv o }v 18]} v

improvements can be made by optimising weld parameters to change the thermal cycle

to avoid overaging.

In their FSW AA80908 Lertora and Ganaloo (2010)achieved tensile weld efficiencies

(tensile strength of weld divided by tensile strength of parent material (x100)) of 56.34

71.53% depending on the weld parameters used and theunt of natural aging which

had occurred. Vigraman et &2021)achieved 88.9% weld efficiency on their FSW

AAB090 (no temper stated). The position of failure was reported as withimpanent

material. This was attributed to fine grains and dispersion of fine intermetallic
Ju% v » v ¢ v EC % ES] o+ AZ]Z § 8} ]Jv E o §Z

hardness. However, as the reported tensile strength of the welded specimen was below

that of the parent material, this author considers it more likely that the specimens failed

within the HAZ.

With regards to AA20}46, most researchers report weld efficiencies the
approximate range of 890%(Das et al., 2020; Rajendran, C., Anudeep, & Ajith, 2019)
Some researcher@evaraju, 2017; Ramanjaneyulu et al., 2048&ually report weld
efficiencies of over 100%, i.e. the weld was stronger than the original parent material,
however it was not clear whether the efficiency was measured against the parent
material specification or a measured UTS. Rajendran, Sriniv8sdasubramanian,
Balaji and Selvaraj (2019) reported that all of their specimens failed at the advancing
side of the weld, however the exact position varied from within the nugget, to TMAZ, to
HAZ depending on the weld parameters used. Changing the weddheters also had a
strong effect on the fractography; those welds produced with low heat input parameters

failed in a brittle manner where layed ridges were observedConverselythose
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produced with high heat input parameters failed in a ductile marwéh large and

elongated microvoid dimples observed.

Dissimilar weld efficiency is typically measured against the weaker of the two parent
materials (Bandhu, Kumar, Nishant, & Thakur, 2017; Barbini et al., 2018; Park et al.,
2020; Venkateswara Rao & Senthil Kumar, 20@0)en considering felevant studies

in the literature it was found that the weld efficiency of germane dissimilar materials
varied between 42.9% and 94% for the most successful welds produced, with an average
(of the 6 results considered) of 71.5%. Rao and Kg@#0)attribute the lower tensile
strength of dissimilar joints to a different microstructure being formed witthe
nugget, creating a noeaniform stress distribution within the weld. Thestate that
dissimilar joint strength is generally attributed to mechanical interlocking of the
materials rather than metallurgical bonding, thus the lower tensile strength. Rao and
Kumar(2020)¢3 § 382 8 P v E o "Epo }( 8Zpuu _ (}E A o «<p
welding is that the joint should fail in the HAZ of the weaker material rather than within
the nugget. They assert that joints which failed within the nugget genergligreenced
inadequate mixing of plasticised material or suffered excessive heat input. Other
research is in agreement with this ru{@andhu et al., 2017; Barbini et al., 2018;

Masoumi et al., 2016; Sivaraman et al., 2021)

There is debate within the literature as to which side the stronger niateahould be
positioned in dissimilar FSW. Verma and M{&@21)found that the stronger material

should be positioned on the advancing side due to the increased heat generatios at thi
location, which allows greater plasticisation of the stronger material and subsequently
superior mixing. However, Barbini et #2018)found that positioning the stronger

materia on the advancing side resulted in lower torque and thus lower heat input due

§} 8Z u § E] o[ Z]PZ E +3E& vP3Z v 0}A E pu §]o]3CU 9
found that increasing the heat input by lowering the traversing speed cause intolerable

coasening of precipitates in the other material, but reducing the heat input by

4 Relevance was judged based on the materials used. The studies examine(Baedéu et al., 2017)
regarding AA201-AA6061 welds(Barbini et al., 2018&egarding AA202AA7050 welds(Venkateswara
Rao & Senthil Kumar, 202@garding AA606AA2014 weldgMasoumi Khalilabad et al., 202Egarding
AA2198AA2024 welds(Masoumi, Zedan, Texier, Jahazi, & Bocher, 20d@arding AA202AA2198
welds and(Sivaraman et al., 202t@garding AA201-MAA2075 welds.
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increasing the traversing speed did not allow for adequate mixing between the two

materials.

There is little research within the literature on the effect of the rolling diratiom the
weld quality, however Barbini et d2018)did study it. They found that for AA2024 the
yield strength was strongly affected by the weld orientation but that UTS was only
affected at low traversing speeds with the specimens welded perpendicularly to the

rolling direction achieving significantly lower results.

2.3.9.3.3 Fatigue

Threadgill et al(2009)conducted areview of the literature and concluded that: fatigue
results of FSW butt welds are typically poorer than that of the parent material under the
same test conditionghis could be improved for some alloys by milling the top surface
to remove stress concerdtions; the fatigue performance of FSW exceeds that of
comparable fusion welds; the initiation point tended to be located at a stress
concentration at the side (advancing or retreating not specified) of the weld on the top
surface and where those stressncentrations were removed (e.g. by mechanical
removal of the top surface of the weld), the failure usually occurred in the region with
lowest strength, e.g. HAZ/ TMAZ, although this was often very close to the original stress
concentration. They also higght that the three most important factors in determining
fatigue strength were residual stress, microstructuaad defects; as all three factors
are rarely reported together (according to Threadgill et (2009) it is difficult to
determine trends for fatigue of aluminium alloys anuch of the data appears

contradictory.

BesharatiGivi and Asad{2014) indicate that the surface quality of FSW has more
influence on fatigue performance than the rotational/ traverse speed ratio, and work by
s] oU /v( v§ V20B))@n®\A2024TH1 and Pedemonte et al2013)on
AAB090T8 revealed definite improvement on fatigue properties with surface finishing
techniques employed. With regards to fatigue testing of AA8090 @ literature,
Pedemonte et ak2013)found thatAA8090T8specimens tested with a maximum stress

of 155 MPa achieved up to approximately 50,000 cycles before failure. Lertora and
Gambard {2010)results are presented as the stress range plotted against number of

cycles; at 50,000 cycles the stress range achieved was 110 MPa, and the authors advised
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using a weld ratio (tookotational speed (RPM) divided by tool traversing speed

(mm/minute) of 4.

With regards to fatigue testing of AA2014, Aydin e{2012)found that theFSWatigue
strength was always losv than that achieved by the parent materials stated
previously regardless of the weld parameters used. They attributed this difference to
the reduced ductility inherent in the welded specimens and the preseriadfferent
microstructural zones, e.gTMAZ, HAZ etc.which introduce areas of stress
concentration and promote fatigue crack growth. They also found that almost all welded
fatigue specimens failed within the weld, with high stress fractures occurring around the
nugget and TMAZ on the advangiside,andlow stress fractures occurring in the HAZ

with no preference between advancing and retreating sides.

As with similar FSWhe literature states that generally dissimilar aluminium FSW have
lower fatigue strength than the base materig&/ang, Pan, & Lados, 2018avaliere,

De Santis, Panella and Squill#2609)found that the positioning of the materials, i.e.
what parent material is positioned on the advancing slts a significant effect on the
fatigue strength, with best results for AA2G2RA6082 being produced with the stronger
material (AA2024) on the regating side. Cavaliere and PandR&08)also found that

even if the stronger material is positioned on the advancing side, fatigue results can be
improved if an advancing side tool sét is utilised. However, Sillapasa, Mutoh,
Miyashita and Se@017)positioned the harder 7NO1 material on the advancing side of

a 7NO16NO01 weld and reported a fatigue strength 88.7% of the weaker material.
They also found that the lowest fatigue strength occurs within the HAZ, followed by the
nugget (TMAZ was not considered). Sillapasa ef28l17) cut small round bar test
specimens to test the fatigue strength of different weld locations and found that the
HAZ was the weakest area with regards to fatigue. This suggests that the failure location

in these welds should be the HAZ.

2.3.9.3.4 Residual Stress (RS)

Internal stresses which remain in an elastic body following the removal of any external
mechanical or thermal forces or loads are termed as residual strgb&ishra et al.,
2014) Residual stregs can be either beneficial or detrimental depending upon the

conditions, i.e. when they are tensile in nature they can accelerate fatigue crack growth,
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and when they are compressive they can impede fatigue crack growth. Mishra et al.
(2014)explain that when FSW was first introduced it was assumed that residual stresses
in these welds would be insignificant due to FSW being a-staié process, however
subsequent research has proven ttasbe incorrect and that they can approximate the
yield strength of the parent material. Residual stresses are formed in FSW due to the
non-uniform heat distribution and plastic deformation which occur, leading to the
formation of different zones, and thehoice of process parameters strongly influences
the extent of residual stress within the weld. RS generation in FSW is also partially
generated due to the large forces and resultant rigid clamping required which prohibits

material contraction during cowmlg and thus introduces RSasavola, 2018)

There are various methods available for measuring residual stress which are compared

by Kandil, Lord, Fry and Grg2001)and some of which are briefly described below:

x Hole drilling: a small hole is drilled into a component where a strain gauge rosette
is attached,and the locally relieved strain measured. This strain is theed to
calculate the residual stress using experimentally &mite Element Analysis
(FEA determined formulae.

x Xray Diffraction (XRD): using the elastic deformation within a material, the
internal stresses are measured due to the changes in theispad their lattice
planes from thestressfree value to that applicable when stressed.

X Synchrotron: these are very intense beams of high energgyX which have
increased depth penetration beyond that of normatagys which allows them
to produce 3D mps of the strain distribution within a component.

x Neutron Diffraction: measurements are conducted in a similar manner to XRD
but have significantly higher penetration depths.

x Curvature and layer removal: when layers are removed from one side of a flat
plate containing residual stresses the stresses become unbalanced and the plate
bends. This curvature can be measured and the distribution of stress in the

original plate deduced.

The choice of technique will depend on a number of factors including the conmpone
and materialdrom which it is composeccost, availability, operator skill and degree of

accuracy required.
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Mishra et al.(2014) summarisel residual stress profile trends from literature in a

diagram which is shown |i|ﬁigure20 This summary led to several general conclusions:

longitudinal (parallel to the weld lineyesidual stresses are tensile within the welded
region. The constraints on the welding zone which prohibit contraction result in the
welded zone (nugget, TMAZ and HAZ) being in tension as it cannot comifiaitz
outside the welled zones they are compressjyaoving to approximately zero in the
parent materialat a distanceaemoved from the weldTransverse residual stresses are
also tensile, with these typically being smaller in magnitude than the longitudinal
residual stressesThe maximum values tend to occur in the HAZ or TMAZ, although in
some cases the maximum is found in the nugget at the weld centre. These conclusions
produce a residual stress profile across the weld which can typically either resemble an

inverted V or U Isape (represented by the broken line H‘figurezor or a M shape

(represented by the solid line). WhenM shape is produced, Delijaicov, de Oliverira
Slva, Resende and Batall2018)attribute the reduction in RS within the nugget when
compared to the TMAZ to significant mechanical work but reduced thermal input in the

TMAZ and H2A, and to the pressure from the tool shoulder.

Studies using relevant dissimilar aluminium alloys (e.g. AARBZAD75, AA2024
AA6061, AA7T0#BA6062) were examined and all produced results with a double peak,
]IX X v «Cuu SE] (G, MaZZBang, Qian, & Li, 2020; Hadji, Badji, Gaceb,
Kherrouba, &Rabahi, 2018; Jamshidi Aval, 2015; Zapata, Toro, & Lépez V2t &)e

peaks at the edges of the weld and a dip in RS within the nugget. There are conflicting
reports in the literature as to where the maximum residual stress is measured within
the weld. Guo et al(2020)and Jamshidi Av#P015)both reported that the maximum

RS occurred at the edge of the weld at the side corresponding to the stronger material,
with Guo attrbuting this to the higher heat input at the advancing side combined with
the elevated mechanical properties of AA7078&ompared with AA2024. However,
Zapata et al(2016)reported the maximunRS at the side corresponding to the weaker
material, which was attributed to the properties, chemical composition and heat
treatments of the materials used as the weaker material had higher RS when similar
welding was conducted. Hadji et &018)reported that the RS was at a maximum on
the retreating side regardless of material positioning of AA2024 and AA7075, however

when the weaker AA2024 was positioned on the advancing side, the Rfsed
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overall. These results were attributed to the local mechanical properties and

inhomogeneous temperature distributions before and after welding.

Figure20: Showing distribution and shape of residual stresses across the width of a
FSW. Reproduced from Mishra et(aD14)

2.3.9.4 Summary of literature

Table 10 summarises a selection of literature relevant to the current research with

respect to the material, tool, weld parameters and mechanical properties. It is
acknowledged that there is a wealth mformation not covered by this table. Where
multiple tools or parameters have been used, only the results considered by the authors

s} §Z N 8§ E €& %}ES Z EV §Z N 5§ (& cposSe

mechanical properties produced.
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TablelO: Showing a selection of the available literature regarding tool choice, process parameters and mechanical propertiet® riflevant

current research.
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TablelO[notes:

1 Weld UTS/ parent material UTS, expressed as a percentage.
2 Where N/A is reported, the information was not provided in tierature.
3 For dissimilar welds, the material on the advancing side is listed first.
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FSW/ SSFSW Defects

Although nottypicallysusceptible to defectbequently found in fusion weldinguch as
porosity or hot crackig, there are flaws and defects detrimental to quality in FSW which
must be mitigatedoy appropriate choice of tooling and weld parametefgcording to

The Welding Institut€2013) a flaw is an imperfection which one would prefer not to
have and may or may not affect the integrity of the weld, and a defect is an imperfection
which cannot be tolerated due to its deleterious effect on the weld. If, after an
evaluation, a flaw is deeed to be intolerable then it becomes a defect; if it is does not

compromise the integrity of the weld it is a tolerable flaw. A number of characteristic

flaws (becoming defects if they exceed an acceptance criteria) are descijibableil
with descriptions gathered from Threadgill et €009) The Welding Institut¢2013)
and Mishra et al(2014)

Tablell: Summary of flaws/ defects characteristic of FSW; catinibs from
Threadgill et al(2009) The Welding Instituté2013)and Mishra et al.
(2014)
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Portability of FSW/ SSFSW

For FSW to become a feasible repair technique for military helicopters it must become
portable with the ideal equipment comprisinglightweight, handheld device which
could be operted by a single person to produce high quality welds. At present, FSW
uses fixed equipment within workshops or factories, however some advances have been
made in developing portable equipment. The difftees stem from the requirement to
control process parameters: rotational speed; traverse speed; position and loads which
are currently controlled automatically. Another issue is the rigid clamping essential to
secure the workpieces and ensure sufficieahtact between the tool and workpiece,

and the requirement for a heat sink, a role currently performed by the backing plate.

Longhurst et al(2017)presented two technologies whianay overcome the difficulties
and lead to the eventual development of a portable product: one which utilises a fixed
shoulderto-shoulder bobbin tool (this tool has two shoulders, one on either side of the
workpiece, joined by the pin, which constrairetmaterial between them) with convex
shoulders and a free flowing motion capability allowing for -adiustment and
alignment; and another technology which allows fofpiocess monitoring for void
detection. They found that although the tool and monitayi showed promise, the
forces experienced during plunge and traverssavchallenging when comped to that

which a handheld operator would be expected to manage.

Rohith Renish, Pranesh and Logéxbil8)designed a portable FSW machine which they
analysed for &-tonne load, welding plates of 2 mm thickness. Hheported success

for this analysis based on the final design meeting rthenditions of joining,
compression and release of parts, rotation and friction under pressure, braking and
adjustment H}A A € §Z]s HPSZ}E <p *8]}ve §Z SH o "%}ES Jo
appears to be a smaller version of a typical workshop magchheh could in theory be

U}A 8§} AJEI }v +]8 U Z}A A E 18 ]+ v}§ ~Z v Z o _ +}ops]}

is shown ifFigure21
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Figure21: NZYAIVP }v % 3p 0  ¢]PVv }( "% }ES o _ &"t u
Rohith Renish et g018)

Concurrent Technologies Corporation (CTC) have developed a portable FSW machine
specifically aimed at welding inserts into % inch thick sensitised 5000 series aluminium
panels used in shipbuildingConcurrent Technologies Corporation, 2021Bs a
proprietary technology little information is available publicly, however they state that
the equipment consists of a weld head, track, control hardware and data acquisition to
record and display process parameters; these components are hand carried and

assembled on the ship with air motors used to drive the weld head and power the

spindle. The equipment is shown in situ and resembles an arc weldiugp Heigure22)

This equipment has been reportg€oncurrent Technologies Corporation, 202&a)
having been used to repair a section of bulkhead on the USS Vicksburg (CG 69) through

insertion of an insert.
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Figure22: NZYAIVP  d [+ %}ES o &t <p]%u v3 Jv <]3upU

Concurrent Technologies Corporat(@d21a)

2.4 Summary

This literature review has covered a wide range of areas, as such a short summary of the

most salient information is provided below.

x BS L165 (AA201¥6) aml AA8090 are both precipitatiehardening aluminium
alloys and are typically difficult to weld via fusion methods.

x FSW is a sohgtate joining process which plasticises the material to form welds.

x Different areas are formed in the welthe HAZ, TMAZ antuggetand others of
less significance have been described

X SSFSW is a more recent development in FSW and makes use of a stationary
shoulder which typically produces cooler welds and results in reduced thinning
of the weld.

x The identification of appropriate process parameters is vital in producing
successful welds

x Dissimilar, thin sheet and alclad coatings all present additional complications in
achieving sound welds.

x FSW depends on appropriate heat generation, material flow and microstructural

evolution to achieve good quality welds. The mechanisms of stativeeg@nd
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recrystallisation, dynamic recovery and recrystallisation and grain growth occur
within the welds.

x d} §Z *§ }( 8z USZ}E[+ IVIAo P U » Jépand-}E o
AAB090 have never been documented as having been dissimilarly SSFSW at this

thicknesq0.7 mm)
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3 Methodology

3.1 Materials

Material Orientations

The material orientation, i.e. direction with respect to rolling direction, is important due
to the anisotropy inherent in AA8090 and the significance that orientation can have in

FSW/ SSFSW. For the purposes of this research the material orientaticas strewn

infFigure23|below.

Figure23: Showing material orientation definitions.

Material Condition

3.1.2.1 AA8090

It was necessary to source the AA8090 material from the original aircraft manufacturer,
Agusta Westland International Ltd (now Leonardo Helicopters), as 0.thiokARA8090
sheet could not be obtained commercially, despite ten suppliers being approached
(Hendry et al., 2014)n one respect this was advantageous; as the material was from

holding stock it was likely to be of the same age and quality as that used on the
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helicopters currently in service, albeit it will not have been subjected to different

environmental conditios as experienced by the helicopters.

AA8090 was delivered in the T3 condition, which denotes solution-tneatment at
525535 °C followed by water quench and then controlled stretching-2f52% (cold
working). Once received, the material was artifigi@lged irhouse at 1710 NAS in a
calibrated furnace at 14248 °C for 24 hours to reach the T81 temper state, in
accordance with the AW standard EM 1(@&husta Westland Inteational Ltd, 2010)

3.1.2.2 BSL165

At the time of commencement of the research BS L165 (similar to AAP® ddclad) was

a specification of material used extensively in aerospace applications, and as such was
easily commercially available. As a popular matessed for repairs, the advantage of
AAB8090 coming from holding stock did not apply as different batches of BS L165 would

have been used at various points throughout the life of the helicopter.

BS L165 was delivered in the required condition, T6. Ashpespecificatior{The British
Standards Institution, 1978athe material had been solution he&teated at 505 + 5 °C

for up to 60 min and water quenched, prior to artifitaging at 175 + 5 °C fofl2 hours.

The specification stated that the alclad layer should constitute an average of 4% of the
material thickness on each side (28 um for 0.7 mm thickness). Cross sections were
measured using an inverted binocular micrgsecand the alclad material present on

the delivered material was consistent with this specification.

Elemental Analysis of Parent Materials

A common and repeatable method of ascertaining the elemental composition of solid
conductive specimens is via Scamn Electron Microscopy with semuantitative
Energy Dispersive-tdy (SEMEDX) analysis. Thisowever, could not be used in the
identification and quantification of the elemental composition of AA8090 as lithium (a
major alloying element in AA8090) h&swv-energy characteristic radiation which is
difficult to detect using this method. Because of tlaad for consistency between the
results, the elemental composition of both BS L165 and AA8090 was determined by
Inductively Coupled Plasma with Optical Eston Spectroscopy (I€FES) with SEEDX
used as a comparator for the BS L165 analysis.
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3.1.3.1 Inductively Coupled Plasma with Optical Emission Spectrosce@ESEP

ICROES was used to determine the elemental composition of both parent materials, BS
L165 and A8090, using a Perkin Elmer Optima 7300V ICP Spectrometer and
autosampler. ICIOES is a tradevel, elemental analytical technique that uses the
emission spectra of a sample to identify and quantify the elements present. Samples are
vapaurised to form a pasma at temperatures that cause dissociation into atoms with
significant atomic collisional excitation and ionisatiorhe elements can be identified

by measurement of the intensity of light emitted by each element due to the excitation

at the relevant vavelengthgdBoss & Fredeen, 1999)

A standard containing all required elements for analysis of both materials was acquired
from MBH Analytical Ltd and analysis quality nitric and hydrochlocidsawere
procured. Samples of AA8090 and BS Ld#&&hweighing approximately 0.5 g were
dissolved in aqua regia and processed. The BS L165 alclad layer was removed via

mechanical grinding prior to sample dissolution. Each element was analysed using two

wavelengths as shown |ifiablel2|below.

The ICPK ~ pv &S JviC A » o po 3 AjJvBA OE}@ $]+33]}v
technique described by Padmasubashini, Sunilkumar, Krishnakumar and G2agzQe

Tablel2: Showing wavelengths used for {OBS arlgsis

3.1.3.2 Energy Dispersiver&y (EDX) Analysis

The SEMEDX used for comparison of the BS L165QEB results was carried out
SZEIUPZ pe }( ¢ ]ee G]Pu -guantitative Okford msiriiments-¥ax
EDX with Inca software. SHMDX uses a higinergy beam of electrons focused on the
sample to excite the electrons in the atomic shells leading to the releaseayis¥s the
electrons drop back to orbits closer to the nucledhe characteristic energy and
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intensity of the Xrays released by eaoklement is analysed by the spectrometer to

ascertain the composition of the sample.

The SEMEDX was locally calibratégain calibrationysing a cobalt validation standard.
Polished BS L165 cross sections were analysed using a 60 um aperture at 2@K/ and

mm working distance at x1000 magnification, as recommended by the manufacturer
(Oxford Instruments, 20104 dZ "% }]vd v v 0oCe+ _ 3}}o A « pe 3}
selected areagead representative of the bulk materiaynd average values for each

element were obtained.
3.2 Welding

Procedure

As the welding was intended to be representative of a repair to aircraft bkith lap
welding (to model application of a patch repair proud o thurface) and butt welding
(application of a patch repair flush to the aircraft surface or modelling of removal of a
crack via Friction Stir Processing (FSP)) were considered. It was determined that a repair
which did not add to the aircraft weight and wh disrupted the structure to the
minimum extent would be of the greatest benefit and so butt welding was selected to
represent removal of a crack via FSP, i.e. the discrete faying surfaces represented the

open crack sides.

SSFSW was carried out at The Welding Institute (TWI) in Rotherham, UK. An ABB IRB
7600400 robot(ABB Robotics, 2015¢jigure24| operated via ABB RobotStudio 6.02
software(ABB Robotics, 2015W)ps used with a SSFSW tool mounted on a FSW Aead.
6-axis force/ moment sensa@ystem (JR3 Inc. model 75E208825ASE 6000N1150)

was also part of the configuration, however this was not fully operational at the time of

testing and so reliable force/ moment readings were not taken.
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Figure24: Showing ABB IRB 76800 robot onsite at TWI, Rotherham.

Tool

Finance was not available to source or manufacture a bespoke designed tool for the
purposes of the research and so the tool was selected from those already available at
TWI. The tool chosen was judged most appropriate for the application based on its
dimensions. The tool was manufactured from MP159 NiCoCr alloy. It was comprised of

a stationary shoulder component which was flat with an internal diameté&rrafn and

outer diameter of8 mm,|Figure25(a) and (b), and a rotating pin compongfigure

c). The pin had a 0.4 mm height stepped spiral desitmam approximatet.95mm
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diameter at its widest step, and was extended by an additional 0.2 mm, effectively

protruding 0.6 mm from the shoulder surface to obtain full penetration welds in 0.7 mm

material |Figure25(c) and (d). There was 0.05 mm clearance nominally between the

probe and the shoulder. All tool measurements were conducted using calibrated digital

callipers although the taper height argpiral step heigh{Kigure25(d)) required the

additional use of a shadowgraph for measurement. The tool was provided by and used
with permission of TWand remains the property of TWIhe author was not granted

permission to reproduce the formal tool drawings.

Figure25: Showing SSFSW tool: (a) assembled tool; (b) stationary shoulder; (c) pin; (d) diagram

detailing shouldeand pin dimensions (not to scale).
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Workpiece preparation

The materials to be welded were 0.7 mm thick sheet measuring 600 x 125 mm in the
configurations shown 'Mbelow.Thesheetswere cut to size using an industrial
bandsaw in 1710 NAS workshop$Tablel3[*% E oo o_ & ( €« S} SZ A o a
§} §Z2 u s &E] o[ J& S]}v }( E}oo]vP v ]e %] S C
N%o E% V ] MO E_ E ( E+ 3} 3Z A o 0]vd E]%0[E % ® ]31pv (
E}oo]vP Vv Je %] § c@ FeZdissifilar veelds, the material positioned

on the advancing side (see sectj@r8.1for description of advancing and retreating

sides) is listed first in the configuration. The different configurations and orientations

will henceforth be referred to by the designati®shown inTablel3

Tablel3: Showing weld configurations, orientations and designations. || refers to

parallel orientation,crefers to perpendicular orientation.

The material surfaces were prepared by cleaning along faying edges with fine wire cloth

and acetone. The sheets were secured in place using a vacuum table, fixed clamps,

locally produced clamps and additional mate[tagure26| The additional material was

required to spread the load of the clamps across the whole workpiece as close to the
weld area as possible as it was found that BS L165 tendedtwtdsignificantly as the

weld progressed.
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Figure26: Showing clamping arrangements for FSW workpieces, photographed

during a parameter trial.

Process Parameters

Due to the complications in acquiring AA8090 previowsgcribed and the costs
associated with purchasing both materials, additional material outside of that required
for final welding wasestricted and therefore process parameter testing and trials were

consequently limited.

A starting point for parameter trials washosen based on the experience of the TWI
Principal Project Leader and optimised within the limitations of material availability, cost
and time constraints until successful welds were achieved for each material
configuration. A weld was determined to beuscessfulif it achieved the following

criteria. One,it was visually acceptable, i.e. it showed little to no distortion ower

whole length (an example of a visually unacceptable weld is providé&igure86|in

section6.3.1.]. Two,it successfully passed both root and crown bend testee tests

consisted of cutting approximate 20 mm thick sections 50 mm from each end of the

weld, cut with the weld at the centre using a sheet metal shear cutter, and bent in a
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table mounted, hand operated devicéhe bend test was deemed to be succeséfila
material/ weld did not crackThree,the weld quality was visually repeatable using the
same parameterslhere was insufficient time, budget and material available to optimise
the weld parameters beyond these criteria and so further work may include

optimisation to achieve the best possible weld in these materials.

All material configurations used the parameters showfirable14{ The parameters

which were varied for the different material configurat®are shown ifiTablel5 The

least amount of stirring occurs directly underneath the pin tipys this was offset so

that it did not coincide with the join line by the introduction of a transverse offset of 0.2
mm to the advancing side. Significant distortion was observed when the weld
% E u S E* % E} A Zsjrig dohg awelltimjés high rotational speed and
0}A S A E+ *% X }VA E+« oCU AZ v 83Z % E u s E+ %
welds the bend tests were unsuccessful due to insufficient mixing at the root. BS L165
was particularly susceptible to distortion due to the theal variations caused by the
alclad layer Thereforeweld parameterghat would produce colder weldwere used
(slower rotational speed) in welds containing this material. AA8090 required alglight
hotter weld to achieve full penetration. A compromise sveequired for dissimilar
material configurations to mitigatedhe distortion of BS L165 while achieving full

penetration of AA8090. By conducting welds with varying parameters, successful welds

(as defined above) were achieved using the parameters shgwabiel5

Tablel4: Showing weld parameters common to all material configurations.

2500 N

2000 RPM (1036.7 mm/s)
0.5 mm/s

Os

1.5°

2500 RPM (1295.9 mm/s)

2 mm/s

0.2 mm (towards advancing side

©
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Tablel5: Showing process parameters which vary with material configuration.

Weld configuration  Steady state Steady state weld rotational Steady state
and orientation weld force (N) speed traversing

speed (mm/s)

In each configuration with the weld parallel to the rolling direction, 7 welds (measuring
approximately 9e05% of 600 mm material length) were produced for testing and
analysis, and for those with the weld perpendicular to the rolling direction 4 welds wer
produced. Fatigue testing was only conducted for those welds parallel to the rolling
direction due to thedeficit of material and the largeumberof specimens required for
fatigue testing hence the reduction in welds in the perpendicular directibmsufficient
material was available to weld combinations of parallel and perpendicular materials

together.

3.3 AsWelded Examination

Optical Microscopy

3.3.1.1 Photography and Stereo Microscopy

The aswelded sheets were photographed using a Canon 6D SLR camera witbra Can
EF 2470 /4L IS USM lens in a photographic studio setting at 1710 NAS. This was used

to capture the overall appearance of the welds and to document any distortion.

A Zeiss Discovery.V12 stereo microscope using ZEN Core v2.6 software was used to
examire the weld surface appearance for comparison between the configurations. The
aswelded specimens were examined in order to view the topographyhigher
magnification to reveal any differences between the weld configurations and any flaws

or surfacebreakng defects.
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3.3.1.2 Inverted Optical Microscopy

A Zeiss Observer.Z1lm inverted optical microscope was used to examine

metallographically prepared weld cresections and parent material in order to analyse

the microstructure (see secti¢d.4.1.1for details of preparation). The grain size of all

areas of the weld was determined using the intercept method (with intercept lin€ at O
and 90 to assess directionality implications) detailed in specifwahASTM E11ASTM
International, 2013a) The intercept method counts the number of times that a
randomly positioned line intercepts a grain boundary and then the ratio of grain
boundal line intercepts to line length is calculated. In the case of the parent materials,
grain size was calculated on all three orientations, i.e. longitudinal face, transverse face
and shorttransverse face. For welded samples the grain size was calculaitegl ais
crosssection transverse to the weld and calculated at different areas of the weld, i.e.
HAZ and TMAZThe Relative Accuracy (RA) of each measurement was calculated
according to the method details in section 15 of ASTM HETM International,
2013a)

Inverted microscopy was also used to examine the metallographically prepared cross
e §]}veU (}oo}A]JvP § Z]vP A]3Z < oo E[* E P v8 ~i9 ZC &
acid, 25% nitric acid, remainder water). This examination was carried out to analyse the
microstructure, determine if any defects were present in the weld, examine the alclad

layer interaction within the weld and assess the quality of the weld in general.

Opticaland Contact Profilometry

A Bruker NPFLEX optical profilometer utilising-nontact White Light Interferometry
(WLI) technology was used to generate profiles of the weld surfaces. The purpose of this
was to examine the surface topography and associatgtdmeasurements and make
comparisons based on the different configurations of materials and orientation. It was
necessary to vary the light intensity and scan length for each weld to achieve suitable

scans due to the differences in reflectivity of the rexddls.

Additionally, a Taylor Hobson Form Talysurf\BBich utilises contact of a stylus along
the specimen surface to measure surface roughness used to graphically show the
roughness of the weld surfaces, and to indicate positions of underfdverfill of the

welds.
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3.4 Testing

Hardness

3.4.1.1 Sample preparation

Hardness testing was carried out in accordance with BS EN ISGL §58& British
Standards Institution, 2018&ections were taken from the steaestate section of the
weld, i.e. the standard addressing FSW for aluminflilre British Standards Institution,
2020a)considers that thenitial and final 50 mm of the weld should be disregarded until
the steadystate parameters are operational. Three samples of each weld configuration
were coldmounted wusing Struers EpoFix and vacuum impregnation, then
metallographically prepared using a&rs recommended metho(Bjerregaard, Geels,
Ottesen, & Ruckert, 2000Yhis method consisted of plane grinding to achieve a flat
surface using Piano 120 (comparable to SiC paper grit 120) and Primo 220 (comparable
to SiC paper grit 220) grinding discs with water cooling, then progressively finer polishing
starting with theLargo polishing disc and associated diamond suspension to achieve a 9
.m abrasive finish, then Mol disc (and diamond suspension) to achiemefBish, and

finally Dac with OFS suspension to produce a 1 pm mirror finish.

Sections were also taken of theungnt material and prepared in the same manner as
part of the material characterisation. These sections were taken from all three

orientations; L, T and-Bto account for any effects of anisotropy.

3.4.1.2 Test procedure
Hardness testing was carried out usingadibrated Struers DuraScan Vickers hardness
tester using a 1 kg load for 10 seconds. Vickers indents were made along the centreline

of the weld starting well within the parent material on the advancing side and traversed

along the section at 0.5 mm inteais)Figure27| through the TMAZ, HAZ and nugget

zones before emerging well into the parent material on the retreating side. For parent
material charactasation 5 single measurements were taken of each section and

averaged. Measurements were made automatically by the DuraScan software where
appropriate, and manually otherwise. Suitable machine verification using a calibrated

hardness block was carried optior to use in accordance with BS EN ISO @5(0he
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British Standards Institution, 2018)he expanded uncertainty of the measurement was

calculated using a locally awtted procedure and spreadsheé$later, 2018b; Slater,

2019)which was developed in accordance with the stand@ftle British Standards

Institution, 2018) This was calculated to be + 7.6 HV.

(@)

(b)

Figure27: Showing hardness specimen of an AA8BS0L165 weld: (a) overview

image; (b individual indent.

Tensile Testing

Components used on Royal Navy aircraft which require quality assurance via tensile
testing are tested according to British Standard BS EN -2@@D5 (The British

Standards Istitution, 2006) in order to be compliant with the United Kingdom
Accreditation System (UKAS), by whom the laboratory is accredited to BS EN 1SO 17025

(The British Standasdinstitution, 2017¥pecification. A gauge length of 50 mm and 12.5

mm gauge width were used in accordance with BS EN 1SG168%2 British Standards

Institution, 2020b)as shown i

Figure28

below.
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Figure28: Showing a tensile test sample. The example shown is manufactured from BS
L165 only, with no weld. The approximate position of the weld line berot

samples is indicated by the dotted line.

Ten specimens were tested of each parent material and 20 specimens of the welded
sheets (two batches of 10, each batch taken from a separate weld to indicate weld
quality and repeatability) in each configuratiomhe testing was carried out using a
calibrated Zwick 1474 Universal Tester with 100 kN load cell and calibrated Zwick Axial
automatic 50 mm mechanical contact extensometers, using a strain rate of 0.065 min
The expanded uncertainty of the measuremevds calculated using a locally authored
procedure and spreadsheé$later, 2018a; Slater, 2019his was calculated to be + 4.6
MPa for UTS. It waecknowledged that the tests were operating at the low end of the
load cells capability which may have an impact on the results. The annual calibration
(performed by ZwickRoell Ltd., a UKAS accredited calibration laboratory) involved
calibration steps at mny low values. The relative uncertainty recorded at 2000 N and
4000 N (the closest values to the lowest and highest force exerted for these tests) was

0.24 % which has been incorporated into the expanded uncertainty.

The British Standard associated withiadjfication of FSW, BS EN 1SO 2522920(The
British Standards Institution, 2020sfates that tensile test specimens should be taken

at least 50 mm from either end dthe weld, however due to limited material it was not
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possible to comply with this and the first specimen from each weld was taken from

within the first 50 mm.

It should be noted that comparison with fusion welding is difficult. Due to the challenges
assotated with fusion welding of the alloys employed within this research;moiform

results for tensile strength are generally found. Additionally, as fusion welding of BS L165
or AA8090 would not be used on a UK military aircraft comparison of the twoitpos

iS not appropriate.

Upon completion of testing, optical stereo microscopy (se¢8dh1.]) and SEM were

used to examine the fracture surfagef the welds. Scanning Electron Microscopy (SEM)
uses a beam of electrons focused upon the sample of interest to create an image from
the backscattered (deflected original) electrons or secondary (generated from within

S§Z e« u%o0 ¢ o0 SE&E}v-Xxffidigncy delea octhe atomic mass of the atoms
within the parent material. Therefore this technique provides information relevant to

the composition of the sample. The latter technique gives topographical information. A
high-quality image of the sampl®pography which can reach magnifications allowing

( SUE » u *pE]VP ii= vu &} Al A v Z] A X e Jee

used with a 30.m aperture at 20 kV in this examination.

Fatigue Testing

3.4.3.1 Procedure Overview

dZ 7"eS JE <+ u S$Z} 7 0of-BS ISQ}M21QThe British Standards Institution,
2003) was used to find the mean fatigue strength at a predetermined number of cycles,
as this method allows realistresults to be achieved with a modest number of samples.

This was important as materials and access to welding facilities were limited.

The test specimen design is showfFigure29| It was intended that the test specimen

design comply fully with ASTM E4@6STM International, 2015however due to tk

thin nature of the test material the resultant design would have been impractically large
using excessive material. The criteria on which the design differs from the specification
are the width to thickness ratio at the narrowest point due to the sntatikness of the
material, and the test section length exceeds the recommended value in order to

achieve the minimum radius of curvature.
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Figure29: Showing fatigue test specimen design. The weld line is at thevayid
point indcated by the line.

A load ratio (R) of 0.1 was used. This ratio was stipulated in the AA8090 material
specification, EM10{Agusta Westland International Ltd, 201@nd isused frequently

in aerospace fatigue testingroylance, 2001A frequency of 6.5 Hz was used as it was
determined (during laboratory testing at Sheffield Hallam University) to be theebtg

rate possible without degrading the stress amplitude or it coinciding with the resonant
frequency of the hydraulic rirgnain. Testing was carried out on 30 specimens
(subsequent to initial trials) of each configuration in the parallel orientation.ofihe
parallel orientation is specified in EM1Q04gusta Westland International Ltd, 2018ue

to material availability and time restrictions additional testing was natied out on

the perpendicular orientation.
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An initial valuewas estimated using available fatigue results in literatuf@m the

results of tensile testing and frothe limited initial fatigue trials For AA8090 this value

was minimum 150 MP@Agusta Westland International Ltd, 2018hd for BS L16&he

initial value was300 MPa(Henry, 1995)Fatigue testing was conducted by shifting up

one stress increment when the pgessigned number of cycles was reached and down

one stress increment when the specimen failed prior to reaching this number. This was

in accordance with the procedure describedi& ISO 12107:200Bhe British Standards

Institution, 2003) adapted from the original procedure proposed by Dixon and Mood

(1948) Pollak, Palazotto and Nicholg006) A} § e *SE ¢ Jv E u vS ~ ¢ }
G e ~¢ ] §8Z <35 v & Al 8]}veX *SE ¢ Jv E o vS }( |

convenience during testing; this was later found not to comply with the recommended

stress increment (above) in all cases (see Seg &@ﬁ. Thepredetermined cycle count

was 50,000 cycles; ideally testing would have been carried out over a larger number of
cycles, however 50,000 was considered an acceptable compromise as the intention was
not to produce reference -8l curves but to compare mean fgtie strengths of the

parent materials and welded configurations, using the process described in section

3.4.3.2 Additionally, testing to 50,000 dgs was documented within the literature

(Cavaliere & Panella, 2008)

3.4.3.2 The Staircase Method
The method was carried out as per BS ISO 12107 d0@3British Standards Institution,

2003)and uses the following equations. The mean fatigue strength was calculategl usi

the equation:
A ol 5 .
& L5 E @@46—6A (Equatiord)

Where g is the lowest stress value considered valid for the data set (see worked

example in sectiofb.2.3.]), A and C are described below, s and d were defined

previously. In the bracketed section of Equatiraddition was used when there was a
greater number of notfailed specimens in testing and subtraction used wtiere was

the greater number of failed specimens. The standard deviation was calculated using:
OL s&«t@&Erat{; (Equationb)

The variables used in these equations are given below.
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# L Alg B (Equationp)

$L AL ER (Equation?)

%L Al B (EquatiorB)
» Y0 .

&L (Equatior)

Ya

Wherel is the number of stress levels, i is each individual stress level (numbered 0, 1, 2
etc) andf; the number of events (number of failures or néailures) at each level.

Equation5is only valid when D > 0.3.
dZ } ((11 v$ }( A9 @k &ligulate {ising:

Rl —a; (Equationl0)

The estimated lower limit of fatigue strengtif@t a probability of failure, P (for example
10%, 0.1) for populationtat a confidence leveloftr ~ XPX 6A9U iX6fAsU A -

from:
Ues, ; L & F Gesr 4,0 (Equationl1)

Where: n is defined in Equation, k.1 ru s the onesided tolerance limit for a normal
distribution, as given in Table B.1 of BS ISO 12107:2008 British Standards
Institution, 2003)V. 1 ]« SZ vpu E }( PE +« }( (E }u ~vpu &

estimating the standrd deviation).

Upon completion of testing, optical stereo microscopy and SEM were used to examine

the fracture surfaces of the welds.
Residual Stress

3.4.4.1 Test Method

The incremental hole drilling method was used to measure residual stress in the parent
materials and welds via a calibrated SINT TechnoRB$TAN MTS3000 hole drilling
system with HBM Spider 8.30 digital strain gauge amplifier and SINT RSM v6.43
software. SINT Technology EVAL Back Calculation software (v7.14) was used for the

analysis of straigauge readings using the Integral method of analysis.
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Hole drilling was selected due to the availability of equipment which 1710 NAS have in
house, and cost as the only additional expense was consumables such as strain gauges
and drill bits. Xay Diffra¢cion was considered as an alternative, however it is suitable

for only very near surface stresses (material must be incrementally removed to measure
at depth) and as it was suspected that the residual stress would vary with depth this

method was disregarde

The holedrilling method involvedrilling a small hole through a strain gauge rosette into
the surface of a component. This hole relieves any strains present which are measured
via the strain gauges and software. These strains are then analysed iagctwdhe

most appropriate method and the residual stress calculated.

There are several methods available for calculation of the residual stress from the

relieved strains obtained by hole drilling, some of these are:

x Uniform (thin, intermediate or thickvorkpieces): covered by ASTM E&Z¥
(ASTM International, 2020This is only appropriate where the stresses do not
vary throughout the thickness of the material under investigation.

X Non-uniform: covered by ASTM E833 (ASTM International, 2013b)This
superseded standard is included as the evaluation software (EVAL v7.14)
available is basedn this standard. Howeveiit does not account for thin sheet
non-uniform stresses and the appropriate calibration matrices are not therefore
included in the software. For this reason this method could not be used.

x Integral method, first proposed by Schaj@©88)provides a separate residual
stress analysis at every hediilling depth increment, i.e. the contributions to
the total measured relaxatn at all depths are considered. The integral method
is considered to be most accurate when stresses vary significantly with depth,
however it also has a high sensitivity to error. The Good Practice Guide No. 53
(Grant, Lord, & Whitehead, 200&tates that the Integral Method is the
preferred technique. It should however be noted that the Good Practice Guide
No. 53 (now in its second issue) was last updated in 2006 and therefore refers to
a far earlier version of ASTM E837 (2001 version) in its analysis. The Integral
Method is included as an analysis technique within the EVAL v7.14 software, with

the calibration coefficients calculated by SINT usingfBEmanystrain gauges
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available on the rarket. For these reasons, the Integral Method was selected as

the analysis technique in this research

3.4.4.1.1 Strain gauge

The strain gauge model selected for the research was Type B HBK6HL.5/120R3
rosettes. ASTM E830 (ASTM International, 202Gkcommends Type B rosettes as
Aue (Mo AZ E u *p@E u vse v 3} u v E Vv } 3§ 0 _
important in this research as it was intended that measurements be made both at the
edge of the weld and on the weld. Additionally, the author had used these gauges
previously with limited experience and they were availableywned which reduced the

potential additional uncertainty in neaxpert soldering of wires to the gauges.

Due toprocurement limitations it was not possible to source fviged Type B strain
gauges with a temperature compensation factor tailored to aluminium; the strain
gauges used had a temperature compensation relating to steel. The testing was carried
out at roomtemperature (not at elevated temperature), however as with all mechanical
drilling processes some localised heat is generated which mayhaalan influence on

the results. To counteract this, the drill delay and acquisition delay were increased (see

sedion|3.4.4.1.3 so that a steady gauge output could be achieved.

3.4.4.1.2 Positioning of gauges

The literature indicated several factors which should be a®reid when the
positioning the strain gauges. These were stress relaxation due to sectioning of welds,
potential changes to the RS along the length of the weld and distance between drilled

holes.

Only one weld per configuration was available for residtr@ss testing and in some
cases the weld was not a full one, i.e. it had been sectioned to accommodate other
testing earlier in the research. Kumar, Mishra and Baun{20t4)discuss theesearch
carried out by Altenkirch et a[2009)in which it was noted that upon sectioning AA7449
FSW there was significant longitudinal residual stress relaxation and that a suitable
specimen size must be used to mitigate against underestimation of the residual stress
due to stress relaxation from sectioning. This suitable specimen size was found to be

40%of the original length of the wel@Altenkirch, Steuwer, Peel, Richards, & Withers,
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2008) At this fractional length little unexpected relaxation of residual stress was noted.
Altenkirch et al (2009)also stated that the minimum length of tepiece required to
retain approxmately 90% of the unrelaxed residual stress value was 8 times the stress
peak width. No literature on this subject was found for the materials under investigation
here, however it was deemed prudent to consider the possibility of stress relaxdat®n

to sectioning. The fractional lengths of the material available for the reseassshown

in[Tablel6|below. It can be seen that the minimum length stated for AA7449 was met

in all cases and thus the relaxed stress due to cutting the weld is considered to have

negligible significance on thegelts.

Tablel6: Showing fractional length of welds available for residual stress testing.

In addition to potential stress relaxation due to sectioning, Kumar e28i14)also
briefly allude to limited experimental work showing that the nature and magnitude of
RS distribution may significantly change from one end of a FSW plate to the other. They
do not state what materials this experimental work was carriatian, nor do they give

any further detail or references. There was insufficient time and resources to carry out
this experimental work for the welds under consideration here, however as a result of
<pu E 3§ oX[e *3 5 u v3U ]38 A « Josiipn (e strainvgduges &t théso
same location on each configuration rather than at different arbitrary locations along

the lengths of the welds.

Finally, and similarly to stress relaxation due to sectioning, the act of drilling the hole

releases stress tally and as such must be considered when positioning subsequent

strain gauges. The National Physical Laboratory (NPL) Good Practice Guidé3Yant3

et al., 2006)make the recommendationfa minimum distance between holes of at least

6 hole diameters, based on the literature. As the nominal hole diameter in this testing

was approximately 1.8 mm, this gives a minimum distance between holes of 10.8 mm.
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As a result of the factors discusseletinitial holes were drilled at the positions shown

in|Figure30f The first hole was to be drilled 200 mm from the exit hole which allowed

sufficient dstance from both the exit hole and the edge of the sectioned weld in all
cases. This also ensured that the holes were located at the same position along the
length of the weld for all configurations. A distance of 25 mm comfortably exceeded the

NPL recommandation for minimum distance between holes.

Figure30: Showing positioning of RS holes on welded specimen.

3.4.4.1.3 Test seup and parameters

The material surfaces were prepared for strain gauge application by gently abrading with
320 and 400 grit paper to achieve a surface suitable for adhesion, in accordance with
the local 1710 NAS procedure. The potentially undesirable effects of this abrasion
described in the Good Practice Guide No(G8&ant et al., 2008)ere acknowledged by

the author and the results from the first few incremental steps were treated with
caution. RMS1 solvent was used to clean and degrease the surfaces before adhering the

strain gauges with MBond ¢anoacrylate adhesive.

Following checks that the drill system was set &ttBthe target material, the drill was
set to the zero height (just touching the material surface) using the-trugbftware. A
TiAIN coated inverted cone carbide drill bit witlt6 mm diameter specifically designed
for the drill system was used. The Good Practice Guide N@1&®it et al., 20069tates
that it is essential that the drill bit is changed after evégle drilled; this was not

possible due to the volume of testing to be carried out and number of drill bits available.
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Each drill bit was used for 4 holes and the impact of potentiallypemallel sides and
flat hole bottom have been considered. The Tiabtsted drill bit was used in an effort
to alleviate the consequences of reusing them as they were designed for use on

materials harder than aluminium.

The drilling parameters and material properties used are shoyiraiyiel7
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Tablel7: Showing drilling parameters and materials properties used in residual

stresshole-drilling.
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Upon completion of drilling, the hole diameter was measured using the optical scope
and the results input to the software in order to measure eccentricity angle and radius.

The data was then transferred to tH®INT Technology EVAL Back Calculation software

(v7.14) for analysis.
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3.4.4.2 Analysis Method

3.4.4.2.1 Integral Method

As with most modern analyses, the residual stress calculation was carried out by the
software (EVAL v7.14 used for this research) due to the requirement of FEM in the
evaluation of the calibration coefficients. ASTM E&87is the most ugo-date
international standard on the calculation of residual stress using the hole drilling
method, and the noruniform calculations are based on the Integral method. However,
the software used in this analysis (EVAL v7.14) is based on earlier versions of the
standard andhe Integral method is based on the analysis originally proposed by G.S.
Schajer in 19885chajer, G. S., 198&pr this reason, the methodology is taken from the
SINT Technology litera®(SINT Technology, Nonejless otherwise stated, with an

abbreviated version highlighting the steps involved in an analysis shown below.

The evaluation of residual stresses in a fumiform case can be obtained through the

resolution of the integral equations below:

L:Oy L 5:/4 ®4UO#:* a; :* ;@ * Equationl2
1 5 0@« 4. @ - :
MD; L= @, A B @ Equation13
- L Y :
PQs L- @, A B, @* Equation14

Where:

p(h) = isotropic strain combination which is relieved when the hole reaches a depth h at
increment |
g(h) = 45 shear strain combination whicis relieved when the hole reaches a depth h
at increment i
t(hi) = axial strain combination which is relieved when the hole reaches a depth h at
increment |
t= Poisson ratio

A zZ}uvP[e u} pope
A(H, k) and &H, h) = generalisations of the uniform stress calibration const@rasd

a

h = nondimensional hole depth (hole depth/ strain gauge rosette mean radius)
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H = nondimensional hole depth from surface (depth from surface/ strain gauge rosette
mean radius)

P(H) = istvopic stress combination that exists at depth H from the measured surface
Q(H) =45° shear strain combinatiothat exists at depth H from the measured surface

T(H) =axial strain combinatiothat exists at depth H from the measured surface

A and @are furctions for equibiaxial and shear stremsaccountfor the effect of the
stress relieved at depth H of adepth hole on the strain gauge measureme(&NT

Technology, None)

Using the integral method, the contributions to the total measured strain relaxations of
the stresses at all depths are considered simultaneously. Scfig88)proposed that

if the influence function integrals could be calculated for each drill step then the stress
field could be described by means of stese functions whose value is constant
through the partial hole depth. By such means, the calibration constaatsl $(used

to define the strain/ stress sensitivity of the measurement within the calculations
(Schajer, Gary & Whitehead, 20X2)n be expressed as:

% d "UE;)_ #ir D@ * Equationl5
Ryl |UL§ ®rAy@* Equationl6
Where:

j = the strain relaxation due to a unit P stress within increment j of a Holeréments
deep

%ry the strain relaxation due to a unit P stress within increment j of a Halaéments
deep
1 G G G, where n is the number of partial hole depthshéeved during drilling.

Equations 2, 13 and 4 then become:

% A0 .
= @yl AVes S % Equationl7
"L AVg % 3y Equation18
' @RL AgH e Equation19
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The calibration coefficients are typically calculated using Behajel(1988)provided
computed calibration coefficients for a specific strain gauand SINT Technology have
evaluatedcoefficientsfor many types of strain gauge available on the mark8INT
Technology, Nonghcluding the Type B HBMRY611.5/120R3 used in this search.

By selecting the strain gauge as one of the parameters in the software, the correct

calibration coefficients are used in the residual stress evaluation.

The residual principal stresses and angle are then calculated from:

&os®ual 2 GE3JEE Equation20
A5 2?5 .
ULC=N? Pl??gp Equation21
Where: 2L = :%OLU 3y L @OOM, and 6 L @éél%, Equation22
And: LyL L= ML= and RL-LZZ= Equatior23
Where:

*max= Maximum principal stress at increment |

*min= Minimum principal stress at increment |

B = isotropic ombination stress at increment |

Q = 45° shear combination stress at increment |

T; = axial shear combination stress at increment |

t A % E]V ]% o <3 hesclock@se andgle from gauge 1 axial direction to the
*maxdirection

pi = isotropic combination strain at increment i, corresponding;to P

gi = 45° shear combination strain at increment I, correspondingjto Q

ti = axial shear combination strain at increment |, corresponding to T

X U2 Xv 2 measured strains from elements 1, 2 and 3 of the strain gauge
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3.4.4.3 Uncertainty Analysis

Calculation ofthe uncertainty in holarilling residual stress measurement has been
explored within the literature. The Good Practice Guide NqG8&nt et al., 2006)
describes a projectonductedby the INCERT consortiurf©ettel, 2000)in which a
number of potential sources of uncertainty are identified and then a worked example of
the uncertainty calculation is provided. Unfortunately, thisaewple and analysiare

only valid for uniform stress distribution throughout the depth and where there are no
measurement points close to significant geometry changes. As this research regards
measurement on and close to welds and the stress varies sgmilfy with depth, it is

not valid for use here.

Peral et al (2017) produced a paper giving clear guidance on the calculation of
uncertainty for noruniform residual stresses using the intagmethod. The paper
demonstrates that the sources of uncertainty can be grouped into three areas: material
properties, matrices j and $,vand measured strains and estimates the uncertainty
using the Monte Carlo method. Regrettably, as the calibratioefficients calculated by
SINT Technologgre proprietary information, they cannot be extracted from the
software with the package being used for this research. As such it has not been possible

to follow this method of uncertainty calculation.

Schajer and Altugl996)consideed four main sources of potential error: strain errors,

hole depth errors, uniform hole diameter errors and material constant elimination
errors. They shwed that the uncertainty increased with hole depth. Similarly to that
noted for Peral et a[2017) this method of uncertainty analysis could not be utilised for

this research.

Magnier et al (2017)calculated the calibration coefficients for thin sheet (0.7, 1.0 and
1.6 mm) using FEM and validated the results experimentally. They showed that the
correct thickness of material must be considered in the calculation of the calibration
constans or errors of up to 100% could be experienced. This work also suggested that
viable results could only be achieved in thin mateiwaldepthsbetween 0.06 mm and

0.4 mm (for 0.7 mm sheet thickness) due to errors involved inzére-depth setting

and inceased measurement errors at depths greater than 0.4 mm. This limitation in

depth is described at length in literature. Based on this, only residual stress evaluated
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between 0.05 mm (second increment to overcome zero depth errors or surface

roughness chageristics) and 0.4 mm will be considered in this research.

It is not clear what data is considered within the EVAL v7.14 software when computing
the calibration coefficients and subsequent residual stresses. The user is instructed to
enter data for sheethickness and material properties and then take measurements of
the hole dimensions to produce hole eccentricity data, however it is not clear if this data
is then used to produce correction factors in the calculation of the residual stresses, thus
partially alleviating some of the potential sources of uncertainty. Additionally, as
proprietary information calculated by SINT Technology, the calibration coefficients
cannot be extracted from the software with the package being used for this research.
As a resli of these issues, a numerical uncertainty has not been calculated for this
research and the results have been treated as qualitative rather than quantitative and
are used for comparison between the different materials and configurations. This
approach idurther validated by the ASTME837 &E]8 E] AZ] Z «§ § « §Z § ~
computed stresses significantly exceed 80% of the material yield stress, then the results

E v}$ <p vs]d8 8]JA U v <Z oo E % }ES « Av ] 8]A }v

here.
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4 Characterisation of Parent Materials

This section presents the characterisation work condueted analysi®f both parent
materials, including material microstructure, measured elemental composition and

measured mechana properties relevant to this research.

4.1 AA8090

Elemental Composition

The averaged and normalised {OES results are shown‘ll'able18|vvith the uncertanty

shown in brackets. The table shewnly the main alloying elements for which the

standard was obtained; the additional trace elements detailed on the specifications are

not listed infTable18| Also shown in the tablés the specification according to the

applicable standard, and the results from laboratory testing from the suppliers

(certificate of conformity). With regards to the KCHES results, it was observed that the
00}C]JvP o u v3[e A E P v} Eallwihintha taqraslefAadge on the

specification, although there were disparities between that measured vigOIE® and

the results provided by the material suppliers, which was assumed to be a discrete

measured value rather than a maximum or minimum.

Tablel8: Showing IGPES results for AA8090

Tablel8notes:
1 As per EM10XAgusta Westland International Ltd, 2010)

2 As per Leonardo Certificate of Conform(iBolgarrog Aluminium Limited, 2005)
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Material Microstructure

Micrographs detailing the microstructure of AA8QGYB1 (after heat treatment to

achieve T81 temper, see sectighl.2.] for details) are shown ifFigure 31| with

measured grain sizes showrTiable19| These micrographs show areas representative

of the overall microstructuréVith regards to the grain size, the relative accuracy (%RA)

is shown in brackets |iable19|for each measurement, given to the nearest whole
percentage. ASTM E113 (ASTM International, 2013a)ates that a 10% RA (or lower)

is generally considered to be a&qtable precision for most purposes; it can be seen that
while most of the %RA lie below or close to 10% the strarisverse direction 2
measurement is greater than this value. As a result, additional work is required in this
area to improve the relativaccuracy and confidence in the results, however there was

insufficient time available for this.

AAB090 had similar €d grains on both the longitudinal and transverse face. The grains
on the short transverse face were slightly larger and far more eqdiaXée only
quantified grain size found for AA8090 parent matenmaliterature was reported by
Vigraman, Vijay Krishna and Pavan Ku(@821)with a value of 4 .m, however no
details of the material temper or heat treatment were provided. The disparity between
the results obtained here and that found in literature is attributed to potential
differences in heat treatment as grain size is highly dependent on thdristry, and

the results from this research are considered valid.

The micrographs revealed fine black spherical particles distributed homogeneously

throughout the matrix, both on the grain boundaries and within the gramigh coarser

particles were alsmbserved inFigure31f The microstructures were compared with
literature (Srivatsan & Place, 198|5I§-)igure32 Although the microstructure shown in

Figure32loriginates from an extruded specimen, and the size and volume fractithe of

particles is significantly larger than that found in this research, theycansidered to

be comparable due tohe material compositions and base tempers (Srivatsan & Place
(1989) used AA809T851, and AA809T81 was used in this research). As such, based
on the bromineetching and SEM carried out by Srivatsan and Place, these particles are
considered to baron-rich and nanganeseich insolubleintermetallicssuch as FeAl
MnsSpAhL2 (Srivatsan & Place, 198 EMEDX was not conducted to anadythese

particles as it was considered that tegcitaion of Xraysarising from the bulk material
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which would have been within the excitation volunveould produce low accuracy of

results.These are distributed fairly evenly on the transverse {&egure31(b)), located

mainly at the grain boundaries, but are more numerous and distributed more

heterogeneously on both the longitudingFigure31{a)) and shortransverse|figure

c)) faces with clusters and chains form&dansmission ElectroMicroscopy (TEM)
was not carried out during this research and therefore strengthening precipitates such
as W T. } @& cdpld not becharacterised However based on the heat treatment,

hardness properties and literature (see secth@.4.]), these precipitates were present

in the material.
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Intermetallics
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Figure31: Showing micrographsf AA80960T81 material: (a) longitudinal face; (b)

transverse face; (c) shearansverse face.
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Figure32: Showing extruded AA809B51 microstructure, courtesy ofrivatsan

andPlace(1989).

Tablel9: Showing measured grain sizes of AASDID material.
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Mechanical Properties

The measured mechanical properties are summarise€bainle20|with a brief analysis

of the results of each property in the following sabctions.

4.1.3.1 Hardness

Despite the perceived anisotropy in AA8090 mechanical properties, this was not
observed to a greaextent with regards to the hardness tests as there was only
approximately 2% difference between the lowest (longitudinal) value and highest
(shorttransverse) value. Note, for this property the orientations refer to the faces,
rather than the directions@. All results were well in excess of the minimum
required value as specifieAgusta Westland International Ltd, 2010pnly the

longitudinal and shortransverse results were used in the analysis during comparison

with the welded joints, sg&.2.1.1
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Table20: Showing summary of AA8B090 measured mechanical properties with spegifietumvalues where appropriate.

Table20|notes:

1 Specification EM 10¢Agusta Westland International Ltd, 2010)
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4.1.3.2 Tensile Strength

Table 20| reveals that the parent material exceeded the minimum requiremeots

tensile strengthin both the longitudinal and transverse directions; noter this

property the orientations refer to the directions rather than the faces, |Begure23

The measured UTS of both orientations was similath wnly approximately 1%
difference. A more significant difference exists between the measured values of 0.2%
proof strength and % elongation for each orientation of approximately 10% and
approximately 14% respectively, which is revealing of the anisgthoiperent with this

alloy. Not shown @is the standard deviation of the UTS, which is a measure of

the spread of results between various tegiecimens and is thus an indication of the

reliability of the result. The standard deviation was calculated to be 3.17 MPa for the
longitudinal test specimens and 2.52 MPa for the transverse test specimens, meaning

that there was little spread and thusdhi confidence in the results.

With regards to the fractography of the tensile test specimens, all (both orientations)
failed normal to the direction of loading. The fracture surfaces all featured either 45
slopes to the loading direction or took the forin( N $.e. two 45 slopes reflected
about the centre and were bright in appearance with a rough topograpiMhere 45
slopes are revealed throughout this research, this is indicative of plane stress failure.
SEM analysis revealed that the specimens tested in the longitudinal direction failed in a

predominantly intergranular manner, although some areas of transgranulardavere

present elsewhere on the same test specimghgyure 33 Very limited microvoid

coalescence was present on some grain boundaries, indicafiecalised ductile
failure, however the overall fracture surface indicated brittle failure, with slip planes
visible on several grain boundarieBhe presence of the slip planes indicates that a
limited number of slip systems were operati&EM analysisf the transversely tested
fracture surfaces revealed mixed intergranular and transgranular failure, similar to the

longitudinally tested specimens, although the degree of transgranular failure was

significantly highefFigure34| Again, localised microvoid coalescence and slip planes

were present.
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Figure33: SEM images showing an AA8J®1 parent material tensile test
specimen fracture surface which was tested in the longitudinal direction.
Both (a) and(b) are from the same tensile test specimen and are

representative of all fracture surfaces tested in this orientation.
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Figure34: SEM images showing an AA8J®B1 parent material tensile specimen
fracture surface which was tested in the transverse direction. Both (a) and

(b) are from the same tensile tegpecimen and are representative of all
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4.1.3.3 Fatigue Strength

The following shows a brief worked example of the staircase method as detailed in

section3.4.3.4

Table21|shows the data set created through testing of the AA8090 specimens. The last

non-failure is the first valid specimen for analy§iche British Standards Institution,
2003) and so in this case the data is analysed from specimen number 2 onwards.
dZz & (}J& U ] }uv8S]vP *¢% Ju v vpu €E& iU §Z E -E& in
failures . Substituting into Equation4:

& L5 E@#ES
€ % % tp

From the data sefTable21), $ = 30 MPa, as it is thiowest stress levetonsidered

The stress increment, d, was 10 MPa as described in sg-ddi 1
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Table21: Showing AA8090 fatigue test specimen data set.

Table22: Showing analysis of data set for AA809@frtitesting

Stress, YMPa) Level (i) Frequency (j

4 0 0 0
3 4 12 36
2 4 8 16
1 4 4 4
0 2 0 0
N/A 14 (Equation 8) 24 (Equation 6) 56 (Equation 7)
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The data set was analysed in terms of the 1faitures as there were fewer of these than

failures, as per BS ISO 12107:2@0Be British Standards Institution, 2008nd as

shown inTable22| The values of Equatid®) Equation7 and Equatior8 were revealed
C SZ ~"uu_|TableR2{}dnd thus the values of A, B and C were 24, 56 and 14

respectively and D (calculated using Equati® was 1.06122. The mean fatigue

strength (em) was calculated a322.1 MPausing Equatio.

The standard deviation (s) was then calculated using Equation was 17.66 MPa. As
D > 0.3, the standard deviation was considered to be vdlithe Britsh Standards
Institution, 2003) The coefficient of variation{§) was calculated using Equatidr®
(0.055). The lower limit of fatigue strengti(vas found using Equatidtil (with Kp 1 ru t -
taken from Table B.1 of BS ISO 12107:200@ British Standards Institution, 20@8)d
was 2.068), and was found to be 285.62 MPa. The safiesults are therefore

summaised inTable23| and comparison witfTable20/shows that the mean fatigue

strength (and lower limit of fatigue strengtigwell in excess of the specified minimum

requirement.

Table23: Showing summary of AA8090 fatigue testing results.

With regards to thefractography of the fatigue specimens, all 15 failed normal to the
direction of loading. The fracture surface was macroscopically sloped at approximately
45°to the loading direction, although the direction of the slope changed along the length

of the fradure. The fracture surfaces were matt but bright in appearance and

macroscopically smooth. SEM analyBigure35| revealed the fracture surfaces to be

predominantly transgranular with striations typically indicative of fatigue failure as

expected.
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(b)

Figure35: SEM images showing an AA8Q®1 parent materialatigue specimen
fracture surface. Both (a) and (b) are from the same fatigue test specimen

and are representative of all fracture surfaces.
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4.1.3.4 Residual Stress

The residual stress results of the parent material have little significance in isolation; they

are intended merely as a baseline for analysing how the RS varies across the weld. As

such, these results are not presented here and are instead presented alongside results

from various parts of the weld in later sections (see se

4.2 BS L165

Elemental Composition

¢hichg).

The averaged and normalised OES results are shown|irable 24 similar to that

shown for AA8090. Again, similar to AA80S®” 00}C]JvP o u vi[e A E P v,

values were all within the tolerable rangrethe specification, but with some disparities

between that measured via IGPES and the results provided by the material suppliers,

again assumed to be a discrete megglivalue rather than a maximum or minimum.

Table24: Showing IGPES results for BS L165

Table24|notes:

1 As per BS L1639 he British Standards Institution,

2 As per Wilsons Certificate of Conform{tyilsonsA

1978a)
ero Metals Alliance, 2016)

Results of the SEMDX analysis for BS L165 are shoy

Vhalme25|below. The results

show all elements detailed in the specification, not lim

ited to those included in the ICP

standard|Table 25| also shows the specification according to BS L@@t British

Standards Institution, 1978and the results of laboratory testinby the supplier.
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Table25: Showing SENEDX results for BS L165.

Table25|notes:

1 As per(The British Standards Institution, 1978a&)I elements in specification

included.

2 As rer Wilsons Certificate of ConformifWilsons Aero Metals Alliance, 2016)

The results indicated that all elements were within the specified range and a close
correlation betwea these results and those obtained using-lQIPS was obtained for

all elements with the exception of Mg and Si. The results also closely conform to those
provided by the supplier. The difference of 0.2%wt and 0.3%wt for Mg and Si
respectively between themo techniques is ascribed to a known artefact of quantitative
EDX analysis at 1710 NAS using the stated SEM. Upon investigation, Oxford Instruments
(manufacturer of the equipment) asnot able to determine the cause. Upon advice

from the manufacturer, it \&s not possible to calculate a reliable uncertainty for the EDX

procesqLatuta, 2021)

Material Microstructure

Micrographs detailing the microstructure of BS L165-réaeived from the

manufacturer) are shown

These micrographs show areas representative of the overall microstructure of the

Frigure36

with measured grain sizes shown

Tiable26

material. Similar sized grains were observed on the longitudinal tazwlsverse faces,

with slightly larger grains observed on thd $ace. The RA was within the recommended

tolerance for both the L and T faces, however it exesbtlis recommendation for the

ST face indicating that additional work is required to finthare reliable value.

No quantified grain size values were found in the literature for BS L165 parent material,

although reference was made to the grain size of a close comparison material AA2014
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T6. Several author@Babu et al., 2013; Rajendran, C., Srinivasan, Balasubramanian,
Balaji, & Selvaraj, 2019b; Rajendran, Chinnasamy et al., 8§d®) the average parent
material grain size as 3 (presumed to be the measurement of the elongated
orientation of the grain). While BS L165 and AA20®&4are considered to be close

N cu]A o vE . e% ](] 3]}veU 3Z C & v}3 /£ rdiffevenceE E |-
to occur during heat treatment, hot/ cold working etc. The disparity between the results
obtained here and that found in literature is attributed to these opportunities, and the
results from this research are considered valid. The calcufzdeeht material grain sizes
were compared with micrographs of the materials as a secondary confirmation. It was
observed that the calculated value was broadly consistent with the appearance of the
micrographs, taking account of the differing sizes showatdithe random orientations

of the grains through the crossection.

On comparison with AA8090 it was found that BS L165 grains were significantly smaller

than AA8090, by approximately BD%.

Analysis of the micrographs show a significant number of lggggecially in the case of

the ST face) particles, likely to biatermetallics.Babu et al. (2013) carried out EDX

analysis of the intermetallics present on AA2004liFigure37) and T6 and found them

to comprise of FeVIn-Al (this was later confirmed by Rajendran et al. (201Bgsed on

the similarities in microstructure (acknowledging that the image showkignre37|is

that of the T4 condition) angdarallels with material composition and heat treatment, it
is considered that the intermetallics found in thiseasch are also comprised of fn-

Al

The strengthening precipitat¢ [ *Z}puo o<} ,Bas@l on v work of Gazizov
et al. (2015)and Salel{2018) but wasnot identifiedin this researcliue to the lack of
TEMworkX ~ o Z[* A}E I@A’shom that peak strengthening is achieved
AlS8Z % E ][%]3 t|§BSILAEH ¥ in the T6 temper, this corresponds to the peak

aged condition v S§Zpue }[ *Z}uo .HOMeEer sthe Hiardness (shown in section

4.2.3) achieved by this material is approximately mahge of that expected in the

literature (se¢Table27|footnotes), indicating thathis materialhaspassegeak strength

in the aging sequencd his in turn indicates thatomeover-aging may have occurred

and thusthe strengthening precipitatemayin fact have coarsened or dissolved. This
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has likely resulted in the presenceeaxjuilibrium(incoherent) } %o Z |Figure6) which

causes a reductimin hardness due to its incoherency with the matrix.

Figure36 0+} *Z}As JE] vE § Ae8E]% +_ A]SZ]v  «]PVv](] V§ vy

striped effect is considered to be an etching effect. It is likely that the etch has attacked
specific planes within the grain structure which has resulted in these stripbaruts.

As etching depends upon the orientation of the grain, and some orientations are more
prone to a strong etch reaction, this explains why some grains show this reaction and

some do not.
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Figure36: Showing micrographs of BS L165 material: (a) longitudinal face; (b)

transverse face; (c) sheransverse face.

Figure37: Showing AA201%44 microstructure, courtesy of Babu et al. (2013).

138



Table26: Showing measured grain sizes of BS L165.

Mechanical Properties

As with AA8090 the measured mechanical properties are summarised, in the case of BS

L165 this summary is provided|irable27| The results relevant to each property are

then briefly analysed in subsequent saéctions.
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Table27: Showing summary of BS L16&asured mechanical properties with specified values where appropriate.

Table27|notes:

1 BS L16%The British Standards Institution, 1978a)

2 No hardness value was detailed within the specification BS (TH@5British Standards Institution, 1978tderefore the specified hardness
values were taken from W.H.P4&9 (Westland, 2018)
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4.2.3.1 Hardness

A hardness range was specified for BS L165; the minimum value (140 HV) was used in all
comparisons and analyses throughout the resbafor BS L165 the measured hardness
values were similar in all orientations, i.e. there was only an approximate 4% difference

between the extremes. As with AA8090, for this property the orientations refer to faces

rather than directiongKigure23). No hardness value is specified within the BS L165

specificationThe Britsh Standards Institution, 1978therefore the specification values
were taken from Agusta Westland (now Leonardo Helicopters) Westland Helicopter
Process Specification (WHPS) 48&stland, 208). This specification was produced by
the manufacturer and used for materials utilised on the aircraft under strict protocols
used in aerospace engineering. All results were well in excess of the minimum required
value specified, although as previopslescribed, the results did not reach the peak

within the range. Only the longitudinal and sharansverse results were used in the

analysis during comparison with the welded joints,|5e21.1

4.2.3.2 Tensile Strength

Table27|reveals that the BS L165 material exceeded the minimum reopgngs for

tensile strengthin both the longitudinal and transverse directions; note, for this

property the orientations refer to the directions rather than the faces, |Begure23

The measured UTS of both orientations was similar, with only approximately 1%
difference. This was also true to the 0.2% proof strength and elongation, with only
approximately 1% and approximately 3% difference respectiVéiig.indicates a lack of
anisotropy in this alloy. The standard deviation was calculated to be 2.82 MPa for the
longitudinal test specimens and 2.20 MPa for the transverse test specimens, meaning

that there was little spread and thus high confidencehia tesults.

With regards to the fractography of the tensile test specimens, all (both orientations)
failed normal to the direction of loading. The fracture surfaces all featured either 45

slopes to the loading directiofindicative of a plane stress fai@) or took the form of a

Ns (see section4.1.3.3. The fracture surfaces were macroscopically bright in

appearance with a slightly rough topography, although netraugh as AA8090. SEM

analysis revealed that the specimens tested in both orientations failed in a

141



predominantly ductile manneftigure38

and

Figure39

with microvoid coalescence

featuring across the fracture surface originating from large particles.
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(@)

(b)

Figure38: SEM images showing an BS L165 parent material tensile test specimen
fracture surface which was tested in the longitudinal direction. Both (a)
and (b) are from the same tensile test specimen and are representative of

all fracturesurfaces tested in this orientation.
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(@)

(b)

Figure39: SEM images showing an BS L165 parent material tensile test specimen
fracture surface which was tested in the transverse direction. Both (a) and
(b) are from the same teiile test specimen and are representative of all

fracture surfaces tested in this orientation.
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4.2.3.3 Fatigue Strength

There is no fatigue strength specified within the officsgecification(The British
Standards Institution, 1978ahowever the Aluminum Alloys Database, found using a
Knovel searclfAluminum Alloy Database, 2021uotes the room temperate fatigue
strength of AA20146 (nonclad) to be 269 MPa at $@ycles, 207 MPa at {0166 MPa

at 10’ and 131 MPa at Eqno value provided for 1. As this testing was conducted on

BS L165 which is alclad and the cycle limit was 50,000, an oraergoiitude lower, the

two are not directly comparable. This material achieved 306.4 MPa as the mean fatigue
strength; rough extrapolation suggests that this could be a reasonable value for the

material to achieve, especially due to the presence of the @lidger which reduces

overall material strength slightlff@ble5). The testing on this material achieved a lower

standard deviation and coefficient @fariation (comparison of fatigue data|irable21

andTable27) than AA8090 indicating less scatter in the results, and the lower limits of

fatigue strength of the two materials were similar, despite AA8090 having an overall

larger mean fatigue strength.

With regards to the fractography of the fatiguestespecimens, all 18 failed specimens
fractured normal to the direction of loading. The fracture surfaces were sloped’ab 45

the direction of loading, although the direction of slope altered along the fracture of
some specimens. The fracture surfacesevmacroscopically smooth and had a matt
but bright appearance. SEM analysis revealed that significant areas of the fracture
surface had undergone ductile overload, with only relatively small areas failing via

fatigue. The ductile overload manifested isienilar manner to that already observed in

tensile testing (sectiom4.2.3.3. Those areas which failed via fatigue exhibited

predominantly transgranalr failure, with striations typically associated with fatigue

observedFigure4(
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(@)

Striations

(b)

Figure4O: SEM images showing BS L165 parent material fatigue specimen fracture
surface. Both (a) and (b) are from the same fatigue test specimen and are

representative of all fracture surfaces.
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4.2.3.4 Residual Stress
The residual stress result§the parent material have little significance in isolation; they
are intended merely as a baseline for analysing how the RS varies across the weld. As

such, these results are not presented here and are instead presented alongside results

from various pats of the weld in later sections (see seciini2.4.
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5 Welding and Test Results

5.1 Aswelded examination

Photography/ Stereo Mioscopy

The weld surface appearance is discussed in depth in the section relevant to each
configuration in Chaptﬁl An example of a BS L16%veld is shown iEigure41 While

there were features which were common to most of the eight weld configurations, all

weld sufaces varied to a degree and many varied in appearance between welds of the

same configuration and even along the length of one weld. Features common to many

of the welds were: partial surface ripples, galfitf PE}}A «U «u}}szZ ~]E}v

and mateial deposited adjacent to the weld. Not shown|

Bigure41{but also common

to many welds were areas of underfill in the rippled arbathis context aderfill is

defined as the condition where crosgctionally part of the weld does not sit flush with

or above the parent material, i.e. the weld area is underfilled.

Weld direction —»

Surface
ripples
and
galling

"\

Groove

e

Smooth,
N E}v
material

Advancing side

™~

Material
deposited
adjacent
to weld

Retreating side

Figure4l: Showing macro image of upper surface eivatded BS L1656 &

5In FSW, galling refers to a poor surface finish with soft material deposited in a uneven and rough

manner on the surface of the we(@he Welding Institute, 2013)
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Optical and Contact Profilometry

Images generated using optical profilometry, together with contact profilometry plots

are shown inFigure 42| and|Figure 43| While there were differences between all

configurations (including differences between Il andlelds of the same materials), two
examples are provided to illustrate the mdeatures. Optical profilometer images and

contact profilometry plots are shown for all configurations in the relevant section of

Chapteﬁ

Some welds appeared gaismooth overaI|IFigure42With few material deposits on the

upper surface but with a clearly defined trench along the weld linesetffrom the

centre towards the advancing side. Partial ripples were present on the advancing side of

the weld although these are not clearly visible in the optical profilometry im&ggife

a)) and ridges on both the advancing and retreating edges were observed. Others

were rougher with significant material deposited unevenly on the top surféiceire4 3

Where the top surface material was uneven, the markings from the shoulder could be
observed underneath. Ridges were observed at the weld line edges and only partial weld

thinning where the material had not sufficiy refilled the top surface as it traversed.
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Area of partial ripples
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Figure42: Showing (a) outpugenerated using an optical profilometer, and (b)

contact profilometry plot of upper surface ofaslded AA8090 Il joint.
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Figure43: Showing (a) output generated using an optical profilometer, and (b)
contact profilometry plot of upper surface ofaglded AASBOSMBS L165

Il joint.
Optical Microscopy

5.1.3.1 Weld Crossections

Crosssections of eacltonfiguration are discussed in detail in Chaﬁtawith general
findings presented her& hroughout this chapter, and thapter 6, where a micrograph
is shown, tle area described is representative of the overall microstructure of the area

of the weld under discussion.

A macrograph of an etched weld cressction of BS L16B8is shown ipFigure44{ The

macrograph differentiates the different areas of the weld (HAZ, TMAZ and nugget) and
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that most welds had a larger retreating sii®AZ than that on the advancing side, as

shown inFigure44 A second etched cros®ction is shown ifFigure45; this is a

dissimilar weld of AA809BS L16%c. This shows the same features as described for the
BS L165c crosssection, however due to the differing etch response of the two
materials, the degree of mixing between the two is clearly seen. It should be noted that
this degree of mixing varied between different weld configurations; this is discussed
further in Chapteﬁ This mixing is shown in greater detajFigure46|

The advancing side (BS L165) HAZ, TMAZ and nugget of an B3&8088 c weld are

shown in greater detall |Figure47 Highly refined recrystallised grains were observed

in the nugget, while deformed and elongatedcamrs were observed in the TMAZ and
grains typically resembling the parent material (although not identical to) were observed
in the HAZ. A wellefined boundary was observed between the nugget and the TMAZ
on the advancing side, while the boundary on tle&eating side was more subtle. This
feature was also noted by Ramanjaneyulu, Madhusudhan Reddy, Venugopal Rao and
Markandeya(2013)

With the exception of AA8B090 Il arfaivelds, allelds include alclad material originating

from the BS L165 material. This can mix within the weld in various places, for example

along the top surface which can be faintly seefFagure44fandFigure45| Additionally,

the alcladmaterial can be deposited suburface, i.e. during the stirring process core

material is deposited on the surface with alclad trapped within, as shojkigure48

Figure49|shows the joint line at the weld root cain AA809€BS L165 Il. Within several

of the welds insufficient mixing at the weld roasindicated bya continuous joint line
remnant was revealed. This was attributed to oxides from the original material surfaces

being drawn in during material flow around the tool pin. This was observed in a

significant number of the welds to varying degrees. In the ci®svn inFigure49| as

§Z }/&E] o]v }vv 8« Al3Z 8Z A o E}}3U 87 i}]vs o]v &

}v (Jolu, Morgeneyer, & Gourguesrenzon, 2010)Kissing bonds were present
despite successful bend tests being performed as a quality assurance measure during
weld production. In this case the alclad layer can also be obsé&miag drawn into the
joint line, alongside the oxides. The alclad layer was also drawn across to the advancing

AAB8090 (noralclad) side for a limited distance as a result of the stirring process. Even
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observed as shown |iF|igure46 it was clear that the material from the advancing and

retreating sides each dominate particulaarts of the nugget, as shownkigure45|
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Figured4: Macrograph showing BS L168®tched weld cross section.
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Alclad layer mixing

Nugget

TMAZ Alclad mixing

and joint line

e e o e e e e e =y
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Subsurface void

Figure45: Macrograph showing an AA808® L1655 etch weld cross section.
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Figure46: Showing material mixing on dissimilar AASBSOL165 || weld.
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Figure4dT: Showing advancing side HAZ, TMAZ and nugget of B&A8630 c
weld. The dashed lines show the approximate bounday between the

different zones.
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Remnants of
alclad layer

Figure48: Showing alclathyer within weld of a BS L165 || weld.
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Alclad layer -
N

Oxides

Figure49: Showing joint line remnant on an AA8EBS8 L165 ||dissimilar weld.
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5.1.3.2 Grain Size

Table28|shows the calculated grain sizes for different areas of the weld, with the RA

(see sectior3.3.1.3 shown in brackets. Two areas of the nugget are reported in the

table, advancing and retreating; these refer to the areas of the nugget dominated by the
material from the advancingr retreating side respectively. All similar welds, i.e.
AAB8090AA8090 or BS L165S L165, show slightly smaller grains on the advancing side
of the nugget than the retreating, although in some cases this difference is very slight.
The results for gsimlar welds werecompared with the results for similar welds most
casegdt was found thathe grain size of AA8090 in the nuggets reducednd the grain

size of BS L16A the nugget was increased. This Wasthe same position (advancing

or retreating) and same orientationTheBS L16HA8090 Oretreating nuggetdid not

follow this trend

Several of the values listed |ihable 28| have assaated RAs far in excess of the

recommended tolerancef 10%, in one case reaching 35%. This strongly implies that
some results are not entirely reliable and further work may be required to achieve

sufficient confidence in the results.
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Table28:

Showing calculated average grain sizes for each section of welds.

The longer (direction 1) grain sizes fridiable28lhave been plotted against the area of

the weld in

Figure 50

A strong correlation in gpdn plot shape is shown for all
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configurations with the two exceptions being the advancing HAZ of AA8090 ||, and the
overall shape of AA8B09BS L165cis slightly different to the others.

Figureb0: Showing the grain size at @ifént areas of the weld for all configurations.
5.2 Testing and Analysis

Hardness

5.2.1.1 Comparison Values

For comparison of the welded specimen hardness valugsvant parent material

hardnessspecificatiors and measuredardnessvalues were used, sectipgh1.3.1 The

values used for comparisonwere dependent on the orientation of the weld

configuration in questionfFigure 51| demonstrates the manner in which the shert

transverse and longitudinal faces change according to the rolling direction with respect
to the weld line. It an be seen that when the weld orientatioves parallel to the rolling
direction (]|) the correspondingcomparison parent material hardness measurement
and specificatiorwere from theshort-transverse, and where the weld orientatioves

perpendicular to theolling direction (C) the correspondingcomparison parent material
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hardness measurement and specificatioere from the longitudinal. For dissimilar

welds the weaker parent material specification and measurement in the appropriate

orientation was used.

Figureb1: Showirg the designated material face orientations relevant to the

hardness assessment

5.2.1.2 Welded specimen test results

The averaged test results for all specimens are shown in gr@gbrmat in

Figure52

This is provided as an overall comparison of all welds, and allows for evaluation of each

configuration against any other. Also shova\Higure53 Figure54{and

Figue 55

are

comparison hardness results of the AA8090 similar welds (with parent materials shown),

BS L165 (with parent materials shown) and the dissimilar materials respeciitely.

different weld configurations are depicted by the same colo|Figure52

and the other

chart in which they appear (eithgfigure53||Figure54 or|Figue 55?. Individual test

results are presented and discussed in Chﬁésrectionsﬁ.zz.] 6.3.2.1|6.4.2.1

6.5.2.1.
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Figureb2: Graph showing hardness test results of all welded specimens and parent

materials. Note: 3axis has been limited to starting at 90 HV1 for clarity.

Figureb3: Showing AA8090 similar weld hardness results, with parent material

values for comparison.
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Figureb4: Showing BS L165 similar weld hardness results, with parent material

values for comparison.

Figue 55: Showing dissimilar weld hardness results.
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The hardnessmeasurements taken from the parent material areas of the welded
specimenswere all broadly consistent with the related reference (nemelded parent

material, sectiop4.2.3.1. However there were variations along the length and some of

the parent materials in the welded specimehave hardness valuesightly harder or

softer than the references.

All welded specimv([e Z (E v ¢ % E}(]Jo (}&EuU SZ SC%] o "t_ Z
precipitation hardeningaluminium alloy FSW, although this was less clear on the
dissimilar welds due to the difference in hardness between the materials. The lowest
hardness values were dad in the HAZ or TMAZ area of the welds; the hardness value

in the TMAZ was below the associated minimum hardness specification in all cases.

Tensile Testing

5.2.2.1 Test Results

The averaged results of tensile testing for each configuration are shoWwabie29| The

non-welded parent materials were tested first in both orientations; longitudinally with
the rolling direction parallel to the pulling directioand transversely with the rolling
direction perpendicular to the pulling direction, sect[énz.?,.z However, when welded

these directionavere reversed, i.e. when the materials were welded with the join line
parallel to the rolling direction, this meant that the rolling direction would be
perpendicular to thepulling direction and vice versa. For this reason, the longitudinal
tensile specification ashparent material measured results have been used to compare

with transversely €) welded specimens and vice versa.

The results were interrogated to ascertain whether there were any instances of the first
test using material from the first 50 mm of the weldgviating significantly from the
rest due to norcompliance with the FSW standard BS EN 1SO 252820(The British
Standards Institution, 2020&)he specification states that the first 50 mm of the weld
should be discarded). It was found that this happened in two cases only §8S hhd

BS L168\A8090 ||). Henceforwardhe first result from each set was disregarded so
that the tensile testesultsreflected the steady state welds only. The results were also
examined to check for repeatability; it was found that the weld strendith vary

between the different welded sheets, suggesting that the parameters had not produced
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welds of repeatable qualitin all casesor that flaws were present. This is illustrated by
the high standard deviations in comparison with the unwelded testcspens,
indicating a significant spread in results. The results have been compared to both the
specification values and the measured values for the parent materials. For the dissimilar
welds the results were compared to the material with the lowest UT8ipation, i.e.
AAB090Q although there was little different in both the specifications and measured
results (for unwelded parent materials) between AA8090 and BS L165 for UTS. The
uncertainty was calculated from a local procedure used to certify airtasfing; for the
thickness of these samples (0.7 mm) this was calculated te4k®MPa for UTS2.9

MPa for 0.2% proof stress ar.3% elongation.

Table29: Showing tensile test results.

Table29|Notes:

1 The 0.2% proof strengtAnd elongationwas inconclusive for this configuration
owing to elongation being below the tolerance measurable by the equipment
I.e. the material did not achieve 0.2% strain before failure

164



It can be seen froph able29|that excellent results were achieved for both BS L165 welds

attaining approximately 100% of the measured parent material UTS. A reduction of

approximately 20% of the measured parent material UTS was found for both AA8090
welds with further reductions in UTS for the dissimilar welds. The poorest result was
from BSL165AA8090 c, with a significant drop of approximately 36% from the

measured parent UTS.

A considerable reduction in ductility was revealed for all welds with percentage
elongation ranging from 7% of the parent material specification fBS L16%, to less

than 10% for the two dissimilar welds orientated perpendicular to the rolling direction.

5.2.2.2 Optical microscopy and SEM of fracture surfaces
The fractography of the tensile test specimens, including the position of fracture with
respect to the weld, the shape of¢ fracture, i.e. straight or ragged, the macroscopic

appearance of the fracture surface and SEM analysis are all discussed in detail in Chapter

EI Table30|provides a summary of the fracture locations for ease of comparison of the

]1(( E vs Ao }IV(]JPUE S]}veX tZ E (E SpH&E 0% }S|1&8]4v ]
refers to the fracture being clearly within the visible weld judged by the naked eye.
NP }J(Ao _ ~}te~ AVI]VP }JE E SE 3]vPe E ( E- §} §7Z

directly on or close to the edge of the visible weld. At this stage it was nailgedo
define what weld zon€dHAZ or TMAZhe fracture fell within which was why the term
~ P }( Awasused; the specific weld zone was clarified following metallographic

preparation and is described within the relevant section of Chﬁter
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Table30: Showing locations of tensile fractures on welded test specimens.

A large number othe specimens failed midield. Optical microscopy and SEM analysis
revealed that this was, at least partially, owing to the presence of kissing bonds which
weakened the weld. An example of this on a BS 1A&8090 cweld is shown iEigure
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Retreating side Advancing side

Joint line

(@)

Kissing |-
bond

(b)
Figureb6: Showing midveld fracture of AAB09@: (a) etched crossection showing
%}*]18]1}v }( (E SpE ( ooe }v §Z i}]vsS o]Jv V ~ « A
markings, remnants of the SSFSW process and indicating inadequate

joining of the materials.
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Fatigue

5.2.3.1 Test Redts

The fatigue specimens were tested early in the research and when analysed it was
observed that while the AA8090 parent materials had been tested with the rolling
direction parallel with the cycling load direction, the welded specimens were welded,

cutand tested with the weld parallel to the rolling direction and the cyclic load therefore

perpendicular to the rolling direction; as described3id.3.1only one orientation for

each material configuration was tested in fatigue. This aasoversight by the
researchey however it is likely that this would reflect in conservative values of fatigue
strength being obtained from the welded samples by corgmn to the unwelded
samples as clear crack paths would be availablee results will be presented and
analysed here and in Chapﬁwith the caveat that had th parent material testing been
truly representative of the welded material for comparison, that the results may be
different. Unlike the AA8090 parent material, BS L165 parent material (unwelded)
fatigue specimens were tested with the material rolling dtren perpendicular to the
direction of loading. This meant that the rolling direction was consistent with the welded
specimens which were welded parallel with the rolling directiand therefore tested

with the rolling direction perpendicular to the loading direction.

The results for each material configuration are showi able31{below. These results
show that the similar weldsi.e. AABO9OAA8090 and BS L1455 L165achieve

approximately 85% of the relevant base material fatigue strength, although the standard
deviations and coefficients of variation were significantly higivadicative of a larger
spread of results. The dissimilar welds were less successful, with ABE2A65
achieving approximately 70% of the weaker base material and BS-AAS®O0
approximately 60%. The dissimilar welds having lower fatigue strength theenp
materials is consistent with literatur@Vang et al., 2018pand it has been identified that
several of the welds have flaws/ defects including kissing bonds which would further
redue both the tensile and fatigue strength of the welds. The AASBSA.165 results
show the lowest standard deviation and coefficient of variation of all testing, indicating

a low spread of results and therefore reasonably high confidence in the valuesedhie
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BS L16AA8090 welds had a significantly higher standard deviation and coefficient of

variation than all other results, indicating a large spread of results.

Table31: Showing fatigue test analysis results.

5.2.3.2 Opticalmicroscopy and SEM of fracture surfaces
The fractography of the fatigue test specimens, including the position of fracture with
respect to the weld, the shape of the fracture, i.e. straight or ragged, the macroscopic

appearance of the fracture surface aB&M analysis are all discussed in detail in Chapter

EI Table32|provides a summary of the fracture locations for ease of comparison of the

different weld configurations. The same conventions are used to describe the position

of fracture as previously described for tensile testing in sef@i@m®2.3unless otherwise

stated, although where a specimen has failed «wield but close to an edge, this has

been noted.
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Table32: Showing redlts of fatigue test specimen examinations.

For many of the specimens failing mietld, similar fractographies with respect to

kissing bonds were observed as for the tensileggsss shown 1rIFigure56

in section

5.2.2.7 This is not repeated here but is discussed in detail in the relevant sections of

ChapteEI alongwith the fractography of the fatigued (nekissing bond) areas of the

fracture surfaces.

Residual Stress

The maximum principal stres3say) was plotted for various analyses. As described in

the Methodology chapter (sectig

3.4.4?, there is a limitation in the analysis of data

with respect tohole depth; as such, although the full measurement has been plotted,

only the data between 0.05 and 0.4 mm Mk considered in the analysis. Tests were

conducted in the parent material, at the migdeld point and at the edge of the weld

(advancing and retreating). In this case, edge of weld refers to immediately adjacent to

the visible weld, as shown

Fgure30

sectiof

13.4.4.1.2
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5.2.4.1 Residual stress variance with depth

Although the residual stress results are discussed for each configuration individually in

ChapteEI Figure57|shows smax plotted against the hole depth for BS L165 Il at the five

strain gauge positions as an exale This shows low levels of residual stress in the
parent material as expected, with the maximum stress recorded at the edge of the weld
on the retreating side at approximately 0.1 nuohepth. Analysis of each of the eight
configurations showed that thenaximum stress was predominantly recorded at the
edge of the weldthis varied betweerthe advancing and retreating side In two cases
(AAB090 Cc f *AAB09GBS L165c) the maximum stress was recorded in the weld,

however for AA8090c the data was consided to be poor for the edge of weld

advancingside (discussed further in sectigf2.4.1.3, and the edge of weld retreating

sidemaximum stress was weclose to the result found in weld. For AASEBS L165c
both the results for the edge of weld were considered to be poor. When all
configurations were considered and disregarding the measurements before 0.05 mm

depth and after 0.4 mm depth, the maximumsiresses were recorded between

approximately 0.06 mm and 0.16 mm, see se¢ba4.4

Figureb7: Plot of maximum principatress against hole depth for BS L165 Il at the

five strain gauge positions.
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5.2.4.1.1 Validation of residual stress results

It was not possible to carry out multiple tests for every test position in every
configuration due to time constraints and cost of consumables (strain gauges, drill bits,
air turbines). Consequently the results of the strain gauge data gathered and
subsemient residual stress calculation results could not be verified statistically via mass
testing. In an effort to validate the results and provide more confidence in the data
gathered, a limited number of tests were repeated. Additionally, multiple datswere
gathered for the parent materials; as these positions were remote from the weld it was
considered that the data from several tests could be used. As an example, it was hoped
that the result for AAB09(0c advancing side parent material could be validhtsy the
results for AABO9BS L165c advancing side parent material and BS LA&B090 c

retreating side parent materiabéthe test for AA809C0cretreating side parent material

failed). This is shown graphicallyrigure58

It can be seen that significant scatter exists in the results untildepth reaches
approximately 0.2 mm. This scatter may be due to different sheets being used in the
different datasets or the location of the strain gauge not being sufficiently remote from
the weld. Similar outcomes were found on other comparisons of gareterials with

the consequence that different data sets could not be uiedalidation.

In a limited number of cases, the same test was repeated on the same sheet/ weld (with
the potential issues with change of residual stress along the length of aafS&Wd to

by Kumar, Mishra and Baumarf2014)described in the Methodology chapter being
acknowledged). The repeated tests were carried out on AA80%6treating side of

weld and AA890-BS L165 Il in weld; the results are showigure59jandFigure60

Strong correlation of results was observed in the tests carried out on AA8GHW,

while the stress magnitude was reduced in the second test carried out on AABH90

L165 Il, the residual stress profiles of the two tests were wimilar. These tests have
validated the residual stress profile (to a limited extent) although the magnitude of the
residual stresses must be treated with caution. Indeed, the magnitude of the maximum
stressesis required to be treated with caution andZ}Av « ~Jv ] 8]A _ € 3Z @
quantitative, due to the requirement and limitations described in ASTM 283ASTM

International, 2020)i.e. the results are only quantitatively valid until 80% of the yield
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strength is achieved; the maximum stresses far exceed this value in all cases (discussed

further in Chapt.

Figure58: Showing comparison of data from various tests conducted on the AA8090

c parent material
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Figureb9: Showing comparison of 2 tests carried out on AA80%6treating $de

edge of weld.

Figure6O: Showing comparison of 2 tests carried out on AASSQ 165 Il in weld.
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5.2.4.1.2 Poor residual stress results

As alluded to in sectighb.2.4.1 several of the results obtained were considered to be
"% }}E X v /E u%o }( |Eiggrec]ipfor ANB0LO0Lvy It is clear that the

calculated residual stregsrofile for the advancing side edge of weld is significantly

different for that of the retreating side and in weld. When other figarations are
compared with this, the general trend is for the edge of weld and in weld results to
follow similar profiles. This suggests that the oscillating nature of the edge of weld
advancing sideest profileis the result of a spurious test. Insiafeént resources were

available to conduct retesting where these results were observed.

Figure6l: Showing results from AA80390 Note: the retreating side parent material

was a failed test and has thus not been included.

Thereare several potential causes of these poor results which would not affect the other
results, includinga faulty strain gauge othe strain gaugebeing damaged during
installation, incorrect wiring or drilling anthe measurement equipment disturbed
duringuse. The most likely cause is considered to be damage to the strain gauges either

during installation or test setp.
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5.2.4.2 Comparison of configurations

The 8 configurations were compared at each strain gauge position in an effort to assess

if the different matrials and orientations had an effect omax These are shown

graphically ifFigure62|for the parent material advancing side, edge of weld retreating

side and in weld. Some of these comparisons (for example AABSI0L65¢ in|Figure

b)) are influenced to an extent by the poor results described in sgbtid4.1.2and

by missing data from failed tests.

(@)
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(b)

(€)

Figure62: Showing comparisons of the 8 configurations at (a) the parent material

advancing side, (b) edge of weld retreating side, and (c) in weld.
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Analysis of thgraphical data shows that:

X Note: as discussed previously, only data falling between 0.06 and 0.4 mm has
been included in the analysis. Those occurring at 0.06 mm may be affected by
the surface abrading during strain gauge installation and those values have

therefore been treated with caution.

x Parent materialgFigure62(a))

o The residual stress generally oscillates between tensile and compressive
with peaks and troughs rarely exceedith MPa and in many cases well
below this value throughout most of the dép This modest value of
residual stress (approx. 115% of parent material yield strength or-13
18% of welded sheet yield strength) is considered to be as a result of the
material sheet rolling process.

o The different configurations are all broadly coteig in terms of residual
stress values although the oscillations between tensile and compressive
stress occur at different hole depths.

x Edge of weld:

0 The residual stresses were tensile in both the advancing side and
retreating side edge of weld for albofigurations throughout the hole
depth.

o The predominant profile (ignoring the spurious results) was one which
started initially high and rose smoothly to a peak (the depth at which the
peak occurred varied from 0.06 mm to 0.16 mm), before reducing
gradudly with depth. In most cases a small plateau of residual stress
value against depth occurred at approximately 0.Z22875 mm hole
depth). The reason for this plateau requires further investigation.

o Ignoring the spurious results, the configurations areked in the orders
below in terms of broadly consistently higher to lower tensigax
throughout hole depth:

f Advancing sidénot shown inFigure62): AAB090BS L165 I, BS
L165c, BS L16AA8090c, BS L16AA8090 II, BS L165 II, AA8090

Il. There is a difference of approximately 230 MPa in peak stress

between AASO9BS L165 Il and AAS090 II.
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f Retreating side{Figure 62(b)): BS L16#\A8090 ¢, AA8090 I,
AA8090c, BS L16®A8090 II, BS L165 II, BS LtFBA8096BS

L165 Il. There is a difference of approximately 445 MPa between
BS L16#AA8090cand AA809@BS L165 II, however the result for
AAB8096BS L165 Il is considered potentially spurious. The
difference between BS L18%A8090 c and the second lowest
overall smax(BS L16%) is approximately 250 MPa which is more
consistent with that of the advancing side. Again, there is no clear
trend regarding material type or orientation, and there is no
coherence between the advancing and retreating sides for the

configurations.

x In weld(Figure62(c))
o This is shown 1r|Figure62: and shows a broadly similar profile to that

observed for the edge of the weld. This profile includes the initial rise and

peak (peak occurring 0.6B.16) the gradual reduction with small plateau
at the approximate same depth 6£2250.275 mm.
o The configurations are ranked in order in terms of broadly consistently
higher to lower tensilesmaxthroughout hole depth:
f AA8096BS L165 II, AASBOES L165c, AA8090II, BS L165
AA8090 ¢, AAB09(, BS L165 II, BS L165BS L16AA8090 II.
Again, no clear trend can be observed from the rank order. There
is a difference of approximately 310 MPa in peak stress between
AAB8096BS L165 Il and BS L18A8090 II.

5.2.4.3 Residual stress distribution across weld

The residual stress was plotted against hadgth for various depths of hole in order to
show the residual stress profile across the weld. It would be preferable to have many
more data points to show this profile in more detail, for example if the measurement
was conducted using XRD, however doequantities of strain gauges and other
consumables required and the requirements for distance between drilled holes, this was

not possible.
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Kumar, Mishra and Baumai{@014)report that the majority of work on residual stresses

Jv &~t «Z}A AD_ «Z %o ]*3E] pd]lve E}ee SE DB 0°X %v $7]
was achieved for 3 of the configurations; BS Ltﬁ@, BS L168A8090 Il and

BS L168AA8090 ¢ A]8Z 8Z "~ A vv ee_ }( 8Z ~D_ o Pe A EC]\
configurations and dept@ shows that for L165165 ¢ — $ifghest residual

stress for all depths occurred at the advancing side of the weld, with the exception of

0.062 mm (the shallowest depth) where the highest residual stress was at the retreating

side, however the difference was very slight.

A second profile shape with a pronounced slopesinax was observed on AA8090 Il

Figure64) and predominantly on BS L165 Il and AA8BS0L165 Il. Both AA8090 Il and

BS L165 Il had maximum stresses on the retreating edge of weld and AB8QAEB5 I

on the advancing edgef weld. BS L165 Il and AA8EBS8 L165 Il are described as

"% E }u]v v30C_ <0} %o e §Z +Z 00}A 8 ]Jv E u vE v 0C=
shaped.

Two of the plots (AA809@ and AA809GBS L165c ;were invalid due to spurious data
produced in the advancingde edge of weld measurement (AA80%) and for both

edge of weld measurements (AA80B®& L16%) as described in sectifin2.4.1.2
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Figure63: Showing weld profile at different hole depths across weld line for BS L165

C.

Figureb4: Showing weld profile at different hole depths across weld line for AA8090
Il.
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5.2.4.4 Residual stress as a % of yidldrgth

*maxas a percentage of yield strength has been calculated for each weld with the value

and position, i.e. edge of weld retreating, and the depth at which it occurred and is

shown inTable33| Where spurious results were encountered, this has been indicated.

Where a spurious result has been identified, this has been disregarded in favour of a
more confident result. Kumar, Mishra and Baum#2014)point out that although FSW

(8 Vv Z VP «38Z C]lo +3C vP3Z }(8Z }A & oo Ao «Z §
yield strength, most researchers either show theax as a percerdge of the parent

usd E] o[+ C] o *3CE& vP3Z }E } v}3 % ](C AZ] Z C] o 8§
analysis. In this research theaxhas been calculated as a percentage of bothgheent

usS E] o[ C] o *SE& vPSZ v weld#¥d stieet ¥of that cpOfigutation.

Table33: ~Z} Al wRas a percentage of yield strength.

It can be seen that the maximum stresses are all well in excess of the yield strength,

although as stated previous]$.4.4.3 the uncertainty in the calculation is unknown and
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is likely to be considerable. As a result, these findings are only indicative of significant

tensile residal stresses within the weld, and at which position.
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6 Discussion

6.1 Introduction

In this chapter the results specific to each configuration will be presented and discussed.
By analysing the weld appearance, macro and microstructure, and test results, the
suitability of the configuration (AA809A8090, BS L16BS L165, AASOES L165 and
BS L16AA8090 in both the Il ana orientations) for SSFSW can be determinad.

summary of the most salient findings from each configuration is provided for

comparison ifirable48|of section6.6

6.2 AABO9GAA8B090

AsWelded Examination

6.2.1.1 Welded Sheets

Following SSFSW it was observed that all AA8090 welds (||Grathowed distortion
longitudinally, such that the sheets did not lay flat pastlding. Transversely, all welds
showed a degree of angular distortion in the form of one or more sheets raising towards

the edge, at one or both ends. These two distortions evdue to thermal contraction

as the welds cooled and are showrFigure65{a) and (b). In the opinion of this author,

some distortion, particularly lagitudinally, and although undesirable, should not
necessarily be considered as a flaw or defect. The increased flexibility inherent in thin
sheet (compared with thicker plate) material means that the process envelope for the
material which produced a soundeld without any kind of distortion would be
extremely narrow and would therefore necessitate extensive process parameter studies
to find it. There are potentially heat treatments which may alleviate this distortion,

however investigation into this is asitle the scope of this research.

Additionally, in some welds one of the abutting sheets had risen above the other ahead

of the tool as observed in the free ends at weld completion after the exit [fotpi(e
c)). Vertical lifting is an issue which has been observed by other resea(Satteri

et al., 2012ue to the reduced stiffness when FSW is applied to thin sheet and occurred
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despite the rigid clamping in plag¢8ettler|Vugrinand Schmuickef2010)suggest that

FSW of thin sheet (<2 mm) can benefit from a gap between the faying edges, especially
towardsthe end of the weld run. This is due to rigid clamping combined with thermal
expansion creating an unequal thermal gradient as material is moved from the front to
behind the tool This leads to the edges moving towards each other in front of the tool
(the weld prevents it occurring elsewhere) as the sheets expand and where there is no
gap, one sheet is forced to move vertically. The width of any gap would be dependent
on the material thickness and thermal conductivity; in this case a suitable gap would

likely be small and could be difficult to maintain accuracy during clamping.
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(@)

(b)

(€)

Figure65: Showing asvelded AA8090 sheets: a) AA8090 || longitudinal distortion;
b) AA8B090 transverse angular distortion) AA809(csheet lifting ahead

of tool.
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6.2.1.2 Weld Surface

An area of the weld top surface representative of the steady state welding conditions of

AAB090 Il anccis shown ifFigure66jwith a diagram showing the scaled dimensions of

the tool shoulder inner and outer diameters and pin step diameters (spiral not shown)
superimposed. The appearance of the weld top surface was not consistently identical
for both configurations.For AA8090 I, the visible width of the weld measured
approximately 6 mmwhich did notcorrespondto either the shoulde8 mm)or pin
(maximum) diametef4.95 mm) For some of the AA809@ welds it was observed that

the visible width of the weld was smaller, at apgimately 5.25.4 mm, however others

of the AA8090c welds were broadly consistent with II.

/8 A e} o EA §Z & }8Z Ao +uE( + J((E (E}u §Z

(described in Sectig®.3.2 in several respects which require claxfiion.

Z Puo E % ES] o ] GvereooffservedFigube 66/ these are common

particularly in traditional FSW. Many researchers consider these ripples to be formed by
the cycloidal motion made by the final sweep of the trailing circumferential edge of the
shoulder during traversgSerio, Palumbo, De Filippis, Galietti, & Ludovico, 2016;
Thomas, 1998)Of course, in SSFSW the shoulder does not rotate, therefothis
researchthe material could nbbe deposited in the final sweep of tlelouldertrailing
circumferential edgeSchneider, Brooke and Nun€2016)postulate that the surface
ripples and internal onion ring featuretef seen in FSW are relatgtlie to the rotating

pin producing an w@and-down flow of material around said piffhese displacements
result in both the onion ring effect and the surface ripplEsr bothAA8090 lland 0
welds,the circumference of theartial ripplesclosely matched that of thenaximum pin
diameter, as shown @ This is suggestive of the ripples being formed as per
NZv] E § oX[e ~Tii0e %}eSpo S]}vX dZ]e ]* *Uu%o %o} ES
previously described (secti@ in which they showed that the shear layers around

the pin detached and were pushed upwards by incoming material, thus forming (partial)

ripples

Only partial ripples were obsesd on the surface of both AA8090 configurations,
although they were visible to a far greater extent on AA8@figure66 b). Additional

material coverd the majority of the potentially rippled surface on AA8090 Il. The

retreating side of the AA809@ weld shown was rough, with material disrupting the
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ripples and significant but variable underfileing observed On AA8090 Il a much
smaller rough areavas present on the retreating side (and a very limited area at the
advancing side edgd)owever this did not include underfill, i.e. all of the roughness was

above or very close to the parent material surface.

It is considered that the ripples were formeue to the shear layer detachment from
the pin. The remainder of the surface weld width was comprised of material extruded
from the weld as flash and gallinghe stationary shoulder in SSFSW can have an
AN @& }v]v P ,smE6thiag the weld surfacandthe ripples are generally reducédou

et al., 2020)r non-existent(Patel et al., 2019)This has happened to a limited erte

with some material deposited on the weld surface (above the ripples) being smoothed.

Both configurations were formed using a 1160l tilt angle and 3000 N constant down
force (at steady state conditiond}.is likely that he partial smoothing desibed above
occurred as a result of the tool tilt allowing the heel of the tool shoulder to contact the
material. It is highly unlikely that the rest of the tool contacted the surface of the
material as this would have resulted in frictional markings additeonal heat being
input to the weld. As the weld width did not extend to 8 mm, it is clear that this contact
did not occur, with the exception of the trailing heel of the tool shoulder. This partial

contact was also inconsistent, as shown by the paldity roughretreating sidesurface

of the 8090 Oweld FgureGG b)).
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and underfill

Retreating side

(b)

Figure66: Showing weld top surface of with profile of SSFSW tool superimposed, a)
AAB8090 Il weld, and b) AA80g0veld.
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The measured material properties showed approximately 1.3% reducticheir

elongation of AA8090c from AA8090 II(see sectione.2.2.4 Table36r. This is not

evidence of a severe reduction in material properties, but it does warrant consideration
when designing a weldnd shows a degree of anisotropy between the material

orientations

As the tool traversed through the material it is likely that a greater traversing force
was required than for the parallel weldue to the requirement to traverse through a
greater number of high energy grain boundarié®wever the specific value dhis
traversing force is unknown due to the force/ moment sensor beingoperational at

the time (see sectigB.2.]). Barbini, Carstensen and dos San@&18)FSW AA20243

in both the longitudinal and transverse directiof$eyfound at lowertraversingspeeds

that the anisotropy of the material resulted in an increase in force as the material had
reduced deformability in the transverse direction (presumably due to traversing through
an increased number of grain boundariezms disussed abovg It also resulted ira
decrease in torque due to the lower strength in the transverse orientatiana result

in this current research, as the Il weld required |&ss/ersingforce there was a
consequential increase in the amount of flasttreded from the weld due a stronger

response to the heat generation within the material.

The pitch (distance between each ripple) is dependent on both the rotational and

traversing speeds, with the pitch increasing with increasing traversing qféwunas,

1998) i.e. as the traversing speed increases the distance between each ripple increases.

The pitch is equal to the lateral distance travelled by the tool per revolyfitishra et

al., 2014) Thisis approximately equal to the ratio of traversing speed (mm/min)/
rotational speed (RPM) which approximately equals the forward distance per revolution
of the tool(Li, Y., Sun, & Gong, 201®)this case the ratio of traversing speed/ rotational
speed was 0.Bnm/rev for both orientations and the measured pitch approximate}0?2

.m for both AA8090 orientatios showing good correlatian

Another way in which the surface appearance of the two configuratdfier is that
$A} "PE}}A + E A]*] o }v 8§z 01 0 i|Figurep@a] whild ros ]
grooves are apparent on some of the AA80&8urfacegFigure66(b). Thetopographies

of the welds are shown more clearly via optical profilometry models and surface

profilometer roughness plots JRigure67[(AA8090 II) ar1<Figure68 (AAB090cC). Note
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the advancing side of the optical profilometry modaebn the righthand side while the
advancing side of the surface profiletny roughness plot is on the left. The model and
roughness plot also show that the weld edges of AA8090 Il have a steep gradient with
sharp peaks which then roughly level out with the exception of the recessed ripples and
SA} "PE}}A «_ X dZ Ct tleeeddges)ok AAZ09E have shallower gradients

and thicker peakdaNo overallweld thinningwas observedbut materialwasdeposited
above the surface level of the parent materfmcated on the weld surface rather than

weld adjacent as would be the caskflash)and underfill.

Advancing side

(@)

Area of partial ripples

Roughness

W

AN

Groove Roughness

Advancing side

(b)

Figure67: Showing AA8090 Il weld surface topography, a) opircdilometer 3D

model image, and b) contact profilometry surface plot.
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Advancing side

Underfill
Area of partial ripples (@)

Advancing side x \ Roughness

Recessed area and lack of fill

(b)

Figure68: Showing AA809@ weld surface topography, a) optical profilometer 3D

model image, and b) contact profilometry surface plot.

According to Hoda, Arab, Gollo and N#&@21) grooves are formed kiyvo means: the
first due to excessive heat and insufficient forging pressure, and the second due to a lack

of mixing from insufficient heat.

1. If these grooves were formed due to the first cause (excessive heat and
insufficient forging pressure), the excegsheat may be caused by low traverse
speeds and high rotational speeds. A comparison with the literature (although
direct readacross cannot be made between materials) showrl\'l'iibj

(section2.3.9.9, indicates that a traversing speed of 10 mm/s (600 mm/min) is

not a low speedHowever a rotatbnal speed of 3000 RPM could be considered
high. Therefore, it is plausible that the heat generation may have been excessive.
Flash formation occurs if the heat generation was excessive, causing over
plasticisation and failure of the shoulder to hold anthjthe material behind the

tool; flash can also be caused by excessive shoulder pressure in coolerAwgelds.
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previously described, the shoulder played had little influence across the width of
the weld andflash has gathered at both edges.

2. The second mearsf groove formation is caused by insufficient stirring. Hoda et
al.(2021)describe material flow in FSW as flowing vertically and asymmetrically,
I.e. the material is pushed upn the retreating side and downwards on the
advancing side. The material on the advancing side flows in front of the tool and
that on the retreating side flogbehind. As the tool causes softening, mixing and
forging of the material sufficient heat musebgenerated to allow complete
stirring. As the tool moves material downwards from the advancing side, if
adequate heat and therefore plasticisation are not present, sufficient material
may not flow upwards on the retreating side to replace it when forggdHhz
shoulder pressure. If insufficient stirring was the cause of these grooves, one

would expect to see further evidence, i.e. internal tunnel defects or incomplete

penetration. These additional defects were not observed, seffiaril.J

The appearance of the grooves formed on AA8090 II differ from those shown in the

literature. Here, they are smooth, straight, narrow and shallow; the literaturecatdis

rough edges, meandering progression and significant depth. It is considered that the

APE}}A + v EZ]e E+ E ZuCZA Vo e CusE]o

the shoulder and essentially ploughing a furrow into the weld surface aavetsed.
]3]1}v ooCU 8Z ~PE}}A _}v 8Z & SE 3&]vP ] }( 8Z

well with the position of the edge of the pin/ small (0.05 mm) gap between the pin and

shoulder. This may be a position where material could gather, and ghaduce the

furrow in the weld surface. Regular cleaning or tool redesign would be required to

mitigate against this occurring in future welds.

The underfill shown where the partial ripples were observed (not to be confused with
grooves) is likely to havmeen caused by excessive heat generation allowing material to
escape at the edges and to be deposited on the retreating side above the surface level
of the parent material, rather than moving around the tool to be deposited on the

advancing side to produce smooth and flat weld. This is also shown on the AA8©90

weld, where the ripples are shown in a recessed gFegure68(b)) and the retreating

side has rough, uneven depositeinderfill as a result oéxcessive heat generation is

further supported by the presence of surface galling. There is limited galling on AA8090

193



(Figure66{a)), however the excessive roughness over the retreating side of AAG090

indicates fairly severe gallingrigure 66{(b)). Galling is caused by high shear rates

experienced with high rotational speeds in addition to the pipkand redistribution of
very soft materials (when excessive heat causes-piasticisation) by the weld tool

(The Welding Institute, 2013)

6.2.1.3 Weld Macre and Micrestructures

The weld crossection of AA8B090 Il is shownkigure69(a) and AA809(Qc shown in

Figure69(b) with the HAZ, TMAZ and nugget indicated on both; based on hardness

testing, none of the parent material is @ln in the crossections. Note that iEigure
@a) the advancing side is shown on the left Whi|€igure69 b) the advancing side is
on the right.

Negligible thinning of the weld was observed which is in keeping with SSFSW research
in literature (Ji et al., 2017; Zhang, H. et al., 20IB)ewelds were predominantly
influenced by the rotating pin, rather than the stationary shoulder as would be
expected. A shallow area influenced by theximum pin diameteextendsto each side

of the weld Thisis indicative ofsurfacefriction from the wided part of the pin as it

traversed however, as previously shown in sec1|i613.1.2 flash was extruded which

will account for some of this widtfsome roughness tbié weld surface can be observed
on the macrographs, from the advancing side to the-miiht. The roughness and lack

of fill on the retreating side of AA8096 is not apparent on the macrograqlﬁigure

b)), however the recessed areas of partial ripples can be seen on the surface.

The nugget followed the approximate shape of the pin (tapebed)was wider than the

pin diameter and the gradient of the boundary slope was steeper at the advancing side
for both configurations. Both weld configurations achieved full penetration, alghou
AN]ee]vP_ }v ¢« A E } « (EA othévintdrda HefEcts were observed on

either configuration.

The TMAZ was narrower on the advancing side than the retreating for both weld
configurations, although it was considerably larger on the retreasidg of AA809Cc

weld, especially towards the bottom of the weld where its shaped differed significantly
from that of the AA8090 Il weld. This is likely due to a differing reaction to SSFSW of the

materials due to the change in orientations, see se¢@dhl.3.2
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Figure69: Showing macrographs of weld cregstions: a) AA8090 Il (advancing side on left); and b) AA8@@ancing side on right).
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6.2.1.3.1 Nugget

As noted, although the shape of the nugget approximates that opth@=igure69| the

nugget size exceeds that of the pin. The pin A5 mm diameter at the surface,
measures approximatey.0mm at the midpoint and reduces tapproximately 1.0nm

at its tip. Disregarding the nugget width at the top surface (as this may include flash),
the nuggetwidth of AA8090 Il measured approximat@y mm and 2.6 mm at the mid
point and root respectivelyThe measurements for AA80%Qvere 3.8 mm and 2.9 mm.
This indicates that the influence of the pin significantly exceeds the immediate area in
which it operates especially at the rootThe literature is split in this respect; some
researchers observeduggets significantly exceeding their pin dimensighsmed, M.

M. Z. et al., 2011; Li, D. et al., 2018)ile others observed close correlatidretween

the nugget and pin measuremengde et al., 2019; You et al., 202Be et al(2019)did
however find that the nugget dimensions increased with an increase in rotational speed,
which they attributed to an increased thermal input and greater plastic material flow. A
comparison with literature indicates that 3000 RPM would be conedi¢o be a high

rotational speed therefore allowing pronounced plastic flow and an extended stir zone.

Vigraman et al(2021)state that the recrystallisation temperature of AA8090 is DO
(no source is provided). Yang, Zhao, Xu, Zhou, Zhao a(@DRil)carried out work on
SSFSW of 2AI% alloy and found @t peak temperatures in the nuggexceeded
500°C and varied between approximately 28380°C in the TMAZ. It should be noted
that these temperatures varied according to weld parameters used and direct read
across from work on another aluminium alloy is paissible due to differing thermal
and mechanical propertieslowever it is certainly feasible that the temperature within
the nugget in this research exceeded the 3D0@ecrystallisation temperatuief AA8090

Therefore, dynamic recovery and recrystaliisa occurred within the nugget.

As hardness measurements were taken at the weld-thickness mid-thicknesswas

alsowhere the analysisf the grain sizevasfocussed across all weld zone&nalysis of

the grain sizes within the nuggétable 34) indicateda considerable reduction in size

from the parent material of approximately 489%. There was a small difference in

% Note: when the weld orientation was parallel to the rolling direction ¢ comparison parent material
grain sizewas short-transverse Similarly where the weld orientation was perpendicular to the rolling
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grain size between the advancing and retreating sidéhkin the nuggetand between
the two configurationsThe AA8090 ladvancing sideuggetgrainswere equiaxed and
the AAB090 c advancing side nuggegrainswere significantly more equiaxewhen

compared with theoriginallongitudinal parent material. Although the difference in grain

size directiongthe two measurements which show asymimein grain size, s¢@able

may exist, the Relative Accuracy (RA) associated with the weld grain size

measurements indicate that the directions magt be as uneven as suggested.

The grain size was largenth greater asymmetryn the retreating sidef the nugget,

in comparison with the advancing sidé&gr both configurations. As described by
Hamilton, Kopyciawki, Senkov and DymgR013) the advancing side experiences
temperatures at least slightly elevated from the retreating sididis isdue to cooler
material in front of the tool being swept to the retreating sidsthe tool traverses
while material which has been rotated around the tool and therefore heated, is
deposited behind the tool at the advancing sidethers disagree, stating that the
retreating side experiences higher temperatu@hang, L. & Wang, 2018)u et al.
(2019) attribute the temperature difference (higher on the advancing side) to the
effective shear and stia being increased on the advancing side as opposed to the
retreating side, with an associated increase in material flow and therefore temperature.
Literature has reported larger grain sizes on the advancing side of the nugget due to the
additional deform#éion experienced(Lee, Lee, & Min, 2016l this research, as the
retreating side of the nugget grain size was larger, this would indicate agreement with
Zhangand Wang (2018) i.e. that higher temperatures were experienced on the
retreating side. However, this author tends to agree with the other side of the argument
(advancing side experiencing higher temperatures) due tostinength of arguments

provided abovelt is expectd that the disparity here is related to inaccuracies in the

grain counting process, as shown by the RAs which reach 19% in one inStdrled4).

direction (c), the comparison parent materigrain sizewaslongitudinal This was in keeping with the
hardness measurementasdescribed irsectio
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Table34: Showing AA8090 parent material and weld nugget grain size dimensions,

showing Relative Accuracy (%RA) in brackets.

Focusing on the advancing side of the nugget, micrographs of the two configurations are

shown inFigure70
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Figure70: Showing micrographs of the advancing side of the nugget: a) AA8090 II; b)
AA8090c
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Analysis of the nugget microstructure reveals a significant volume of fine black
appraximately spherical particles clustered around the grain boundaries on the AA8090
I weld; these are considered to beoalescence of coarsen@ttoherent vprecipitates.

While the density of precipitates visible at the grain boundaries innilnggets of both

configurations far exceeds that of the parent materthkege are not visible JRigure31

section4.1.3, they are more numerous on the Il weld than on the weldrhe reason

for an increase in the Il weld relates to the heat generation and plastic deformation
within the weld; AA8090I may have experienced more deformation indicated by the

slightly smaller grain size. Through consideration of the literature (TEM work was not
undertaken in this research), and upon comparison with the parent matgrigli(e31

sectior4.1.2 and hardness testing (see sect 6@.2.? it is considered that the heat

input and tool rotation has caused dissolution aodarseningof the strengthening
phases, as noted by Akhtar, Jin and {2018). The material in the nugget has a high

probability of being overaged (see sectliﬁﬂ.Z.J thussomefiner wprecipitates likely

dissolved into the matrix enabling coarsening of the grain boundary precipitates upon
cooling. The spherical precipitates (annotated |Bigure 79 are considered to be

heterogeneously nucleatethcoherent w~ 0>]¢X dZ ¢8SE& VPSZ V]VP %Z -«

cannot generally be observed without use of a TEM, however Akhtar €RGl3)
postulated that these may be broken down by the heat input and plastic deformation,
whichU 8}P §Z & A]s8Z §Z } e+ vmaywac&eum fgridhkes resutthht

reduction in hardness withirthe nugget when compared with the parent material

(section4.1.3.1and sectio 6.2.2.1.

Coarse intermetallic compounds were also present, generally located around grain

boundaries|Figure 70| Vigraman et al. (2021) repofFigure 71) aluminium lithium

precipitates andntermetallic compounds including Au, AdlFe AlCu,Mn3SpAhL2 and
Al-FeCu (confirmed with EDX and XRD), along with oxides and fine pord#iyugh
SZ %o} E mpeedikehto be small voids as porosity is not inherent to FSWHe
intermetallics indicated @are considered to be irerich and maganeseich

insoluble plases such as FeAdnd MnsSpAli> based on the work of Vigraman et al.
(2021)and Srivatsan and Pla¢E989) Conversly to the differing density of precipitates
noted between the two configurations, there are similar volumes of coarse

intermetallics in the Il andc welds. The density and size of the intermetallics are
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comparable with the parent material, however within the nugget they have pinned the

grain boundaries during recrystallisation.

Figure7l: Showing microstructure of FSW AA8090 (temper unknown), courtesy of

Vigraman et al. (2021)

Kissing bonds were observed in both configurations. These featured throughout most of

the weld thickness, with the most discernible part highlighted by the purple dashed

boxes ifFigure69| As previously noted, these may be caused by oxides originally present

on the material faying surfac€¥ao et al., @14; Zhou et al., 2018y generated during

the welding process itse({lSchneider et al., 2016 he effect of a kissing bond on the

mechanical properties of a weld is debdtin the lierature, as summarised by Zhou et

al. (2018) Tao et al(2014)made a distinction between a lazy S and a kissing bond by

specfying the lazy S as high density clusters of aluminium oxid®jAdarticles, while

§Z 1]ee]vP }v A ¢ lu%E]e }( }vSlvulue }A] (JouxX ~ D
}Jv_}vsdZ AoUSIv §35Z Ao E}}8 v ulFigarg12lv - E

can be seen that the feature takes the form of a kissing bond at the root, although the
feature on the cweld is more defined that on the Il weld, before transiting to a lazy S
further into the weld. This was similan the Il weld. Several researché8chneider et

al., 2016; Tao et al., 2014; Zhou et al., 20f8)nd that variations in weld process
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progressed throughout the thickness of the weld, if at all. Generally, an increase in
rotational speed may mitigate against kissing bond fation, however the additional

heat generation can have deleterious effects elsewhere and so a compromise is
required. The effect of the kissing bond on the mechanical properties is discussed in
section$6.2.2.3an(6.2.2.3

(a) (b)

() (d)

Figure72: SEM images of weld taken at weld root, a) AA8090 Il and b) AAZG®RD
mid-thickness, ¢) AA8090 Il and d) AA8@90
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6.2.1.3.2 TMAZ

The TMAZ region is identified by elongated grains alongside the boundary of the nugget,
aligned at an angle inconsistent with the other areas of the weld and the parent
material. The boundary between the nugget and the TMAZ on the advancing side has a

sharp interface, while the boundary transition on the retreating side is significantly more

graduallFigure69| This is in keeping with the literatu(@hou et al., 2018and can be

attributed to the strain rates and temperature gradients being much steeper on the
advancing sidéMoradi, Jamshidi Aval, Jamaati, Amirkhanlou, & Ji, 204d]}itionally,

it can be seen that in both configurations the TMAZ is narrower on the advancing side
than on the retreating side. At the midpoirthe AA8090 Il advancing TMAZ width is
approximaely 160 .m while the retreating side is 25(m, and the AA809@ advancing
TMAZ width is approximately 17%n while the retreating side is 350m. As described

by Zolghadr, Akbari and As¢dD19)on the advancing side the coincidence of rotational
direction with traversing direction has a resultant increase in relative velocity and
increase in sheaiThis results ihigher hed generation through plastic deformatiqi\F
moussawi, Smith, Young, Cater, & Faraji, 201e would expectthen for the
advancing side TMAZ to be wider than the retreating dide thisis not experimentally

true. Zolghadr et al(2019)suggest that the higher strain and temperature force the
material to recrystallise and enter into the nugget; on the retreating #idestrain has
changed the microstructure over a wider area but the combination of strain and
temperature was not sufficient for recrystallisation. This does not however explain the
hard boundary on the advancing side. According to Bhattacharyya @0&ll)as the

flow on the advancing side is clockwise and the flow currents do not mix, a sharper
interface is observed than on the retreating side, where upward and downwardras

flow across the TMAZ resulting in a diffused appearance.

It is clear fronFigure69jthat the width of the TMAZ increases with depth on both side

of the weld and for both configurations. Zolghadr et(@019)also observed this but

gave no explanation as to the cause. The reason may be due to material flow in FSW as
describedby Zhao, Lin, Qu and W@005) plasticised material is driven from top to
bottom of the weld on the advancing side and then driven upwards on the retreating
side, however the heel of thinclined shoulder may impede this upward motion. It is

however considered more likely that the widening of the TMAZ with depth is due to the
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forging pressure of the backing plate generating heat and thus increasing the width of
this zone. The retreatingide TMAZ of AA8096far exceeds its advancing side and both
side of the AA8090 Il weld, with the notable change in width stairgpproximately

one third thickness. This specific result has not been observed in the literature, however
Barbini et al.(2018) observed a difference in weld cresectional shape between
AA2024 welded both perpendicularly and parallel to the rolling direction, although little
explanation was providedThey did note decreased deformability in the transverse
direction of the material in front of the tool leading to a decrease in torque for that weld.

It is likely that the difference in shape observed here is related to the decreased
deformability in fron of the tool, combined with the forging pressure from the backing

plate leading to a more diffuse retreating edge.

Figure73(a) and (b) show a significant numberaafarseprecipitates, assumed to be

incoherent w(see sectiofb.2.1.3.3, present on AA8090 Il TMAAd located atgrain

boundaries, with some intermetalliqsee sectiof6.2.1.3.3 also presentiFigure73(c)

and (d) indicate a reduced volume fraction of precipitates present in AARUBRIAZ
when compared with the Il weld. There are, however, a larger number of coarse
intermetallics present in thec TMAZ. It is considered that the Il weld may have
experienced higher heat input in this area resulting in the increased volume fraction of

precipitates following overaging and subsequent cooling.
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Figure73: Showing micrographs of the TMAZ: a) AA8090 Il advancing side and b)
retreating side; c) AA8090advancing side and d) retreating side.
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6.2.1.3.3 HAZ

The transition from HAZ to parent material is not visually obvious on micrographs due

to the grains being of a similar size (see changes described later |dzdble35) and

shape. In order to ascertain the width of the HAZ it was necessary to consider the results
from hardness testing; the HAZ was taken as the area in which the hardness value was
below the steady value of the parent material, and outsadéhe TMAZ as indicated by
etching post hardness test. The measurement was thus limited by the 0.5 mm
increments of the hardness testing. The width was found to measure approximately 2.0
mm (advancing) and 2.5 mm (retreating) for both AA8090 Il arthedifference in HAZ
widths is likely to be related to material flow; as cooler material is swept from in front
of the tool around the retreating side to be heat@damilton et al., 2013} is reasonable

that this would thermally affect a wider area than that at the advancing side where the

material is deposited.

The literature, for example Ji et 2017)and Wu(2017) reports that SSFSW generally

has a smaller HAZ and TMAZ than conventional FSW owing to the reduced heat input as
the shoulder does not rotate. Conventional FSW has not been carried out in théschs

for comparison, however the HAZ implied here due to the hardness data seems
significantly larger than observed elsewhere. It is considered that this extended width
of the HAZ is a function of the thin material used, the thermal conductivity of the
material, the high rotational speed of the piand the frictional influence of the pin on

the material surface extending the HAZ beyond where may be expected

Figure 74{a) and (b) show the microstructure of the advancing HAZ of both weld

configurations. There is a clear and significant increase in coarsened precipitates at grain

boundaries in comparison witthe parent materiallfigure31|in|4.1.3. Theg number

fewer than in the nugget but are comparable with the TMAZ in termbfme fraction

at grain boundaies,however the TMAZ features a greater number of grain boundaries

and thus more precipitates. It should be noted that the images shoy#igare74|are

located close to the TMAZ and these coarsened precipitates gradually decrease in
number as the parent material is approached. The intermetadiiesof comparable size
and number to that observed in the parent materaid are considered to be of the

same composition as observed in the parent material and nugget
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Figure74: Showing microstructure of advancing HAZ of AA8090, a) Il and b)
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The grain sizes of the two configurations are showhahle35|with the parent materals

for comparison (longitudinal for comparison with AA808and ST for comparison with
AAB090 II). It can be seen that th#AZ grain sizes on the welded specimens have
universally reduced in size in comparison with the parent material, by as much as
approximately 40% in the case of AA8090 Il retreating side direction 2. The AA8090 II
weld grains are no longer equiaxed (in qmmison with the parent material-¥), while

the AA8090 c weld grains retained approximately the same ratio between the two

directions as the longitudinal parent material.

The grain size was measured at only one point across the HAZ, close to the TMAZ;
considering the change in hardness and precipitate coarsening throughout the HAZ, a
methodical analysis of grain size variation across the HAZ would be beneficial further
work. As the measurement was taken at the same point on each configuration and side
(close to the HAZ/ TMAZ boundary) an explanation is required as to why such a
difference in grain size response has occurred. Although not referred to in the text,
Dawood, Mohammed and Raj§b014)show images which indicate that a difference in
grain size between the HAZ and parent material was experienced, however generally

the literature indicates that recrystallisation should not occur in the HAZ (section

2.3.8.3 as deformation does not occur in this arda this research it is unclear as to

why a reduction in grain size has occurred over part of the. HAZ

Table35: Showing AA8090 parent material and weld HAZ grain size dimensions,

showing Relative Accuracy (%RA) in brackets.
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Testing

6.2.2.1 Hardness
The hardness values along the approximate centreline of the weld-sext®n have

been plotted together with the @tin size corresponding to the relevant area of the weld,

shown ir{Figure?S Note, the grain size was not individually measured for éactiness

test location, rather the grain sizes of parent material, advancing and retreating HAZ and
TMAZ, and nugget were measured at one position each and these values plted.
observed in sectio|t6.2.1.3.£ the grain sizehangeal along the length of the HAZ and

increasel to eventually matchthe original parent material sizand the distribution and

refinement of precipitates in this zone change as it approathegarent materialThis
changing distribution and refinement of precipitates along the length of the HAZ

accounts for the changing hardness values.

InFigure75ithe area of the weld, i.e. HAZ, TMAZ e&reindicated by the coloured bars

along the xaxis these are an approximate indication of the location of each area.
Analysis of the plots reveal some inconsistencies between the material oriergatiiim
regardsto the positions ofthe HAZ and hardness minima, although that may be
expected due to the anisotropy inherent in this material and measured via the parent
material hardness testing (secti@, in addition to the difference in heat input

between the two configurations previously discussed.
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Figure75: Showing hardness and grain size plots)oAA8096AA8090 I, and b)
AAB09GAAB090c &
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Analysis of the hardness plots indicate that both configurations suffered reductions in
hardness in the HAZ and TMAZ, with only limited hardness increase in the nugget. This
is at odds with the, albeit limited fathis alloy, research in the literature. Vigraman,
Krishna and KumgR021) Pedemonte, Gambaro, Lertora and Mandolf{@013)and
Lertora and Gambar(2010)all report an increase in the nugget hardness greater that

than of the parent material postging, indicative of significant hardness recovery.

Reseach carried out on other precipitation hardening aluminium alloys has produced
similar hardness profiles to that observed here, in fact it is relatively comiioshra

et al., 2014) Dada(2020) describes that the peak temperature and quenching rate
experienced by the nugget determines its final state, and that it may finisbvasaged
where the hardness is reducgghrtially solution heat treated where some hardness can
be recoveregor in a single phase solid solution where pa&ld aging enables the
hardness properties to be recovered to that of the parent material. In this case it is
considered that the nugget hdseen overaged, witmost strengthening precipitates
first dissolving into the matrix and then causing coarsening and coalesqgimgwdusly
homogeneously nucleated strengthening precipitates gnain boundaryincoherent w
precipitatesresulting ina reduction in hardness. This explains why the fine grain size in
the nugget does not follow the Halletch relationship. Fewer coarsah@recipitates
were observed on thec weld, explaining the overall increase in hardness over that of

the Il weld.

The position of hardness minima in the Il weld was with the HAZ on the advancing side,
and within the HAZ on the retreating side on tleaveld. In their research on SSFSW of
AA2219, Liu et a(2013)found that the position of hardness minima changed from the
advancing sideugget/ TMAZ interface to theetreating side nugget/ TMAiaterface
whenthe welding parameters used (fast traversing egeproduced aooler weld. It is
considered that when the traversing speed is of sufficient vdthes producing a
sufficiently cool weld)the fact that the higher relative velocitypetween the tool and
workpieceon the advancing side prodes higher hat input at that positionis less
significant. For thec weld it is considered that the position of minimum hardness
transferred from the more common advancing side position thuéhe tool producing
additional frictional conducted heat ahead of the traxser Thismeant that the flow of

material on the retreating side which should haheenrelatively cool washeated prior
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to passing the toolThissurpased the heat generated on the advancing sided thus

changed the position of hardness minima

In both configurations the softened HAZ is wider on the retreating side than on the
advancing. This is common throughout the literature although few explanations are
provided. As described earlier, the reason is likely due to the material flow; material
swept fran in front of the tool around the retreating side has an affect over a wider area
than that on the advancing side where the material is deposited. In the Il weld, the
parent material, i.e. that material outside of that affected by the welding process, did
not achieve its previously measured value of 141.6.HDdA the advancing side, the
average hardness afhat was thought to béhe parent material of the welded specimen
was approximately 1-8.3 H\ (1.2-5.9%) lower than the original measured value. Some
of these values were outside the uncertainty of the measurement (6.6. Hislikely
indicates that the HAZ extendedor a wider distancethan expected, despite the

apparent levelling of measurement on the plot.

The hardness at the TMAZ is higher than at the HAZ for the Il weld at both sides, however
on the cweld the hardness is lower in the TMAZ at the advancing side but considerably
higher on the retreating side. Again, this is considered to be due to the differing thermal

cycle of each weld. In thd TMAZ the grains are elongated with smaller overall

measurement in both directions than that of the grains in the HPFable28| section

5.1.3.9. Interpretation of the HalPetch relaionship suggests that the hardness may be

expected to be higher in the TMAZ due to the smaller grain size. Irctiveld the
direction 1 grain size of the advancing TMAZ is significantly larger than both HAZ
(advancing and retreating) measurements, (altgbuthe direction 2 grain size
measurement is significantly smaller) and this large measurement explains the
reduction in hardness in the TMAZ over the HAZ. The TMAZ grain size at the retreating
side is only slightly larger than the HAZ in one directioncdouisiderably smaller in the
other direction, thus explaining the significant increase in hardness in the TMAZ over

the HAZ due to the higher concentration of grain boundaries.
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6.2.2.2 Tensile Testing

The results of tensile testing have been reproduc¢@iahle36{ As described previously,

Il welds are compared with transverse test results andompared with longitudinal
results. Comparison with the parent material measured result was considered to be
more indicative of the weld quality than comparison with the minimum specification. In

this case, the AA8090 Il weld achieved 81.5% weld effic@MEY (see secti¢pn.3.9.3.2

for weld efficiency calculation) and the AA803Dweld 81%; these appear to be

moderate values when compared with FSWatdminium alloys overallT@ble 10

section|2.3.9.4. When compared with research specific to this allhertora &

Gambaro, 2010; Vigraman et al., 202hgse results are at the upper end weld

efficiencies where provided.

While there was a decrease in UTS (81.5% and 81% WE) and proof strength (83.4% and

77.6% WE) from parent material to welded, the most dramatic reduction was in the %

elongation|Table36[ with % elongation WE of 29.7% and 21%, indicating a significant

reduction in ductilityjTable30|(section5.2.2.3 shows the position of failure for the

tensile specimens. Where the spe@ns have failed within the nugget, the reduction in
ductility is attributed to the presence of internal flaws, e.g. kissing bonds or

embrittlement through introductionof oxides within the weldin terms of the debate

referred to in sectiof6.2.1.3.1regarding the influence of kissing bonds on mechanical

properties, this research indicates that when sufficiently defined, i.e. kissing bonds
rather than lazy S, theseafls are in fact detrimental to the mechanical properties of a
weld. Where fracture occurred in the HAZ or TMAZ, this is attributed to the
heterogeneous nucleation of coarsened grain boundary precipitates, embrittling the

grain boundaries as found by Kding and Lui2019)

The UTS standard deviation for the AA8090 Il welds is increased beyond that of the
parent material testing, and there is a significant standard deviation increabe iUTS

for the cweld. Concentrating on the weld, on examination of the test results it was
observed that one of the welds (from which 10 tensile test specimens were cut) showed
significant scatter with a difference of 67 MPa between the highest anedt result.

The other c weld results featured a difference of 34 MPa between the highest and
lowest result, however there was considerably less scatter in them. This suggests that
the weld parameters do not produce welds of repeatable quality and thaigtmality of
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the weld changes throughout the weld run. There are several potential sources of this
issue with quality: it may be related to the clamping apparatus used, i.e. the material
may have had more opportunity to distort in differing positions alatsglength; the
force control used may have generated inconsistent heat input if there was fluctuation
in material thickness or robot arm stability, thereby changing the material properties
throughout the weld; inconsistencies in material preparation, ckeaning and oxide
removal prior to welding could allow ingress of oxides to the weld to varying degrees

producing more and less severe kissing bonds along the length of the weld.

Table36: Showing AA8090 tensile test results.

Of the 20 AA8090 Il tensile tests (10 each from two welds), 16 failed at the advancing
side at the edge of the visible part of the weld surface, 3 failed at the retreating side of
the weld and one failed miveld. Examples of each failure type, showingipon of

fracture from the top surface, as a cross section and showing detailed SEM images of

the fracture surface are shown|kigure76|(advancing edg of weld) angFigure77|(mid

Ao e*X 00 (E SpuE +puE( =+ ( 3prGEere s|apad & appraximatély%o
45°, both orientated transversely to the longitudinal axes of the samplésose which
ruptured at the advancing and retreating edges featueeldright, shiny and granular

fracture surfaceppearanceavhile the midweld fracture surface had a dull appearance.

With reference t({Figure76 those tensile tests which fractured at the advancing edge

did so along the edge of the visible weld as viewed from the surface. When thedetch
crosssectionof the fracture surfacesvas examinedit was observed that the fracture

occurred within the HAZ a clear distance from the TMAZ and propagated drom

initiation site within the overhang (previously described|@2.1.3 on the advancing
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side.This overhang was comprised of an area which had suffered heat input through the
frictional contact of the maximum pin diameter on the material surface, anhlided

flash This created a region with most likely altered mechanical properties (although the
hardness was not tested along the surface) from therounding HAZ, and thus

introduced a stress concentration.

The fracture surfacewere macroscopically bright, shiny and granular. The fracture
surfaces showed a mix of inter and transgranular failure featuring slip planes on the
grain boundaries. Thisiftered from the predominantly transgranular failure of the

unwelded specimens which were pulled perpendicularly to the rolling direction, for

comparison with these welded parallel to the rolling directigfig(re 34} section

4.1.3.3. Small pockets of localised microvoid coalescence were occasiohadyved

between grains, which was similar to the parent material. The welded specimen
%0 %0 E No vE&_ o}vP §Z PE]v }uv €&] U ]Jv ] S8]v

deformation in comparison with the parent material.
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Figure76: Showing advancing edge of tensile fracture of AA8090 Il weld; (a)
micrograph showing fracture from top surface, (b) csEssion of weld
showing crack path, and (c) and (d) SEM image showing details-of mid

thickness fracture surface.
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Those failures (3 of) occurring at the retreating side of the weld did so in a manner
similar to those failing at the advancing side previously described, with regards to
position (except they did nanitiate within the overhang and fracture surface maar

and microscopic appearance. The reason for these three specimens failing at the
retreating side is unknown but may be due to small flaws caused by the process when

cutting the tensile specimens.

The numerical valueobtained in the Il tensile tests showdittle correlationbetween

UTS valuand failure positiorof the samplesalthoughthose which achievethe two

highest test values (362 MPa and 361 MRaje fortensiletest specimens which failed

at the retreating side and advancing side of the weld respectively. As most of the tensile
*% Ju ve (]o § §7 A v ]vP ¢] }(8Z Ao U 3Z]s ]s }ve]
( JopE _ ¢oaRgBAtipn ands consisent with the hardness minima occurring in

this region.

With reference t({Figure77 the one Il tensile specimen which failed mweld did so
along the aproximate mido]Jv. v ] v}3 }]v] Al8Z vC }( 8Z ~pCE(

described previously. The etched cressction revealed a clean, relatively straight 45
fracture which was not coincident with a faint lazy S flaw present; the fracture occurred
slightly towards the retreating side with reference to the lazy S position. Macroscopically
the fracture surface was dull with a fairly smooth appearance. SEM analysis revealed
non-uniformity across the fracture surface; a mix of microvoid coalescence inaait
ductile failure and transgranular failure. This tensile specimen achieved the lowest UTS
and % elongation for any of this weld configuration, indicating that the fracture occurred
in this location due to the noaniformity in precipitate coarseningnd coalescing within

the nugget causing a stress raiser at that location. As this is the only specimen to fail
mid-weld it is considered that the heat input at that position during welding may have
fluctuated for reasons unknown, indicating that the presewas not steadgtate. As

only one specimen failed mideld this is considered to be an outlier.
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(€)

(d)

Figure77: Showing midveld tensile fracture of AA8090 Il weld; (a) micrograph
showing fracture from top surface, (b) cregstion of weld showing crack

path, and (c) and (d) SEM image showing detaitactire surface.
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Of the 20 AA809(C: tensile tests (10 each from two welds), 11 failed +wield, 6 failed
at the advancing side at the edge of the visible part of the weld surface and 3 failed at
the retreating side of the weld. Examples of each failungetyshowing position of

fracture from the top surface, as a cross section and showing detailed SEM images of

the fracture surface are shown|kigure78|(advancing edge of weld) ajfagure79|(mid

weld). All fracture surfaces were sloped at approximately, 4though those which
failed at midweld featured an approximate 45° slope which then transitioned into a
separate slope close to the bottom surface of the wéltiose which ruptured at the
advancing and retreating edges featured bright, shiny and granular fracture surfaces
while the midweld fracturesurfaceshad a light coloured but dull (not shiny) appearance

in the area close to the top of the weld, and had a dark, dull appearance with directional

markings close to the bottom surface of the weld

With reference tfigure?S those failures occurring on the advancing side of the weld

did so along the visible edge of the weld as viewed from the top surface. The fracture
surface was bright, granuland sloped at approximately 45The etched crossection
showed that the fracturg@oropagated througtihe HAZ, a clear distance from the TMAZ,
but likely initiatingwithin the overhang A slight reduction in crossectional area was
noted. SEM analysis realed a mix of trans and intergranular failure, with slip planes on
the grain boundaries and localised microvoid coalescence. The parent material which
was tested by pulling parallel to the rolling direction (for comparison with those welded
perpendiculany to the rolling direction) also showed a mix of trans and intergranular
failure@ sectiopd.1.3.9. In both cases (parent material and welds) there were

significant aeas with each failure type, rather thaimem beingmore evenly mixed

together.

Similarto the Il welds, the tensile specimens which failed at the retreating edge were
consistent in terms of fracture surface appearance and morphotogghose which

failed at the advancing side.

With regards to the numerical values achieved during the tensile testing, there was
significant spread in the results for the welds. Those failing at the advancing and
retreating sides all achieved varying results, however allltestere lower than those
which failed midweld.
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The hardness miniom for the cwelds was within the HAZ on the retreating side; this
does not marry with the tensile test results. This suggests that the weld parameters and
setup did not allow for consistg welding across all welds or maintain the quality

throughout the weld run.

223



Retreating side

(@)

Advancing side

Advancing side HAZ

Overhang

(b)

224

TMAZ




<+—— | Microvoid coalescence

(€)

(d)

Figure78: Showing advancing edge of weld tensile fracture on AA8088Id; (a)
micrograph showing fracture from top surface, (b) csesstion of weld
showing crack path, and (c) and (d) SEM image showing details of fracture

surface.
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With reference tgFigure79| those which failed miaveld did so within the rough rippled

surface when viewed from the top, but not within any of the grooysviously
described. None of the welds which did not feature grooves were tensile tested. The
fracture surface was in two halves, the first closest to the weld surface was bright but
not shiny, while the second, closest to the weld bottom was dark, ahdl featured
directional markings. When the etched cresection was examined was clear that the
bottom half of the fracture had followed the kissing bond present within the weld which
was more distinct at the bottom surface than elsewhere in the witlid. suspected that
when it changed from a kissing bond to a lazy S, that the fracture stopped following this
path and was then influenced by the nugget microstructure as it propagated through
thickness. The directional markings on the bottom half of frecture surface are
}ve] & S} NeSZ]E _ u EIle Jv] 8]vP 8Z u 8 &] o (0}A puc

indicated a similar fracture surface to that of the Il welds which failedwatil; a mix

of microvoid coalescence and transgranular failure.

Themid-weld failures achieved the largest values of UTS of those tested, and while there
was considerable scatter in these results overall, those which failedwmid all
achieved similar UT&lues although it should be noted that most of these occurred in
one weld run. This suggests that although the tensile strength was influenced by the
kissing bond, a greater UTS may have been achieved had the kissing bond not been
present. This scatter and €éfence in UTS results between the two weld runs indicates

that the process parameters and weld gt did not produce fully repeatable results.
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Figure79: Showing midveld tensile fracture of AA809@ weld; (a) micrograph
showing fracture from top surface, @psssection of weld showing crack
path, (c) micrograph showing transition in fracture surfaces and (d) SEM

image showing details of fracture surface.
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6.2.2.3 Fatigue Testing

The AA8090 Il weld (fatigue testing was only carried out in one weld orientation due to

limited supply of material) achieved 84% mean fatigue strength efficiency when

compared with the parent material, segable31| section5.2.3.1 Little information is

provided in the literature regarding fatigue results of AA8090 FSW, although Pedemonte
et al.(2013)and Lertora and Gambaf@010)did study it. Pedemonte et gR013)found

that specimens tested with a maximum stress of 155 MPa achieved up to approximately
50,000 cycles, although different test parameters were used. Lertora and Gambaro
(2010)results are pesented as the stress range plotted against number of cycles; at
50,000 cycles the stress range achieved was 110 MPa, although the authors advised
using a weld ratio of 4 (for comparison the weld ratio in this resedorhthis

configurationwas 5).

Due D the staircase method being used in this research, the scatteéhe fatigue
strength calculated from the results is assesdeamn the standard deviation and
coefficient of variation which, in this case, was calculated as 27.58 MPa and D32

are consideredto berelatively high values when compared with the standard deviation
of the same parameter for the parent material b7.66 MPa and coefficient of variation

of 0.055. Although the staircase method is considered a valid one for statistical
measuement with limited test specimens, this result indicates that additional testing
with a larger sample size would be beneficial to add confidence in the fatigue strength

of this welded material, especially for use on an aircratft.

Of the 34 fatigue tests caed out for welded AA8090, 14 failed before 50,000 cycles. Of
these, when viewed from the top surface, 8 failed midld, 4 were within the weld but
close to the advancing side visible edge of the weld and 2 were along the advancing side

edge of weld. Eamples of each failure with crosectional micrographs and SEM images

of the fracture surfaces are showr|kigure80||Figure81llandFigure82

With reference t@Figure80| the midweld fatigue fractures failed along the approxiraa

centre line of the weld, within the galled area buére not coincident with any surface
groove. Stereo microscopy revealed that the fracture surface was in two halves, similar
to that of the c mid-weld tensile fracture which failed partially along tkissing bond.

The part of the fracture surface closest to the weld top surface was bright but not shiny,

relatively smooth and sloped at approximate®°49he other half, closest to the weld
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bottom was dark, dull and presented with directional marking$en the crosssection

was examined it was confirmed that the migeld fatigue fracture had followed the
kissing bond close to the bottom surface of the weld before then failing at approximately
45° to the direction of cyclic pull when the kissing bond traosed to a lazy S. Ruzek

and Kadleq2014)found that when specimens with a kissing bond measuring over a
critical size for the material and thickness of material being welded were at&gied,

that the presence of the kissing bond significantly decrdate number of cycles to
failure, and thus has a significant impact on the weld quality. This indicates that the size/
thickness of the kissing bond in these welds varied across each weld run and between
each weld, and so the process is not repeatable or maintainable. Additionally, it was
noted that the number of cycles to failure varied significantly for those which failed mid
weld, from 7043 to 49772 cycles (although only 3 of the 8 achieved over 25,000 cycles),
again indicating that the weld quality was not maintained or repeated. Bostontrol

to ensure full penetration, more rigorous preparation when cleaning and removing the
oxide layer prior to welding, and a different tool design may help alleviate this issue. The
SEM analysis revealed transgranular failure through the fine sedhged grains, with
striations indicative of the cyclic progressive failure mechanism obseasedenerally

anticipated of fracture surfaces produced during a fatigue failure
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Figure80: Showing midveld fatigue fracture of AA8090 weld; (a) micrograph
showing fracture from top surface, (b) micrograph ofttreesurface, (c)
crosssection of weld showing crack path, (d) and (e) SEM images showing

details of fracture surface.

With reference tgFigure81| those fatigue fractures which occurred within the weld but

close to the advancing edge failed for the most part within the recessed, rippled and
galled area when viewed from the top surfadéhe fracture surface was bright, quite
shiny and was sloped at 4&cross the majority of the crack length. The cresstion
revealed that the crack initiated in theverhangclose to where theoverhang merges
with the main body of the weld nuggepropagted through the top part of the TMAZ
and then through the HAZ (close to the TMAZ boundary) for the remainder of the
throughthickness. SEM analysis revealed a fracture surface which was predominantly
transgranular but had areas with mixed intergranulatuiee. Striations were observed
throughout the fracture surface indicative of the cyclic progression of the failure. The
areas of intergranular failure are at odds with the parent material fatigue failures which
were entirely transgranular with more obviststriations. The change in fracture mode

is likely due to precipitate coarsening at grain boundaries within the HAZ.
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Figure81. Showing AA8090 II fatigue fracture occurring within the weld close to the
advancing edge; (a) micrograph showing fracture fromstapace, (c)
crosssection of weld showing crack path, (c) and (d) SEM images showing

details of fracture surface.

235



With reference t({Figure82 the two pecimens which failed along the advancing side

edge featured fracture surfaces orientated at°48 the loading direction, which were
bright, shiny and fairly granular in appearance. The esession revealed that the crack
initiated at the edge of theverhang then propagated along its underside briefly before
propagating at 45to the loading direction, indicating that theotential difference in
mechanical propertiebetween theoverhangand the adjoining HAZ acted as a stress
raiser in this instanceSEM analysis revealed a mix of intergranular and transgranular
failure, with a higher incidence of intergranular failure than observed on those which
failed within the weld. This is attributed to additional coarsening of precipitates at the

grain boundaris. Clear striations were observed throughout the fracture surface.

The welds which failed at the advancing side and those within the weld close to the
advancing side varied in the number of cycles to failure, but to a lesser extent than those

which failedmid-weld at the kissing bond. Their range was 37;38632.

These results indicate a tendency for AA8090 welds to fail in fatigue at the hardness
minima (advancing side HAZ) unless a flaw exists to change the weakest position, in this
case the kissing bah As previously noted, the kissing bond must be suffityedefined

for the fatigue crack to propagate from it.
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Figure82: Showing AA8090 Il fatigue fracture along the advancing edge; (a)
micrograph showing fracture from top surface, (c) csesgion of weld
showing crack path, (c) and (d) SEM images showing detailstofefrac

surface.
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6.2.2.4 Residual stress

6.2.2.4.1 Residual Stress with Hole Depth

The residual stress (RS) results plotted against the drilled hole depth are shown for both

configurations ifFigure83| These results show the calculated stress throughout the full

drilled thickness, however as described in se¢8ch4.3only those values occurring at

depths between 0.06 mm and 0.4 mm will be considered in this analysis. The calculation
of uncertainty in hole drilling residual stress has many variables andessibed

previously (sectioﬁ.4.4.£, the numerical results cannot be treated as quantitative for

analysis or reporting purposes if they exceed8¢ ( SZ u S E] o[ C] 0 *SE v
e U38Z Z"vpu €] o Aop- (E £ §Z §}(8Z us E]o

that of its UTS. Additionally, Kumar, Mishra and Baum@ti4)note that the FSW

process alters the yield strength of the nugget, HAZ and TMAZ due to the thermal and

mechanical processes occurring therein. Exceedance of the yield strength is not unheard

of within the weld due to the large amount of plastieformation which the material

has undergoneAs the material did distort both longitudinally and angularly, it is likely

that the RS did exceed that of the yield strength. However, if these values were to be

regarded as valid and the RS exceeded thaB&f u § E] othenhile"material

should have suffered relaxation cracking upon cooling. As such the actual calculated

numerical values of RS for AA8090 welded configurations will be disregarded and the

results treated as qualitative in an effort to algse trends within the weld.

Data sets from AA8090 Il parent material advancing side and AA8pafent material
retreating side are missing as all attempts at testing these locations failed. Additionally,
both Edge of Weld (EoW) advancing side data gmsticularly that from AA809()
appear to be spurious results based on the degree of fluctuation throughout the hole
depth and in comparison with the EoW retreating side; if additional time and resources

had been available both the missing and spuridata sets would be repeated.
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Figure83: Showing residual stress results plotted against drilled hole depth; (a)
AA8090 II, and (b) AABO20D

As described previously, RS generation in FSW is partially generated due to the large
forces involved significant thermal gradients, and resultant rigidmping required
which prohibits material contraction during cooling and thus introduceg@Savola,

2018) Additionally, the undeformed and timeated material surrounding the weld Nvi
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also impart constraints, regardless of the clampiNMgshra et al., 2014)The constraints

on the welding zone which prohibit contraction result in the welded zone (nugget, TMAZ
and HAZ) &ing in tension as it cannot contract. Considering only those results not
deemed to be spurious, and only at depths 608 mm, it was observed that the parent
material maintained almost constant neaero RS throughout depth, as expected. For
both configirations, the EoW retreating side andweld results showed that the RS was

in tension and high close to the surface and gradually decreased with depth. This is

expected to be due to the additional influencesafrface frictionin that area.

In both casethe residual stress is higher at the retreating edge of the weld than in weld.
Delijaicov, de Oliverira Silva, Resende and Bai@@a8)attribute the reduction in RS
within the nugget when compared to the TMAZ to significant mechanical work but
reduced thermal input in the TMAZ and HAZ, and to the pressure from the tool shoulder.
It is considered that the heat input leading to precipitate coarsening in the HAZ and
resulting in redeed hardness in this area has increased the levels of RS there when
compared to the nugget which has undergone recovery and recrystallisation thereby

recovering some hardness and thus slightly alleviating the RS in that area.

Although the results are ndieing analysed quantitively, there is a slight increase in RS
on the Il when compared witte. This is not excessive, especially considering the large
margin for error inherent in hole drilling RS measurement. However, if the trend for RS
in 1l welds to bdarger is accurate, this is considered to be due to this grain orientation
suffering greater constriction longitudinally from the surrounding cool material when

thermal forces are applied, thus increasing the longitudinal tensile RS within the weld.

It iswell documented within the literatur¢Hattel, Sonne, & Tutum, 2015; Mishra et al.,
2014)that the existence of substantial RS in a weld ltave a detrimental effect on the
fatigue strength of the joint, however the quantification of this effect is diffi(Mishra

et al., 2014) In this research, the fatigue specimens allefhikeither inrweld or EoW
advancing side (noting the presence of kissing bonds faeid failures). It is clear that
the weld(nugget, HAZ and TMAi&)the weakest point of the material, or is the area of
greatest stress concentration, as the specimers wiot fail in the parent material.
However it was not possible to quantify the contributing effects to fatigue strength of

the presence of RS over that of the microstructural changes throughout the weld.
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6.2.2.4.2 Residual Stress Across Weld

The residual stress a@® the weld, i.e., measurements taken at advancing and

retreating parent materials, HAZ and within the weld nugget, is shoy#igare84|at

various hole depths. As the AA8090 Il parent material advancing side and A&8090

% E vE usS E] o & SE S]vP ] u *pE u VEIVA @& eodr
were used from other configurations (the relevant orientation of dissimilar weld parent
material) in order to complete these plots. Note, it was not possible to conduct separate
measurements at the HAZ and TMAZ due to the thin nature of the TMAZ. The EoW tests
were conducted adjacent to the visible part of the weld when viewed from the seyfa

based on the microstructural work this is mainly within the HAZ but may incorporate

someoverhang The plots ifFigure84{show the approximate posdns of the parent

materials (blue bars), HAZ and TMAZ (green bars) and nugget (yellow bar).
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Figure84: Showing residual stress across weld at varying hole depths: (a) AA8090 Il

and (b) AASO9Q:.
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As previously described, most FSW RS efose  %00}3e § | §Z (}&u }( ~D
v JvVA ES NS eZ %8.9.3.1. FRrdANFigure84|it is clear that this has not

occurred in this case, however this considered to be due to the spurious EoW

advancing results; it was not possible to create a cmskl plot without including the

EoW advancing result. The Il weld shows the start of an M shape, i.e. the EOW retreating
measurement is larger than that ttie nugget before reducing to the near zero at the
parent material, with the exception of 0.112 mm where both measureméegis\W
retreating side and nugge#re similar. This indicates that in the nearface region, the
difference in RS is not as obvidustween the different weld zones. It is expected that

if the EOW advancing result had been valid, a typical M shape would be observed. In the
case of thec weld, the highly fluctuating EOW advancing result has radically changed
the form of the crosaveld plot. It is again considered that had this result been valid,

that the plot would take the typical M shape.

The literature overwhelmingly describes the cregsld plots as being M or inverted V
shaped, with tensile RS-meld and at the shoulder edge of Vde before turning
compressive outside of this area to balance the stresses in the structure, before
returning to the unaffected parent material value@Vishra et al.,, 2014) No
measurementsn this research were compressive, however this is considered to be due
to only 5 measurements being taken across the weld. It is expected that if additional
measurements were taken, perhaps at 6 mm, 10 mm, 15 mm and 20 mm from the weld

centreline, then tle tensile to compressive shape would be observed.

Summary/ Conclusions for this Configuration

The following is a brief summary of the findings from the work on AA8090 weld

configurations.

X Both configurations were distorted to a limited extelmoth longitudinally and
angularly.
X The weld surface appearance was different for the two configurations and

changed for different weld runs of the weld.
X The weld microstructures were similar for both configurations with larger
retreating side TMAZ andAZ, however the retreating TMAZ for the weld was

considerably larger than the Il weld.
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X The 1l weld experienced greater heat input than tbeveld. This was shown by:
o] The volume fraction of coarsened precipitates at the grain boundaries of

the Il weld wasignificantly greater than the weld.

o] Kissing bonds observed in theweld were more defined than those in
the 1l weld.

o] Larger sized grains were observed in the Il weld HAZ than icwedd.

o] The cweld had overall greater hardness properties thha Il weld.

o] Material on the retreating sidef Owas pushed upwards similarly to

AAB8090 I, however due to insufficient contact of the shoulder, this was not
flattened and was instead deposited in a rough, uneven marnfgs is contrary
to the assertionthat the 1l weld experienced greater heat input as it suggests
over-plasticisation.

X The weld seup and process parameters used do not allow for maintainable

quality along thecweld, or repeatable results on different welds. This was indicated by:

o] Different surface appearances.
o] Large standard deviation in tensile test results.
o] Different extent of kissing bond quality.
X Kissing bonds can have a detrimental effect on the tensile and fatigue properties

if the size and definition exceeds a critical point.
X Further work is required, however the RS results appear to align with the

literature for both configurations. The Il RS is slightly higher than that ottheld.

6.3 BS L168S L165

AsWelded Examination

6.3.1.1 Welded Sheets

Both configurations of BS L165 wsldhowed distortion longitudinally for all welds,

which manifested as either convex or sinusoidal curvjRgure 85(a) and (b)

respectively. Transversglthe welds differed in the extent of angular distortion, with
some welds (from both configurations) exhibiting very little and some with quite severe

angular distortion. One of the more severe cases is shovx,irﬁigmre 85(c). The
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longitudinal distortion was not considered by the author to be detrimental to the weld
quality, however severe angular distortion was reason for concern and those welds
showing extensive distortion were not used in ensuing tensile or fatigue testing. Some

indications of vertical lifting at the end of a weld run were observed, however this was

not as extensive as observed with the AA8090 welds (as shgWwigare65(c) of section

6.2.1.7. This may indicate more successful clamping for BS L165 as these welds were

performed subsequent to AA8090.

(@)

(b)

(c)

Figure85: Showing longitudinal distortion on two BS L165 Il welds: (a) convex and (b)

sinusoidal curving, and (c) angular distortion crveeld.
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Limited trials were held to find appropriate process parametersal$ wore difficult to
find parameters which would produce a satisfactory weld for BS L165 than for AA8090
« Ao+ AZ]Z A E 8}} "Z}5_ € *po3 Jve A E A E%]VvP

point of the weldFigure86| The main reason for this was considered to be the increased

thermal conductivity and coefficient of thermal expansion of BS L165 over AA8090
(154.3 W/mK, 24.4 189K and 95.3 W/mK21.4 10°/K respectively(MatWeb Metal
Material Data Sheets, (MDS), 202&yving to the increased copper content of BS L165
over AA8090 and the alclad layer. As theltmaversed, the heat input to the preceding
material built up ahead of the tool to such an extent that warping ensued. As the weld
material was constrained to its maximum at this point because of the mechanical clamps
and the surrounding material, whehaxpanded it had no progression route. As the tool
progressed beyond the migoint, the constraint from the surrounding material
lessened, and the material was able to expand more comfortably. It was for this reason
§Z 8§ " 1}lo E_ A o A -SEI6HJE thergfdEe a slower rotational speed

of 2700 RPM (compared with 3000 RPM for AA8090) was chosen.

Figure86: Showing warping and distortion to nqpaint of BS L165 weld during

parameter trials.
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6.3.1.2 Weld Surface

An area ofthe Il weld top surface representative of most of the steady state welding

conditions of BS L165 is shown |kigure 87| with a scaled profile of the tool

superimposed. This image indicates that the main weld width was not consistent with
that of the diameter of the tool shoulder, as previously observed on AA8D@@Ids.
Instead, the main weld width was narrower than the pin maximum diameter. This was
indicative that material had again been extruded from the sides, similarly to AA8090
welds, although in this case the extruded material had been flatterfgdtitional
material was deposited on either side of the weld surface; the extent of this material

depositon varied along the length of the weld as indicated by the images shown in

Figure88| It is considered that, in this case, while still not consistently achieving or

maintaining full contact of the shoulder diameter to the material surface, more of the
diameter than solely the trailing tilted shoulder heel was sporadically in contact as the

tool traversed.

The weld had ripples across the surface, spaced at approximat@ly.r2, which was
broadly consistent with the weld pitch (0.222 mm/rev), however these ripples were
JA Eo ] A]S8Z o]v e }ve]ed v3 A]S8Z 87 <3 §]}v §&ZC AZQduoe E

it progressed.

The stationary shoulder produces an ironing effect where it smooths the surface as it
traverses, which eradicates the ripples on the surface caused by the trailing edge of the
shoulder(this is as described in literature, theesipples are considered to be caused by
the pin in this researckgnd produces a smooth surface appearattiet al., 2017; Patel

et al., 2019; Sinhmar & Dwivedi, 20200)nly one study can be found which shows a
stationary shoulder weld which has been ironed but faint ripples renfdouet al.,
2020} this is only shown in an image and is not referred to in the text, however it
appears that the ripples become fainter with increasing rotational speed. No
explanation is providety You et al. (202Q)s to how the shoulder can both create
ripple at its trailing edge and smooth the surface. In this case it is considered that the
ripples were caused by thshear layers detaching from the p{and not from the
shoulder) and being deposited and the stationary shoulder tilted heepartially

smoothed over these ripples.
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Galled material which had stuck and detached from the trailing edge of the shoolder

which had been ejected by the pimas also deposited on the weld surface. Grodves

furrowswere observed on some Il welds (not pictured, but can be sg&igure66(a),

section6.2.1.3on AA8090 Il welds), however these were intermittent and inconsistent,

indicative of inconsistent and fluctuating heat input along the weld, as described

previously (sectio||6.2.1.2 .

Advancing side Additionai alclad materia

e

Main
weld
width

<«

Galling_|
] = F—
Ripples

Retreating side NERV]V P__‘

Figure87: Showing L165 Il weld surface with superimposed tool profile

The additional material deposited on either side of the weld, which varies in extent along
the length of the weld, is considered to be part of the alclad layer. Zhaagy @011)
found that during conventional FSW part of the alclad layer accumulated underneath
the shoulder to a thickness far exceeding that of the original layer. It is conceivable that
during welding a thick layer of alclad built up underneath the shou(dporadically in
contact with the materialand was then extruded to the sides when it reached a critical
mass. Thisalong with the shoulder being inconsistent in its contaaiuld expain the
differing levels of deposit along the wel&ter the alcladreachel a critical masst was
extruded and then requirg more time and distance along the weld to build up again.
SEMEDX was used to analyse the deposits; they were consistent witlh58A(see

section 2.2.5.? and therefore confirmed as alclad deposits. Generally, a reduction in
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flash (in the case of BS L165 likely to comprise aiia of parent material and alclad
layer) is observed during SSFSW when compared with conventional FSW as the
stationary shoulder restrains the plasticised mate(lal Z. et al., 2016)t may be that

as the shoulder wasot in full contact with the parent material (as shown by the reduced

width of the weld), that the forging pressure was insufficient to restrain this material.

(a) (b)

Figure88: Images for comparison of differing quantities of additional material at side
of weld along length of BS L165 Il weld. Note, these images are taken from

the same weld.

The topography of the weld is shown|kigure89| The optical profilometry image

indicates a groove through the galled material, with the contact profilometry plot
]Jv] S]VvP %}S v8] o pv (& (]o oXfairdly seérPifEgyra87/andFigure
and isnot considered to be similar to those observed on AA8090; instead that and

§Z "uv E(Joo_ & }ve] & S8} ]*SHE Vv e C 8z
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(@)

Retreating side

Advancing side

Galling, ripples
and underfill

(b)

Figure89: Showing BS L165 Il weld surface topography, (a) optical profilometer 3D

model image, and (b) contact profilometry sadglot.

The BS L1686 weld surface appearance changed dramatically both between welds and

along the weld length, therefore two images are shown for comparisgrignre 90

with tool profiles superimposed. Similarities between the two wetes variation of
deposited material at the sidesporadic gallingand the width of the weld being less

than the diameter of theshoulder similar to the Il welds. The main difference was that

whilelFigure90(b) reasonaly resembled the Il weld previously seen in terms of ripples

being visible but ironed over to an extent (apart from close to the retreating side), no
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ripples other than those caused by deposited galled material were visinEigme

ﬁa).

The ironing effect observed grigure90(a) is far more in k&ping with that shown in
literature (Ji et al., 2017; Patel et al., 2019; Sinhmar & Dwivedi, 2020i) has the
%% €& v }( "SE& ]S8]}v o_ ME&MX dZ <Z}po & eu}}sz

and thegallingwas very soft material (potentially overheated) being stuck to and then

redistributed by the shoulder.

For this configuration, rmexplanaion for the differences in surface appearance cannot
be found in the literature. It is expected that it again relates to the weld force; at some
instances in this weld the force was sufficient for the shoulder to make good contact,
albeit not over its ente surface as shown by the weld width, allowing for the ironing
effect to occur. These observations indicate that the weld process parameters/ clamping

do not produce consistent results across the weld.
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Advancing side

Retreating sig‘

(a)
Advancing side
Retreating side

(b)

Figure9O: Showing BS L16%)(weld surface. Both are from the same weld, with (b)
taken from slightly further along (approx. 100 mm) from (a).
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The optical and contact profilometrynages are shown iEigure 91} The optical

profilometry scan has been taken at a point between the two images shoigire

and further highlights the gradual shift from one appearance to another. The contact
profilometry plot again indicates some underfill which may be misleading and could be
a charateristic of the galled area. As the welding process used force control rather than
position control, differences in the alclad layer thickness may account for the differences
along the cweld, coupled with the influence of the grain orientation to account for the
differences between the appearance of the two configurations. Zhang €R@ll)
found that the plunge depth stmgly effected the surface appearance of alclad welds,
and that a small plunge depth offered a smoother surface appearguicege depth

was not altered during this current research)
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Retreating side Advancing side

Appearance consistent/ -

with[Figure90{a) -

Appearance consistem/

with|Figure90(b)

(@)

Underfill, galling

/ and ripples

Advancing side Retreating side

(b)

Figure9l: Showing BS L16&weld surface topography, (a) optical profilometer 3D

model image, and (b) contact profilometry surface plot.

6.3.1.3 Weld Macre and Micrestructures

The weld crossection is shown |Rigure92jwith weld zones differentiated by coloured,

dashed lines and labelled. The advancing side is on thehaid side of both images

and the cimage is to a slightly larger scale.

Negligible overall weld thinning was obsed, however thec weld does show some

underfill across the weld surface consistent with areas of galling previously observed via

stereo microscopy and profilometry (sectif@3.1.9. As galling is caused by over

plasticised, very soft material sticking to the shoulder and subsequently being

redistributed on the surface, this accounts for the underfill, as the overall mass of
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material remains constar(hot considering the effects of oxidisatiohe cweld has a
considerably rougher surface appearance owing to ripples, underfill and galling than

that of the Il weld.

Aregion affected by surface contact and containing an overhamdear along the top
surface and to either side of th@ain weld nuggetln this caseremnants of the alclad
layer can be seen mixing along the top surface, combining the effectssaktfionand

the alclad. The alclad layer can also be seen being drawn into the nugg&Z TM
interface. Kissing bonds/ lazy S formations were evidence on all examined weld cross

sections to varying extents and severity. The alclad layer could also be seen being drawn

into the kissing bond/ lazy S. This will be discussed in further detailtiorsg:3.1.3.1

Similar to the AA8090 welds, the nugget and TMAZ broadly follow the shape of the pin,
although again being widehan the tapered pin diameter. In this case the nuggetth
measurel 3.8 mm and 3.9 mm for the Il and weld respectively, measured at mid

thickness

256



Alclad layer mixing with weld
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Figure92: Showing macrograph of BS L165 weld esestion; (a) Il and (b3 &The green dashed line indicates the extent of the SAZ, while the

purple dashed box indicates the presence of the residual join line/ kissing bond. The HAZ extends beyond the limitsagebese
257



6.3.1.3.1 Nugget

When comparing the nuggetrdensions with that of the pifand again disregarding the
surface width measurementit, was observed that the Il weld measured approximately
3.8 mm and 3.0 mm at the mydoint and bottom surfaceespectively and the cweld
measured 3.9 mm and 3.0 mm #te same positions. When compared with the pin
dimensions of3.0mm and1.0mm it is clear that the nugget of this material is of similar
dimensions to AA8090 and follows a similar pattern, in that the nugggth exceeds

the correspondingliameterof pin, especially at the root As previously described, He

et al.(2019)found an increase in nugget size with increasing rotational speed. A slower
rotational speed was used for this material thimn AA8090 however direct comparison

of process parameters between different materials is not possible due to differing

thermal conductivities.

No specific value could be found in the literature for the recrystallisation temperature
of BS L165 (or AA2014however Reddy(2007) states that the recrystallisation

temperature of metals is approximately 30% of the melting temperature. When

considering the ACu phase diagram (shown [iRigure 93) the relevant melting

temperature (solidus line) is 548.ZC. Therefore, according to Redd§007) the
recrystallisation temperature should lie in the range of 16424@1 °C. This is an
approximation as it does not consider other alloying elements within BS Thébis

well below the temperatures which may be expected in the nugget, as previously

discussed (sectigf.2.1.3.3 and within the temperature range expected in the TMAZ.

Dynamic recovery and recrystallisation was observed within the nugget, as expected and

as shown ifFigure94|(see later in this section).
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Figure93: Showing ACu phase diagram, courtesy of L{2006)

Grain sizegneasured amid-thicknessare shown ifiTable37| A significant reduction in

grain sizein the nuggetwas observed in comparison with the parent material;
approximately 451% for direction 1 and 363% direction 2. Both Il andorientations
produced similar sized grains, indicating that theéld had a more dramatic response

to the heat input and defanation forces as there was a larger change in grain size (Il
welds are compared with the B parent material). The weld nugget grains were closer

to being equiaxed than the original parent material Welds are compared with the
longitudinal parent mateal). The difference in grain size between the two directions
(for both material orientations) was less on the advancing side, as the retreating side
direction 1 measurements were slightly larger than the advancing for both orientations.
As previously desibed, although higher heat input is expected on the advancing side
(which should produce larger grains), the additional shear forces and plastic strains on

the advancing side result in smaller grains being produced on that side.
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Table37: Showing BS L165 parent material and weld nugget grain size dimensions,

showing Relative Accuracy (%RA) in brackets.

Focusing on the advancing side, micrographs of the nugget from both configurations are

shown inFigure94
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Figure94: Showing micrographs of the advancing side of the nugget: a) BS L165 II; b)
BS L16% &
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The micrographs|Figure 94) show the results of the dynamic recovery and

recrystallisation previously alluded to; fine recrystallised grains. The grains have more
distinct boundaries than that observed with the AA8090 nuggets, indicatingettiagr

the recovery and recrystallisath of the BS L165 was more mature than that of the
AAB090 or that the grain boundaried BS L165 werenore heavily decorated with

precipitates.

Babu et al(2013)state that the temperatureseached in the nugget during Friction Stir

Spot Welding (FSSW, a spot welding variant of FSW) are well above the solvus
temperature of ,[ sC®MgsSk) and }[ ~Ca) strengthening precipitates, and that the
thermal cycle can result in the formationiotoherent equilibrium,, v} % Z + ¢ Jv SZ
nugget. They also consider the secegrtthse particles already present in the material

prior to welding, showing that these, along with the equilibrium phases formed during

the welding can undergo partial dissoli during FSW. Rapid cooling can result in
additional formation and/ or coarsening of the equilibrium phases. They conclude that

the microstructural response within the nugget is a combination of dissolution,
coarsening and reprecipitation of strengthenipgecipitates following natural aging. In
another body of work, Babu et g2012)identified that coarse particles weres8lu, with

(Jv & <p]Jo] EJpu } v , %Z ¢ % ES4dlelikX sehdcadDeréhuv v}
*SE VPSZ V]VP % E& ]%]S S ¢ e Z < [ }E }[ JvcedsevuPP
particles observed in this research dneoherent }U A]3Z $Z +3E vP3Z v]vP )

dissolved and thatincoherent,, A}po %0% E vS SZE}YUPZ pe }( d DX

In thisresearch both configurations show a reduction in larggermetallic particles
when compared with the parent material as these wéikely to have beermpartially
fractured and distributed within the nuggetHowever this reduction was not as
apparent as that commented on by Rajendran et(2019)in their research, possibly
indicating that thedeformation and stirringn the nuggef this research did not reach
SZ S }( Z i v E (2019) Raj&rdran et al. (2019) identified the intermetallafs
FSW AA20146, via TEMEDX analysis, aBeMn-Al. Based on the similarity in
U] E}3EU SUE « }( Z i v E v|FiguredB)]it is-carisiderdd; @@hly-likely

that the intermetallcs in this research also comprise ofi¥a-Al.
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Figure9s: Showing FSW AA20TI4 nugget, courtesy of Rajendran et al. (2019).

Kissing bonds were observed in all welds, however the extent and severity of these
variedandnonewer ¢ « A E ¢ 3Z}+ % E  v3 ]Jv §Z 0161 A 0 X
Jve } e A Jv M >i0f u 8§ 8Z €E]3 E] % E}A] %o E £

( &« o A0 IC A (€ §Z & $Z v I]ee]vP }v oX dZ (( & }( &

tensile mechaital properties is discussed sectirﬁ)3.2.2 and|6.3.23| One main

difference between the lazy S/ kissing bonds observed on thé®3@®\@&elds and these

BS L165 welds is that the alclad layer present on the bottom surface of the BS L165

parent material has been drawn into the weld at this po|Rigure 96, This may

potentially cause a double weakness; that arising from the presence of a dense chain of
AkQOs particles and that arising fronthe presence ofa laye of commercially pure
aluminium (weaker and softer than the heavily alloy@8 L165 bulk material). Various
researchers have reported a deterioration in weld quality when an alclad layer is drawn
into the weld. Zhang et a(2011)reported that the amount of alclableing drawn into

the nugget (not necessarily at a kissing bond) was dependent on the traversing speed
and plunge depth due to the effect on material flow; they considered an inward
extension of the bottom alclad layer to be detrimental to the weld qualitye effect of

alclad material ingress to the weld in this research is discussed in slécﬁtmz and

6.3.2.3
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Figure96: Showing alclad layer being drawn into the lazy S on a Il weld.

6.3.1.3.2 TMAZ
Similar to the AA8090 weldshe BS L165 TMAZ are identified by distorted and

elongated, angled grains adjacent to the weld nugget, as showiigare 97| The

nugget/ TMAZ boundary is distinct on the advancing side while being more diffuse on
the retreating side and the TMAZs again narrower on the advancing side than
retreating side. The Il weld TMAZ measures approximately I#Owide on the
advancing side and 36@m on the retreating, while thecweld measures approximately
140 .m on the advancing side and 2Qfh on the retrating. This is a change from the
AAB8090 welds where the weld had a significantly wider TMAZ than the Il weld. For BS
L165, a narrower TMAZ indicates reduced heat input to the weld when the wedd
compared with the 1. An explanation for this discrepgmay be that the width of the
TMAZ is influenced by the material orientation. Barbini, Carstensen and dos Santos
(2018)do not specifically mention the TMAZ width in their work iomestigating the
effect of material rolling orientation with respect to weld direction, however some of
their welds did show a marked change in microstructural appearance when the rolling

orientation was changed. This indicates that the rolling directiaih respect to weld
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direction can have a strong influence over the weld appearance and zone width.
Zolghadr, Akbari and Asa®019) } < § $§Z § §Z dD « (}&u S]}v "&E
depended on the properties of the original parent material. They state that the width of

the TMAZ is determined by the amount and combination of strain and heat within the

weld.

While the width of the TMAZ appears more uniform throughout the material thiskne
than that observed on the AA8090 there isstill some increase in width towards the

bottom surface. This is considered to be due to reasons already described in section

6.2.1.3.2

Figure97(a) and (b) show the Il weld TMAZ advancing and retreating sides respectively,

with the cweld shown ifFigure97(c) and (d). The Il weld shows larger but slightly fewer

intermetallic particleson the advancing side, with more numerous buewll smaller
particles on the retreating sidd hese particles are not evenly distributed in either case

It is considered that these intermetallics compounds (IMCs) were of similar composition

as that described by Rajendran et al. (2019) and describedeation|6.3.1.3.1

Coarsenedprecipitates, considered to be incoheren}, can be observed having
heterogeneously nucleated at grain boundarikss expected that TEM analysis would
reveal gathering of coarsenegparticles on the grain boundaries also. Ttweld shows
significantly smaller and less numeroldCson the advancing side with coarser and

more plentifullMCson the retreating side.
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Figure9T: Showing micrographs of the TMAZ: a) BS L165 Il advancing side and b)

retreating side; c¢) BS L1&madvancing side and d) retreating side.
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The alclad layer was observed to be drawn into the weld at the nugget/ TMAZ interface,

as shown ifFigure98l This was also observed by Zhang et2fl11)to differing extents

depending on the plunge deptind traversing speed usedndthe effectreduced with

high traversing speeds and small plunge depths. This is due to the material flow
conditions; inappropriate welding parameters produce welds with excess material flow
which allows the alclad layer toceend into the weld at the interface. This suggests that
these welds may have been too hot and reducing the heat input would have decreased
the extent of the material flow. Zhang et §2011)comment that the extension of the
alclad layer into the weld strongly affected the weld quality, however they did not

provide any mechanical testing results to qualify the statement. The effect of alclad layer

ingress on the quality of these welds isaissed in sectiof&3.2.4and6.3.2.3

Figure98: Showing alclad layer being drawn into the weld at the nugget/ advancing

side TMAZ interface of aweld.

6.3.1.3.3 HAZ

The hardness results were again used to determine the width of the HAZ as the
microstructural changes from thermal input were not visually significant enough to
identify the boundary through solely optical means. There was a substantial difference
in HAZ wdths of BS L165 and AA8090, and substantial differences between the two
configurations of BS L165. BS L165 Il weld HAZ width measured approximately 4.0 mm
on the advancing side and 3.5 mm on the retreating side, whiledkeld measured

1.5 mm and 2.0 mnfor the advancing and retreating sides respectively. These
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measurements imply that thec weld was cooler than the Il weld as a narrower HAZ
generally results from a cooler weld, that being one of the main perceived attractions of

the SSFSW proce@&u, H. et al., 2015)

It is expected that the large HAZ widths observed on the Il were a result of the increased
thermal conductivity of this material when compared with AA8090. The fact that the
advanaing side width was measured as larger than the retreating is not truly considered
to be at odds with the evidence discussed in sec@where the AA8090

advancing side was smaller than the retreating side. The hardness measurements as the

testing transited from HAZ to parent material showed a very gradual change in value

(seesectior6.3.2.9). As these measurements were only made every 0.5 mm and there

is a margin of error within the hardness measurement it is conceivaide the
advancing and retreating sides are of equal value, or that the retreating side actually
exceeds that of the advancing, as some hardness measurements may have been mis
accounted as HAZ on the advancing side due to the gradual change. Fatcmigding

arises from interpretation of the data rather than errors in testing.

It is not clear why, if the large HAZ on the 1l weld was due to high thermal conductivity,
how then could the narrow HAZ on theweld have been caused from high thermal
input; as te high thermal input on a material with high thermal conductivity should
have resulted in a notably wider HAZ. It is considered that the reason for the narrow
HAZ is as described previously; a high cooling rate is responsible. It is not, however, clear
asto why this high cooling rate occurred on theweld and not on the Il weld as both
welds were carried out using the same welding parameters, the same clamping and on

the same day.

The advancing side HAZ microstructures are showRignre 99| The images show

slightly fewer largantermetallic particles (considered to be similar in composition to
that reported in sectiorﬁ&l.&jh in the microstructure when compared with the

parent material. There does appear to be a coarsemhg@articlesaround the grain
boundaries, expected to compriseiotoherent} v X dZ]e } &+ V]VP %o %o
more severe on the Il weld than on theweld, indicative of higher heat input to the II

weld.
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Evidence in support of the Il weld being hotter was the narrower TMAZ and HAZ of the
c weld, and that coarsening of prediates at the grain boundaries of the TMAZ and
HAZ of thecweld does not appear as severe as that for the 1l welddence in support

of the cweld being hotter was the surfa@pearancewhich was significantly galled in
some areas, indicative of ovetasticisation, with underfill, smaller and more evenly
distributed particles within the nugget of the weld. The TMAZ and HAZ widths and
microstructure appear to be more compelling evidence than the surface appearance,

both of which overall support thé weld being hotter.
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Figure99: Showing microstructure of advancing HAZ of BS L165, a) Il and b)
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The HAZ grain sizes for both configurations are showhaimle 38| with the parent

material measurements for comparison (again, longitudinal for comparison evitéld,

and ST for comparison with Il weld). The measured change in grain size when compared
with the parent material was most significant for theal there was a considerable
change in direction 2 from the-B parent material. These measurements were only
carried out at one part of the HAZ, close to the TMAZain, it is unclear as to why a

change in grain size occurred in the HAZ adeformation occurs in this area.

Table38: Showing BS L165 parent material and weld HAZ grain size dimensions,

showing Relative Accuracy (%RA) in brackets.

6.3.1.3.4 Alclad Mixing

Zhang et al(2011)found that the material flow for alclad vs. unclad materials was

distinctly different with the alclad layer exerting a significant effect on the material flow.

Figurel0Qshows the alclad layer at various points at the top surface of the nugget of

the 1l weld. At the advancing side the alclad layer has partially extended into the weld
from the top surfaceDue to insufficient xing and thereforenadequate depositin of

material as it is moved around the tgoloids have formedadjacent to these alclad

extensiong|Figure 100 It is reasonable to assume that these voidswd not be

beneficial to the weld quality, however the extent of their influence was measured

through mechanical testing which will be discussed in seqoB2.4and6.3.2.3

The alclad layer is only subtly visible at the weld-po¢ht (width, rather than depth) a
shallow layer offrictionally affected (from pin contact with the surfacejaterial is
visible with fine lines of alclad subsurfa;ﬁg(ureloo b)). This indicates that the alclad




layer has either been sufficiently well mixed with the parent material to form only fine
layers, or that it has been deposited elsewhere, i.e. extension into the weld at the
advancing side or deposited at thiels of the weld top surface, with only a small amount
remaining in this area. At the retreating side the alclad layer has mixed into the weld,
with non-alclad material on the top surface. This may affect the corrosion resistance of
the welded material whig, although considered with this researchwas discontinued

due to time constraints

Top surface \
Subsurface
4« | voids
P /

Extension
of alclad

into weld

Nugget
@

Frictionally Aoy .
affected <« ] —
) alclad

material /

Nugget
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273



Nugget

(€)

Alclad

Figurel00. Showing the alclad layer response on the top surface within the nugget at

(a) biased to the advancing side, (b) wi&ld, and (c) biased to the

retreating side. All images are from Il weld.

Testing

6.3.2.1 Hardness

The results of hardness testing along the weld centreline are shg

\Wigine101

with

grain size plotted on a secondary axis. Agdirs tjrain size was only measured at one

point within each weld area, not at each corresponding hardness measurement. The

area of the weld, i.e. nugget, HAZ etc. is indicated by the coloured bars alongxig x

however as previously discusséskction6.3.1.3.3, the advancing HAZ for the 1l weld

may not be as wide as indicated on the chart, due to its close correlation with the parent

material hardness values. It is considered that the HAZ may lgctamnsit to the parent

material at the 4.5 mm mark on theaxis (indicated by the red circle) and therefore

only measure 1.5 mm consistent with theweld. An advancing HAZ width of 1.5 mm

will be used for the following analysis.
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Analysis of the plotshows a steep reduction in hardness from the parent material
values with very limited hardness recovery in the nugget. The Il weld hardness minimum
was located in the retreating HAZ, although this value was close to the hardness of the
advancing side TMAI the cweld the hardness minimum was located in the advancing
side TMAZ. Both welds showed a steep reduction in hardness on the advancing side,
while the retreating side gradient was slightly shallower with the HAZ spread over a
larger area. Limited hdness recovery in the nugget has been reported in the literature
for AA2014T6 (John et al., 2019; Satyanarayana & Kumar, 2@®ough some
researchers claim that the nugget can achieve parent material hardness levels
(Rajendran, Chinnasamy et al., 2019)rongly dependent on process parameters.
Muhammad et al(2021)attributes the reduction in hardness in the nugget to high
temperature and severe plastic deformation causing dissolution of the hardening
precipitates into the aluminium matrixyith the partial limited hardness recovery due

to recrystallisation andrain refinement.

275



(@)

(b)
Figurel0L  Showing hardness and grain size plots of a) BS L165 II, and b) BS L165

The 1l welddata shows a slight increase in hardness acrossjti@ when compared
with the cweld, however this difference is onlyI® HV which is not considered to be

significant enough to draw conclusions regarding the different weld qualities.

In the literature, thehardness minima typically occurs in the advancing side TMAZ
(Rajendran, C. et al., 202@) occasionally the advancing side HAIA et al., 2006)

however some researchers do report minima occurring at the retreating side
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(Rajendran, C. et al., 201&)s describedn this researcthe Il weld hardness minimum
occus in the retreating side HAZ, however the minimum value is extremely close to that
of the advancing side TMAZ. It is considered that similar levels of precipitate coarsening
occurred in these areas to produce similar testing results, with this effect&gtving

the hardening effect of the smaller mcstallised grain size on the advancing SItléAZ

The cweld has a clear hardness minimum at the advancing side TMAZ, typical for this

alloy and temper. The retreating side HAZ is wider for both welds, aisdcdn be

attributed to reasons previously discussed (seqtan2.]).

Unlike the AA8090 alloy, the parent material hardness in the BS L165 welds did
approximately recover to the previously measured hardness value, comfortably within
the uncertainty margin, oeach side of the weld. This is expected, as the parent material
is, by definition, not affected by the weld process and therefore no changes should be

apparent.

6.3.2.2 Tensile Testing

The results of the BS L165 tensile testing are shofalie39| and as previous|yparent

material longitudinal results are used for comparison with BS LdwBlds and parent
material transverse for comparison with BS L165dld&. This testing showed that the

BS L165 Il achieved 100% of the measured parent material UTS, while viledd
achieved 97%. Most researchers report weld efficiencies of in the approximate range of
80-90% (Das et al., 2020; Rajendran, C. et al.,, 20h®wever some researchers
(Devaraju, 2017; Ramanjaneyulu et al., 206f)ort weld efficiencies of over 100%,
however for the latter it is not clear whether the efficiency is measured against the
parent material specification or a measured UTS. In either case it is cleandhizinsile

test results for the welds in this research are at the high end of the scale and indicate

successful welds.

Similar to AA8090the BS L165%velds also experienced a significant reduction in %
elongation. This can be attributed to heterogeneougleation of precipitates to the

grain boundaries and flanas previously described

Both weld configurations show significant standard deviationUTS in both cases
higher than those for the AA8090 welds. Examination of the results revealed

considerable scatter iTSof specimens taken at different parts of the weld, and on
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different weld runs, with no discernible pattern in areas of strength or weaknThis
indicates that despite the impressive overall weld efficiency, the weld quality was not
consistent or repeatable. Based on previous analysis, this is likely to be due to

inconsistent heat input and the presence of kissing borfdsaoying severi.

Table39: Showing BS L165 tensile test results.

Of the 20 BS L165 Il tensile tests performed, one specimen failed at the retreating side
edge of weld, with all others failing mideld. Of those which failed mideeld, there was
a mix of ragged and rough, and smooth, fracture paths when viewed from theto@
surface. Examples of each failure type, showing position of fracture from the top surface,

as a cross section and showing detailed SEM images of the fracture surface are shown

inlFigurel02(mid-weld failure with rough crack pathfigurel03(mid-weld failure with

smooth crack path) anBigurel04|(retreating edge of weld).

With reference tqFigure102 and|Figure103 those midweld failures (all specimens

except one) failed along the apptmate midpoint of the weld. The fracture path
propagated through thegalling and underfillpreviously described, however tke
featuresdid not appear to influence the fracture path, i.e. the fracturd dot meander

to follow the shape of the curve, emen the case of rough and ragged failures. The
fracture surfaces of the ragged failures revealed a distinct change in appearance across

the thickness of the fracture, with two separate areas and a dividing line between the

two,|Figurel02b). Despite the differences in appearance of the two areas, overall the
(E SPE +uyE( * AE poo Vv usd3]v %% E v v (}JE

of the fracure surface. The smooth failures fracture surfaces were slopedavib a

small lip adjacent to the bottom surface of the weld and were bright and matt in
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appearance. The etched cressctions show that both the ragged and smooth failures
fractured withn the nugget. Although kissing bond remnants cannot be observed

extending from the fracture on the crosections, they have the appearance of

following such a flawFigure102(c) amliFigurelOE b, C (}Joo}A]JvP 8Z ~~_ uEA

of a kissing bond. A small amount of alclad appears to have been drawn into the weld at
the join line, as shown by the red circleqBigure102(c) anchigurelos b) at the end

of the fracture on the bottom surface of the weld. The fracture propagated through

bands ofalclad close to the weld surface, with no apparent effect on the crack path. This
IS indicative that the alclad layer extending into the weld can have a deleterious effect
on the weld quality, but perhaps only if a weakening feature (e.g. a kissing t®nd) i
present. SEM analysis revealed that both types of failure (rough and smooth) had
fracture surfaces featuring transgranular failu@nsiderably smaller grains than the
parent material were noted (as expected as the fracture occurred within the
recrystalisednugget) and less microvoid coalescence than the parent material failures,
also expected from the smaller grain size and reduction in % elongation, the latter owing

to the presence otoarse precipitates rather than fine, strengthening precipitates.
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Figurel02  Showing midveld tensile fracture of BS L165 Il weld with a rough and
ragged crack path; (a) micrograph showing fracture from top surface, (b)
macrograph of fracture surface (c) cr@extion of weld showing crack

path, and (d5EM image showing details of fracture surface
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Figurel03  Showing midveld tensile fracture of BS L165 Il weld with a smordhk
path; (a) micrograph showing fracture from top surface, (b) &eston
of weld showing crack path, and (c) SEM image showing details of fracture

surface.

With reference t({Figure104 the one tensile specimen which failed at the retreating

edge of weld did so adjacent to the visible edge of the weld when viewed from the top
surface. When viewed from this same perspective@ oo u}uvs }( ~v I]JvP_U
reduction in crossectional area immediately adjacent to the fracture, and a small
reduction in crossectional area with respect to the material thickness was also
observed via the etched crosgction. This necking isdicative of ductility, and upon
examination of the test results, this particular test achieved 5% elongation, more than
any other test specimen. The etched crsggtion also revealed that the fracture
occurred comfortably within the HAZ which is corsmtwith one of the hardness
minima for the 1l welds, and does not appear to have been influenced bgvwidang

SEM analysis revealed that the fracture surface was transgranular with significantly

more microvoid coalescence thabserved on the midveldfailures. It was noted that
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in addition to achieving the highest % elongation, this tensile specimen also achieved
the highest UTS value of 447 MPa, although otherwwttl failures were very close. It

Is considered that this failure occurred at this fims as it is likely that there was no
kissing bond/ lazy S present at that area of Weld. This suggests that this may be the

preferred failure position for this configuration when no weakening flaws are present.

Retreating side Advancing side

(@)
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Figurel04:  Showing retreating edge of weld tensile fracture of BS L165 Il weld; (a)
micrograph showing fracture from top surface, (b) csEssion of weld

showing crack path, and (c) SEM imstgwing details of fracture surface.

285



Of the 20 BS L166tensile tests performed, all failed migteld with varying degrees of

roughness to the crack path. Images of the differing fracture paths are shokigure

105 Most of the test specimen fracture surfaces were dull and matt and sloped°at 45

to the loading direction, although there were some with the V shape observed
previously and some had anall lip adjacent to the bottom surface of the weld. Again,
the crack propagated through thenderfilland galling present on the top surface of the
specimensbut this appeared to have no influence on the crack path. The etched-cross

sections revealed thawhile overall all failed at 45to the loading direction, in some

cases there was evidence of a kissing bond, revealed by the shape of the |faidune|(

106§a)), while others were diagonally straight with little change in shape to indicate the

influence of a kissing bon|<ﬂ1igure106 b)). The welds afhiled within the nugget, and

while there were indications of the alclad layer being drawn into those welds with kissing

bonds, there was no indication of the alclad mixing close to the weld surface influencing

the failure.

For those weld specimens witlsking bonds, the SEM analysis revealed similar fracture

surface morphology as observed on the andld Il weld failures, as shown|kigure

107a), i.e, transgranular failure with limited microvoid coalescence. For those

specimens with no indication of a kissing bond, the SEM analysis again revealed
transgranular failure with limited microvoid coalescence, however those failures had a

considerable increse in the volume fraction of large precipitates and intermetallic

particles|Figure107(b). It is considered that the parts of the weld from which these

specimens were cut had experienced more heat input than those with kissing bonds.
This led to sufficient plasticisation and mixing to avoid kissing bond formation, but also
overaged the nugget, allowing-q@ecipitation and subsequent particle coarseniige

relatively large number of particles set within a matrix of fine grains led to areas of micro

stress concentration around the particles and a route for crack propagation.

No discernible pattern could be established regarding type of failure vs. Uile&vexat,
I.e. there was significant scatter within the results regarding UTS and % elongation and

within the type of failure, and no correlation between the two was observed.
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Figurel05.  Showing differing fracture paths of BS LIdBnsile tests; (a) ragged and

(b) smooth.
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Figurel06. Showing etched crossections of BS L16&tensile specimens; (a) with a

kissing bond shape, and (b) almost diagonally straight failure.
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Figurel07:  Showing SEM images of BS L& 6&sile specimens; (a) a fracture surface
from a specimen with a kissing bond, and (b) a fracture surface from a

specimen with no indication of a kissing bond.
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6.3.2.3 Fatigue Testing

The BS L16ftigue results are presented|ifiable31]in section5.2.3.1 The BS L165 I

weld achieved approximately 84.6% mean fatigueersith weld efficiency when
compared with the parent material, very similar to the results achieved for AA8090
welds. Little research could be found assessing the fatigue strength of FSWs made in this
specific alloy, although Aydin et #2012)found that the welded fatigue strength was
always lower than that achieved by the parent material, regardless of the weld
parameters used. They attributed this difference to the reduced ductilitgrieht in the
welded specimens and the presence of different microstructural zones, e.g. TMAZ, HAZ
etc. which introduced areas of stress concentration and promoted fatigue crack growth.
They also found that almost all welded fatigue specimens failed witt@rweld, with
fractures at high stresses occurring around the nugget and TMAZ on the advancing side,
with fractures at low stresses occurring in the HAZ with no preference between

advancing and retreating sides.

A significantly higher standard deviatiand coefficient of variation, i.e. results scatter,
was noted for the welded results when compared with the parent material results: 28.76
MPa(standard deviation) and 0.111 (coefficient of variation) for the welded specimens
and 11.71MPaand 0.038 for tle parent material. This was similar to the scatter
observedor the equivalent resultsn the AA8090 welds and is considered to be another

indicator of the inconsistent weld quality achieved with these weld parameters.

Of the 34 fatigue tests conducted fdnis configuration, 16 failed prior to th80,000
cyclecut-off. Of these 16, 13 failed within the weld; most of which were biased towards
the advancing side, with three biased towards the retreating side and no failures
occurred at the actual migveld pant. Of the other 3 (of 16) failures, 2 failed at the
advancing side EoW, and one failed at the retreating EoW. It was noted that one of the
specimens which had the main crack within the wéddturedan additional crack which

had propagated along the netating EoW. Examples of the specimens which failed
within the weld (one biased towards the advancing side and one towards the retreating
side) and at the advancing and retreating EoW will be discussed. Where examination of
fracture surfaces revealed failes occurring as a mix of 9@&nd 45° to the loading

direction, attempts were made to conduct the SEM and ciesgtional analysis at the
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90° area as this is more typical of fatigue failures, with the 45° areas likely to be overload

occurring once criticatrack length had been achieved.

With reference tc{Figure108 a fracture occurring within the weld but biased towards

the retreating side is shown. FArothe top surface, this fracture occurred at the edge of
the rippled area, where it changes to aaeVelyflat surface area. This transition area is
likely to be an area of high stress concentration. The fracture surface was rough with
some fracture patls orientated at 45° to the loading directiorand some at 90 The

crosssection shown il’?igure108 b) shows a small 9@rea adjacent to the top surface

of the weld, directly below the area of alclad mixing, which then transforms to Ae
fracture is not coincident with a kissilbgnd ard occurs within the nugget but closer to
the retreating TMAZ than to the midoint. The SEM analysis did not reveal any
striations within the 90° area; this was considered to be due to an issue with operator
skill as striations were observed on other B89 fatigue specimens which failed within

the weld. The SEM images showjFigure1l0gc) and (d) are both taken within the 45°

area and show transgrarad overload with limited microvoid coalescence and the

presence of large particles.

It was noted that a large variation in cycles to failure existed in those specimens which
failed within the weld. Some achieved only ~19,000 cycles while others weretclose
the 50,000 cupff. This indicates that there is no discernible pattern regarding cycles to
failure at this position ofrhcture, and this can likely be attributed to variation in the
thermal input, i.e. from the use of force control rather than positioontrol during

SSFSW.
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Figurel08 Showing amn-weld fatigue fracture biased towards the retreating side of
a BS L165 weld; (a) micrograph showing fracture from top surface, (b)
crosssection of weld showing crack path, (c) and (d) SEM images showing

details of fracture surface.
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Figure109shows an iaveld failure biased towards the advancing side. The fracture

occurred close to the top of the rippled area and is again likely to be an area of stress
concentration. The fracture surface was a mix ofdad 90 orientationssimilar tothe

previous example, however this fracture was considered to have a more convoluted

crack path across the weld, when compared yHtgure1l08a). Thecrosssectionof the

fracture surfaceshows a shallow 45° area through the aletatking zone on the top
surface of the weld. The crack propagation then chaltgeperpendicular to the loading
direction through a significant portion of the weld nugget ahdn change back to 45°,
travelling through the advancing TMAZ and HAZ. The SEM image shéguarel09c)

shows a thumbnail shaped area underneatk ticladmixing region adjacent to the top
surface, surrounded by areas of microvoid coalescence. It is considered that the
thumbnail region is where the fatigue crack initiated, before propagating through the
alcladmix region and the surrounding area,fbee failing in overload once the critical

crack length was reached. This was confirmed with striations being present in the

thumbnail region|Figure109d) and ductile microvoid coalescence in the surrounding

area (within the HAZFigurel09e)).

Again, no discernible pattern regarding cycles to failwas observed with this position

of failure.
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Figurel09:  Showing an hweld fatigue fracture biased to the advancing side of a BS
L165 weld; (a) micrograph showing fracture from sapface, (b) cross
section of weld showing crack path, (c), (d) and () SEM images showing

details of fracture surface.
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With reference tgFigure11Q an example of a failure occurring on the EoW at the

advancing side is shown. Parts of the crack path appear to coincide with the tips of the
rippled region, a clear area of stress concentmatiThe fracture surface was again a mix

of 45°and 90 orientations with each occurring at different areas along the weld length.
The crossection shows that the crack initiated at the top surface, propagated
perpendicularly to the loading direction thugh most of the thickness with the final part
failing at 45° to the loading direction. The crack propagates for only a $ayth
through the nugget and TMAZ, before entering the HAZ for the majority of its
propagation. It was considered that the majgrof the crack was caused by the fatigue
mechanism through the material thickness indicated by the 90° failure which was
confirmed by SEM analysis. This is as anticipated of a fatigue crack propagating
perpendicular to crack opening stresses. It is likedy the crack initiated from the ripple

tips at the top surface, which is shown on the SEM inpleigeire110(c); this shows

ANE S Z S_ u EIe-UbcatedBdj@enmt to the ripple tips which indicate multiple
crack initiation points. The crack then propagated at 90°; because of the crack initiation
location at the ripple tips on the advancing side EoW, only a short distance through the
nugget and TMAZ as traversed. This allowed the crack to propagate within the HAZ
and, owing to the increased ductility within the HAZ due to larger grain size than within
the nugget, the crack could achieve a longer critical length before the material failed in

final ovetoad. Striations were observed both in the nugget fatigue area and the HAZ

fatigue areg|fFigure11Q(d)), with ductile overload shown in the area of fifiailure.

The two specimens which failed at this position achieved relatively high cydhahite:
~42,500 and ~45,500. This is attributed to the mainly transgranular crack propagation,

allowing more consistent damage tolerance than if the crack tetiavithin the weld.
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Figurelld: Showingadvancing EoW fatigue fracture of BS L165 weld; (a) micrograph
showing fracture from top surface, (b) creégstion of weld showing crack

path, (c) and (d) SEM images showing details of fracture surface.
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The specimen which failed at the retreating EoW was similar to the advancing EoW
failures in fracture surface topography and appeargracel the SEM analysis revealed
similar results, therefore these are not repeated here. There were however a few
differences, shown iw The image of the specimen showing the fracture from

the top surface indicates that the crack did not initiate from the ripple tips as was the

case for the advancing EoW failures. This isunexpected as the ripples did not extend

to the retreating EoW (sectiq6.3.1.3. Instead, this crack has propagated along the

edge of the weld visiklfrom the top surface, with only deposited alclad material beyond
it. This area is visually flat but optical and surface profilometry did indicate a sharp rise

in material at the retreating side edd Eigure89r, which would be sufficient to act as a

stress raiser. The crosgction shows that the crack initiated at the edge of sheface
alcladmixing region, again an area of high stress concentratibime crack then

propagated through the HAZ without entering the nugget.

This specimen achieved only ~26,000 cycles before failure. The low fatigue resistance,
combined with it being a singular failure means that it is likely that a flaw existed in that
specimen prior to testing, e.g., a surface scratch or defect within the weld, causing an
area of high stress concentration. It is likely that had this flaw occurred within the nugget
area, that the specimen would have failed at a far lower cycle value, atdt thas able

to survive to ~26,000 cycles due to the ductile nature of the HAZ.
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Figurelll:  Showingetreating EoW fatigue fracture of BS L165 weld; (a) micrograph
showing fracture from top surface, (b) creégstion of weld showing crack

path.
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6.3.2.4 Residual Stress (RS)

6.3.2.4.1 Residual Stress with Hole Depth

The RS results plotted against the drilled hole depth are shown for both orientations (Il

and c) ifFigurell?2 Again, only the results at hole depth960.4 mm are considered

in the analysis. The results exceed 80% of the yield strength, and in many cases are well

in excess of the materials UTS. For the reasons described in 3é6cki@4.1 the

calculated values have again been disregarded and the results considered only in a

qualitative manner for analysis.

See sectiong.3.9.3.4and6.2.2.4for reasons for RS generation within FSWs. All datasets

for BS L165 Il were accounted for. As expéctall parent material measurements
remained at approximately zero throughout the depth. All EoW retreating and
advancingsides and the nugget RS measurements were high in tension close to the
weld surface and reduced gradually with depth. This oridiighl value is considered to

be due to thesurface frictionnfluence in that area which has been significantly affected
by thermal input and oxidation. It was noted that as the alclad layer has an average
thickness of only 4% of the bulk material (0.028 awerage thickness), in this case this
thickness does not interfere with the depths of interest, i.e. starting at 0.06 mm,
therefore the high value at shallow depths is only influenced byfrilsgonally affected

area on the surfaceNo specific influence of the alclad layer at greater depths, i.e. where

it mixes within thenuggetwere observed.
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Figurell2  Showing residual stress results plotted against drilled hole depth; (a) BS
L165 I, andd) BS L16%.

The EoW advancing side results were lower than the EoW retreating and nugget results.
For all other configurations (e.g. AA8090 welds and dissimilar welds) with results
considered to be valid (i.e. not excessively fluctuating), the EoW auhganee result
measured equal to or higher than the nugget. In this casthoughthe EoW advancing
does follow a similar shape as the EoW retreating and nugget (with the exception of 0.06

mm), the lower result may indicate that this dataset may be ilvdlhe parent material
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on the retreating side was missing for BS L1§5however the other results are

considered to be qualitatively valid.

For both Il andcwelds the retreating EoW RS was higher than within the nugget; this is
attributed to the same rasons as AAB09@A8090 welds (sectioE.2.2.4.jl. As
previously described, the advancing EoW is lower than the nugget RS in the BS L165 Il

welds. An &planation for this may be due to the heat input being of sufficient
temperature to carry out a stres®lieving heat treatment in the advancing EoW, while
overaging the nugget. The heat input is generally considered to be higher on the
advancing side thathe retreating side. However, no indication of this having occurred
was observed in the microstructure, therefore it is unclear as to whether the heat
treatment occurred, or if the result is unreliable. Further work is required to conduct

additional RS t&ting at this position to test this theory.

6.3.2.4.2 Residual Stress Across Weld

The residual stress across the weld, i.e., measurements taken at advancing and

retreating parent materials, HAZ and within the weld nugget, is shoyigarel13|at

various hole depths. There was no result for BS L165 retreating side parent material due

to faulty tests and time constraints (this is missing fréigure112(b)), therefore a

Ned ylv_ E spod A o pe (EB6 LlABxwelilirgtreating parent material
to complete the plot. As with the AASO9RA8090 RS plots, the EoW tests incorporate
both HAZ and TMAZ, and the plots show the approximate weld zone of the test.
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(@)

(b)

Figurell3: Showing residual stress across weld at varying hole depths: (a) BS L165 I
and (b) B&165c.

Having a reduced advancing EoW result for the Il weld has influenced the shape of the

crossA 0 %0}3X KvoC 8Z A op § iXioT uu E s uo e 38Z o0
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from the literature (see sectigR.3.9.3.4, with the retreating arms of the M in that case
Z AloC }u3A JPZ]vP 8Z § }( 82 A v ]JvP ] X o0 }8Z E

with reducing gradients with increasing deptiio FSW RS research can be found which

takes this Shape, suggesting that the advancing EoW in this case was an erroneous
result. The c weld RS plots all take the classicskbpe, with the advancing EowW
predominantly exceeding that of the retreating. Tha@vancing side RS exceeding that

of the retreating can be attributed to the increased thermal input to this side as

discussed previously.

No compressive measurements were recorded in this testing, similar to the AA8090
AAB8090 welds. Again, this can likélg attributed to insufficient data points, and if

additional tests were conducted between the EoW points and the parent material
measurements it is expected that compressive readings, which would balance the

tensile measurements, would be obtained withhmetHAZ.

Summary/ Conclusions for this Configuration

The following is a brief summary of the findings from the work on BS L165 weld

configurations.

x It was more challenging to find appropriate weld parameters for BS L165
compared with AA8090 due to thkigher thermal conductivity of BS L165
leading to severe distortion.

x Both configurations were longitudinally and angularly distorted in the finished
welds.

x The weld macrostructures were similar for both configurations with a larger
retreating side TMAZ andAZ, although additional analysis had to be carried out
to find the true width of the Il HAZ.

x The weld surface appearance varied between the configurations, between
different weld runs and along each individual weld, particularly in the case of the
cweld, suggesting inconsistent heat input as the tool traversed.

x The alclad layer was deposited inconsistently adjacent to the weld on each side
of the top surface. The alclad layer was also mixed close to the top surface, and
was drawn into the weld to vgmg degrees at the bottom surface TMAZ, and at

kissing bonds where applicable.
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x Contradictory evidence suggested the each of the configurations may be hotter
than the other. This is likely due to the varying heat input along the weld as
discussed, but ovail it was considered that the heat generation within the Il

weld was greater

6.4 AA8096BS L165

AsWelded Examination

6.4.1.1 Welded Sheets

Longitudinal distortion observed on the similar welds was present on the AABS90

L165 welds, i.e. convex and sinusoigiajure 114 Additionally, transverse angular

distortion which again varied in severity between the individual welds was present, with

an example shown JRigurel14c). The angular distortion was a concern as they were

an indicator of additional stresses within the welded material which may affect the
mechanical testing results. Vertical lifting was negligible for this configuration in

successfulvelds butwas observed during weld parameter trials.
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(@)

(b)

(€)
Figurell4  Showing longitudinal distortion on AA8EBS L165 welds: (a) sinusoidal

and (b) convex curving on |l ardwelds respectively, and (c) angular

distortion on acweld.

It was again only possible to carry out limited trials in pursuit ofgppropriate weld
process parameters, and the difference in thermal conductivity and coefficient of

thermal expansion between the two materials further complicated this process.

Warping similar to that observed on the BS B35 L165 weldg-igure 86, section

6.3.1.7) was produced when there was exse® heat within the weld, and insufficient
mixing, identified by failed root bend tests was found when there was insufficient heat
within the weld. It was necessary to strike a balance between the BS L165 requiring a
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stir the AA8090.

Successful welds, i.e. those with no visible warping and which passed root and crown
bend tests, were produced using an increased weld (down) force; this was increased by
300 N from thesimilar welds to 3300 N, which would act to increase frictional heat
generation. The rotational speed used matched that of the BS L165 similar welds at 2700
RPM, thereby reducing the heat input to the weld in comparison with the AA8090 similar
welds, howeer the traversing speed was decreased to 8 mm/s (this was 10 mm/s for
the similar welds), thereby increasing the heat input to the weld. It is considered that
the decreasedrotational speed reduced shear (in comparison with AA8090 similar
welds) and thusthe adiabatic heat generation, which was beneficial for the BS L165,
while the increased heat input from the reduced traverse speed and higher down force

allowed adequate mixing of the materials.

6.4.1.2 Weld Surface
The weld surface of both AASOES L165 corgurations changed between weld runs

and along the weld as the tool progressed. The Il weld is shgwigurell5with the

tool profile superimposed omo|Figurel15a). The tool profile was positioned on the

weld to best fit the ripples which can be partially seen in the image. This areawéttie

Figurell5a)) featured partial ripples overlaid with smooth (ironed) material with a

matt appearance. Rougher, deposited material with protubeesnwas observed along
the retreating edge and a ribbon of material was present along the advancing edge.

Adjacent to the advancing edge was a band of directional markings which varied in hue

and width as the weld progressed, this is apparent whggurel15a) is compared with

Figurel1yb), another areaf the weld. This part of the wegleigurel15b) also featured

rough deposited material with protuberances along the retreating edge, and a ribbon of
material at the advancing edge. It differed from the area shovﬁi@urellS a), in that

the band of directional markings adjacent to the advancing eslgs wider but fainter

at its extremity, and that the ripples were themselves had a rougher, meferiied
appearance. The smooth, ironed material on the surface of the weld (with the exception
of the ripples), particularly towards the retreating sidetloé weld, varied from a matt

appearance to shiny and reflective.
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The ripple spacings were broadly consistent with the weld pitch (0.178 mm/rev) at

approximately 169.m. The ripples shown ¢lrigurel15~ « Z No v E_ %o %o
than those shown ‘EigurellS b). As the ripples are formed from plasticisgkar layer

materialdetaching from the pinit is suspected that the material at the area shown in

Figurel15b) was more plasticised than thatkiigurel1Ya), and was thus deposited in

a less controlled manner, indicating that there was a higher heat input to the weld at

that area. The ripples in both cases allow for underfill as they lie beneath the overlaid

ironed material. This is shown in the profilometry imageg-igure11§ Voids and

grooves are usually formed on the advancing side as material is moved from the
advancing side (creating a void) and then moved from the retreating sidbet
deposited. It is considered that the ripples underneath the overlaid material are visible
from the surface due to insufficient material being moved to that position to completely
cover the surface; the additional material has been lost to the sidéseasbbon at the
advancing side and the rough deposited material with protuberances at the retreating

side.

The directional markings adjacent to the advancing side were not observed on either
AAB090 similar welds, were only observed to a very narrowrégxin the c weld, and

no reference to this feature was found within the literaturehere are two suspected
reasons for these markings. The first is that they were caused as the shoulder made
contact with the material surface and are frictional contactrksa The second is that i

may have occurred as a function of oxidation due to the heat input to the weld, which
has affected only the AA8090 in this manner. This is likely to be due to the advancing
side being hotter than the retreating side as previously described, and the BS L165
having an element of protection from its alclad layer. This dissimilar weld had a lower
rotational speed than the similar AA8090, however for the dissimilar weld both the
down force was increased and the traverse speed was decreased, thus higher overall
heat generation arose in this weld when compared with the similar weld. This explains
why this feature was not observed on the similar wettsufficient heat input to the
AA8090 weld. The markings appear only on the Il weld. This is considered to be due to
the material texture of longitudinally orientated grains. It is suspected that these grains
and their boundaries are orientated at the surface such that the heat input has

discoloured them over a specific distance. In tleeweld, due to the transversely
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orientated grains and grain boundaries, the texture would not be as uniform and thus
the heat input did not affect them in the same manner. The width and hue of the
markings change along the length of the weld. As shown by other surface feghees
heat inpu to the weld changed along the length, likely due to the force control used
rather than position control changing depth of tool insertion into the materd.the
markings extend beyond that of the shoulder diameter, the second reason is considered

to bemost likely.

The change of surface appearance of the ironed areas from matt to reflective is expected
to be a result of the variance of heat input and thus oxidation of the material, and a mix
of alclad, BS L165 and AA8090 being mixed within the welddapdsited on the
surface. The rough material with protuberances at the retreating side is considered to

be alclad material.
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Advancing side

Markings Aﬁ)on
Ripples
Smooth, [ "
matt
Retreating side \ \
Protuberances
(a)
Advancing side
Markings

X /

Change in reflective nature
of overlaid material

Retreating side

(b)

Figurell5. Showing AA809BS L165 Il weld surface with superimposed tool profile:
(a) showsarea representative of the average weld, (b) shows how the
surface appearance can change.
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Advancing side

Retreating side

Ripples and
underfill

Advancing side Retreating side

(b)

Figurelle. Showing AA809BS L165 Il weld surface topography, (a) optical

profilometer 3D model image, and (b) contact profilometry surface plot.

The cweld is shown ifFigurel17with the tool profile superimposed. There are many

similarities between the surface appearance of this configuration and the 1l weld: partial
ripples overlaid with smooth deposited material iwh vary in roughness along the weld
length; a ribbon along the advancing edge; an area of rough material with protuberances
along the retreating edge; a change in the appearance of the ironed material from matt
to reflective These features can all be @itiuted to the reasons previously discussed for
the Il weld. The main differences between the two configurations are that while the
surface roughness changes along the length of the weld (similar to the Il weld), the

roughest parts of this weld exceed thaft the Il weld, as identified by the profilometry
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images shown i|rlFigure118 Additionally, only a very narrow area of discolouration is

present adjacet to the advancing side, the reasons for which have previously been

described.
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Retreating side

(@)

Advancing side

Retreating side

(b)

Figurell7.  Showing AA809BS L165cweld surface with superimposed tool profile:
(a) shows area representative of the average weld, (b) shows how the
surface appearance can change.

315
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underfill

(@)

Advancing isle Retreating side

(b)

Figurell8 Showing AA809BS L165c weld surface topography, (a) optical

profilometer 3D model image, and (b) contact profilometry surface plot.

6.4.1.3 Weld Macre and Micrestructures

Crosssections of AA8098S L165 welds are showrjkigure119 with the advancing

side on the right in both cases and theweld image is to a&lightly larger scale. The
material mixing is more easily visible on these dissimilar welds when compared to the
similar welds due to the contrast between the materials when etched. There is clear
mixing of the materials on the advancing side of the nuggethe Il weld and on the

region near to the surface of the retreating side, however this is likely to include
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significant amounts of alclad material also, as previously observed on the BS L165 similar
welds. The Il weld shows more mixing than tbeveld indicating greater material flow

in the Il weld, therefore suggesting a hotter weld than the

Negligible weld thinning was observed on the cresstions shown |Figurell9 in fact

the cweld has a slightly increased cressctional thickness across the weld nugget. This
weld does however show significant underfill at the weld surface on the advancing side,
which accounts for the additional materidless underfill was observed on the 1l weld,

however this was consistent with this cressction having been taken from one of the

smoother surface areas showrjkigurell5

Both surface breaking and siirface voids and cracks were observed close to the top
surface of the c weld, particularly along mix lines, with one small subface crack

present on the c weld. Examples of these voids/ cracks arevaaon greater detail in

Figure12Q) These voids/ cracks are different from the more common voids described

within the literature which occur at or clos® the bottom of the nugget on the
advancing side, and are caused by insufficient material flow usually caused by
inadequate heat input to the wel@Threadgill et al., 2009; Zettler et al., 201 hen

FSW aluminium and copper dissimilar welds, Xue, Ni, Wang, Xiao a(dMagfound

that both surfacebreaking and susurface cracks and voids were produced when the
rotational speed was low and when a small pin offset was used as the result of
intermetallic compounds being formed. They found that sound welds were produced at
higher rotational speeds and when a large (2.5 mm) pin offset was made to the
advancing side when the harder Cu was positioned at that side. In this current research
AAB090 parent material does have a lower hardness (approximately 11%) than BS L165

so it is pasible that further optimisation of the process parameters and repositioning of

the materials (see sectiqf.5) would resolve this defect, althougladter rotational

speeds resulted in warping of BS L165 in this case.

On the images showm|Figure119 the kissing bond/ lazy S feature is more prominent

on the Il wéd than on the c weld although the alclad layer has been drawn into the
weld at this point. In some welds clear indications of oxide entrapment were observed,
however in others only the adjoining line between the materials was visible. This kissing

bond/ lazy S feature varied in prominence throughout both weld configurations
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indicating unstable weld conditions along the length of the weld and between separate

weld runs.
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Figurell9  Showing macrograph of AA8GBS L165 weld crosection; (a) Il and (b3 8he areas indicated by the blue boxes in (a) are shown in

greater detail ifFigurel20
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(@)

(b)

Figurel20:  Showing cracks/ voids within the 1l weld nugget: (ajssutace; and (b)

both subsurface and surface breaking.
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6.4.1.3.1 Nugget

Comparison of the nugget dimensions with that of the pin revealed that the Ilwidlith
measured approximately 4.2 mm and 3.2 mm at the4thidkness and bottom surface
respectively, and that thec weld width measured approximately 4.2 mm and 3.4 mm
at the same positions. These nugget zones were slightly wider than the two sets of
similar welds; as previously described, the findings of He, Li, Song, Lui §2013)
were that increased rotabnal speed produced larger nugget zones. As the rotational
speedwas equivalent to that used for the BS L165 similar weddsl, slower than that

for the AAB090 similar weldgdhese measurements do not support that research
Howeveracombination of materls with different thermal conductivities will inevitably
affect the nugget growth and so direct comparison is not possible. It is thought that the
increased nugget zonevidth in this configuration was influenced by the slower

traversing speedi.e. greate heat input to the weld

Micrographs of the Il anat weld nugget zones are shownkigurel2llandFigurel22

respectively, where it is clear that dynamic recovery and recrystallisattourred when

compared with the parent materialg-igure31| sectior{4.1.2and|Figure36| section

4.2.7). Grain sizes used in the analysis were measured atthigkness; these are shown

infTable40} For this configuration the grain sizes were compared with both the parent

material and with the relevant similar weld configuration. With regard$able40| the
Jopuv o oo ~ Av]vP ¢] _ E ( E+ 8} & + }( 8Z vuPl
0i6iU AZ]Jo ~Z SE& S&JvP ] _ 8} @& =+ «}o 0C Ju% E]e

produced in the ngget of the c weld were slightly larger than those in the 1l weld,
possibly indicating a cooler weld in thetinfiguration. As previously described, higher
temperatures are generally reached on the advancing side, however when combined
with the severe dformation, smaller grains are usually produced on that side.
Interestingly, despite both similar sets of weld configurations producing grains
consistent with that trend, i.e. the advancing side grains being smaller than the
retreating side, for AA809BSL165 this is true for the Il configuration, however the

weld has smaller grains on the retreating side. The BS L165 parent material grains were
of course initially far smaller (by approximately 40%) than the AA8090 parent material
grains It does not appar improbable to expect that when these materials are SSFSW

together, that the AA8090 grains would remain larger than the BS L165 regardless of
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material positioning. However this does not explain the disparity between the two
orientations.In any case, i@ystallisation would destroy the original grain structufée

simplest explanation is that higher amounts of mechanical deformation were generated

at the advancing side of the Il weld pe]vP v Jv E - vhu E }( v A
nucleation sitesthan atthe advancing side of the weld, and apart from the weld
parameters and clamping producing unstable weld conditions, no further reasoning can

be given.

It was noted that the AA809BS L165 weld produced smaller AA8090 grains on the
advancing side than on the similar AA8090 weld advancing side and larger BS L165 grains
on the retreating side than on the BS L165 similar weld retreating side. Singh, Sahlot,
Paliwal and Arorg2019) found that although most models use an average of the
dissimilar parent material properties, the stir zone (nugget) is actually a hybrid mixture

of the two, and the thermephysical properties, e.g. specific heat capacity, thermal
diffusivity, thermal conductivity, and density are unique to each weld dependent on
material composition and initial thermal history, material orientation, weld parameters
and tool dimensions. For this reason, direct comparison with the similar welds is not

truly illustrative of the material transformations which occur.
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Table40: Showing AA809BS L165 weld nugget grain size dimensions with similar weld grain sizes for comparison, showing Relative Accurac

(%RA) in brackets.
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from which IMC has been removed
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removed

/

Oxide
chains

(b)

Figurel2l:  Showing micrographs of the Il weld nugget: (a) advancing side AA8090

material and (b) retreating side BS L165 material.
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Figurel22  Showing micrographs of the weld nugget: (a) advancing side AA8090

material and (bjetreating side BS L165 material.
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Analysis of the AA8090 part of the nugget (advancing Hidbpwn ofFigurel21{a) and

c shown onFigurel22a)) revealed a significant increase in the volume of fine black,

approximately spherical particles gathered at grain boundaries, considered to be

heterogeneously nucleated]v }Z & v(Section(6.2.1.3.]). Coarse intermetallic

compounds (IMCs) generally located at the grain boundaries were also observed. The
volume fraction of precipitates and IMCs was approximately equal between the two

configuratiors. The composition of the IMCs was considered to be similar to that

observed by Vigraman et al. (2021) and reported in se¢fiéghl.3.]1 although it is

acknowledgedthat sometransfer of IMCs from the retreating side (AA2014) of the

nugget may have occurred.

The BS L165 part of the nugget (retreating sitlehown ir|iFigure121 b) and c shown

in|Figurel22(b)) show the presence of larggermetallic compoundsconsidered to be

similar in composition to that identified by Rajendran et al. (2019) and reported in

section6.3.1.3.1 Again, it was however noted that some transfer of IMCs from the

advancing (AA8090) side may have occuriéeterogeneous nucleation of coarsened
precipitates,considered to be incadrent } A E } « EA § §Z PE Jv }pu
D}JE } % E3] o+ AE }« EA }A E oo }veveHl, wiich o §Z

suggests that furthecoarseningccurred in thdl weld than in thecweld. Additionally,

oxide chains were observed within the nugget; these are discussed in §6c¢3idmn3.1

The alclad layer being drawn into the weld referred to preslguand shown ‘IFigure

119b), is shown in greater detail [iRigure123 The materials have mixed in such a

manner that the alclad layer has been positioned with AA8090 material underneath it,
and the AA8090 forming the bottom surface at the join line. The alclad layer has been
drawn into the joint lineremnant, and the presence of oxides which were also drawn
into the weld has formed a kissing bond at this point. The alclad layer splits, with some
of it drawn into the joint line as described, and some drawn further into the AA8090
material. This forms aharp interface of material properties between the fine,
recrystallised grains of the nugget material and the alclad layer. This will likely introduce
stress concentrations owing to the sharp interface, and may result in a deterioration of

mechanical proprties.
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Retreating side Advancing side

\ Oxide

entrapment

BS L165

¥—{ AA8090

Alclad layer

Figurel23  Showing alclad layer being drawn into the weld and kissing bond on a

AA8096BS L165 weld.

6.4.1.3.2 TMAZ

As expected, the TMAZ was identified by distorted and elongated grains. The nugget/
TMAZ boundary was sharp on the advancing side of both configurationsiffusbcon

the retreating side with the advancing side TMAZ being slightly narrower than the
retreating side. The Il weld TMAZ measured approximatelyn®%@ide on the advancing

side and 190.m on the retreating, while thecweld measures approximately 85n on

the advancing side and 140n on the retreating. These values are significantly smaller
than those observed on the similar welds; this can be attributed to the different weld
parameters used and to the effect of mixing materials within the nuggetnigaai
corresponding effect on the material thermahysical properties. The TMAZ width

increased close to the bottom surface of the weld, as observed on previous welds.

The TMAZ microstructure is showHigurel24{for both configurations. The advancing

(AAB090) side shows precipitates, assumed tanm®herent wgathered at the grain

boundaries, with several coarse IMCs. There are larger but fewerectdfSs in the I
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than the cweld, which is at odds with the observations from the nugget. The retreating
side (BS L165) TMAZ shovemrsened precipitatepresumed to bencoherent } @nd
considerably larger IMGm the ¢ weld than on the IIThe IMCs onite TMAZ of both
sides are considered to be compositionally consistent with that described by Vigraman

et al. (2021) (advancing side) and Rajendran et al. (2019) (retreating side).
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Figurel24  Showing micrographs of the TMAZ: a) AAGBS(O.165 Il advancing side
and b) retreating side; c) AA80B® L165c advancing side and d)

retreating side.
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6.4.1.3.3 HAZ

Again, the transition from HAZ to parent material was not visually obvious and therefore
the width o the HAZ was analysed using the hardness data. This indicated that the
advancing side HAZ was approximately (based on hardness tests every 0.5 mm) 2.0 mm
wide and the retreating side 3.0 mm for both configurations. As previously described, it

IS expectedor the retreating side HA®D be wider than the advancing side.

Micrographs of the HAZ are showfFigurel25 The microstructures are similar to that

of the relevant similar weld configuration, i.e. the advancing side HAZ of AABD2065
resembles that of the AASBO9RA8090 weld HAZ, and the retra@a side resembles that

of the BS L16BS L165 weldHAZ As such, all images show precipitate coarsening
around the grain boundaries. The images shown were taken close to the TMAZ border
and the degree of precipitate coarsening decreases as the parent rialates

approached.

The grain sizes of the HAZ areas are shoyirable41jwhere the measured grain sizes

for these configurations are compared with bothe parent material and with the
relevant similar welds. Analysis of the Il weld shows that on the advancing (AA8090) side
of the AA809€BS L165, a reduction in grain size in both measured directions was
experienced when compared with the parent materislhen compared with the
AAB8090 similar welds, the AA8G8® L165 advancing side on the Il weld featured
smaller grain sizes, while there was a slight increase in grain size oowledd. The
retreating side of the AA809BS L165 Il featured a grain sizekase in both directions
when compared with the BS L165 parent material, and when compared with the similar
BS L165 Il weld retreating side there was a reduction of direction 1 and a small increase
in direction 2. The retreating side of the AA8ER8 L16 cweld featured an increase in
grain size when compared with both the BS L165 parent material and the retreating side
of the BS L16% similar weld.
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Figurel25.  Showing micrographs of the HAZ: a) AASBS(Q.165 Il advancing side and
b) retreating side; c) AASBOEE L165c advancing side and d) retreating
side
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Tabled1: Showing AA809BS L165 weld HAZ grain size dimessigith parent material and similar weld grain sizes for comparison, showing

Relative Accuracy (%RA) in brackets.
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Testing

6.4.2.1 Hardness

The results of hardness testing conducted approximately-tmickness across each

weld are shown irfFigure126with indications of weld zones indicated @ previous

plots. Analysis of the Il weld shows a sharp decrease in hardness from the AA8090 parent
material into the HAZ, with the advancing side hardness minima occurring in the HAZ. A
slight increase in hardness occurs in the advancing side TMAZavgtadual rise in
hardness within the AA8098ominated part of the nugget. The hardness value then
both rises and decreases sharply within the BS idiGbinated part of the nugget. A
spurious result at the 15.0 mm test point was considered, however tipksts were
generated from tests from multiple welds, all of which demonstrated this sharp rise and
reduction within the retreating side of the nugget. It is considered that differing degrees
of recovery and recrystallisation have occurred within the naiggéh changes to the
volume fraction of strengthening pcipitatesand coarsened incoherent precipitates

The retreating side hardness minima occurs in the TMAZ, with a subsequent sharp
increase in the hardness values through the HAZ until the unaffgaesht material is
reached. Neither side reached the measured parent material original hardness value
(although they both met their respective minimum specified hardness), suggesting that
although the hardness did plateau, the extent of the heat inputhe teld was more

far reaching than anticipated, perhaps due to the thaugeof the material.

Analysis of thecweld hardness again showed a sharp decrease from the AA8090 parent
material through the HAZ, however in this case there was a small amouirdhdss
recovery in the HAZ. This was again observed on hardness testing of severhils.

The advancing side hardness minima occurred within the TMAZ. Similar to the Il weld,
the AA809edominated part of the nugget showed a gradual increase in hardaetse
centreline was approached. Upon reaching the BS {db®binated part of the nugget,

the hardness values levelled (albeit with some oscillation) across that part of the nugget.
The hardness within the TMAZ was equivalent to that of the nugget, vatibaequent
reduction and the retreating side hardness minima occurring approximately 1 mm into

the HAZ. The hardness then increased throughout the remainder of the HAZ until the
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parent material was reached. In this case the AA88i@le met the parent mateial
original hardness, while the BS Li€i8efell short until well into the parent material,

suggesting that the retreating side HAZ may actually extend by several additional

millimetres.
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Figurel26. Showing hardness and grain size plots of a) AAB®90165 II, and b)
AAB8090BS L165.
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The hardness data analysis regarding dissimilar welds within the literature is highly
influenced by the welding parameters, the materiated and their respective position

(i.e. which of the dissimilar materials is positioned on the advancing and retreating
sides). As no research could be found in which AA8090 and BS L165 were joined by FSW,
no direct comparison can be made. Mishra et(2014)describe research in which the
degree of variation in hardness within the nugget was dependent on which side the
AA6061 and AA5052 alloys were positioned; in this study the hardngsma were
located within the HAZ and it was at this point that tensile fracture occurred. Robe et al.
(2015)reported hardness maps of AA2024 andLAILNA2198 dissimilar welds which
showe A &E] 3]}v A]sZ]v Z ~Z o\th HighérZalueg RePorted close to

the weld centreline. They also state that fBEWprecipitation hardening aluminium
alloys the grain size is not a reliable indication of hardness. Saravanai2éti&)used
AA2014T6 within a dissimilar weld and found that the hardness minima occurred within
the HAZ. They assert that the hardness within the nugget depends greatly on the amount
of materid mixing which occurs within the weld. In their research on AA2A88024,
Khalilabad et a[2018)found that the hardness minima occurred in the TMAZ/ HAZ area

but did not sgecify exactly which area.

In this current research, apart from close to the top surface of the Il weld, little actual
mixing has occurred, i.e. there are no onion rings, which is itself dependent on the weld
parameters and the degree of plasticity achievéthin the weld. Perhaps if hotter weld
parameters (acknowledging the challenges that this poses with regards to BS L165
warping) were used, greater mixing between the materials would have occurred within

the nugget and the hardness would have been |lested.

6.4.2.2 Tensile Testing

The results of AA809BS L165 tensile testing are showfiTable42| For comparison,

and in addition to the parent material (tnsverse parent materialest resultsfor
comparison with 1l welds), the similar material welgst resultsare also shown.
Dissimilar weld efficiency is typically measured against the weaker of the two parent
materials(Bandhu et al., 2017; Barbini et al., 2018; Park et al., 2020; VenkateRaara

& Senthil Kumar, 2020however AA8090 and BS L165 have comparable minimum UTS
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specifications and extremely similar measured WalBes The difference in measured

UTS for the two parent materials falls within the uncertainty of the measurement (refer

to section$3.4.2(4.1.3.4and|4.2.3.3 and so the materials can be congielé to have

equivalent measured UTS (when compared with the relevant orientation). However, the
similar weld testing showed that the AA8BOBA8090 welds were weaker than the BS
L165BS L165 welds (with the parameters used) and so the AA8090 (advanaing) sid
the weld was deemed to be weaker in the welded condition, despite the similarities in
the parent material properties. Thus, these tensile tests have been compared with the

AAB090 parent material to determine weld efficiency.
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Table42:  Showing AA809BS L165 tensile test results with parent material and similar welds shown for comparison.

Table42|notes:
Note 1: The 0.2% proof strength was inconclusive for this configuration owing to elongation being below the tolerance measutable by t
equipment.
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The weld efficiency of both dissimilar welds decreased in comparison with the similar
welds,with the Il weld achieving 78.8% efficiency and thweld achieving 72.2%. When
considering 6 relevanstudies in the literature(Bandhu et al., 201 #egarding AA2014
AA6061 welds(Barbini et al., 2018)garding AA202MAA7050 welds(Venkateswara
Rao & Senthil Kumar, 202@gardingAA6062AA2014 welds(Masoumi Khalilabad et

al., 2021)yegarding AA219&A2024 welds(Masoumi et al., @16)regarding AA2024
AA2198 welds andSivaraman et al., 202¥¢garding AA201-AA2075 welds) it was
found that the weld efficiency of germane dissimilar materials varied between 42.9%
and 94% for the most successful welds produced, with an average (of the 6 fesults
literature considered) of 71.5%. The resultshéeved in this research are therefore
consistent with that produced in the wider research community. Rao and K(2620)
attribute the lower tensile strength of dissimilar jointe & differenf microstructure
being formed within the nugget, creating a naniform stress distribution within the
weld. They state that dissimilar joint strength is generally attributed to mechanical
interlocking of the materials rather than metallurgldoonding, thus the lower tensile
strength. Differing degrees of mixing occurred between weld runs in this current
research, however none were mixed to the degree that onion rings were formed. This

suggests that the overall degree of mixing was poor.

A reduction in % elongation was also observed, beyond that even of the similar welds.
It is considered that the heterogeneous nucleatiortoérsened incoherergrecipitates
to the grain boundariesand weaknesses associated with kissing bavele the cause

in addition to thefrictionally affected surface

Although not the greatest observed so far, the AASEB® L165 weld UTS standard
deviations were considerabl&8gnificant scattewasrevealed, with results varying from
228 MPa to 339 MPa in just omreweld. However, similar to the BS L1BS L165 welds

no discernible pattern with respect to areas of strength and weakness were found, i.e.
the two cspecimens achieving the highest and lowest values both failedymid. This

was an indication that the weld uglity was not consistent across each weld or

" Relevance was judged based on the materials used.
8 Presumed by this author to mean a different and unique microstructure to either of the original parent
uUusd E] o[ u] E}+3EN SUE U Z}YA A E v} o E]J(] 3]}V ]* % E}A] . 3}
study.
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repeatable between weld runs, most likely as a result of inconsistent heat input to the

weld.

Of the 20 AAB09BS L165 Il weld tensile tests performed, 12 failed at the advancing
edge of weld and 8 failed mideld. Rao and Kumg&R020)«S § s§Z § P v E o "&E
$Zpu _ (J&E A o «<u o](] 8]}v ]v J]eeJu]lo E A o JvP ]+ 8Z § §7
of the weaker material rather thawithin the nugget. They assert that joints which failed

within the nugget generally experienced inadequate mixing of plasticised material or
suffered excessive heat input. Other research is in agreement with this statement
(Bandhu et al., 2017; Barbini et al., 2018; Masoumi et al., 2016; Sivaetrahn2021)

and this research is broadly in agreement as the majority of the welds failed at the
advancing (AA8090) side of the weld. Examples of each failure type, showing position of

fracture from the top surface, as a cross section and showirgildd SEM images of

the fracture surface are shown|iigurel27|(advancing edge of weld failure) akrdure

128(mid-weld failure).

With reference tgFigurel27] the 12 tensile specimens which failed along the advancing

edge of the weld did so along the edge of the visible part of the weld as viewed from the
top surface. The fracture surfaces were dull but relatively smooth and orientatec®at 45

to the loading direction, #hough the direction of the 45slope varied and on some

occasions (as shown |FFigurel127(a)) alternated along the crack length. The etched

crosssectin [Figure 127(b)) revealed that the failure initiated at the edge of the

overhangand then propagated within the advancing side HAZ. The advancingl8ide

was identified as the softest area of the weldFigurel2§a) and it is suspected that

the crack initiated and propagated at this location dughie combination of the stress

intensifier (edge obverhang andit being theweakest area of the weld.

SEM analysis revealed a mix of intergramlilﬁa’g&relZ? c)) and transgranular failure

Figurel27(d)) featuring slip planes on the grain boundaries on the intergranular regions

Figurel27(c)) similar to that observed on the AA8GBA8090 Il welds. Also consistent

with the AA8090 II similar welds were small pockets of microvoid coalescence located
on the grain boundaries. Upon examination of the test results it was found that all 12
advancing edge of weld failures achieved relatively high UTS (although the % elongation
was still dramatically reduced from the parent material value) with far lessescthtan

observed on thec welds previously noted It was also noted that on one Il weld, all
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except one of the specimens failed at the advancing edge of weld. This is indicative of a

more successful weld, with the failure occurring at the weakest and Stofse¢Figure

12¢a)) point.
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Figurel27. Showing tensile fracture of AA8GB® L165 Il weld occurring at the
advancing side EoW; (a) macrograph showing fracture from top surface,
(b) crosssection of weld showing crack path, (c) and (d) SEM image

showing detail of freture surface.
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With reference toFigurel28 the 8 tensile test specimens which failed rndld did so

within or along the edge of the rough and undbefd rippled area, and generally

followed a ragged wavy line as showrjligure128a). The fracture surfacesgere dull

and matt in appearance. The etth crosssection shows that the failure partially

occurred at the joint line remnant, where the two materials met midld. The alclad

layer can be seen to split, similar to that oncaveld examined ifFigurel23(section

6.4.1.3.3. It is considered that a partial kissing bond was the weakest point of this weld

and so the crack propagated along this line until such a point that the materials were
more fully bonded. Athis point the AA8090 nugget material was weaker than the mixed
material and the crack then propagated through this part of the nuggéttdshe
loading direction. Some plastic deformation can be seen on the predominantly AA8090
half of the failure, likelyarising during final failure. SEM analysis confirmed the presence
of the kissing bond as the corresponding area showed only directional markings from
mixing with no features consistent with material failure; this is indicative of an area
which was not prperly joined. The main part of the crack propagation was through
AA8090dominated material. This part of the fracture surface was a mix of microvoid
coalescence and transgranular failure, similar to that observed on the AA8090 Il tensile

test specimen whic failed midweld.
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Figurel28 Showing tensile fracture of AA8GB®& L165 Il weld occurring rweld;
(a) macrograph showing fracture from top surface, (b) esestion of
weld showing crack path, (c), (d) and (e) SEM image showing detail of

fracture surface.

Of the 20 AABO9BS L165c tensile test specimens, 17 failed mickld and 3 failed at
the advancing side edge of weld. Based on the previous discussion, this suggests overall

poor or inconsistent weld quality as the majority have not fatle@ugh the softest area

of the weld (advancing TMAZ farwelds, segFigurel26gin section6.4.2.]). Examples

of each failure location, showing the position of fracture from the top surface, as a cross

section and showing detailed SEM images of the fracture surface are sh{viguie

129(mid-weld failure) angFigurel3(Q(advancing edge ofeld failure).

With reference tqFigure 129 those failures occurringnid-weld did so in a similar

manner to the Il welds, through the rough, underfilled and rippled areas as viewed from

the top surface. Again, similarly to the Il welds, they failed with a ragged wavy line as

shown orFigurel29a). The fracture surface observed was at 45 the direction of

loading, however a small lip was observed adjacent to the bottom surface. The etched
crosssection revealed that thigorresponded to a small kissing bond, although the

alclad material had not been drawn into this weld as seen on previous examples. It is
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considered that the small kissing bond opened under modest loading, and as the tensile
test progressed and additionklading was applied, this opening acted as a stress raiser
and caused the specimen to fail at an already weakened position. The weld then failed
when the load reached the corresponding UTS of the nugget. The crack propagated
through an AA809@ominated pat of the nugget and then through a BS L4165
dominated part of the nugget. As observed from the similar weld tensile tests, AA8090
is weaker than BS L165 in the welded condition (with the weld parameters used),
therefore it is likely that the crack propagatdrom the opened kissing bond, through

the AA8090 material and then finally through BS L165 material when the overall reduced

crosssection weakened the weld.

SEM analysis confirmed the presence of the kissing hbigie129c)), along with

clearly differentiated areas of the different materials. The AA8090 part of the fracture

surface (as indicated 1rh'—igure 129c) and shown in detail iEigure 129d)) had

directional markings, retaining the indicais of movement from the pin as it was stirred.

This may indicate a lack of plasticity in the matearad thatthe AA8090 part of the weld
nugget did not fully consolidate. This introduced weaker areas along these stir planes
and thus the material failecalong the grain boundaries, although some localised
ductility was observed. When the fracture progressed to the BS-tlaé6bnated part of

the nugget, it failed in a ductile manner influenced by the large intermetallic particles

observed|Figurel29e)).

As previously described, the 17 migtld failures achieved a wide range of UTS results.
This is considered to be due to a variation in both the length@kissing bond present

at that part of the weld, and to the extent of the mechanical interlock (or more precisely
lack of) at that area. This coupled with the adequacy or deficiency of the plasticisation,
mixing and therefore consolidation of the AA80&€étermined the quality of the weld

and the value of UTS that ibeld achieve. These criteria are all determined by the level
of heat input to the weld and is therefore another indicator of the lack of consistency

across and between welds.
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Figurel29:  Showing tensile fracture of AA8GB& L165c weld occurring migveld;
(a) macrograph showing fracture from top surface, (b) esestion of
weld showing crack path, (c) low magnification SEM image showing
fracture surface fulthickness, (d) SEM image wshiog predominantly
AAB8090 fracture surface (e) SEM image showing predominantly BS L165

fracture surface.

With reference t({Figure13O the three AASBOXMBS L165c specimens which failed at

the advancing side edge of weld did so in a manner similar to those Il welds, i.e. along

the visible edge of the weld as viewed frahe top surface, in a relatively straight line
with smooth dull and matt fracture surfaces orientated°4s the direction of loading.

The etched crossection shows that the materigkailure initiatedwithin the overhang

and then propagated through thdAZ with some plastic deformation at the top surface,
likely occurring during final failure. SEM analysis revealed a mix of inter and
transgranular failure with slip planes visible on the grain faces, similar to that observed

on the AA8090c weld advancingnd retreating edge of weld tensile tests.

Analysis of the test results revealed that although these three test specimens did not

achieve the highest UTS results, all were close to the top of the range. This is indicative
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that at these points of the weldhe nugget did not contain a kissing bond, and that the
materials were sufficiently mixed such that the weakest point was not within the nugget,
but within the HAZ. Interestingly, the softest part of this weld fell in the advancing side
TMAZ[Eigure126[b) in sectio m} not at the HAZ. Althah the TMAZ grains size

was large in one directiojT&ble28|in section5.1.3.9, they were smaller in direction 2,

while the HAZ grains were relatively large in both directiangh grain boundary
precipitatecoarseinng reducing their strength, which is considered to be the reason for
failure in the HAZ.

Retreating side Advancing side

(@)
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Figurel30: Showing tensile fracture of AA8GB® L16 ™weld occurring at the
advancing EoW; (a) macrograph showing fracture from top surface, (b)
crosssection of weld showing crack path, (c) SEM image showing fracture

surface detail.
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6.4.2.3 Fatigue Testing

Although the AA809®BS L165 tensile test samples were compared with AA8090 parent
material for determining weld efficiency due to AA8090 being weaker (in UTS) than BS
L165 in the welded condition, the results of fatigue testing show that the mean fatigue
strength of both BS L165 parent material and the BS {B$3.165 similar welds was
lower than AA8090 parent material and AA8ORA8090 similar welds. For that reason,

the AA8096BS L165 fatigue tests have been compared with BS L165 for determining
weld efficiency. AABO9BS L165 welds achieved 70.8% weld efficiency when compared
with the parent material and achieved 83.7% of the mean weld strength achieved during

BS L165 similar weld tests. It is expected that the considerable loss of ductility of these

dissmilar welds (see sectidf.4.2.3, beyond that even of the similar welds was a

significant factor in the loss of fatigue strength. The literaturetestathat generally
dissimilar aluminium FSW have lower fatigue strength than the base mat@hialsg et

al., 2018) Cavaliere, De Santis, Panella and Squil2a069)found that the positioning

of the materials, i.e. what parent material is positioned on the advancing bate a
significant effect on the fatigue strength, with best results for AA28246082 being
producedwith the stronger material (AA2024) on the retreating side. Cavaliere and
Panella(2008) also found that even if the stronger material is positioned on the

advancing side, fatigue resslcan be improved if an advancing side tool offset (see

section|2.3.9.1.4 is utilised. However, Sillapasa, Mutoh, Miyashita and @847)

positioned the harder 7NO1 aluminium alloy on the advancing side of a-BNO1 weld

and reported a fatigue strength of 83.7% of the weaker material. They also found that
the lowest fatigue sength occurs within the HAZ, followed by the nugget (TMAZ was
not considered). As fatigue strength is measured via different methods (for example:
determining the number of cycles (N) that the material can withstand before failure at
a particular stressraplitude (s); determining the maximumfor which failure would

not occur at a given N; or studying the growth rate of fatigue cracks within the material
(Wang et al., 2018) and the resu$ are rarely reported as a mean fatigue strength,

comparison with the literature is challenging.

The AA809MBS L165 fatigue tests had the lowest standard deviation and coefficient of
variation for measured fatigue strength valuesf all test configurations, being

significantly lower than even the parent materials tests at only 7.38 MPa and 0.034
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respectively |Table31}in sectior]5.2.3.]) (for comparison the next closest is BS L165

parent material at 171 MPa and 0.038). This indicates a reasonably high degree of

confidence in the accuracy of the results.

Of the 32 fatigue tests conducted for this configuration, 17 failed prior to the 56,000
cycle cutoff. Of theseall failed within the weld with 9 mveld but close to the advancing
edge, 5 miedweld and 3 within the weld but close to the retreating edge. Examples of

each failure location, showing the position of fracture from the top surface, as a cross

section and showing detailed SEM images of tlaetfire surface are shown |iRigure

131(close to the advancing edg@igure132(mid-weld) andFigurel33(close to the

retreating edge). With regards to the mideld failures and to the failures biased

towards the retreating edge, the images showing the fracture when viewed from the

top surface|Figurel32(a) andFigurel33a) respectively) look to be in similar positions.

The difference in location can however be clearly seen in the etched-seati®ns

Figurel32b) andFigurel33b) and (c) respectively).

More than half of the failures occurred close to the advancing edge. This is interesting
as BS L165 parent material achieved a lower mean fatigue strength than AA8090 parent
material, and in the similar welds, BS L165 welds were weaker in mean fatigngtktre
than the AA8090 welds. When not influenced by flaws such as kissing bonds, the
majority of similar welds (both AA8090 and BS L165) failed at or close to the advancing
side|Table32jin section5.2.3.3. The hardness minima for this AA8EBS L165 Il weld

occurred in the advancing side HfiAgUrel26a)), as was the case for the AA8090 I
weld (only Il were considered for fatigue testiTEMure?S a) in sectio[6.2.2.9. The BS

n

L165 Il weld hardness minima actually occurred in gteeating side HAE{gurel0l]

section6.3.2.1) however this value was extremely close to that of the advancing side

minimum hardness value. It is considered that fatigue initiation location is closely
related to the location of hardness minima, which is in turn produced by coarsening of
the preciptates which heterogeneously nucleate at grain boundaries, weakening the

material in that area.

With reference tgFigurel31 a fracture occurring witihh the weld but heavily biased

towards the advancing side is shown. The fracture occurred along the edge of the rough
and underfilled area, but not at the actual boundary of the visible weld when viewed

from the surface. Approximately one half of the fract length was ragged and strongly
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influenced by the rough surface ripples while the other approximate half was straight

and smooth; these areas are indicated|Bigure131{a). Stereo microscopy revealed

that the fracture surface associated with the ragged length of the fracture was itself
<u]8 EIpPZ Al8Z "E § Z §_ u EIle Jv] 31A }( \W %o O

131{b)); these corresponded to rough surface ripples suggesting that the fatigue

response in this case was influenced by the ripples acting essstaisers. The fracture
surface corresponding to the straight length of the fracture was orientated at
approximately 48 to the direction of loading and had a small distinct band
(approximately 10050 .m depth) adjacent to the top surface of the weld it had a

different appearance to the rest of the fracture surfa{@ég(urelSl c)); ratchet marks

were also visible through the band. This band was wgisible on the fracture surface
corresponding to the rough crack length with the ratchet marks proliferating along it. It
is considered that this band corresponded to the area of mixing along the surface of the

weld.

The etched crossection showed thathe crack had initiated within the band observed

via stereo microscopy and then propagated through part of the nugget, ending within
the TMAZ. While this has not failed at the area of minimum hardness as described earlier
in this section, the hardness withthe TMAZ is low in comparison with other areas, and
the ripples on the surface of this specimen gave rise to a stress raiser, thereby relocating
the point of initiation. The mating fracture surface on the rigfaind side o@

131d) is a different shape to that on the Idfand side because the failure occurred

within the underfilled area of the weld surface. Additionally, as the specimen was cut
part-way though the length, there may be some irregularity to the alignment of the
adjoining fracture surfaces, i.e. they may not have been cut exactly and so misaligned
although all attempts at precision were made. It is considered that the rough ripples,
combined with the area ofurfacemixing acted as stress raisers initiating fatigue at
multiple points adjacent to the top surface of the weld. These cracks propagated to a
greater extent in the length corresponding to the rough crack length, but arresitidh

the straight edged length, before final overload failure when the critical crack length was
reached. SEM analysis revealed striations consistent with fatigue failure within the band,

with transgranular overload failure occurring elsewhere.
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The specanens which failed close to the advancing edge all achievedanige to high
(approaching the 50,000 cycle) eniftf cycles before failure. It is expected that if the
region of chaotic mixing was reduced through improved process parameters, the fatigue

strength would improve.
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Figurel3L  Showing fatigue fracture of AA8GB® L165 Il weld occurring close to the
advancing edge of the weld; (a) macrograph showing fracture from top
surface, (b) image showing fracture surface corresponding to ragged
length of fractwe, (c) image showing fracture surface corresponding to
straight length of fracture, (d) cresection of weld showing crack path,

(e) SEM image showing detail of fracture surface.

With reference t({Figure132 the fatigue test specimens which failed avietld did so
within the rough rippled region, with a slight bias to the retreating gkigurel32a).

The crack lengths were fairly straight and smooth, and stereo microscopy revealed that

the fracture surfaces had two regions; one which was dull with directional markings and

another which was bright dumatt in appearancgrigurel32(c). This was similar taid-

weld fracture surfaces examined previously on similar welds in which a kissing bond was
present. Indeed, the etched crasection revealed that the materials had separated at

the join line remnant before propagating through the BS L165 material. Tdterial

mixing in this part of the weld was considered to be particularly ineffe¢Eigurel19

(section6.4.1.3 shows that the join line of Il weld macrostructure examined previously

curved slightly towards the retreating side adjacent to the bottom surface of the weld,
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before curving towards thadvancing side, with AA8090 material mixed through the BS
L165 material above this main curve. Theveld macrostructure showed that the join
line was almost vertical from the bottom surface to approximately-thidkness, before
curving into the retreaftig side and then doubling back to curve towards the advancing
side. Although in thec weld there was no mixing adjacent to the bottom surface of the

weld, both of these macrographs showed mixing in the top half, or at the very least,

material transfer fromone side to the other. This weldigure132b)) shows only BS

L165 transfer to the advancing side, with no mixing of the two materials either below or
above the main curve. This particular fatigue specimen only achieved 376 cycles prior to
failure, indicating that the bond between the materials was superficial. None of the
specimens which failed meld achieved over 19000 cycles prior to failure, withf

the 5 under 6000 cycles. The lack of join (kissing bond) covering approximately half of
the weld thickness resulted in the remaining BS L165 material being unable to support

the cyclic load.

SEM analysis confirmed the presence of the direction@slirFaint striations were
observed close to the kissing bond/ failed material boundary (observed on the failed

material), with the majority of the fracture surface comprised of ductile microvoid

coalescence, consistent with overload. Elongated ductile BimpfFigure 132(e))

confirmed that the final failure occurred adjacent to the top edge of the weld.
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Showing fatigue fracture of AA8GB® L165 Il weld occurring ruetld;

(a) macrograph showing fracture from top surface, (b) esestion of

weld showing crack path, (c) low magnification SEM image fracture

surfae full thickness, (d) and (e) SEM image showing detail of fracture

surface

With reference tchigure133 the fatigue specimens which failéatweld, close to the

retreating edge as viewed from the top surface of the weld, did so separate from the

rough rippled region, along a smooth area of material. Stereo microscopy revealed a

ledge of material, too thick to be only the alclad layer presajacent to the fracture

surface|Figurel33

b)).

This ledge was of an almost constant thickness across the length

of the crack. The fracture surface neatl adjacent to the ledge had separated from it

in places, and thumbnail markings and ratchet marks consistent with fatigue failure were

present propagating from it. Due to there being no sharp boundary between the nugget/

TMAZ/ HAZ interfaces it wasfistilt to pin-point the exact location of the fracture from

one image

Figurel33

c}(e) show the etched crossection gradually narrowing in on

the faiure point with each image location shown on the previous image via a green

dashed box. This, together with the stereo microscopy analysis, showed that the fatigue
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crack initiated suksurface, in the material adjacent to the ledge. The fatigue crack then

propagated through the retreating HAZ, with final overload in the HAZ and ledge. SEM

analysis revealed fatigue striatioffSurel33f)) within the thummmail markinggKigure

133b)) and ductile microvoid coalescence present elsewhere on the fracture surface

(not shown).

It is considered that the ledgeas formed as a combination of alclad layer and the
material response to th&ool frictionalinfluence. This acted as a stress raiser promoting
fatigue failure to initiate from that point. These three failures all achieved mid values

with regards to cycliperformance, ranging from 220680000 cycles prior to failure.

dZ]e Jv] & e« 8Z 8 §Z]+ A}po v}$§ 8Z u 8 E] o[* % E ( E

surfacenot exerted such a strong influence.

&E}Iu §Z USZ}E[s A% E] v U SZlevafE disspriar abumindimv  (} E
FSWs is rarely reported in the literature. Sillapasa ef28117)did however cut small

round bar test specimens to test the fatigue strength of différereld locations and

found that the HAZ was the weakest area with regards to fatigue. This suggests that the
failure location in these welds should be the HAZ, but which side? The advancing side
(AAB090) in this configuration has the weakest welded terssilength (from previous

testing) however the retreating side (BS L165) has the lowest welded fatigue resistance,
but Cavaliere et a(2009)found that positioning the strongest materiah the retreating

side (as is the case here) improved fatigue resistance. For this research, only 3 specimens
faled]Jv 8Z , « ZYA A & }VEE] HS}EC ( S}Ee e Z = I]ee]VvP
surfacesstrongly influenced the position of failure. The testing shows that the favoured
location with the current weld parameters is close to the advancing side, initiating from

the surfaceand propagating through the nugget and TMAZ. It is considered that with
optimal parameters to produce higher quality welds that the failure location would
move to the HAZ. Without further testing it is unknown if this would be on the advancing

or retreating HAZ, however due to the hardness minima occurring at the advanaing sid
HAZ[Figure12§a), sectio it is sispected that this would be the preferred

position.
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Striations

(f)

Figurel33  Showing fatigue fracture of AA8GB® L165 Il weld occurring close to the
retreating edge of the weld; (a) macrograph showing fracture tapm
surface, (b) stereo microscope image showing fracture surface, (c), (d) and
(e) crosssections of weld showing crack path, (f) SEM image showing

detail of fracture surface.

6.4.2.4 Residual Stress

6.4.2.4.1 Residual Stress with Hole Depth

The RS results plotted agairnke drilled hole depth are shown for both configurations

infFigurel34] Again, only values occurring at depths G006 mm are considered in the

analysis. The values produced are well in excess of the materials yield strength (and UTS)

and so again cannot be uséal quantitative analysis.

As expected, all parent material measurements remained at approximately zero
throughout depth (with the exception of AASOES L165 Il retreating side parent
material- see following paragraph for further explanation). With reggato the AA8090

BS L165 Il pI@ a)) and disregarding the actual measurement values, the
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nugget and EoW advancing (AA8090) had compara®lprBfiles through depth (0.06

0.4 mm). Unlike with previous tests which started at high values (after 0.06 mm), these
continued to grow in tensile RS before reaching a peak at approximately 0.16 mm and
then gradually reducing with depth. The EoW retregtifBS L165) RS was similar in
profile to that testing performed previously (high initially and gradually decreasing with
depth), and the overall measurement was below that of the nugget and EoW advancing
side. Little analysis is possible with regards te /A8096BS L165c RS due to the
spurious results at the edge of the weld, although the nugget profile is similar to

previous testingvith the RS peak occung at a deeper position.

All data sets were accounted fan both AA8096BS L165 configurationspWwever

several are considered to be spurious based on the degree of fluctuation including

AAB096BS L165 Il parent material retreating sidfegUre134(a)). Based on previous

testing, i.e. BS L168S L165 Il parent material retreating side RS tests, this value should
measure around zero throughout the depth. A flaw or some unobserved mechanical
damage may have caused the initial spike in this test andstiisequent rise and fall
from approximately 0.1®.28 mm, however the more likely scenario is a deficient test.

Additionally, both edge of weld specimens (advancing and retreating) from AABS90

L165 c (Figure 134(b)) show considerable fluctuation. The edge of weld tests were

performed immediately adjacent to the visible weld when viewed from the surface; by
positioning the tests there, they should addhe TMAZ and nugget and, although there
may be some influence from theverhang/ frictionally affected surface materialp to
approximately 100150 .m), the hole should only be drilled through the HAZ of the weld.
Although there cannot be direct reaatross from the similar welds to this configuration
due to the difference in welding parameters and the unique themmechanical
properties produced by the materials mixing, it is considered that the profile for these
tests should be similar to that seen preusly. The advancing edge of weld tests on both
AAB09BAAB090 configurations were considered to be spurious based on the degree of
fluctuation. Had the AA809BS L165 Il weld advancing EoW test not followed a more
sensible profile, the author would congir whether the fluctuating profile was in fact
accurate, however from positioning of the test and the microstructure of the HAZ
throughout depth there appears to be no logical explanation for the fluctuating profile

to be accurate.
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Figurel34: Showing residual stress results plotted against drilled hole depth; (a)
AAB8096BS L165 II, and (b) AASEBS L165.
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6.4.2.4.2 Residual Stress Across Weld
The residual stress measurements taken across the weld are sh({Wgu'rel% As

previously, the approximate positions of the parent material, HAZ (I dAZ) and
nugget are shown along theaxis. The AA809BS L165results must be analysed with

caution due to the fluctuating and spurious nature of the edge of weld tests.

The AA809MBS L165 Il result&igurel3ya)) show a peak at the advancing side EoW

and then gradual reduction in RS through the nugget and then retreating side EoW, for

all depths with the exception of 0.062 mm where the advanand retreating EoWs

are almost identical (as shown|kigure1l34a)) and the profile takes the form of the
SC%] 0 "D_ ¢Z % X ]+E& P @sulviewever andicdincaniratihg on the

other 4 depths, the profile is at odds with those recorded in literature. Studies using
relevant dissimilar aluminium alloys (e.g. AA23247075, AA202AA6061, AA707%5
AA6062) were examined and all produced resulthaidouble peak, i.e. an asymmetric
AD e« Z(Gdoet al., 2020; Hadji et al., 2018; Jamshidi Aval, 2015; Zapata et al., 2016)

with the peaks at the edges of the weld and a dip in RS within the nugget, see section

2.3.9.3.4 It should however be noted that these studies all used either XRD, neutron

diffraction or ultrasonic methods; the XRD stud{@amshidi Aval, 2015; Zapata et al.,
2016)are only valid for near surface measurements. There are conflicting reports in the
literature as to where the maximum residual stress is measured within the. vizeld et

al. (2020)and Jamshidi Av015)both reported that the maximum RS occurred at the
edge of the weld &the side corresponding to the stronger material, with Guo attributing
this to the higher heat input at the advancing side combined with the higher mechanical
properties of AA7075 over AA2024. However, Zapata et(24116) reported the
maximum RS at the side corresponding to the weaker material, which was attributed to
the properties, chemical composition and heat treatments of the materials used as the
weaker material had higher RS when gamwelding was conducted. Hadji et €2018)
reported that the RS was at a maximum on the retreating side regardless of material
positioning of AA2024 and AA7075, however when the weak&0R24 was positioned

on the advancing side, the RS increased overall. These results were attributed to the
local mechanical properties and inhomogeneous temperature distributions before and

after welding.
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This all suggests that the RS measurement andlensfhighly dependent on a number

of factors, including but not limited to:

X the materialcomposition

X original mechanicgbroperties

X heat input during welding and the material response to that heat, both
individually and the response of the mixetateriad

X unique combined thermanechanical propertieproduced

X degree ofmixing

X positioning of materials

As all testing produced results which cannot be used for qualitative analysis, it is not
possible to determine which of the materials had the overall sgy@r RS response to
welding in the similar welds (AA80ZM8090 and BS L1&5 L165).

The cRS results show a similar profile (with the exceptiof.@fl2 mm) to the Il weld,
however as stated previously, these results must be treated with caution due to the high

degree of fluctuation produced in the EoW tests.

Again, there are no balancing compressive RS results shown on either Filpaial 35

however as previously discussed, had additional measurements been take at positions
within the HAZ and parent material, it is expected that compressivwdtses/ould have

been generated.
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Figurel35.  Showing residual stress across weld at varying hole depths: (a) A28090

L165 Il and (b) AASOES L165%.
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Summary/ Conclusions for this Configuration

The following is a brief summary of the findings from the work on AAB®Q165 weld

configurations.

X There was little direct readcross from the similar weld configurations, i.e. the
behaviour of AABO9®RA8090 or BS L145S L165 did not necessarily deténe
the behaviour when combined as AA80BES L165. This was apparent in the weld
parameters required to allow welding without warping BS L165, the fatigue
& epoSe v v §Z ZN E epoSeX dZ ]Jv(op wphysigal Z u
properties combied to produce unique ones, especially within the nugget.

x Differing degrees of mixing of the materialsen® noted along each weld,
between weld runs and between the configurations. Generally it was suspected
that the welds would havexperiencedyreater mixingvith potentially improved
mechanical testing results had the heat input been greater, however this had to
be balanced with the distortion reaction of BS L165.

x The welds were inconsistent along each weld, between runs and between
configurations. In additio to the differences in material mixing described above,
the extent of kissing bond present also varied (although this is strongly related
to material mixing) and dramatic changes in the weld surface appearance were
observed.

x The frictionally affected sudce region (included mixed alclabdad a strong
influence on the fatigue properties of the welds.

X The tensile properties were generally consistent with the literature.

x Additional work is required regarding fatigue testing to determine the
preferential failire position in the absence of kissing bonds or influestiaface
area This would require a systematic programme to determine optimal process
parameters.

x Additional RS work is required before any definitive conclusions can be drawn.
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6.5 BS L168AA8090

AsWelded Examination

6.5.1.1 Welded Sheets
The SSFSW was conducted at TWI in Rotherham by the author and a TWI specialist,

however, as insufficient material was transported to the facility during the initial welding
period this configuration (BS LI#\8090 Il andc) was welded separately, with
material being posted and the welding carried out solely by the TWI specialist. As such,
testing and analysis was carried out on this configuration at different times than the
other configurations andas an unfortunate consequengaitial photography of the as

E JA "Ar&Nt eZ Se A evis EE] IuEX 3§ ]Jo v}i$ e }v §7
AE ZYAA ES1vAzZ]Z + ] 8Z «Z 8[* %% E v Xd
appearance to other agfigurations with respect to varying degrees of longitudinal and

angular distortion, and vertical lifting at the end of the weld run.

Only welds considered to be sound (with the parameters used having passed bend
testing) were returned from TWI, therefotbe author did not have sight of any failed
welds produced during trials. As a result no comment can be made on any warping or

distortion which may have occurred during trials to the BS L165 (as per the similar BS

L165 welds, segF{gure86|in section6.3.1.) and whether this was more or less

extensve than that observed on AASOES L165 configurations.
6.5.1.2 Weld Surface

6.5.1.2.1 BS L16\A8090 Il welds

An area of the Il weld top surface representative of the surface appearance during

steady state welding conditions in showr{ﬁigurel%with a scaled profile of the tool

superimposed.

Significant amounts of deposited material were present adjacent to the advancing edge
varying in volume deposited, roughnessd width along the length of each wel@hey
were, in parts relatively smooth and even, but with protuberances/ galling of material

interspersed along the length. These protuberances were occasionally relatively large as
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shown in|Figure 137, This material was similar to that observed adjacent to the

retreating edge of the AA809BS L165 Il welgFigurell5in section6.4.1.3 and was

considered to be redistributed alclad material. Deposited material was also present at
the retreating edge, however this was far reduced in volume from the advancing edge

and was genelly of a smooth and even appearance.

dz Av]vP "Z o(_}(8Z Ao Al 8z £EZ]]15 E]%%o0 « A]
us E] o AzZ]Jo §Z & SE S3S]JvP "Z o(_ A « }( 82 JE}v %o %:
The ripple spacings were broadly consistevith the weld pitch (0.178 rev/imm),
measuring approximately 173n. Similarly to the AA809BS L165 Il configuration, the

ripples varied in their roughness and definition, with this attributed to differences in the

heat input along the weld changing thmasticity of the material. The ripples were

positioned below the overlaid ironed material, resulting in underfill of the weld at those

areas which can be observed in the profilometry images showhigare138 It is

considered that the ripples are visible with underfill present for the same reasons as

described for AA8098S L165 Il (sectin{ﬁ.4.1.2, however in this case additional

material (in the form of the alclad layer) was deposited on the advancing side due to the

% E VS U S E] o[+ %}*]8]}V]VPX

Directional markings observed adjacent to the adleing edge of the AASOIBS L165 II
weld (sectiorEA.l.Z were not observed on this configuration, nor were they present

at the retreating (AA8090)kdge. These markings were originally attributed to
discolouration owing to oxidation from excess heat on the advancing side of the weld,
with the BS L165 being spared due to its positioning on the retreating side plus its
protection via the alclad layes such, although in this case the BS L165 is on the
(hotter) advancing side, it still retains some protection from discolouration through the
alclad layer and thus these markings were not formed. Another difference between this
configuration and AA809BSL165 was that this weld had no change in reflectivity. This
change from matt to reflective on the AA808® L165 Il weld waagain partially
attributed to oxidation, thus would not be experienced here. It was also partially
attributed to the mix of al@dd, BS L165 and AA8090 within the materials being stirred;
these are all present within this weld, however their original positions differ from the
AA80908 ~ >i0fAX <« ey ZU 8Z u § E] o[ (Jv 0 %}*]8]}ve Aloo
alternative materids being located at the top surface.
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Figurel36. Showing BE165AA8090 Il weld with superimposed tool profile.

Figurel37:  Showing relatively large deposit of material on the advancing side edge of

BS L16R\A8090 Il weld.
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Figurel38 Showing BS L16%A8090 II weld surface topography: (a) optical

profilometry image, and (b) contaatofilometry surface plot.

6.5.1.2.2 BS L168\A8090 cwelds

An image representative of the BS LI#6A8090 c weld top surface appearance is

shown inFigure139 Thee were several features which were similar to the Il weld:

visible ripples overlaid with ironed material and deposited material adjacent to the
advancing side and to a lesser extent on the retreating side. There were however some
differences. Thec weld h v JAE oo *v § E_ %% E v U A]3Z §:
covering a more extensive area and less deposited material on the advancing side. The
material adjacent to the advancing side was deposited finely and barely visible over
some lengths of the weldf is considered that the fine deposit was alclad material,

which due to its greater ductility than the other materials, was extruded to a finer
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on the AA809@BS L165c weld, was observed. The ribbon was considered to be mixed
weld material which had been extruded out from the edge of e but due to its,

albeit slightly, reduced ductility and density gathered into a thicker mass adjacent to the
pinwithout spreadng. It is likely that this weld had lower heat input than the Il weld and
thus reduced plasticity, hence the neater appearance, thinner alclad deposits and

limited galling to the advancing side.

Also observed on thec weld were several lines on the ironed material. These were
c0]PZ30C A AC_ o}vP 8Z o vP3Z }( §Z A|rguret39and -

on the optical profilometry image |Figurel4(a), and are indicated on the surface

profilometry plot inFigure14Qb). Based on the narrow width of these markings and

reasonably shallow depth it is considered that they were caused by material adhered to
the tool shoulder trailing edge which gougtie marks as it traversed, while ironing the

rest of the weld face.

Advancing side Gallling Missing Finely

material deposited
/ i v/ } material

Ripples
(underfill)

e

"tAG
ironing lines

/

Retreating side Additional material

Figurel39: Showing BS L16%A8090c weld with superimposed tool profile.
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Figurel40. Showing BS L16%A8090 c weld surface topography: (a) optical

profilometry image, and (b) contact profilometry surface plot.
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6.5.1.3 Weld Macre and Micrestructures

Etched cross sections of both BS L-288090 weld configurations are shownHigure

141 in both cases the advancing side is on the right. The materials have not mixed as

successfully for the Il weld as was observed for the AABRQ165 Il weldFigurel19
in sectiorf6.4.1.E°U Al8Z 1<8]v 8 ~ o} |_ }( Z090 doeddxterl alér

to the advancing side along the top surface of the weld and mixing of the alclad layer

present on the BS L165 has occurred in that area, although this is not clegFigure

141 and the BS L165 extends into the AA8090 on the retreating side at approximately

1/3" thickness, but that is the extent of the mixing indicative of low plasticity in the
material during welding, suggestivé relatively low heat generation. There is a similar
level of mixing on thec weld, although this was reasonably similar to that of the
AAB096BS L165c weld. It is considered that less heat was generated in the BS-L165
AAB8090 Il welds than in th&@A8096BS L165 Il weldlhisresulted in reduced mixing

which indicates diminished plasticity of the materials.

Minimal weld thinning was observed on either weld, actually both welds increased in

thickness across the retreating half (corresponding to thertaid ironed area described

in[6.5.1.3. Underfill was observed on the advancing side of both welds, coinciding with

the visible ripples as previsly described; this is not weld thinning which is caused due
to the forging pressure of the shoulder compressing the weld, rather due to insufficient

material transfer from the retreating side to the advancing side during stir.

Oxide chainsvere visible along the joint line, indicating the presence of kissing bonds
(rather than the more benign lazy S). These oxide chains extend from the bottom surface
of the weld, through taapproximately 2/3' of the weld thickness and are particularly

abundant at the approximate mithickness of the weld (highlighted by blue boxes in

Figurel41{a)). Additional oxide chains extend into the nugget remote from the joint

line; these are discussed further in sect|6rb.1.3.1 Fewer subsurface voids were

observed on these configurations when compared with AASBSQ.165, althougiome
were present. Instead, oxide chains extended close to the top surface, folldaténg

dissimilar material interfaces. A large inclusion is present mid thickness on the joint line

of the c weld (highlighted by a green box pgtigure141(b); this is also discussed in

section6.5.1.3.1 The alclad layer was not drawn into the weld at the bottom surface.
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Showing macrograph of BS L#6A8090 weld crossection; (a) Il and (k). The areas indicated by the blue boxes in (a) highlight oxide

L as is the area indicated by the green box in (b) which highlights a large inclusion. The areas

indicated by the purple boxes in (a) and (b) highlight the surface transition from the snooeth area to the rough and rippled area,

and are discussed gection6.5.1.3.4
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6.5.1.3.1 Nugget

Comparison of the nugget dimensions with that of {ie revealed that the Ihugget
width measured approximately 3.8 mm and 2.6 mm at the -thidkness and bottom
surface respectively, and that thenugget widthmeasured approximately 3.4 mm and
2.3 mm at the same positions. While slightly smaller than AM8096BS L165 welds at

all positions, the dimensions for this configuration were comparable with the similar

welds|Table43] The smaller nugget sugsts that despite using the same welding

parameters as AA809BS L165the heat generation within these welds was reduced,
especially at the bottom surface. Barbini, Carstensen and dos S@ttb8)found that

the heat generation was affected by the positioning of their dissimilar materials,
although their parent materials had significantly different tensile strengths. It is
suspected that the differing thermal properties of the two materials plageignificant

role in this case. When BS L165 was on the (hotter) advancing side it was better able to
conduct heat away from the nugget zone due to its higher thermal conductivity (this was
also true of the BS L165 similar welds); with AAB090 on the heitle less heat was
conducted away from the nugget, resulting in an increased nugget size. The dissimilar
welds used different weld parameters than the similar welds, thus the AA8090 similar

weld nuggets are not considerably larger than this dissimilafigoration.

Tabled3: Showing nugget width dimensions for all configurations.

Micrographs of the Il andc weld nugget zones are shoyigurel42andFigurel43

respectively. These show that dynamic recovery and recrystallisation ¢@asred
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within the nugget in comparison with the parent materi@'g(ure:%l in section4.1.2
andFigure36|in section4.2.9.

Analysis of the BS L1§&dvancing sidedarea of the nuggefRigurel42a) andFigure

143a)) revealed the preserc of large intermetallic compounds and coarsened

incoherent } precipitateswhich had heterogeneously nucleated at the grain boundaries.
Theintermetallic compoundsvere larger within thec weld, indicating that they had

been fractured during the stirring process in the 1l wdldese IMCs were considered to

be compositionally consistent with those discussed previously (sqéti®d.3.3 and

reported by Rajendran et al. (2019).

As with other configurations, analysis of the AA8090 area of the nyprire€142(b)

andFigurel43b)) revealed in increase in black spherical particles congregated at grain

boundaries, considered to be heterogeneously nucleatedherent wprecipitates(see

section6.2.1.3.3. Coarse IMCs generally located at the grain boundaries were also

observed.These IMCs wereonsidered to be compositionally consistent with those
discussed previously (sectIﬁnZ.l.S.J) and reported by Vigraman et al. (2021).
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Figurel42  Showing micrographs of the Il weld nugget:a@ancing side BS L165

material and (b) retreating side AA8090 material.
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Figurel43  Showing micrographs of the weld nugget: (a) advancing side BS L165

material and (b) retreating side AA8090 material.
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Oxide chains were present along the joint line of both configurations, indicative of
kissing bonds. These extended frtime bottom surface of the weld, along the joint line

to approximately 2/3' of the weld thickness and also extended into the BS L165 part of

the weld. The oxide chains on the joint line are highlightg&igurel41{a) with blue

boxes and are shown in greater deta’ﬁigure144 Some oxide chains are@vn within

the weld nugget (BS L165 arealrigurel42a), however these are also shown in greater

detail in|Figure 145 Although oxide clusters and chains were present in other

configurations (se@Figure 121), these considered to be far in excess to that seen

previously. Additionally, a large inclusion is present mid joint line onatweld, shown

infFigurel46f SEMEDX confirmed this inclusion to be aluminium oxide. It is considered

that this inclusion was picked up from the material surface, in the same manner to the
typical smaller oxides, howevére reason for such a large (approximately 20 x.40

oxide remaining intact during the welding process is unknown. It should be noted that
aluminium oxide is not involved in the metallographic preparation process. There are
consequences for such a largelusion; although no other inclusion of this size was
observed on any micrographs taken from elsewhere on that particular weld, or on any
other weld, is not proof that no other sizeable inclusions exist within the weld. These
could easily act as stresaisers, deteriorating the mechanical properties of the weld
even beyond that due to the presence of the small oxides within the kissing bond.
Likewise, the oxide chains could undoubtedly act as fracture paths under tensile loading
and their presence on ahradiating from the joint line, and within the BS L165 part of
the nugget could also deteriorate the mechanical properties of the weld. The cause of
the oxide presence is likely to be insufficient preparation of the parent material surfaces
prior to welding. As previously stated, these welds were conducted at a different time
§Z v sZ }SsZ & }v(]PpE S]}veU v v}S puv €& s§Z MSZ}IE]-

feasible that insufficient preparation occurred.
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Figurel4d5  Showing oxide chains within BS L165 areave¢ld nugget.

BS L165 AA8090

Figurel46. Showing large oxide inclusion in centre of weld, highlighted by green box

infFigurel41{b), and oxide chains emanating from the joint line.
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The average grains sizes were compared with the parent materials and all other welded

configurations|Table44| In[Table44| § Z }oguv o 00 ANCA YV JVP ]

areas of the nuggetcomjr  ¢}o 0oC }( ~ >iofdU AZ]Jo ~Z SE S3S]vP ]
solely comprised of AA8090. When comparing the two BS-AREER9I0 configurations,

the grain size of the Il weld was slightly larger than theeld at the advancing side and
slightly smallertian the c weld on the retreating side. This suggests that slightly more
deformation (plasticisation) occurred on theweld at the advancing side and more of

the heat generated during the plasticisation transferred to the retreating side. This is
likely asa result of the grain orientation in the parent materials where the high energy

grain boundaries affected heat transfer.

While the AA809BS L165c weld had the unusual situation (owing to the BS L165
(retreating) side parent material being originallyfaf smaller grain size than AA8090
(advancing) parent material) of the retreating side grains being larger than the
advancing side, in this configuration (BS L-A88090) both orientations of weld have

the more typical condition of the advancing side gebeing smaller, as expected due

to the larger amount of deformation occurring at that position. Having said that, the
analysis of the AA809BS L165 welds showed that mixing of dissimilar materials
influenced the final grain sizes whereby the AA8090 ceduin size and the BS L165
grew in size in comparison with the similar material weld. This was attributed to the
dissimilar weld nugget being a hybrid of the two materials. In this case (BS L165
AA8090), for both weld orientations the advancing side grairere larger than the
advancing sides of the similar BS L165 weld configurations as expected, while the I
retreating side grains were similar in size to the similar AA8090 Il retreating side, but the
cweld grains were slightly larger than the similar8@80 cretreating side. One would
expect the AAB090 retreating side grains to reduce in size in a similar hybrid manner to
the AA809EBS L165 weld however this has not occurred. It is suggestive of more heat
being transferred to the retreating side of the8S L16AA8090 welds and is likely to

be a function of the thermal conductivity of the combination owing to the BS L165 being
on the advancing side, the argument for the smaller nugget size described earlier in this

section notwithstanding.
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Table44: Showing BS L16%A8090 weld nugget grain size dimensions with grain sizes of all other configurations shown for comparison, showing

Relative Accuracy (%0RA) in brackets
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6.5.1.3.2 TMAZ

The TMAZ was characterised by distorted and elongated grains with a sharp nugget/

TMAZ transition on the advancing side and a diffuse boundary on the retreating side.

These boundaries are shownhigurel4lland the microstructures of the 1l andweld

TMAZ are shown |Rigurel47landFigurel48respectively. The Il weld TMAZ measured

approximately 115.min width on the advancing side and 30@n on the retreating side,
while the cweld TMAZ measured approximately 14 in width on the advancing side

and 295 .m on the retreating side. These measurements are significantly larger than the
AAB0906BS L165 welds and are nean keeping with those found on the similar welds.

It is suspected that this is again related to the higher thermal conductivity of BS L165

directing heat outside the weld, combined with the different welding parameters used

(compared with the similar wdk) as discussed in sect|6tb.1.3.1 In the case of the

nugget, because the BS L165 was mixed with AA8090 to an extent, or at least in intimate
contact with it, this resulted in an overall smaller nugget. In the case of the TMAZ, the
BS L165 conducted the heat away from the nugget zone, travelling through the adjacent
material on the advancing side; the welding parameters resulted in sufficient bdeg t
conducted through this area to produce a larger TMAZ than encountered in the AA8090
BS L165 welds. On the retreating side, while less heat was conducted from the advancing
side during welding, the retreating side does still generate its own heat,hwhithe

case of the predominantly AA8090 had a lower conduction rate and thus resulted in a
larger TMAZ on the retreating side than the AASE® L165 welds. As with all other
configurations, the advancing side TMAZ was narrower than the retreatingesidehe

TMAZ increased in width towards the bottom surface of the weld.

On the advancing (BS L165) side there are a number of ilseyenetallic compounds

and coarsened incoherert % & % ]38 § « AZ] Z Z A Z § E}P v }usoC
boundaries. e intermetallic compoundsisually appeared to be of a larger size in the

[l weld TMAZthan within thell weldnugget. Aside from the change in grain size and
shape, the retreating (AA8090) sides were also similar in appearance to that etbserv

in the nugget, with coarse intermetallic compounds (IMCs)iaodherent vprecipitates

heterogeneously nucleated at the grain boundariBlse IMCs on the TMAZ of both sides
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are considered to be compositionally consistent with that described by Rajeradral.

(2019) (advancing side) and Vigraman et al. (2021) (retreating side).
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Figureld7.  Showing micrographs of the BS L-F¢8B090 Il TMAZ: (a) advancing side,

and (b) retreating side.
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Figurel48  Showing micrographs of the BS LE®B090c TMAZ: (a) advancing side,

and (b) retreating side.
399



6.5.1.3.3 HAZ

As with other configurations the HAZ width was ascertained using hardness testing data.
This indicated that the Il weld HAZ (based on measurements every 0.5 mm) measured
approximately 2.5 mm on the advancing side and 4.0 mm on the retreating side, while
the cweld measured approximately 3.0 mm on the advancing side and 3.5 mm on the
retreating side. As expected, the retreating side HAZ was wider than on the advancing

side. These measurements were overall larger than observed on any other

configuration|Table45| This was considered to be due to the reasons previously given
for the larger TMAZ in sectigh5.1.3.2 i.e. the higher conduction rate of BS L165 and

the welding parameters used.

Micrographs of the HAZ are shown for the Il andelds inFigurel49andFigurel50

respectively. The microstructures were similar to those of the relevant siwwidal
configurations, i.e. the advancing side HAZ of BS-AR&D90 resembles that of the BS
L165BS L165 weld HAZs and the retreating side resembles that of the AAZ@EID0

weld HAZs, with coarsening around the grain boundaries and someiftdaegmetallic

particles(considered to be similar to those described previously in se¢6cdhd.3.1and

6.3.1.3.] dispersed heterogeneously. As with previous configurations these images

were taken close to the TMAZ boundaayd the degree of coarsening reduced as the

HAZ nearer the parent material.
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Table45: Table showing HAZ widths of all weld configurations.

Tabled45|notes:

1 Originally measured as 4.0 mm but following further analysis determined to be
1.5 mm. See sectiof63.1.3.3and6.3.2.1
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Figurel4dd:  Showing micrographs of the BS L-F¢®8B090 Il HAZ: (a) advancing side,

and (b) retreating side.
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Figurel50:  Showing micrographs of the BS L-Pg8B090c HAZ: (a) advancing side,

and (b) retreating side.
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The average measured grain sizes of the HAZ areas are shawable¥6/where the

measured size for this configuration is compared with all other configurations. Analysis
of the 1l weld shows a change in grain size on the advancing side in both directions when
compared with both the BS L165 parent material and the BS-BB8465 Il weld, and

an overall reduction in grain size on the retreating side when compared with the
corresponding values (AA8096T Jarent material and AASB09RAB090 Il weld). This

was also observed for the weld. This suggests that the heat input to thAZ has
affected the grain structure despite no deformation occurring in this area, although the
RA must of course be brought into consideration. The combined RA of the grain sizes
being compared may account for the difference in grain size in some respestever

some grain size directions have calculated changes of approximately 44.5% which is
outside the scope of the RAgain, it is unclear as to why the grain size has changed with

no deformation occurring in that area

When compared with the AA8OIBS L165 welds, the differences in grain sizes were
attributed to the different positioning of the materials influencing heat transfer through
the weld. There are differences between the grain sizes (comparing advancing side of
AAB0906BS L165 to retreatingde of BS L168A8090), however it is expected that the
grains would not have an identical response to reversed positioning within the weld and

subsequent changes in thermal distribution.
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Table46: Showing B&165AA8090 weld HAZ grain size dimensions with parent material and grain sizes of all other configurations shown for

comparison, showing Relative Accuracy (%RA) in brackets.
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6.5.1.3.4 Weld Surface Region

The surface region®f these dissimilar welds are quite chaotic, made more so by the

presence of the alclad layer.

On the advancing side of the nugget within the rippled region the alclad material can be

seen to partially remain on the surface (on some ripples) but alsoixowithin the BS

L165 to a shallow deptjkigurel5){a). Remaining on the advancing side of the nugget

but away from the rippled areahe AA8090 mateal has extended across at the top

surface into the BS L165 region and the alclad material on the surface of the BS L165 has

mixed with itjFigurel51(b). There is also intimate mixing between AA8090 and BS L165

at a shallow subsurface depth and oxide chauhsscribed in sectiof.5.1.3.1 are

presentwithin the BS L165 material, emanating from (but not necessarily present on)

the joint line. These features: alclad mixing to a shallow depth within the weld; materials
mixing close to the surface and oxide chains may all create weaknesses within the weld
The softer alclad mixing subsurface could create sharp strength gradients and act as
stress raisers, risking potential failure through fatigue or overload when subjected to
tensile loading. The same could be said for the two materials mixing, as thare is
*]Pv](] vsS ]J(( & v ]Jv §2 u $§ E] aﬁelded@atel{’eﬂ)re-wpm §Z .

section|5.2.2.0). The oxide chains introduce a weakness to the weld and offer a

convenient fracture path.

Adjacent to the weld (nugget and TMAZ), i.e. on the surface of the AA8090 and alclad

BS L165 parent materials, is a layer of deposited alclad material, as previously discussed

in]6.5.1.2and shown inFigure 136 This layer varied in thickness over both weld

configurations and is shown|Figurel51(c) as a fine layer on aweld. The author can

seelittle detriment to the weldquality due to the presence of this material deposit,
exceptthatitmayb }ve] @& ~pv3] C_ VvV %}*3 A 0 % E} e<*]VvP L
used on an aircraftdiowever, i the extruded alclad I an area of BS L165 unclad, this

may also present corrosion challenges.
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Figurel51:  Showingweld surface regiomn advancing side of the weld: (a) alclad
mixing into weld at rippled area of the nugget (Il weld); (b) alclad mixing
with AA8090 along top surface of weld, and mixing with BS L165 sub

surface, showing oxide chains (Il weld); (c) deposited alclad material

adjacent to weld as previously showfFigurel36/( c weld).

Still on the advancing side on the weld, i.e. before the-podht within the nugget, the

weld surface transitions from the rough, uneven, rippled area to a smooth, flat, ironed

areaFigure141| (highlighted by the purple boxes) shows this as a smooth, gradual,

sloped transition for both configurations, however this was not the case on all welds.

Figurel52(a) shows an example of aweld which has a sharp, almost Q@ansition

between the two areas. This is a potential fatigue initiation,sited such a sharp corner
radius can act as a stress raisere Taict that the transition differs on different weld runs
indicates inconsistent weld quality despite using the same parameters throughout this

configuration.

Within the flat, ironed area on the retreating side of the nuggée alclad material

donated fom the BS L165 parent material can be seen mixing with AA8090 subsurface,

Figurel52(b). This could have the same potential consequences as previously discussed

on the advancing side of theeld surface regionAlso observed within a shallow layer
at the top of thesurface regn were small oxides with a relatively dense distribution.

Parts of the flat ironed area achieved good mixing without voids, however in other areas

409



subsurface voids were preseptose to the weld surfaggigure152(c). These were

particularly prevalent where heavy mixing of the alclad material with AA8090 occurred.
These are clearly detrimental to the weld quality and act to weaken the material by
introducing stress raisers, essentially reducing the material esesgon, and acting as

a blocker to consolidated mixing of the materials.

Oxides \ AA8090

/‘ Alclad

(@)

Alclad

AA8090 Nugget

(b)

410



Alclad Subsurface voidg

&\/

AAB8090

(c)

Figurel52  Showingthe weld surface regiowithin advancing and retreating side of
nugget: (a) showing sharp step between rough, uneven, rippled area and
ironed area of the weld top surface (veld); (b) sbwing alclad mixing
with AA8090 (Il weld); (c) showing alclad mixing with AA8090 and sub

surface voids ¢weld).
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Testing

6.5.2.1 Hardness

The results of hardness testing conducted approximately-tmickness across each

weld are shown inFigurel53with weld zones indicated as in previous plots. Analysis of

the Il weld|Eigurel53a)) shows a decline in hardness from the BS L165 parent material

advancing side through the HAZ with the advancing side minima occurring within the
TMAZ. The hardness only marginally recovered in the BS L165 dominated part of the
nugget where it remainedelatively consistent. The hardness then dropped in the
AAB8090 dominated part of the nugget and continued to drop through the TMAZ and
HAZ, reaching the retreating side (and whole weld) hardness minima well into the HAZ.
Upon reaching the minima, the hardss then increased unthat of the parent material

was reached. The minima being located well into the retreating side HAZ is an indication
of how the HAZ microstructure varies across its width. One may expect the minima to
occur at the position withinite HAZ which experienced the most heat, i.e. close to the
TMAZ However it is likely that the actual position was created throughximum
coarsening of incoherent precipitates without the correspondigigin refinement
observed in the TMAZ (grain sizéimementin the TMAZ in one direction onlyeither
materials recovered to their full parent material measured hardness values, although
the BS L165 advancing side was very close (approximately 95%). The retreating side
AAB8090 was below the measured parematerial hardnessTable20(in sectio@
achieving approximately 90%, making it likely that the HAZ actually extended further

and the levelling of measurements observed at points 4% % onFigurel53a) was a

change in the microstructure of the HAZ rather than theaffected parent material

being reached.

Analysis of thecweld Eigure153 b)) shows a similarardnessrofile to the llweld on

the advancing side, with a fairly sharp decline through the HAZ and the advancing side

minima being located in the TMAZ. Although stillyoa fraction of the original parent
material hardness, moreardnessrecovery occurred in the BS L165 dominated region
of the nugget than that which occurred in the 1l weld. The hardness then dropped within
the AA8090 dominated part of the nugget wheteoscillated briefly before dropping
through the TMAZ with the minima again being reached well into the HAZ. Following the
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minima the hardness recovery was gradual at first and then rose sharply. Prior to the
HAZ, the advancing side achieved approxima@8B6 of the measured parent material
hardness, and the retreating side achieved approximately 94%. Considering the
uncertainty of the measurement, it ibelieved that both materials achieved their

original parent material hardness values.

Comparison with te AAB09EBS L165 weld&igurel26(in sectiorﬁ6.4.2.1 showed that

the BS L165 suffers far more variation of hardness value in the nugget when positioned
on the retreating side, although at the hardness peaks more hardness recovery in the

nugget was observed when this material was on the retreatidg.si

In the case of BS L1@B%A8090 both hardness minima occurred in the AA8090
(retreating) HAZ, and while in the AA8GBS L165 Il weld the minima also occurred in
the AAB090 (now advancing) HAZ, on tbeveld the minima occurred in the AA8090
TMAZ. On te AA8096BS L16%l weld, the softest part of the BS L1@&®minated part

of the weld occurred at the TMAZ which is in keeping with the softest parts of the BS
L165dominated areas on both BS L18A8090 welds; only the AASOHS L16%weld

has the BS L16&ominated softest area in the HAZ.
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Figurel53  Showing hardness and grain size plots of a) BSAA®390 II, and b) BS
L165AA8090c.
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6.5.2.2 Tensile Testing

The results of BS L18%A8090 tensile testing are shown|Trable47|and have been

compared with all other configurations. To ascertain UTS weld efficiencies the welds

have been compared with the AA8090 parent material values due to this material being

weaker in the welded condition as described in smt}6.4.2.2 This configuration

achieved the lowest weld efficiencies of anytleé welds tested in this study, achieving
only 74.4% (Il weld) and @844 (cweld). Based on the literature previously examined in
section6.4.2.2(Bandhu et al., 2017; Barbini et al., 2018; Masoumi Khalilabad et al.,
2021; Masoumi et al., 2016; Sivaraman et al., 202hkdteswara Rao & Senthil Kumar,

2020) the 1l weld was slightly above the average result of 71.5% for germane dissimilar
materials, and thec weld slightly below. Both are well within the range of results

achieved in other research.

In comparison witlthe AA8096BS L165 welds, this configuration achieved 94.5% and
88.8% UTS for the Il antiwelds respectively. On first inspection this suggests that the
dissimilar welds were stronger with AA8090 on the advancing side. However, when the
fracture positionwas examined it became apparent that for AASE® L165 Il welds,

12 of the 20 test specimens failed at the advancing (AA8090) edge of weld, the softest

part of the weld The literature (as discussed in sectj6nrt.2.9 statesthat the softest

part of the weldshould be the weakest point and thus the expected point of fracture.
All others of that configuration failed within the nugget and were inflleshby a kissing
bond. Of the BS L16AA8090II weldsonly 2 of the 20 test specimens failed at the
supposed weakest position of retreating (AA8090) HAZ; all others failed within the
nugget and were influenced by kissing bonds (this will be discussed ie dbail
shortly). As such, the fact that the BS L#6%3090 Il weld achieved 94.5% of the
AAB096BS L165 Il weld tensile strength when 90% of its test specimens failed due to a
flaw rather than at its materiahfluenced weakest point, is indicative that the
absence of flaws the dissimilar materiatgy actuallybe stronger with BS L165 on the
advancing side when welded parallel to the rolling direction. Such a statement cannot
be made regarding the welds as both configurations had only 3 test specimens which
failed at the supposed weakest point, and the remaining 17 (in each case) failing mid

nugget due to kissing bonds. When one considerd.ifi€of each tensile test specimen
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which failed at the madriatinfluenced (position of lowest hardness) weakest point,

these were:

X AAB8090BS L165c. 326 MPa, 337 MPa and 335 MPaverage 332.7 MPa
x BS L168AA8090c: 317 MPa, 334 MPa and 330 MPaverage 327 MPa

Acknowledging the small sample size, this suggsstswhen welded perpendicularly
to the rolling direction the weld is slightly stronger with AA8090 on the advancing side.

The difference is however marginal, especially when the uncertaintf & MPa (see

section3.4.3 is considered, and thus inconclusive.

Section2.3.9.3.2describes the delta within the literature as to the most appropriate

positioning of materials for optimum mechanical properties. For example, Verma and
Misra(2021)state that the stronger material shaiibe positioned on the advancing side

due to the increased heat generation at this location, which allows greater plasticisation
of the stronger material and subsequently superior mixing. However, Barbini et al.

(2018)found that positioning the stronger material on the advancing side resulted in

0}A E 3}E<n Vv 8Zpue* 0}A E Z 3 ]Jv%pud pu 8} 3Z u s E]o

ductility. They found that increasing the heat ingut lowering the traversing speed
cause intolerable coarsening of precipitates in the other material, but reducing the heat
input by increasing the traversing speed did not allow for adequate mixing between the
two materials. The parent materials tested tims research have similar UTS prior to
welding, however when welded AA8090 is the weaker of the two. This would suggest
that this research supports the opinion of Verma and M{@@21)and the BS L165 as
the stronger material should be positioned on the advancing side for the Il dissimilar

welds only.

There is little research within the literature on the effect of the rolling direction on the
weld quality, however Barbini et d018)did study it. They found that for AA2024 the
yield strength was strongly affected by the weld orientation but that UTS was only
affected at low traversing speeds with the specimens welded perpendicularly to the

rolling direction achieving significantlyier results.

In this current research the yield strength of the dissimilar weld configurations was only
measurable for AA809BS L165, with the other dissimilar configurations producing
inconclusive results owing to the extremely low ductility of the wgelnainly due to the
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presence of kissing bond flaws (see later within this section). Due to this, it is not possible
to say if the yield strength was affected by the changthematerials[positioning or

the change in weld orientation. The BS L#658090 c welds did achieve lower UTS
results than the 1l welds however, again due to the widespread kissing bond flaw
influencing the resultsonclusiorscamot be reached regarding theweld with respect

to tensile strength. This means that no recommendat@an be provided from the
current research as to the positioning of the materials when welded inctheentation,

nor can a recommendation be made as to the optimum orientation to weld these
materials with respect to rolling direction. Additional work fimding optimum welding
parameters to achieve welds with sound mixing and which are absent of kissing bonds

is required at which point these questions can be answered.

Table 47| shows that the ductility achieved with these welds was the lowest of all

configurations and was actually below the tolerance for the equipment to accurately
measure, the uncertainty af0.3% notwithstanding. Nevertheless, the facat they are

so low is valuable information in itself; the ductility of these specimens was severely
affected by the welding process. It is considered that this considerable reduction in

ductility was due mainly to the severe kissing bonds present, bugasinfluenced by

the changes in microstructure as described in se¢fidh2.4

As with most of the weld configuratiofifable4 7jshows that these tensile tests had high

standard deviationgn UTS Examination of the results revedlsignificant scatter with

the Il configuration having a variation of 85 MPa in just one weld and 91 MPa overall,
while the cweld had variation of 108 MPa in just one weld and 125 MPa overall. Again,
no strong pattern was observed; as previously discussexbt failed miedweld due to a
kissing bond, and while all of those which did fail at the retreating edge of weld achieved
some of the highest results, some of those which failed-wedld achieved comparable
results (although others were much lower). Thvas an indication of inconsistent weld
quality both along weld lengths and between welds, likely due to inconsistent heat input

affecting the presence and severity of kissing bonds.
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Tabled7: Showing BS L16%28090 tensile test results with parent material with all other configurations shown for comparison.

Tabled7|notes:
1 The 0.2% proof strength was inconclusive for this configuration owing to elongation being below the tolerance measutaebkghiptment.
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Of the 20 BS L168A8090 Il tensile tests performed, 18 failed midld and two failed

at the retreating edge of weld when observed from the top surface. Of those 18 which
failed midweld there was considerable variation in the fracture path appearandé, wi
some having smooth and straight paths across the fracture length and others following
a ragged and wavy fracture path. For this reason, one raggedveidifailure has been
discussed along with one straight mield failure, in addition to the retreatipedge of
weld failure. Examples of each failure type, showing position of fracture from the top

surface, as a cross section and showing detailed SEM images of the fracture surface are

shown inFigurel54(ragged midweld)|Figurel55(straight midweld) andFigurel56

(retreating edge of weld).

With reference t({Figure154 the crack propagated partig through the rippled area

although the fracture path was not influenced by these features. The fracture surfaces

were heavily dominated by the dull directional markings which were previously

associated with kissing bonds over approximately half of thetfire surface thickness.

The etched crossection |Figure154(c)) shows that the fracture followed the kissing

bond from the bottom surface of the we| then traversed through a small AA8090
dominated area before final failure through the BS L165 dominatethce areaNote

that the BS L165 material has mixed across the top of the weld at this position, which
conflicts with that shown i@where tendrils of AA8090 extend along the top

of the weld thickness, indicating that the material mixing varies along the length of the

weld.

SEM analysis revealed three different zones to the fracture surface as shigugune

154(d); a kissing bond adjacent to the bottom surface of the WEIdurel54(e)), then

a transition zone which contained a mix of the directional lines typical of the kissing bond

together with microvoid coalescencadicative of ductile failurgigurel54(f), with the

final area adjacent to the top surface of the weld corresponding to the BS L165
dominated SAZ, whicshowed transgranular cleavage fail@ g). Within the
kissing bond (close to the transition zone) large oxides were observed consistent with
that shown iffigurel4landFigurel46 shown here i@ e). Those large oxides

shown previously were observed on aweld; this is a Il weld (despite what appears to

be a crolling direction ofFigurel54{a); these markings were related tbe seemingly

inadequate preparation process and were not the rolling direction). This indicates that
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several of the sheets were ill prepared prior to welding and highlights the importance of

carrying out this process properly.

Retreating side Advancing side

(@)

Surface adjacent \ Transition
zone
/ Directional

«— | lines

v
Bottom surface of weld

(b)

420



Advancing side

/

BS L165

Qirface area

/

\

Kissing bond

(c)

Retreating side

Transition zone

Directional lines

Microvoid coalescence

\

(d)

421

AA8090

Kissing bond
tregion of
adhesive
failure

= | Transition zone/

microvoid
coalescence,
| also shown in
Figurel54(f)

Area of
transgranular
cleavage,
Figurel54(qg)




Adhesive failure
owing to kissing
bond

o

<«— 1 Oxide particles\

Start of
transition
zZone,
cohesive
failure
(ductile
microvoid
coalescence)

(e)

(f)

422



(9)

Figurel54  Showing tensile fracture of BS L#A8090 Il weld which failed miekeld
with a ragged appearance: (a) macrograph showing fracture from top
surface; (b) macrograph showing part of fracture surface; (c)seati®n
of weld shaving crack path; (d), (e), (f) and (g) SEM images showing detall

of fracture surface.

With reference tgFigure 155 those midweld fractures which followed a straight

fracture path did so close to the edge of the rippled area. Although it was previously
stated that the rippled surface did not influence thieacture path, when the two

surfaces were compareltE,igurelSéh a) shows a more intermittent rippled appearance,

while|Figure155a) has a more consistently rippled, rough appearance. This suggests

that the intermittency of the ripples influenced the fracture path, i.e. where the ripples
covered a sigficant length of the weld consistently the fracture path followed a straight
rather than ragged path. The fracture surface was again heavily dominated by the kissing
bond which was also shown via the etched crsastion. This crossection showed the

crak propagated from the kissing bond adjacent to the bottom surface of the weld,

through a BS L165 dominated area before finally propagating through the AA8090
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dominatedarea close to the top surfac&lote, that the materials are again mixed such

that the AB090 was adjacent to the top surface of the weld as|pgurel4l SEM

analysis revealed a similar fracture surface to that described for the raggeavatid
fracture, although in this case there was little transition zone and rather the fracture

surface changed from kissing bond to microvoid coalescence almost imme(fragal;a

155d)). The final arealose to the top surfacevas comprised predominantly of

transgranular failure with some elongated voids, indicative of a shear fgitigeye

155e).
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Figurel55  Showing tensile fracture of BS L#A8090 Il weld which failed miekeld
with a straight appearance: (a) macrograph showing fracture from top
surface; (bytereo micrograph showing part of fracture surface; (c) eross
section of weld showing crack path; (d) and (e) SEM images showing detail

of fracture surface.

With reference tgFigurel56 the two tensile specimens which failed adjacent to the

retreating edge of weld did so fairly remotely from the weld TMAZ and nugget, and
failure occurred well into the HAZ as shown by the ®tched microsections. There is

good correlation between the point of failure and the position of the hardness minima

Figurel53a)) which was found tbe well within the retreating HAZ, approximately 2

mm from the TMAZ. This is indicative of a good quality weld with no substantial flaws
which have acted to prematurely weaken the weld. However, as only two specimens
failed in this manner, it is clear ththe quality was erratic using these weld parameters,
clamping and material preparatioand further work is required to improve this. SEM
analysis showed intergranular failure with localised microvoid coalescence occurring at

the grain boundaries whereoarsened precipitates are known to have heterogeneously
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nucleated within the HAZikely leaving ductile precipitate free zones at the grain
boundaries. Additionally, evidence of slip steps was visible on grain faces indicative of

the operation of dislocabn movement being confined only to favourably orientated slip

systems.
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Figurel56. Showing tensildéracture of BS L16BA8090 Il weld which failed at the
retreating edge of weld: (a) macrograph showing fracture from top
surface; (b) and (c) croessctions of weld showing crack path; (d) and (e)

SEM images showing detail of fracture surface.

Of the 20 B&165AA8090ctensile tests performed, 17 failed misleld and only three

failed at the retreating edge of the weld. Contrary to that observed on the Il welds, little
variation in the raggedness/ straightness of the fracture path was observed, with all
fractures having a mix of both across their crack length. Although there was some
change in the surface appearance along thwelds this was not as significant as on the

Il A osU A]3Z 8Z Ao+ Pv E 0oC Z A]vP A8 E %o
ripples. The degree of raggedness or straightness along each individual specimen was
influenced by the length of the rippled areas, showing that for theelds the fracture

path is influenced by these features.

With reference toFigurel57] the fracture path described above can be seen for those

BS L16#\A8090 c specimens which failed mideld. Similar to that observed

previously the fracture surface was heavily dominated by a kissing bond. The etched
crosssection shows that the crack propagated from the kissing bond, then through a BS

L165 dominated part of the microstructure, before final failure within the AA8090
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dominated area close to the top surfaceAs observed on the Il welds, SEM analysis

revealed 3 zoneg~(gurel57[c)), however like the straight mideld Il fracture there

was little transition zone, with the BS L165 dominated area featuring significant

microvoid coalescencfigure157d). The fracturearea close tahe top surface was

predominantly transgranular with elongated voids indicative of shear fai|IE'rgure

157e).
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Figurel57.  Showing tensile fracture of BS L4#%&8090 c weld which failed mid
weld: (a) macrograph showing fracture from top surface; (b) G@cson
of weld showing crack path; (c), (d) and (e) SEM images showing detail of

fracture surface.

With reference tgFigure158 those BS L16BA8090 c tensile test specimens which

failed at the retreating edge did so close to the visible edge as viewed from the top
surface. When the etad crosssection was examined, it was observed that the failure

occurred within the HAZ, approximately 1.2 mm from the retreating TMAZ (measured

on another macrograph, not shown qgRigure 158b)). This showed reasonable

correlation to the position of hardness minima which was shown to be approximately 1
mm from the TMAZ, however as the hardness tests were only carried out every 0.5 mm,
inaccuracies in measement are expected. SEM analysis showed a mix of intergranular
and transgranular failure with localised microvoid coalescence between the grains with

slip planes visible on the grain faces.
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Showing tensile fracture of BS L4%6458090 c weld which failed at the
retreating side edge of weld: (a) macrograph showing fracture from top
surface; (b) crossection of weld showing crack path; (c) and (d) SEM

images showing detail of fracture surface.
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6.5.2.3 Fatigue Testing

Similar to the AAB09BS L165, the BS L18BA8090 weld fatigue tests were compared
with BS L165 parent material for determining weld efficiency due to it and its similar
weld achieving a poorer fatigue performance that the AA8090 parent nahignd that
similar weld. The BS L1:8&8090 welds achieved a mean fatigue strength of 185.7 MPa

Table 31 in section|5.2.3.) which accounted for a fatigue weld efficiency of

approximately 60% of the parent material and 72% of the BS L165 similar weld. When
compared with AA8O9BS L165, the BS L18A8090 welds had a reduction in mean
fatigue strength of approximately 14%. Cavaliere, De Santis, Panella and S{ROIGE)e
found that superior fatigue results were achieved when the stronger material was
positioned on the retreating side. Both parent materials have similar strengths (although
BS L16%ashigher hardness properties than AA8090), however AAB090 was weaker in
the welded condition (in the similar weldshhus it would appear that this research

* %o %0} ES A o] (@09) theory Xi[e.Uthe AA809BS L165 configuration
achieved higher meamafigue strengthwith the harder material positioned on the
retreating side. However, the kissing bonds present in the BS-AAB8590 welds were
more severe than observed in other configurations, although this severity did vary along
the length of the weldand between different weld runs. As a result, at least part of the
reason for the reduction in fatigue strength must be attributed to the overall poor weld
quality of BS L16BA8090 and true comparisons cannot be made until weld parameter

optimisation hadeen carried out to achieve the best possible weld quality.

The BS L16BA8090 weld fatigue tests produced the largest standard deviation and
coefficient of variation of all configurations, far in excess of the next closest (standard
deviation 77.08 MPa copared with next largest value of 28.76 MPa for BS L165 similar
welds|Table31|in section5.2.3.1 In the similar welds (both AA8090 and BS L165), the

relatively high standard deviations were attributed to a lack of consistency in weld
quality. This result illustrates an even greater lack of coastt in the weld quality.
Again, it demonstrates the need for methodical weld parameter optimisation.
Additionally, a larger sample size may have helped to achieve results with less scatter

and should be considered for future work.

Of the 33 tests conductefor this configuration, 18 failed prior to the 50,0@0cle cut
off. Of these 18, all failed within the weld but at different positions. Seven failacld
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but were biased towards the advancing edge, one failed at the approximateveidi
point, and10 failed with multiple cracks occurring both at the approximate wield
point and simultaneously #weld but biased towards the advancing edge. Examples of

each failure location, showing the position of fracture from the top surface, as a cross

section andshowing detailed SEM images of the fracture surface are shoWigure
@(in-weld biased towards the advancing edgegurel60(mid-weld), angFigurel6l]

(multiple cracks at both locations).

With reference tgFigurel59 the fractures occurring within the weld but biased towards

the advancing side propagated through the rippled area. Theismgrshown was cut
from a length of the weld which was heavily rippled, rather than one of the more
intermittently rippled parts, however it was noted that all specimens which failed at this
position were cut from heavily rippled sections of the weld (althh not all heavily
rippled sections failed at that location). The crack path was relatively straight although
ragged protuberances along the top of the fracture surface suggested that the path may

have been influenced by the ripples. The approximatetos of the nugget and TMAZ

boundaries have been marked on the etched cresstion|Figure159b) (the yellow

dashed line denotes the nugget/ TMAZ bdamny and the red dashed line denotes the
TMAZ/ HAZ boundary). This indicates that while the crack most likely initiated at the top
surface, due to the ripples acting as stress raisers, it propagated througireheclose

to the top surfacgwithin the nugyet), then the nugget, the TMAZ and the HAZ.

AND voGCel] EA 0o ES5ZS3 v ~ Z u Ele pv Ev §Z &

L165 and alclad) deposited on the weld surface (mixed material shokigune151(a)),

Figure159c), typical of fatigue mechanisms. Striations were observed in this mixed

material, however as these ratchet marks were subsurface it is considered that the main
crack initiated from that position rather than directly from the surface. The ripples
would still be able to act as a stress raiser due to the thin nature of the mixed laye
which combined with the hardened predominantly BS L165 material allowed crack
initiation in the area close to the top surfacand propagation through the material
nugget with final overload failure in the TMAZ and HAZ. Within the besaiked areas,
SEManalysis revealed striations typical of fatigue failure. Large intermetallic compounds

(IMCs) created voids during failure. Most of the specimens which failed at this position
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achieved relatively high cyckes-failure (mid30,000s to high 40,000s), althgh this did

vary with one achieving only 24,272.
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Figurel59.  Showing fatigue fracture of BS L46A8090 Il weld which failed-weld
but biased towards the advancing side: (a) macrograph showing fracture
from top surface; (b) crossection of weld showing crack path; (c) and (d)

SEM images showing detail of fracture surface.
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With reference tgFigurel6(q the one fatigue specimen which failed at the approximate

mid-weld point was cut from a length of weld with intermittent ripples. The fracture

path did not coincide with the ridps at any point and so they did not influence the

failure position}|Figure16((a). Stereo microscopy revealed a fracture surface typical of

those featuring a kissingolnd as described for previous configurations.

The etched crossection shows that the fracture follows a kissing bond for almost half
of the weld thickness from the bottom surface, before failing through a mixed region at

approximately 45to the loading direction. It should be noted that the fracture surfaces

shown in the etched crossection|Figurel6Q(b)) do not properly mate; the adwaing

side clearly follows the kissing bond with the full BS L165 part of the nugget shown to
the left-hand side of the image, while the retreating side shows that the nugget/ TMAZ

boundaries is inexplicably close to the fracture. Comparison|kighrel41suggested

that the nugget should extend approximately115 mm from the joint line to the TMAZ
boundary. It is not known exactly what has happenechwiite creation of this macro
section however, despite the similar shape to the fracture surfaces it is clear (based on
the mixing patterns close to the top surface) that the two halves do not mate. It is
considered that the fracture surface on the righdnd side may have been inadvertently
mounted at an angle and upon polishing the mismatch was created. Based on the stereo
microscopy and SEM analysis it is considered that thénitl side shows the accurate

fracture path.

The SEM analysis showed 3 regiff-igure1l60(c)); the directional markings which have

become associated with a kissing bond, a transition zone of microvoid coalescence

(MVC)|Figurel6((d)), transverse fracture and limited striatiofSiqure16de)), and a

final zoneclose to the weld top surfacghich featured transverse failure with elongated

pores, typical of a shear overload failure.

As stated, only one specimen failed solely at the-poiht. This specimen achieved only
6139 cytes to failure and was considered to be prematurely weakened by the poor weld

guality producing a large and weak kissing bond.
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Figurel60.  Showing fatigue fracture of BS LA#6A8090 Il weld which failed mikld:
(a) macrograph showing fracture from top surface; (b) ceesgion of
weld showing crack path; (c), (d), (e) and (f) SEM images showing detail of

fracture surface.
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With reference tgFigurel6l] those specimens which failed at multiple locations did so

at the approximate migpoint of the weld (similar to the specimen discussed in reference

to[Figurel60 although in this casg-{gurel6]) it did propagate through the edges of

the ripples) and within the weld biased towards the advancing side (similar to the

specimen discussed in referencgR@murel59). The specimen examined henad an

additional partial fracture within the advancing side HAZ as showWrigare161{a),
however this was not typical of all of these faiIurIEi;gurelGl b), another of these

failures, shows that these two fractures (the nvictld and one biased to the advancing

side) propagated simultaneously.

Etcred crosssections were produced of both fractures. The midld crosssection

Figure 161{c) and (d)) shows that the fracture occurred at the joint line before

propagating througto the weld surfaceWhile at the advancing sideghe crosssection

Figure161{e) and (f))shows the fracturanitiated from the rippled area on the top

surface then propagated through the nugget before propagating through the TMAZ and
HAZ at 90to the direction of loadingKigurel61f)).

SEM analysis of the migleld fracture showed the three zones previously observed
kissing bondtransition zone andrea close to the top surfacghown irﬁFigurelGl 9),
(h) and (i).

SEM analysis of the fracture biased towards the advancing side revealed ratchet marks
and beachmarks underneath the rippled mixadaterial containing striations, although

the extent of these beacmarks varied in depth along the length of the advancing side
fracture I@J), (k) and (1)). Close to the bottom surface of the weld those

parts of the fracture on which the fatigued region extended for the majority of the weld

thickness|Figurel61))), the fracture surface was transgranular with elongated pores,

Figurel61m). On those parts of the fracture on which the fagguregion extended

only partially into the weld thicknesg-igure161{k)), the remaining fracture surface

exhibited microvoid coalescence typical of tigcoverload mixed with transgranular

failure ‘q:igurelm n).

It is considered that in the absence of any flaws such as kissing bonds, or detrimental

surface features such as ripples, that the preferred position of fracture would be within

the advancing side HAZ, based on BS L165 having lower fatigue resistance than AA8090
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(both in terms of parent material and in the welded condition on the similar s)edahd
the presence of a partial crack|6n'gure161 However, position of lowest hardness was

located in the retreating side HAZ, at which point the literature suggests fatigue failure

should occur(Cavaliere et al., 2009; Sillapasa et al., 20Therefore,no definite
conclusions can be drawn without further parameter optimisation and testing being
carried out. It is likely tht those specimens which failed in multiple locations did so due
to the presence of both a kissing bond and a heavily rippled surface creating two areas

of weakness and stress concentration.
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Showing fatigue fracture of BS L46A8090 Il weld which failed partially
mid-weld and partially kweld but biased towards the advancing edge: (a)
macrograph showing fracture from top surface; (b) macrograph showing
another multisite failure; (c) ash (d) crosssection of weld showing crack
path at midweld position; (e) and (f) crossction of weld showing crack
path at irweld towards advancing edge position; (g), (h) and (i) SEM
images showing detail of fracture surface at-mald position; (j)(k), (1),

(m) and (n) SEM images showing detail of fracture surface at advancing

edge position.
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6.5.2.4 Residual Stress

6.5.2.4.1 Residual Stress with Hole Depth

The RS results plotted against the drilled hole depth are shown for both configurations

in|Figurel62| Again, only values occurring at depths 6006 mm are considered in the

analysis. As with all previous configurations, the results are significantly in excess of the

material yield strengtifand UTS) and therefore cannot be used quantitatively.

All datasets are accounted for in both BS L-A&8B090 configurations, and only the

weld retreating side parent material is considered to be potentially spurious. It is
considered that a flaw or meamical damage within the material caused the significant
fluctuation from approximately 0-0.18 mm depth. The profiles of the other data sets

are all in keeping with that seen previously. It can be seen that the Il weld has a high RS
close to the weld sdace and then remains fairly constant with depth, decreasing only
gradually (although the retreating EoW does rise slightly close to the surface before
reducing. The c weld data sets all begin high close to the surface and then the RS
reduces sharply witkdepth. The difference in profile shapes for the two configurations
are considered be due to the differing grain orientations affecting the heat profile within
§Z Ao AZ] Z Z + }vecuv ¢ (JE Z & Jee]% 3]}v E § v
to this, rence a difference in RS throughout the weld depth. As expected, with the
exception of the fluctuation in theeweld retreating side, the parent materials remained

at approximately zero throughout depth.
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Figurel62: Showing residual stress results plotted against drilled hole depth; (a) BS
L165AA8090 II, and (b) BS Li&A8090c.
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6.5.2.4.2 Residual Stress Across Weld

The residual strength measurements plotted across the weld at various depths are

shown inFigurel63with the approximate positions of nugget, HAZ/ TMAZ and parent

materials shown along theaxis. Almost all depth measurements folo$Z 3C%] o ~D

shaped profile expected from the literature (see seci.9.3.4, at odds with the

highly spurious results observed in the AASE® L165 tests. It is expected that had the
results for AASBOXMBS L165 been more reliable, that they would have followed this

shape alsojFigure 163 shows that the measurements taken at all depths have the

maximum RS peak arising in the retreating side of the weld, with thep&roeof the

0.062 mm measurement on the Il weld. As discussed previously (Séctidh4.], the

retreating edge of weld RS measurement rifeigjre162(a)) before reaching its peak

at approximately 0.16 mm, with the 0.062 mm measurements being almost identical for
the retreating edge of weld anahiweld. This has produced a profile more in keeping
with that observed for the AA809BS L165 for that depth measurement only. It is
suspected that material mixing close to the surface of the weld accounts for this

disparity.

If that result is disregardedhe RS measurements show higher values on the retreating

(AAB090) side of the weld. As previously discussed (sef@idiR.4.3, there is

disagreemenwithin the literature at which point the highest RS should occur. These
findings disagree with Guo et §2020)and Jamshidi Av2015)who attributed higher

RS values on the advancing side to superior mechanical properties of the advancing side
material. If the BS L165 is considered to be the stronger material (this is true in the
welded condition) then the redts concur with Zapata et a(2016)and Hadji et al.
(2018)who measured the RS to be highest on the retreating side whuotesponded

with the weaker material, similar to these results. Zapata e2dl16)attributed this to

the differences in the materials (composition, properties and thermal history of the

materials).

Again disregarding the potentially spurious 0.062 mm measurement, the Il weld shows
that, although following the expected ordémn terms of RSof 0.112 mm, 0.187 mm,
0.287 mm and then 0.387 mm on the advancing side andeid, i.e. the RS should
reduce with depth, this is not true on the retreating side. {Da retreating sidehe RS
is highest at 0.187 mm, then reducas0.112 mm, 0.287 mnand 0.387 mm (again
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disregarding the 0.062 mm measurement). It is unexpected for the mid thickness
measurement to bdower than those closer to the top as the residual stress should
reduce with depth. This suggests an anomaly within the weld at that deptbh may
reasonably be attributed to the drill passing through the TMAZ and into the HAZ and the
differences in RS arising as a result in the change in microstructure, although if that were
the case one would expect to see evidence of this on other gordtions. Thec weld

RS is slightly higher at 0.112 mm than at 0.062, and then follows the expected decline in
RS with depth. As the results cannot be analysed quantitively the small difference
between the 0.112 mm and 0.062 mm measurements is not coressk® be significant

and cannot be validated owing to time constraint

When discussing the AASOHS L165 RS results it was not possible to determine which

of the materials had an overall stronger RS response to SSFSW due to the spurious
results. In th case (BS L18%A8090), although the results cannot be analysed
guantitatively, the overall consistent profiles (noting the exception of the Il weld at
0.062 mm) suggests that the weaker (in the welded condition) AA8090 had a stronger
RS response to SSF&\both configurations due to higher RS values being recorded at

the retreating side.
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Figurel63  Showing residual stress across weld at varying hole depths: (a) BS L165

AA8090 Il and (b) BS L1&B8090c.
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Summary/Conclusions for this Configuration

The following is a brief summary of the findings from the work on BSAA8H90 weld

configurations.

X

Again little readacross from the similar weld configurations was possible. This
was due to the influence of each maiE] o[+ Sphy€ical} properties
combining to produce unique properties.

The weld surface appearance changed along each weld and between welds
which was apparent through the differences in ripple definition, roughness and
coverage.

Less mixing waapparent in the nugget of the Il than in the AASEBS L165 Il
weld.

There was a significant presence of oxide chains on the joint line and into the
nugget which weakened the weld overall. Additionally large oxide inclusions
were observed on the kissing bd which also acted to weaken the bond.

Other stress concentrations were observed in the form of alclad motosg to

the top surface of the weldand sharp transitions from the rippled area on the
surface to the ironed area.

The hardness miniom was loated a significant distance into the retreating
side HAZ, rather than close to the TMAZ boundary.

This configuration experienced the lowest tensile weld efficiency of all
configurations. However, as more of these specimens failed at a kissing bond it
is expected that by using optimised weld parameters, the weld quality would
improve,and this would change.

0 Based on the current data, the recommendation can be made to position
BS L165 (the stronger material in the welded condition) on the advancing
side formaterial with the rolling direction orientated parallel to the weld.

o Further work is required before a recommendation can be made on the
cwelds.

o No recommendation can currently be made on the overall optimal
material orientation, i.e. on an aircraft ngpecification could yet be

made as to which rolling direction to position the materials.
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x This configuration also had the lowest fatigue weld efficiency of all
configurations. However due to thumberof failures which occurred at kissing
bonds, this lowefficiency cannot currently be attributed to the positions of the
materials, i.e. which is on the advancing or retreating side. Instead, the low
fatigue efficiency must be, at least partially, attributed to the poor weld quality
as indicated by kissing bds, poor mixing, oxide chains etc. It is clear that
significant further work is required to find optimal weld parameters to produce
the highest quality welds.

x The data suggests that the retreating side, occupied by the weaker material
(AAB090) in the weld# condition has the strongest respongeth regard to
residual stress. Howeveit is acknowledged that considerably more data is

required for full analysis, i.e. additional testing at more positions.

6.6 Comparison of Weld Configurations

A summary of salient features of each weld configuration is shownhatite48

Table48: Showing summary of most salient feasirof welds, as discussed

previously in Chapt

Configuration| Feature or
Property

80908090 Weld Longitudinal and transverse Longitudinal and
distortion transverse
Surface Ripples only visible over Ripples visible over greate
appearance  small amount of surface width of weld (with
(with underfill), additional  underfill)
material covers the rest.

Smaller rough area on Rough surface on

retreating side, no underfill retreating side with

on that side. Limited galling additional material and
underfill

Grooves orsurface Grooves not on all surface
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Configuration| Feature or
Property

Microstructure Nugget: grains equiaxed on Nugget: grains ghtly

L165L165

Hardness

Tensile
strength

Fatigue

Residual Stres

Weld
distortion

advancing side. Larger with
less equality in directions ol
retreating side. More
numerous heterogeneously
nucleated precipitates at
grain boundaries thart.
Similar number of IMCs in
both. Kissing bonds in both

Minimum is advancing side
HAZ

81.5% weld efficiency

Most failed inadvancing
side HAZ, consistent with
hardness minimum

84% weldefficiency

Most failed midweld due to
kissing bonds, the rest were
at or close to the hardness
minimum

Spurious result at advancin
EoW

Largest RS at retreating Eo

Plot does not show
SE ]S]}v o "D_ }(

Longitudinal and transverse
and warping when using
some welding parameters

459

larger than Il on advancing
side with less equality in
directions, smaller than Il
on retreating side (still
larger than on advancing)

TMAZ: Considerably large
retreating TMAZ. Reduced
volume fraction of
coarsened precipitates
than Il. More IMG

HAZ: significantly smaller
advancing side grains thar
Il

Slightly better hardness
recovery in nugget than II.
Minimum is retreating side
HAZ

Reduction of 1.3% in
elongation from Il

81% weld efficiency

Only 3 failed at retreating
side HAZ (where hardness
minimum is located). Most
failed midweld due to
kissing bonds.

N/A

Spuriougesult at
advancing side of weld

Largest RS at retreating
EoW

Plot does not show

SE& ]S8]}v o "D_ }
shape

Longitudinal and
transverse and warping
when using some welding
parameters



Configuration| Feature or
Property

8090L165

Surface
appearance

Microstructure

Hardness

Tensile
strength

Fatigue

Residual Stres

Weld
distortion

Inconsistent material
deposits adjacent to togdin
width

Ironing marks on retreating
side

Intermittent grooves
present on some welds

Ripples concentrated on
advancing side with
underfill in thisarea

Alclad layer drawn into welc
at jointline

Nugget: smaller grain size
than for AA8090

Nugget and TMAZ: Fewer
but larger IMCs tharc weld
Greater hardness recovery
in nugget than forcweld

Hardness minimum in
retreating HAZ (but very
close in value to advancing
TMAZ)

100% weld efficiency

All but one failed midveld
due tokissing bonds
84.6% weld efficiency

Most failed midweld, not
owing to kissing bonds
Largest RS in retreating Eo

M shape not achieved
Longitudinal and transverse
and warping when using
some welding parameters

460

Stronger ironing effect
than on Il weld

Ripples cover more surfac
area of weld
(intermittently) than on 1l
weld, with underfill

Significant change in
appearance along weld
length

Alclad layer drawn into
weld at advancing side
TMAZ

Nugget: smaller grain size
than for AA8090

Hardness minimum in
advancing TMAZ

97% weld efficiency

All failed midweld partially
due to kissing bonds
N/A

Overalllargest RS in
advancing Eow

M shape achieved
Longitudinal and
transverse and warping
when using some welding
parameters



Configuration| Feature or
Property

Surface
appearance

Microstructure

Hardness

Tensile
strength

Fatigue

Residual Stres

Obvious ironing effect over
varying portion of surface
area, with underlying ripple:
and underfill.

Change in surface
appearance from reflective
to dull.

Band of oxidation markings
adjacent to weld on
advancing side

Greater degree of materials
mixing than oncweld

Fewer coarse IMCs in
advancing side TMAZ than
weld

Nugget larger (for Il and)
than on any other
configuration

Hardness minimum in
advancing side HAZ
78.8% weld efficiency

12 failed at advancing side
HAZ consistent with
hardness minimum and 8
failed midweld owing to
kissing bonds

70.8% weld efficiency
(compared with parent
material)

All failed in weld, but the
position changed.
Spurious parent material
retreating side (BS L165)
result

461

Intermittent ironing effect
over retreating side of weld

Ripples and underfill on
advancing side

Slightly increased cross
sectional thickness than
parent material on
retreating side, significant
underfill on advancing side

Surface breaking and sub
surface voids present clost
to the top surface

Smaller grains on
retreating side ohugget

Overall larger grains in HA
than Il weld

More consistent hardness
recovery in retreating side
(BS L165) nugget than Il
weld.

Hardness minimum in
advancing side TMAZ
72.2% weld efficiency

17 failed midweld due to
kissing bonds, and 3 failed
at the advancing HAZ (not
consistent with hardess
minimum)

N/A

Spurious results at both
advancing and retreating
EoW



Configuration| Feature or
Property

L1658090

Weld
distortion

Surface
appearance

Microstructure

Hardness

Tensile
strength

Fatigue

Overall similar highest RS
results foradvancing EoW
and inweld

M shape not achieved
Longitudinal and transverse
warpingunknown

Varying amounts of
deposited material on
advancing side

Ironing effect over
retreating side, underlying
ripples and underfill on
advancing side

Oxide chains present in
nugget and large inclusions
observed in kissing bond

Smallemugget width than
AA80906L165 welds
TMAZ larger width than
AA80906L165 welds

Hardness minimum in
retreating side HAZ
74.4% weld efficiency

Analysis shows that
positioning BS L165 on the
advancing side produces a
stronger weld than in the
previous configuration

Most failed midweld due to
kissing bonds, remainder
failed at retreating HAZ
consistent with hardness
minimum.

60% weld efficiency
(compared with parent
material)
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Highest RS position not
clear due to spurious
results

M shape not achieved
Longitudinal and
transverse, warping
unknown

Less deposited material
adjacent to advancing side

Ironing effect over
retreating side, underlying
ripples and underfill on
advancing side

Oxide chains present in
nugget and large inclusion
observed in kissing bond

Smaller nugget width than
AA8090L165 welds
TMAZ larger width than
AA8090L165 welds

Sharp transitio from
smooth ironed area to
rough rippled area on top
surface of weld

Slightly more hardness
recovery in nugget than in
Il weld.

Hardness minimum in
retreating side HAZ.
64.1% weld efficiency

Analysis was inconclusive
as to comparable strength:
when BS L165 is positione
on the advancing or
retreating sides.

Most failed midweld due
to kissing bonds, remainde
failed at retreating HAZ
consistent with hardness
minimum.

N/A



Configuration| Feature or
Property

All failed in weld, but the
position changed. Multiple
cracks were observed on
several specimens.
Residual Stres Potentially spurious result
at the retreating (AA8090)
parent material.

Overall largest RS at Overall largest RS at
retreating EoW retreating Eow

Overall M shapachieved M shape achieved

6.7 Property Relationships

Attempts were made to find relationships between different mechanical properties of

the SSFSWaterials with varying success. The experiments included:

1. Fitting a polynomial trendline to the residual stress results when plotted across
the weld. Despite best efforts using MS Excel no trendline would fit satisfactorily,
Alsz 8z ~ <3 (]S ignifidahtiEihvdhape rendering it unfeasible for
residual stress prediction across the weld.

2. Plotting the residual stress with depth for the nugget, advancing EowW and
retreating EoW and fitting best fit linear and polynomial trendlinese fidsidual
stresswas plotted between 0.1 mm deptéind 0.4 mmthe former beingwhere
most results established more steady state conditions following the initial sharp
changes near surface. Reasonable correlation was achieved betweeri"the 6
order polynomial trendlines ah the results, however the linear trendlines
showed significant scatter. Some of the data sets, however, adopted differing
patterns/ plot shape and so the results of this analysis were not considered to be
meaningful enough to justify further exploration.

3. Similarly to the residual stress, attempts were made to fit a polynomial trendline
to the hardness data taken across the weld +#iictkness. It was not possible to
fit a trendline in MS Excel with sufficient accuracy and correlation to the results.

4. The hadness data was then plottegigainst positioracrossthe weld pnly HAZ,
TMAZ and nuggetdiscounting the parent materials) and far superior
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correlation between the trendlines and results was achieved (compared with
those plots including the parent matais), although the level of correlation was
not consistent across all configurations with considerable scatter present on
several.

5. The advancing and retreating HAZ hardness results were then considered in
isolation. The polynomial trendlines which were &pgd were not consistent
across the different configurations, with some best fits havirf$y @der
polynomials and some having"6order. The linear trendlines were more
promising, with most configurations adopting similar gradients, although

considerablescatter existed and some configurations did not follow the trend.

None of the preceding experiments were considered worthy of further analysis. Instead
work focused on ascertaining the relationship between hardness and tensile strength,

and the relationstps between the residual strength, hardness and grain size.

Relationship Between Hardness and Tensile Strength

Inspired by the work of Sillapasa et §2017) attempts were made to deelop a
relationship between the hardness results and UTS. While Sillapasa(2DHr)were

able to cut small round bar specimens to test the UTS at specific parts of the weld, e.g
testing only the advancing side HAZ or only the nugget, this was not possible in the
current research due to the thin material used. Using the theory that under tensile
loading the FSW material should fail at the region of lowest tensile strength, which
should coincide with the region of lowest hardndSsllapasa et al., 201, Ahe author
considered only those tensile specimens (for each configuration) which did fail at the
location of minimum hardness. This discounted all specimens which failed at other
locations due to welding flaws, such as within the nugget due to a kissingdvaticess

concentrations arising from the top surface

Listing the relevant specimeyan aveage UTS at the hardness minima (typically either
the advancing or retreating side HAZ) was found for each configuration. This value
differed from the overall UTS reported for each configuration previously as those values
included failures at all location§he average tensile strength for each configuration was
then divided by the average minimum hardness of the same configuration to reveal the
relationship shown in Equationd2reported to two decimal place#t is acknowledged
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that specific relationshipsor each of the two alloys may differ slightly, and for the

dissimilar welds, however all data was combined in this case.
&i; L udu* (Equation24)
Where:

suts= the UTS of the SSFSW matetidihe position of hardness mimumin the absence

of any flaws (MPa)
H = the hardness of the material at its softest/ weakest pointi)fHV

The same method used by Sillapasa e{2017)was then used to find thpercentage

of scatter of the results, shown below in Equatidn 2

5 x4 |_BAR 23k .
5L+ Algs I——"patr>"HsrpE (Equation25)
EAA
Where:

&% 2= the UTS estimated by Equatioh (®1Pa)

ADed

&7 = the UTS obtained experimentally (MPa)

This produced a calculated scatter of 7.04%. The experimental results are shown

O}vPe] 8Z % @& ] 35 Aopes~"e3Jlud _SE vV o]ve v o

v N «3]u 86Xi09 [Fglrel64 It can be seen that most experimental results

fit comfortably within or close to the estimated range, with only 2 results significantly
outside. These outlierare the BS L165 longitudinal and transverse parent (unwelded)
materials meaning that close correlation was obtained for all welded material
configurations. It should however be noted that no value was obtainable for the BS L165
BS L165c welds as all terike test specimens failed within the nugget due to the
presence of kissing bonds. It is considered likely that the BSBR363 65 welds would

agree withEquation 24 if the kissing bonds were not present. Additionally, if further
work was conducted to dpnise the process parameters and produce welds of
improved and consistent qualitygquation 24 may change slightly. Despite these
limitations, a reasonably accurate means of predicting the UTS of AA8090 and BS L165

SSFSW materialsased on measured hardness valuleas been found
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Sillapasa et al. (2017) produced the equatiefns= 305 HV with a scatter of 7.3 % for
aluminium alloys 6NO1 and 7NO1. They also report on other research, which produced
relationships ofeyrs= 3.03.5HV (Sillapasa et al. (2017) referred to the researchabd

and Endo1986°)U (}@& opu]v]uu o00}CeX dZ A § €& o0 S]}veZ]%
work depended upon the type of aluminium alloy, e.g. work hardening or precipitation
hardening. For prepitation hardening alloys with a T6 temper, they appear to suggest

a relationship of approximatelyurs0.3HV. This shows reasonable correlation between

the current research with the work conducted on parent materials (Sato & Endo, 1985),

and on FSW specans (Sillapasa et al. (2017).

Figurel64:  Showing relationship between hardness and UTS for AA8090 and BS L165
and their SSFSW configurations.

Sillapasa et a(2017)were also able to produce a relationship between fatigue strength,
tensile strength and hardness. While this was acknowledged as valuable, it was not
possible in the current resedncThis was due to the mean fatigue strenp#ving been
calculatedusingthe staircase methodand incorporating data from tests which had
failed at numerous locations. Sillapasa e{2017)were able to manufacture small bars

at each weld location (HAZ, nugget etc) and find the fatigue strength of each weld zone

9 Note: the author could not acquirenaEnglisHanguage version of this work, and has only reviewed the
abstract in this comparison.
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at 10’ cycles. The current research did not produce fatigue strengths for individual weld
zones, and while consideratiomas given to analysis of each specimen based on the

number of cycles to failure at the fatigue amplitude incremehat the specimen was

tested at (see sectigB.4.3.3, this was judged to be sufficiently inaccurate to dissuade

the author from further analysis.

Regression Analysis

Regression analysis is a method often used in business settings to analyse the
relationship between two or more variables,g. how sales are affected by the use of
promotions. The variablthat onewishesto determine the value of (i.e. predicted sales)

is termed the dependent variable, and those varialilest one wishesto analyse the

effect are termed independent varialde(i.e. use of promotions, other competitors
product launches etd)Gallo, 2015)Regression analyses which use linear relationships
(rather than polynomial) and utilise multiple independentriadles are known as
multiple linear regressiorfGaniyu, 2019)In a regression analysis, the data sets are

% 0}88 v e« 33 E Z-©S_w]v N %%o0] U A]sZ andiv(] v

variance determinedWong, 2020)

In the case of this research it was considered to demeficial to determine if a
meaningful relationship existed between the residual stress, hardness and grain size,
therefore regression analysis was carried out using MS Hkeelds suspected that the

heat input and cooling rate experienced within thel may have an influence on the
generation residual stress. As the grain size and hardness are both heavily influenced by
the heat input to the weld, this was the reason that a relationship between residual
stress, hardness and grain size was considerad. aim was to accurately predict the
residual stress value (dependent variable), with respect to the hardness and grain size
at that measured point (independent variables). As two grain size measurements were
obtained at each position due to the typicatipn-equiaxed grains, three independent
variables were used in this analysis: hardness (measuredndt&in size one and grain

size 2 (measured inm). Several limitations to this analysis were noted from the outset

as listed below:

x Smalldata-set. Only one measurement of residual stress was typically taken at

each point on the weld, with these measurements only occurring in one position
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on each of the advancing and retreating parent materials and HAZ/ TMAZ and
the nugget. There were therefe only 5 measurements for each configuration.

X The grain size was only measured at one position within the HAZ (both advancing
and retreating sides) and within the nugget. It was previously acknowledged that
the HAZ microstructure subtly chardjeas it prayressel from the TMAZ
boundary towards the unaffected parent material, therefore this is a potentially
significant source of error.

X As the residual stress measurement was taken at the edge of the weld
(potentially through the HAZ/ TMAZ/ combination of hyt the hardness
measurements across these zones in each configuration were averaged for this
analysis.

x Similarly, the HAZ and TMAZ grain sizes were averaged (advancing and retreating
sides treated separately) for use in this analysis.

x Several of the radual stress measurements were previously considered to be
spurious. This will likely have a significant impact on the results of this analysis.

X Not all RS data sets are accounted for.

The regression analysis was carried out using residual stress datieegicgi0.112 mm

depth, where surface influence should be minimised. The summary output of the MS

Excel analysis for the AA8090 Il configuration is shoWFigare165 with the most

important items highlighted in yellow and peahalysis interpretation conducted with

the assistance of Fro§2020) The results of the analysis, indicatingestfit equation

are then shown ififable49|with the models plotted ipFigure166 see the following

paragraphs for details of the analysis and structure of fi¢stquation.

The Rsquare value accounts for the variance. In linear regression the analysis finds the
smallest sum of squared residualbdtdifference between the measured and predicted

values) possible for the datas@¥rost, 2018) The Rsquare value is always between 0

and 100% (shown |Rigurel65as a value between-0). Typically the higher the-R

square value, the more succéghly the regression model fits the source data, however

this is dependent on the residual plot (not shown here) being unbiased. Although not a

statistician, upon examination of the relevant residual plot the author did not consider

them to be biased. Theesult of this analysis shows thesBuare value to be ~0.999, or

§Z § §Z]+ u} o JuvSe (}JE %% E}A]Ju S 0C 66X069 }( 8§z
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The ANOVO (Analysis of Variance) test is a means of determining if results are significant,
i.e. that a relationship exists between the variables. Fr{&D20) describes this as
returning the pvalue (the probability that one would obtain theffect observed in the
sample, or larger, if thaull hypothesigs true for the populations) for the-test ((p-

value/ Significant F)these are statistical values shown 1rl>Figure 165 of overall

sigrificance This determines whether the regression model with its independent

A E] o« /E%O0 Jve §Z % v vS A E] o[+ A E] ]olsC
fewer independent variables. Frost (2021) describes the null hypothesis as that in
experimentsthere is an effect or difference between groups that the researcher is
testing, the null hypothesis states that the true effect size equals zero, i.e. there is no
difference between the groups; if thetEst result is statistically significant, it suggests

the model is sound and the null hypothesis can be rejected. The Significance F and p
values are generally considered statistically significant if they are below 0.05 (5%)
(Andrade, 209); in this case the value is 0.0doth for Significance F, and thevalues

for the intercept and independent variables) and the model can therefore be considered

sound.

Figurele5  Showing MS Excel summary outpuA&B090 Il regression analy#is.a
MS Excel summary output each term is not defined here, rather those

terms deemed most important are highlighted.
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The equation of the best fit line (and means therefore of predicting the residual stress
is comprised of th intercept and coefficients for each independent varialsieown for

AAB8090 Il ifFigurelés uv & ™ } ((]. h thé ease of the AA8090 Il configtion,

the relationship is shown in Equatio®:2

A5L FsrxxtstF {saiyw Futrtiuzy5 Exr{yywyb5g Equation26
Where:

RS = Residual Stress (MPa)

H = Hardness (HV

GS = Grain size 1.()

GS = Grain size 2.(n)

The residual outpuin|Figurel65shows the predicted values using Equatidh & can

be seen that there is close correlation betwvethe predicted and measured results for

this configuratiorbased on the residuals noted

The results for all configurations are showfTable49] with the measured vs. predicted

results of RS against hardness values shoyfiguarel66
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Table49: Showing results of residual stress regression analysis based on hardness and grain size.
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(@)

(b)

(c)
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(d)

(e)

(f)
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(9)

(h)

Figurel66. Showing plots of measured vs. predicted RS for each configuration: (a)
AA8090 II; (b) AABO9) (c) BS L165 II; (d) BS LIHEe) AABOIMBS L165
II; (f) AABO9BS L16%c; (g) BS L16BA8090 II; (h) BS LEBA8090cC.

Clearly from the plots ﬁigurelGﬁthe predicted data matches the measured data more

successfully for some configurations compared with others. This is likely owing to
spurious datasets aml to the very limited number of measured results. It is considered

that if the original RS data was more reliable (remembering that most of the measured
results were in excess of the yield strength and cannot therefore be reliably depended

upon for quantiaitive analysis) and if significantly more RS testing was undertaken that
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this method could be used to determine a relationship between the RS, hardness and

grain sizgTable49shows that only AA8090 Il fulfils the requirement of Significant F and

the p values to be <0.05, thus the null hypothesis cannot be rejected for all other
configurations. Analysis of the plots shows that all similar weld configuraithave
reasonable correlation between the measured and predicted data and so there may be

some merit in this approach for those welds, despite not meeting the statistical criteria.

Although this current analysis was unsuccessfubmesareas, it still added value to the
overall research in that it shows that a relationship is currently not always obtainable

from the testing conducted to date but that one may be possible in future.
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7 Conclusions and Further Work

7.1 Main Conclusions from Analysis

The aim of this research was to determine whether SSFSW is a suitable joining technique
for 0.7 mmAA8090T81and BS L165 in various configurations, based on the quality of
weldsandfocudngon the metallurgy of the welds produce8SFSW was performed in
eight configurations to demonstrate the suitability of the two materials when joined
similarly, dissimilarlywhen alternating the material positioned on the advancing side
and when joined in different orientations. It was found that & mm thickmaterials

are suitable for SSFSwthe buttweld configuratiorbased on the microstructures and
associated mechacal properties butas there were inconsistencies with the quality of

the welds (both along individual weld runs and between different welds), further work

is required to determine optimum welding parameters and clamping conditions.
The following conclusins were drawn from the analysis:

x The width of the weld was not consistent with the dimensions of the tool
shoulde. Instead, it appeared that the tool shoulder had, in most cases, had little
to no contact with the material surface, and that the weld widtlas solely
dependent on the pin dimensions and process parameters.

X No configuration produced a fully ironed top surface, as would be expected from

the literature (see section2.3.3. It is expected that optimised welding

parameters may produce this fully ironed surface and that the current partially
rough, rippled and underfilled surface appearance is a function of the heat input
and generation with the weld and a result of incomplete contact with the
shoulder

x The welding parameters, clamping 4gi and preparation produced welds of
inconsistent quality. This was indicated by changes to the surface appearance,
variations in the degree of mixing tveeen materials, and inconsistent tensile
and fatigue testing results due to the intermittent presence of kissing bonds.
These changes occurred both between different welds of the same materials and

orientations using the same parameters, and also chard@ug single weld runs
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from one point along the length to another. It is expected that this would
improve with optimised parameters and conditions.

The hardness minimum was located in the HAZ or TMAZ in all configurations. For
the similar welds the positio of the AA8090 Il minimum was on the advancing
side, with the cweld hardness minimum on the retreating side, and the BS L165

Il the hardness minimum was on the retreating side, and theeld on the
advancing side. For the dissimilar welds, the hardngsgmum was consistently

on the side corresponding to the softer material (AA8090).

The highest tensile strength weld efficiency was achieved on BS L165 similar
welds, followed by AA8090 similar welds, then AABBSIL165 and finally BS
L165AA8090. Despit this order, analysis regarding those which failed at the
softest position indicated that the dissimilar welds were actually stronger (in the
absence of kissing bonds) when the BS L165 was positioned on the advancing
side for the Il orientation. Analysid the cwelds in this respect was inconclusive.
The AABO09AA8090 and BS L1&5 L165 welds achieved similar fatigue weld
efficiencies, when compared with the mean fatigue strength of thkevant
parent materials, however, despite being stronger in tengests, BS L165
achieved a lower main fatigue strength than AA8090. The point of failure was
found to be influenced by kissing bonds, coarse precipitates in the nutget
location of hardness minimand by stress concentrations on the surface of the
weld.

The analysis of residual stress was hindered by spurious data sets and results
exceeding the yield strength (and in some cases the UTS) of the materials. The
spurious data sets confused the results and subsequent analysis, while the
excessive measuredhalues necessitated the results being treated as qualitative
E 3Z & 3Z v <u v3]8 8]A X dZ 38C%] 0 "D_ *Z % } « Q
achieved in a few cases.

The positioning of each material, i.e. which was on the advancing side, on
dissimilar weld, and the orientation of the materials with respect to welding and
the rolling direction influenced the weld appearance and quality. This was
indicated by: changing surface appearances; degree of material mixing;
hardness, tensile, fatigue and RS testufess The effect of these changes is

apparent when the results of the testing previously listedcompared between
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the dissimilar welds, and when the orientation is compared between each
configuration.

X A relationship was defined, relating the hardnessl @ansile strength of the
welded materials. This wagj; L udu* (Equation 2) and had a calculated
scatter of 7.04%. This allows for a degree of predictability when determining
these properties when SSFQXW mmAA8090 and BS L16Bhis relationship is
consistent with relationships for other alloys found in literature.

X Regression analysis was attempted to compare any relationships between grain
size, hardness and residual stress. This produced mixed results, with
relationships for eme configurations showing strong correlation with the
measured results, while others were less predictable. This was considered to be

due to the spurious data sets produced by the residual stress testing.

The contribution of this work to scientific knowdge has been discussed throughout, in
which variougyapsin the literature were found. This work has acted to partially address

these holesand aresummarised below:

x No other work in literature was found in which any type of FSW was conducted
using BS L6%although the significant volume of work on the very similar
AA2014T6 was acknowledged).

X No other research was found in which SSFSW was used to join AA8090.

X No other research was found in which BS L165 and AA8090 were joined using
any form of FSW.

X While AA2014T6 and AA8090 (other tempers) have been joined using FSW in
various studies, none were found which combined these materials (similarly and
dissimilarly), and the additional complicationsuwfra-thin sheetand an alclad

coating.

7.2 Further Work

The fdlowing areas are considered to be important to the progression of this research.

x Weld parameter trials. As previously determined, the welding parameters,
clamping and material preparation used in this research have led to welds of

inconsistent quality. A controlled and systematic process is required to
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determine the optimal parameterfor each configuration. Such a process will
require:
0 A bespoke clamp assembly to hold the materials firmly without allowing
deformation or movement (either lateral or vertical) to occur during
welding.

o A thorough material cleaning process. In this reskdhe materials were

prepared as per sectigB.2.3 however as indicated by the presence of

oxides along the joint line and inclusions on kissingdsorthis was
determined to be insufficient. Further work is required to determine the
extent of material preparation required for these materials.

o A systematic trial programme. For example, begin by determining a
rotational speed and traversing speed stitnt to pass a bend test. Then
vary one parameter while keeping the other constant. Carry out full
testing on the welds, i.e. microstructural analysis, hardness, tensile
strength and fatigue strength to determine optimum parameters. This
would be time cosuming, expensive and would require a large supply of
material. Additionally, other welding parameters would have to be
considered, e.g. down force, tilt angle, as would the design of the tool
itself.

o It is considered that this should be broken down intmadler work
packages. The current research became rather unwieldy due to 2
materials being considered and the change in orientation requiring a full
suite of testing to be carried out on 8 different configurations. Had the
research been limited to one matal only, the work and subsequent
output would have been more manageable.

X A study is required to determine the full effect of thegher heat input on the
top surface of the weldn material and weld mechanical properties, for example
hardness mapping.
x Futher residual stress testing is required due to the spurious results and
E e ]A Aop e %E}H X /5] spue% § 5Z § §Z ps:
improvement, hence the unreliable results therefore this work may be suitable

for outsourcing to a spmalist, or a different RS technique considered.
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In addition to the residual stress testing required to replace unreliable results,
further testing is required at additional points between the EoW and parent
material measurements. These would be used ttedmine if the RS moves to
compressivan naturein this area to balance the tensile results already found,
before returning to approximately zero remote from the weld.

Corrosion testing. The author of this research did carry out a-\peay corrosion

trial using welded test specimens on the roof of 1710 NAS, however there was
insufficient time to fully analyse the corroded specimens and thus the work was
discarded. This corrosion work is important as any tendencies for corrosion as a
result of SSFSW of the two materials must be understood prior to use on military
aircraft.

Transmission Electron Microscopy (TEM) is required to fully understand the
precipitation phenomena occurring within the welds and how this differs from
the parent mateial. This will allow the changes in strength, ductility and
hardness to be fully understood, rather than depending on literature for analysis.
The full suite of testing and analysis should be conducted on materials welded in
alternating orientations, e.cadvancing side AA8090 positioned parallel to weld
and retreating side positioned perpendicular to weld, or advancing side BS L165
positioned perpendicular to weld and retreating side AA8090 positioned parallel
to weld.

For the technique to be feasible fadoption as an expedient repair technique

on the Merlin helicopter, all other alloys utilised in its structure would need to

be proven for suitability.

Portability of equipment. As previously described in sectjr® the

development of portable equipment was outside the scope of this research.
However, in order for SSFSW to be truly beneficial as a repair technique for
military aircraft, it would have to become portable and lightweight, and progress

would have to occur regarding clamping of the materials to be welded
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