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Abstract

Friction Stir Welding (FSW) is a solistate joining procegbat wasnvented in 1991

it is particularlyuseful for jointdifficult to make using fusiotechniquesSignificant
advances in FSW have been achieved in terms of process modelling since its inception.
However, until now experimental work has remained the primmasthod of
investigating tool wear in FSW.

In this project, two main objectives were set; thstfane was to produce a numerical
approach that can be used as a useful tool to understand the effect that worn tool
geometry has on the material flow and resultant weld quality. The second objective
was to provide a modelling methodology for calculatimg tvear in FSW based on a

CFD model.

Initially, in this study, a validated model of the FSW process was generated using the
CFD softwareFLUENT, with this model then being used to assess in detail the
differences in flow behaviour, mechanically affectede (MAZ) size and strain rate
distribution around the tool for both unworn and worn tool geometries. Later, a novel
methodology for calculating tool wear in FSi/developed. Hera CFD model is

used to predicthe deformation of the highly viscous flowoand the togl with
additionalanalysis linking this deformation to tool wed validation process was
carried out in this study in order to obtain robust results when using this methodology.
Once satisfied with the tool wear methodology results, a premstudy considering
different tool designs, rotation speeds and traverse speeds was undertaken to predict
the wear depthin this study, three workpiecmateriab were used which were
aluminium 6061, 7020 and AISI 304 stainless steel, whilertagerids used for the

tools used were of H13 steel and tungsteenium carbide (WR&IfC) with different

tool designs.



The study shows that there are significant differences in the flow behaviour around
and under the tool when the tool is worn and it showsthigaproposed approach is

able to predict tool wear associated with high viscous flow around the FSW tool.

With a simple dome shaped tothle results shows that the tool was worn radially and
vertically andinsignificant wear was predicted during weldingear the pin tip.
However, in other regions the wear increased as the weld distance increased.
Additionally, from the parametric study that was undertaken for the two tool designs

a dome and a conical shaplee study has found that for both tool desigmsar depth
increases with increasing tool rotation speed and traverse sp&es &lso shown

that, generally, the wear depthas higher for theconical tool desigrthan the dome

tool in the pin tip zoneThe research concludes that a proposed methogd@aaple

to calculate tool wear associated with high viscous flow around the FSW tool, which
could be used as a method for calculating tool wear without the need for experimental
trials. The CFD model has provided a good tool for prediction and assessiniet

flow differences between wworn and worn tools, which may be used to give an
indication of the weld qualitgnd of tool lifetime. Furthermore, from the results, it can

be concluded that this approach is capable of predicting tool wear for diffeoerss
parameters and tool designs and it is possible to obtain a low wear case by controlling

the process parameters.
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Nomenclature

AS = weldadvancing side

FSW = Friction Stir Welding

BM = base metal

rpm = revolutions per minute

A,l ,n,, ,I,andm= material constants

CEL = Combined EuleriafLagrangian

Cp = specific heat at constant pressure

C1, & = material constants refers to equationla

D. = patrtial slip constant, refers to equation 2

Dp=mean diameter of the abrasive particle in equati@@ 2

— = velocity gradient

FEA = Finite Element method

FVM = Finite Volume Method

Fn = Normal force

HAZ = heat affected zone

H: = pin height

h = wear depth

ht = height of the flow arm zone, refers to equatict 2

i andj = tensor notations equal 1, 2, and 3, which represenk,tlyeand z-axes,
respectively

k = dimensional Archard wear coefficient

kan = abrasive wear coefficient

kin = thermal coductivity

L = hydraulic diameter (characteristic linear dimension)

| = welddistance

MAZ = mechanically affected zone

ne = flow behavioulindex

P = applied pressure

Ps= power required to cause sheafadmation by the tool

Py = proportion by volume of theeinforcedof abrasive particles equation 212



Qe = activation energy

Qn = total heat input

Qs= heat input from the shoulder

gr = heat flux

R = universal gas constant

RS = weld retreating side

Y-.o= distance of the calculated point from the tool aré$ers to equation 21
r = radial position

rp = tool outer radius

rp = pin radius

rs = shoulder radius

S=sliding distance

SEM = scan electron microscope

SWZ =swirl weld zonge refers to Figure-5
S = crosssectional tool area

S = initial-sectional tool area

SlandS2= Refer to Figure 7

T = temperature

TMAZ = thermamechanically affected zoneefers to Figure-8
Tm = melting temperature

t=time

tr = total time

UDF = user define function

u = material velocity in thexlirection

u = velocity vectors fou, vandw velocity compoentsin thex, y and zdirecions
Umat, Wmat@Nd Vma = material velocity components at the interfaceghe x, y and z
directiors

U,.q = Welding velocity at the inlet

V = total wear volume
v = material velocity in the-girection

Vmat= material velocity at the interface

V__ = velocitycomponents on the tool surface

tool



Vsiip = relative interface velocity

W = percentage of tool wear

w = material velocity in the-tlirection
WN = the weld nugget zone

Z = Zener Holloman parameter
&Cmax = cutting arc, refers to equatiorl2
ah = wear depthncrement

& = time increment

&5 = sliding distance increment

| =tool shoulder cone angle

1 = contact state variable

- =shear straifin tensor

- [ effective strain rate
d = angle from the direction of movement of the tool withxis
* = dynamic viscosity

= friction coefficient
" = fluid density

, = flow stress

, = nhormal stress

U= shear stress

t = critical shear stress

t = contact shear stress
T = frictional shear stress
T = yield shear stress

¥ tool angular rotation speed



Chapter 1 Introduction

1.1 Background

Friction stir welding (FSW) is a solisttate joining process that has many advantages,
including the ability to join high strength aluminium alloys, as well as dissimilar metals
that are hard to join by conventional fusion technique£]. The last two decades
have seen significant advances in both tool material and tool design, allowing a wide
range of materials to be welded (such as soft aluminium, magnesium alloys, hard
carbonsteels or stainless steel), with a range of thicknemseéslesired weld quality

in terms of a low number of defects and distortion. In addition, joint strengths that can
reach those of the base material can be achi8leds the heat iput in the process
produces temperatures below the melting point, the advantages whiocteseated
above are due to grain refinement in the weld nugget zone a@nd)nadditionthe

lower temperature avoids solidification induced def@ctthe thermemechanically
affected zone (MAX [4]. The FSW technique has many applications in the
aeronauticalautomotive and shipping industrigs 6] and is considered to be energy
efficient and environmentally friend[y].

Fundamentally, this process consists of three main parts, which are the tool, the work

piece(s) and the backing plate; the process is illustrateigjume 1-1.
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Retreating side

Tool rotation direction

Advancing side
work-piece

Backing plate Nugget zone

Shoulder

Figurel1-1 Friction stir welding process diagram

The tool has two parts: the shoulder with a large diameter and a pin with a small
diamete; mostly, the tools are made from high strength alloys with thermal and
mechanical properties higher than the workpiece material, so it is a (relativety) non
consumable part.

Initially, during the process, contact occurs between the rotating tool and the
workpiece; frictional heat is generated and is conducted into the body of the workpiece.
After that, localized heating caused by the shoulder leads the workpiece to deform
plastically[7, 8]. Therefore, the main objective of the tool is to generate heat and to
provide plastic deformation in a stirring motion, which results in material movement
to form a weld joint from the advango the retreating sidé]. The shouldedeforms

the plasticised material and consolidates the material behind thegiconcentrates

the heat in the weld zone. The workpiece tsigssof two plates known as the
advancing and retreating sideand under the shoulder, the welding zone (nugget or

stirring zone) forms due to the pin stirring action.
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1.2 Motivation and goals

FSW is an extreme plastic deformation process where thedigime is characterized

by solid state material flow. An analysis of the literature has shown that wear of the
tool is very common during the FSW process and that this wear is associated with
material flow during the proce$3-12]

Although it has been shown that the FSW process has the ability to produce joints in
various types of metals, tool integrity issues in terms of tool wear ahtiftgseem

to be one of the main restrictions for this technique at present, particularly when
joining metal matrix composites (MMCs) and steel with a thickness of 6mm and above
[15]. While significant advances in FSW tool materials, such as the use of
molybdenumtungsten (MeW) alloys, polycrystalline cubic boron nitride (PCBN),
cobalt (Co) based alloys and tungsteenium (W Re) alloys with the addition of
hafnium carbide (HfC) [16, 17], have allowed the process to be used for increasingly
demanding gplications, the wear of FSW tools, which occurs in the form of tool
degradatiordue to weaf18], has remained an issue. Recent developments in FSW
have highlighted the fact that, until now, experimental work has remained the primary
method of investigatimtool wear in FSW.

The characterisation of the microstructure and mechanical properties of the weld zone
is a very important technique in determining weld joint quality. However, a numerical
technigue which has a predictive capability is perhaps morerpdwance it allows

the process parameters to be optimigEg] 14]. Much of the literature on FSW has
demonstrated different approaches to analysing flow behaviour using numerical
models and assessing the tool wear during the process experimentallywelowe

research concerning the flow behaviour associated with FSW with worn tools has been
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limited and mainly covers experimental studies into what happens in terms of the weld
root, strain rate and the geometry of the stirring zone after the tool has b&oome

In light of the review of the literature, it can be concluded that there are clearly gaps
in understanding the effect of the deformation of the highly viscous flow around the
tool on tool wear, and developing a numerical model than can predicbihedar in

FSW.

The study aims to develop a methodology for calculating tool wear in FSW based on
a CFD model to predict the effect of the deformation of the highly viscous flow around
the tool on tool wear.

This numerical approach should be capablerefligtion and comparison of the flow
behaviour, the MAZ size and the strain rate distribution around both unworn and worn
FSW tools, which may be used to give an indication of the weld quality and of tool
lifetime, as well as to provide a guide to asshssfiow differences between unworn
and worn tools.

The proposed methodology could be used to investigate the effects of process
parameters on tool wear and to improve understanding of the effective limits of tool

use for welding without the need for expeeintal trials.
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1.3 List of publications
Two papers were published during the study, which are listed below:
1.3.1 Journal paper

[1] Hasan, A., C. Bennett, and P. Shipwagumerical comparison of the flow behaviour in
Friction Stir Welding (FSW) using unworm avorn tool geometriesMaterials &
Design, 201537: p. 10371046.

1.3.2 Conference paper

[1] Hasan, A., C. Bennett, and P. Shipwayumerical Methodology for calculating tool wear
in Friction Stir Weldingn Tribo UK2015. Loughborough Universityoughborough
University.
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1.4 Thesis structure

Chapter 2 reviews the relevant literature. This chapter includes two main areas that
should be covered based on our aims, which focus on material flow in FSW, and tool
wear. The tool wear sections include numerical simulation of component geometry

changes as a rdsof wear and tool wear in FSW.

Chapter 3 gives a general overview of fluid flow and describes the applicable
governing equations. The concept of solving the fluid dynamics problem numerically
using the Computational Fluid Dynamics (CFD) approach isagdsoribed. Material
constitutive equations and user defined boundary conditions are also outlined in this

chapter.

Chapter 4 presents the modelling methodology of the FSW CFD model. This chapter
includes the development of a meshing strategy that caisdzkfor further studies.
Moreover, as one of the main aspects of this thesis is flow behaviour in the FSW
process, the study carried out a validation study for the flow behaviour around a
rotating cylinder at different Reynoldaimber and rotation rate8lso the effect of

using strain arte dependent viscosity on the flow behaviour was investigated.

In Chapter 5, the study modelled the experimental work of Lorrain et2dl. in order
to determine a strategy to validébe pedicted MAZ size and shape. The comparison
of the unworn and worn tool geometries in terms of strain rate, flow behaviour, and

shape of the weld zones are presented in this chapter.
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A methodology for calculating tool wear in FSW based on a CFD modebwitded

in Chapter 6, which presents a validation of the experimental results.

Chapter 7 includes a parametric study into the effect of weld parameters on the
prediction of tool wear. This includes two parts which are, studying the effects of
different rdation rates on the prediction of tool wear, and investigating the flow
behaviour for some cases after wear prediction.

In Chapter 8, the conclusionsandfurtherwork were presented, which included the
summary of the main finding and suggestion for thartuivork that can be done to

develop this thesis.
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Chapter 2 Literature Review

2.1 General FSW modelling

Sincethe invention oFSW, a &rge volumef experimental work hebeencarried out
in order toinvestigatehe process and to optimize the process parametachievea
sound weld joinfor many different materials and material combinatidtewever,
many features, such as material velgqgisessure and temperature distributiand
friction details are exémely difficult to determine experimenial Therefore,
numerical modelling can provide important information regarding féeures
required for investigating and developing the FSW prodéssierical modelling has
covered a wide range aspects involva in the FSW processcluding simple heat
transfer moded simple flow moded and coupled mods] which in turn includes
coupled thermanechanicahindthermaflow modek[15, 16].

A large amount of research has been carried out to develop and understand the FSW
process; here, the study provides some examples of these modelling tes;hvheere
depend on either the geangian or Eulerian approachotB approacés require a
domain which is discretized usingngesh in the Lagrangiarapproachthe domain
consists of material nodal pogand cells. During analysis the material points are
matched and fixedo thecells so the mesh defostwith the nodal points and this
causs mesh distortionOn the other hand, the Eulerian domain contamits and
spatial nodal pointgluring the analysishe nodesemainfixed and the material moves
through the mesh, meiaug that the mesh and spatial pambatch[17]. Figure 2-1

represents the Lagrangian and Eulerian appesa@oth approachesire used to
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simulate the process and determinethe flow analysis, velocity field, shear stress
thermal historyand other features.

Generally, there are thrégpes of process modelling techniques that have been used
to investigate and analysis the FSW processchviare solid mechanics modgl
Computational Fluid Dynamics (CFD) modelnd analytical modsl For the solid
mechanics model; a Finite Element method (FEM) is a conapproach, while CFD
model uses a Finite Volume Method (FVM) as a common approach for the
discretizationThe FEand CFD modalhave beemsed to simulate the W& process

and to understand many features which are difficult to determine experimentally; in
addition, the implementation of these modeéxjuires avariety of software such as

ABAQUS, ANSYS FLUENT, PROCAST and DEFORM.

reference

1
H
a\v/j

current

{a) Lagrangian approach {b) Present Eulerian approach
Figure2-1 The elemergand space in bottihe LagrangiarandEulerian approa&s[18]

One of the early numerical studies was carried toupredict the temperature
distribution during the FSVigrocess, usingnanalyticalmodel, in2003 by Song and
Kovacevic[19]. In their study, control equations were solved numerically and the

model described the transient heat transfer during the plunge phase, welding and tool
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removal periods. The model considered two heat sources: the first one was frictional
heat, which is generated at the shoufdlate interface, and the second source was heat
generated due to plastic deformation of the material in the area surroundpig.the
Frictional heat generatigimeat flux rateg,) was calculated using equatisi, thus:

n ¢ o 2-1
where Q s the normal force applied to the workpiece at each mesh poiistthe
friction coefficient;Ygs the distance of the calculated point from the tool axisyand
is the tool rotatiorspeed(in rev s?). The results showed that frictiahheat generation
is the main source of the heat input during the FSW protiess&s found that the
temperature near the shoulder was close to the melting temperature of the welding
material, which was supported by comparison with experimental data.
Chao et al[7] modelled the heat transfer during FSW using two models. The first one
wasused to predict the steady state temperature on the tool surface using the ABAQUS
FE code. While the send one was used to predict the transient temperature
distribution through the thickness of the workpiece utilizing the weldingilation
code WELDSIM. WELDSIM was modified for FSW in order to improve the
computational efficiency amgdasused in this studyrhe workpiece was divided into
three layers known as top, mid and bottom. The study did not take into account the
radiation between the tool and the plate with the air. The model determined the
frictional heat generated between the shoulder and the plaile the heat generated
by plastic work associated with the process was neglected irstthdy. In this

approach, the heat flux rate was calculated based on eqRétibalow:
n — forr i 2-2

whereq; is the heat flux ratef;,.Qis the heat flux generated by friction between the tool

and the workpiece; i s t he t ool 0 sistlreuistance oftheacalalated , and
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point from the tool axis. The results showed that friction heat is the main source of the
heat input to the welding plate and that approximately 95% of the total heat input is to
the plae and about 5% is input to the tool surface. These results showed a reasonable
agreement with the experimental results of the study.

A numerical approach was carried out by Schmidt efld]. to calculate the heat
generation in FSW. The analytical model included asiigk condition, which, it was
argued, could make the model a more realistic representation of the FSW prbeess.
stick condition will occur on the tool surface when the value of the frictional shear
stress is higher than the material shear yield stress, in which case the veltuity of
interface material has the same valuthaselocity of tool surfaceOn the other hand,

the slip condition occurs when the material slipping actbsstool surfacenasa
frictional shear stress valugf less than that of thmaterial shear yieldtress The

study assumed that the heat was generated at thievtwkpiece contact interface;
therefore, the calculation was made independently for the shoulder, pin side and pin

tip surfaces. In this study, heat generation was calculated using e3tias below:

0 =—*17% PN 1 i rop
2-3

OAT i ol O
whereQnis total heaigenerationii is the contact state variabMie is the material
shear yieldstressy is thetool angular rotation spegdis the uniform pressure at the
contact interface s the friction coefficienti; is thetool shoulder radiyd ; is the
tool pin radiusHp is the pin heightand is the tool shoulder cone angle. The results
showed that the shoulder surface contributes 86% of the heat generation; while the pin

side and pin tip contribute 11% aBéo respectively. The proposed anglgt model

showedeasonable agreement with the experimental resuiésm of heat generation.
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It is worth mentioning that this analytical model addresses the interface issue and has
therefore been used in much of the literat{26-22]; it also provdes a good
understanding of heat generation mechanisms and calculations in the FSW process.
With regards to the FS\WEFD mode] an isothermal assumption is normally made for
this type of modelling approach as the flow stress value for stumenium alloysis
relatively insensitive acroghe temperature range from 0.6 to 0.8 of the material
melting temperature, as can be seen in some literaturd X8.82-24]). In addition,

some studies have used experimental temperature profiles to construct an
approximated thermal field during the simulation, as in the work of Zhang[2BRl.

in both approaches, the solving of the energy equations is neglected theing
calculation of the solutiarThis modelling technique provides the ability togict the

flow behaviour, strain rate distribution, velocity field and pressure distribution on the
workpiece and tool surfaces. Details of this modelling techniquedeenenstrated in
(Chapter 2 section 2.2.2)

The twomodelling techniques presented abom this section have achieved useful
results for the prediction of temperature distribution, heat generation and flow
behaviour using mathematical modelling basedadid mechanicer CFD models. In

spite of that, some features remain difficult to irigege when using the above
techniques. Coupled therameechanical and therrtow based models can therefore

be used to give a useful insight into the FSW process. A model to simulate FSW was
presented by Soundarajan et[db] using the ANSYS Finite Element to implement a
coupled themo-mechanical model; temperature dependent material properties
(density and thermaechanical properties) were considered during the analysis and
the maximum temperature wamaintained to be less than 528which is the solidus

temperature oluminium alloy 6061 to ensure the simulation was carried out below
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meltingtemperature. The study found that the friction coefficient between the tool and
workpiece was considered to be in the range of-0.8, dependent on interface
temperature. The results shalvéhe ability of the model to predict the stress
distribution across the workpiece, and the thermal history for thewtoddpiece
duringtheplunge andool removal periodsThere was a good correlation between the
experimental data and predicted tempaet

Sadeghi et al[27] developed a coupled therameechanical FE model of the FSW
process implemented in the DEFORM and ABAQUS codes in 2013. The output results
of the DEFORM model waa thermal history in the workpiece, which was fed into
the ABAQUS model, due to theadt that this methodology avoids excessive
computational time. In this workheDEFORM model wasised to implement a rigid
viscoplasticmaterialbehaviour, whilethe ABAQUS model was used to implement
elastoplastic behaviouin order to obtain residuakress The study predicted the
temperature distribution and longitudinal residual stress along the traverse distance to
the workpiece. The predicted results were compared with experimental data for the
retreating and advancing sides and showed an accepagipbementThe work
indicated thathe developed model can be used as adestructive method to predict

the residual stress thorough the thickness of the FSW plate.

The CFD code, FLUENT was extended in 2014 by Zhang ¢28&|lto simulate the

FSW using a coupled therrilow based mdel. The model includes heat generation
calculations based on interface conditions and a vsastic material model. The
study investigated both the thermal history and flow behaviour during a simulation of
the welding proces#n the studythevelocity profile and material viscosity in a region
surrounding the tool were predicted by this model. The study also determined that the

shoulder generates heat more that the pin side and pin bottom surface, with the
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contribution of the shoulder being @i 88% of the total heat input, while the
contribution of the pin side was 10.48% and ¥58r pin bottom surfacd.he model

also providedan understandingf predicted flow and deposition in the zone
surrounding the tool surface. The predicted temperatesults were validated

experimentally and showed a good correlation.

2.2 Material Flow in FSW

FSW is considered a complex process because it depends on frictional behaviour to
generate heat in order to produce a sslate joint. There is a thermal effeatich is
generated by the friction between the tool and wméce and a mechanical effect

from the tool motion, resulting in a stirring action, which produces metal flow resulting

in high plastic deformation.

Since 1991, when FSW was invented, mangaeshers have looked into the complex
phenomeann of metal flow under soligtate conditionsMany experimental works

have been carried out and several numerical models have been developed to study the
flow behaviour and also to optimize the process pammeto enhance the
microstructure and joint mechanical propertidkterial flow has an effect on the
choice of FSW tool material and design, partidylavith high strength and high
temperature alloys such as steel, nickel and titap289y30].

The flow in FSWis complex due to thanteractions ofotationaland axial motionsf
materialthat occur during the procegsccording to the literaturghe flow regimes in

the process can be diad into two directionswhich can explain the primary
characteristics of the floas shown irFigure2-2:

The horizontal plane can be considered the primary plane in which the shear flow of

the material is generate@nce the tool rotation is started, the material is wiped from
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the advancing sil of the plate (AS) in the area where the material is rotated and
advanced with the tool translatidn otherwords, the material under the shoulder zone
is subjected to high deformation because of the frictional madiotimoves from the
advancing sidgoroducing arc shapestructuresThe axial motion of the tool continsie
along the welohg direction, according to the stirring action of the shoulder and pin
therefore the deformed material will move from the retreating side (RSheo
advancing sideni asame directiorasthe tool rotation directianThe material under
the shoulder is subjected to the highest deformation due sh¢ludder motionThen

the flowing materialn the vertical planés pulled down along the weld thickness by
the pin fromthe nugget zonandflows to the weld root (located below the nugget
zone, under the end of the @ndcontains spoon shagéeatures) near the bottom;
then it movesupwards imo the areadbeyondthe pin Finally, the deformed material
flows up towards tle upper part of the workpieckie tothe vertical movement of the

tool [31].

AS Weld direction (u-a\ RS
———

Material rotated

Material pulled down w f/
B ———

u o Deformed material pulled upwards
>

Figure2-2 A schematic diagram explains the material flow in the FSW process

In the vertical directionthe weld is split into zonesvhich are the large mixing area

or shoulder squeeze areadthe nugget zonehich contains onion ringatternsthe
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zones are shown iRigure2-3, andFigure2-4 depicts the onion ring zon&he gross

flow of the weld along the weld centre line is different because it is dependent on heat
input, which is related to the process paramefgrsrefore the flow regimes in this

area would probably affect the thermal and mechanical properties of the weld joint
The highly deformed material in this plar@atesaround the longitudinal axi81-

33]. The metal flow regime through the weld thicknesgentifiedby spiral or vortex
patternsThen it seems to flow along the weld line with tool rotation. The combination

of the stirring action due to the tool rotation and the extrusion of the deformed material

around the pin causa circulation in tle vertical plane.

Figure2-4 Onion ring zone (Nugget zone) tine FSW Procesg34]

According to Attallah et a[.35], there are five conventional working zomsing the
processwhich are the preheat zone, the initial deformation zone, the extrusien zo

the forging zone and the post heat/cool down azZ@&hown irFigure2-3. Essentially,
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these zones form due to tool rotation and traversing along the weld dirieeanform
from the zone which abuts the shoulder edgeere, the frictional heat is generated
and material deforms plastically due to tool movem&wveral microstructurally
distinct zones form in relation to the tasilrring action andn the area swounding

thetool; the schematic of those zones can be seéigure2-5.

Tool <f, Rotation

AS Extent of Thermo-mechanical Affected Zone
Width of tool shoulder

Extent of Thermo-mechanical Affected Zone

Figure2-5 FSW microstructural zones according to Attala for AA2095akdy[ 35]

Different microstructures form during the FSW process which are fundamentally
related to the main microstructure zones forntedugh the processiamely, the
nuggetzone (WN), the Mechanical Affeted Zone (MAZ) (Note that inFigure 2-5
dented a§MAZ), theHeat Affeced Zone (HAZ). The WN zonés located close to

the tool andexperiencs highly plastic deformation and heiaduced microstructural
changes resuih a fine gainedmicrostructureThe MAZ is between the HAZ and the
nugget zong36, 37]; one of the features of MAZ thatit experienes $ight plastic
deformation ancheatinduced microstructural changes. The last zone is HAZ; the main
feature of this zone is that it does not undergo plastic deformatiois, subjected to
thethermal cycle thabccursduring the procegs38]. The grain structure in this zone

is similar to base metal grains, which means dynamic recrystallization does not occur
and grain growth is reducefB9]. However, only dissolution of the strengthening
precipitation of the secondary phases can be seen gagtieularly br thealuminium

alloys[4(Q].
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2.2.1 Experimental Material Flow Visualization

Various techniques have been used to investigate the material flow during the FSW
process, and the majority tfiswork hasfocused oraluminium alloys. In this section,

it can be seen that different techniques, such as the use of steel shot trastensepla
material, dissimilar joints, copper foil and the stop action techriigue beemnitilized

to track the metal flow during the FSW process. The majority of these studies used
microstructural investigation techniques to observe the material flownatlering

the process.

One of the earliest trials to investigate the material flow in the FSW process was carried
out by Colligan41], who used steel shot tracer material. The results of this technique
revealed that the materiabtated with the shoulder at least one faitation, then
extruded under the pin, with the material flowing upward behind the pin. The material
was stirred on the top surface before being pulled down by the threads and the
extrusion could be considereckttimain factor for metal translation. It also showed how
the extrusion of the material on the retreating side around the pin is driven upwards in
the process as it advances around thehinwever,in the study, the tracer material
usedwas insufficient to provide useful visualization of the vertical motion of the flow.
Material flow visualization and dynamic -geystallization phenomena that occur
during the FSW proceswere observed alonthe weld line by Li et al. [42].
Metallographic examination was used to investigate the FSW mixing and flow
patterns, while Transmission d€tron Microscopy (TEM) was used to reveal the
interaction of the alloy and homogeneous material at the weld centre. According to the
metal flow visualization, the study indicated that there was a complexwlugh

appeared to move ia spiratlike motion The work indicatedhat good mechanical
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properties with good microstructure in the upper, nugget and bottom zones along the
pin axis could be achieved by using FS¥\also revealed that a soft region occurred
in the bottom zonewhichshould be removebly controlling the process parametey
enhance the metal flow there.

A marker insert technique was used by Seidel ¢84).to visualize the material flow
in the FSW The marker material used in the process was made from AAB334
alloy and was embedded in line with the FSW toolthe faying surfaceFaying
surface is one of the plate surfaces thatiareontact & a joint of the weld The
microstructure and the material flow were investigated by metallographic
examinationln addition, the mechanism of the material movemerhe advance and
return sides wadeterminedy the studyThe flow pattern was not symnie around
the weld centre line and @ippearedhatthe materialvastransported to the zone just
behind the original positiorOn the horizontal plan¢he primary flow circulagdalong
the longitudinal axis of the weldHowever, the studywas limitedin terms of
reconstructing the actual flow path of the mateN&reover, the study concluded that
the relationship between weld pitalhich is defined as the ratio between the FSW
tool travel speedand rotational speed of the tpand weld energy wasversely
proportional and this caused an increase imtbeement ofnarker material fronthe
weld bottom retreating side to the upper side.

Guerra et all33] andDickerson et al[43] investigated the flow pattern during friction
stir welding. The work used copper faihd copper strips d&f.1mm thickness, which
weresitedonthe faying surface of the lap joiftheinvestigation showed significant
vertical flow mixing in the welgdwhich was generated by the vortex motion dugino

threads movementThe study showed a similar behavidarflow patternto that
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described inthe work of Seidel et a]31] and Colligan{41] in terms oftheweld zone

along the pin axibavinga helical motion of flononthe vertical plane

In a study by Liechty44], different colours of plasticine were placed along the weld
joint by a hydraulic press withira 15mmthickness to visualize the material flow in

the FSW The observation of the marker materials showed that a small aoothe
advancing side moved forwardsth the tool motion in the weld direction, whike

larger proportionof the material moved backwardg &pproximatelyal pin diameter

This behaviour of the material floan the horizontal plane showed agreement with
Seidel et al[31] and Guerra et a[33] findings. Another interesting point from the
study was thatat a low traverse rata low rotation speed showed a low mixing rate

in the flow of the metal. In contrast, high values of rotation speed and traverse rate
caused removal of the material under the showdey fromthe weld surface.

A tin plate of 0.05mm thickness was used in experimental study for tracking the
material flow in FSW by Hamilton et d45]. They showed how the weld nugget zone
wasformedby surface material frortheretreating sideThe material flow pattern on

the retreating side of the weld is shownFigure 2-6, which demonstratelsow the
material moves in the opposite direction to the material from the advancing side, while
Figure 2-7 illustrates how the nugget zone forms from surface material in the area
located under the shoulder, which is extruded from the retreating sideniathe
nugget zonewhich hasigh plastic deformation. The obsetieas of this study were

consistent with those noted Bgidel et a]31] and Guerra et 4B3].
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Figure2-6 Material flow pattern oitheretreating side of the weld5]
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Figure2-7 Tool advance and extrusion area per revoluis).

The AFreezeo technigqgue could be moéhasi der
studyof metal flow in FSW,andis carried out by breaking the tool pin of the FSW
process during the welding with the pin embedded ha workpiece This is

accomplished by continuing the welding process until the failure oawrhich point
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the rotation of the pin will staprhis technique was used to study tlosv behaviour
and formation of the nugget zoneRBW by Chen et al[32]. A better understanding
wasgainedaboutthe nugget zones formed than was possihile previous literature
such asin the work of Dickerson et al[43] and Hamilton et al[45]; thus, the
phenomenon of metal flow presented in the previodgerature is similarto the
observations fothis work in terms of how the material is swept from the advancing

side to the retreating side and vertical flow of the material around the tool.
2.2.2 Numerical Material Flow Visualization

Over the past few years, metal flow visualization has been examivedibysstudies

using either FE or CFD models. The effect of process parameters on the FSW was
modelled using two approaches by Reynolds ¢#46]. The first was a thermal model

to calculate the temperature profildne input parameters of the first model were input
power (which is input torque multiplied by the tool rotational speed), thetmgsical
material properties andool geometry, and heat flux was applied through the
application of equatio@-1. The second approach was-® ZFD model. The result

of the first mo@l showed that welding energy is inversely proportional to welding
speed, which is sensitive to the weld pitch, except at low welding speeds. The study
argued that the increase in the weld power and welding speed could give high peak
temperatures in a shidime. On the weld advancing side for both cagke results of

the second model showed that the flow bifurcatetide the tool diameter when the
rotation rate was low, while a bifurcation of the flow occurred very close to the tool
diameter in case diligh rotation rate. From the studkie second model gave a physical
understanding of the-axis force (drag force)behaviour, which was based on
observations of the streamline metal flow. However, due to the 2D nature of the flow

model, it could not givany details about defects caused by lack of penetration or on
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the volume of material which is transferred to the retreating side, as well as how this
is replaced by the moved volume with tool transition and flow bifurcation around the
pin.

A stick conditon at the FSW tool surface was implemented by Colegrove [ét3al.

47] and Aljoaba et al[48] who examined the metal flow in FSW using different tool
geometries. Couplethermoflow based modeland isothermal flow analyses were
performed with 2D and 3D CFD models using the commercial code FLUENT. This
work described the flow of the metal through the use of streamlines and velocity
vectors and predictethat workpiece material would be swept from the advancing side
to the retreating side of the pin before flowing vertically down near the surface of the
pin until it reached the weld root, whereupon it would flow upwards towards the upper
part of the workiece behind the pin. In addition, the stick condition was also used
recently by Kim et al[17] and Ji et al[24] when they examined the metal flow in
FSW using 3D CFD models. Their findings in terms of flow patterns are in agreement
with those seen in the experimental literature of Seidel ¢84Il. Colligan[41] and
Dickerson et al[43]. Moreover, the study predicted the values of the welding torque,
the traversing force of the weld, strain rate and thermal profile.

While these models provided useful insight in terms of material flow, the models were
limited to qualitative prediction dhe size of the deformezbne based on a region
provided by a limiting value of strain rate, which may be the reason for the over
prediction of the deformed zone in these works. Another important point when
considering theeworks was that the contact enface between the material and the
tool was only considered as a sticking condition, which may again lead to an over
prediction of the deformed zone due to the likely presence of slip on some areas of the

tool. In addition mesh quality was a drawback tifese studies, leading to the

Chapter 2 Literature Review Page23



suggestion that further development is needed to avoid any numerical error which
could occur during theimulation.

To address the issue of sligtick conditions on toasurface Colegrove et alf47]
developed a novel approach by considering the partial slip conditions suttae

The study specified two vals®f the shear stress as a shear limd predicted the
value of the shear stress on the tool surface through ¢wf adJDF for this model.

The CFD model was implemented in the commercial code FLUENAe stuy
compared the flow behaviour around different tool desighe.study showed thdip

is more likely to occur during the FSW process and material stick and slip regions
were determined through the modehe study provided aisefulunderstandingf the

tool- material interface and this approach could be used to avoid the over preafiction
the power required for the welding process.

Zhang et al[49] examinel the flow behaviouon the retreating sidandadvancing
side in the FSW processA 2D model was developed in order to understand the
mechanism of FSWIrhe FEA model wasreated in th&dBAQUS softwareand a slip

i stick condition was implemented using equatis#, which was used as an upper
limit for the value of shear stress. This was to provide less shear friction than shear

yield, leading to a slip condition at the interface between the tool ddeédvmaterial.

T — 2-4

where,T is the critical shear stress and  is the yield strength of the materidihe
study showed that the materal the retreating side never rtga withthe pin, while
on the advancing side the welded material forms a fluidieed(this term refers t@
zone near the tool surface where significant plastic deformation o@ras)d the
tool and separasafter a few revolutions. The model was gared with the results

of Reynolds et al[46] and Deng et al.50], which were mentioned in the paper, and
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these results were validated in terms of equivahadtic strain distribution and flow
behaviour. However, the validation results could have been presented graphically on
the paper to add further suppdktthough the study provided useful insight in terms

of material flow and strain rate distributiontive weld zone, it was limited in providing

a realistic slip model because it considered a constant value for the critical shear stress.
The strain rate distributioturing FSWwasaddressedly Buffa et al[51] through the
simulation of the FSWising he DEFORM-3D finite element software including a
visco-plastic material model. The study examinedhboonical and cylindrical tosl

with different dimensions orderto optimize the tool geometry with different process
parameters in an attemptitwrease theize of thenugget zonevhilst simultaneously
producing uniformgrain size refinementithin this regionand a more uniform
temperature distribution and flow through the thickn&€kg. results showed that as the

pin surface area increases, a larger MAZ could be obtained with an increase in the
material circulation around the pin. The study also alestrated that the increase in

the pin surface area provides a more uniform distribution of parameters such as
temperature and strain rate through the thickness of the workbabefwhich have

been shown to béavourable for obtaininchigher joint strength In spite of the
informative results presented in this work, the model was limited in its consideration
of the condition of the contact interface andantitative validation for the size of the
deformed zone.

Nandan et al[20] used experimental work arah analytical model to study tieat
transfer and viscous plastic flow of a mild steel plate joined by FSW.-A8del wa
implemented to solve the equations of conservation of mass, energy, and momentum.
The calculation of the neNewtonian viscosity of mild steel flow was based on

temperature and strain rate dependent flow stress. The results from the numerical
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model showe that near the tool, a high plastic flow occurred and the main mechanism
of the heat transfer was convection. It also illustrated how the fluid flows on the
retreating side with highly viscous plastic flow close to the surface; this flow behaviour
was sinilar to that documented during the experimental observations by Seidel et al.
[31]. The model provided good insigint ferms of material flow, viscosity and strain
rate distribution in the weld zone. Moreover, the study provided useful information
about the fractional slip and friction coefficient between the tool and workpiece. The
main limitations of the study were cpuoiting and validating the size of the weld zone
3D and 2D axisymmetric FSW models were developed by Gnlegst al.[52] using

the ANSYS FLUENT CFD software. The modaimed to predict temperature of the
weld by examining the thermal properties and flow behaviour of the hard and soft
alloys at different rotatiorspeeds. The model also took into account the -stipk
condition at the tool shoulder interface, which was implementespbkygifying the
velocity atthe shoulderwhich wasset to equal pin velocity at the junction between
pin and shoulder and then linearly decreased to zero at the periphery. A value of 5 mm
s!was chosen as an indication of the plastic deformation limitr@hats of the study
showved agreement with the experimental study in terms of the flow deformation of the
rotating material under the shoulder near the $adlace; for the hard alloy, the study
indicated some local deformation at a high rotation r&te. localisation of the dw

was a consequence of the material properties that were used in the model. High rotation
speeds caused more localisation of the flow due to ummnBgmpirical Softening
Regime between solidus and melting temperature which was arbitrarily séCtts0
each. This resulted in a smaller deformation regidrus there was a correlation
between the macrsection experimental results and the flow, visualised in terms of

the velocity profile, that was predicted by the modefure 2-8 showsthat the
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simulation results agreed with experiential in prediction of the smaller area of
deformation at a lower rotati@peed (400pm); this areas located under th&houlder

when using the slip boundary condition

Figure2-8 Experimental weld micr@ection with simulation flow diagram at (a) 1600 rpm and (b)

400 rpm rotation spesénd 0.2 m/min welding speed for 2014 Al alloy.

Finally, it is clear that the novel modelling technique presented in the study provided
a good understanding for material deformation at different welding speeds in the weld
zone. However, it was limited toproviding qualitative assessment i@rms of
predictions for the size of the deformed zomed the slip model needed further
development to determine it asumctionof thetool radius and welding parameters
Geuerdoux and Fourmef3] developedan FE modelto calculate the temperature
development antb monitor the flow behaviour during the procesingthreaded and
unthreaded tosl This approach was implementedth the FORGE 3 FE software

The study assumed the contact condition between the tool and workpiece simply as a
0f oot pri nt 6e shonkla mwasnogly justhim tontacthwith the plate.

Additionally, it is worth mentioning that, in this study, different friction coefficients
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were considered. The developed approach shagesementvith the experimental
results in termf shape ofMAZ, as shown inFigure 2-9, which illustrates the
extension of MAZ on both sides of the shoulder and downward along and underneath
the pin, which was alsor@gsented numerically; iaddition,the figure also showsghe

MAZ experimentally andnumerically at 5.4s in termef equivalent strain rate
However, the study indicalesome limitations related to the friction contact
parametersthe author argues theseffitulties are due to a high strain rate and

temperature gradient near the interface between the tool shoulder and the plate

Figure2-9 Experimental observation and numerical stu@y shape othermalzoneand simulation
temperature profilglb) observation of MAZ with simulated equivalent strain Geuerdoux and

Fourmen{53]
A 3D finite elemenmodel of materiaflow and temperaturdistributionin FSW ofan
Aluminium alloy was developed by Santiago et[&#4] to predict thetemperature
distributionand flow of the materialA slip-stick condition was considered in this
work. Inaddition, it was assumed that the whole tool surface had uniform relative slip
of 50% withthe interface material. The results of the flow behaviour that were reported

in this work were consistent with previous observations presented in the above
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sections.The shape of the weld zone was calculated using the model by plotting the
iso-surface vabcity at values of 3 mm?s 5 mm & and 20 mm $ respectively, as
shown inFigure2-10. From the figure it can be seen thaaa&tlocity value of 3nm

st and 5 mm ¥, the deformed zone was larger on the retreating side than on the
advancing side, whereas at a at velocity value of 20 thrths predictedieformed

zonewassymmetricalabout the pin axis

(b) (c)

Figure 7. Iso-surfaces of 3 mm/s (a), 5 mm/s (b) and 20 mm/s (c) velocities.

Figure2-10Iso-surface of the velocity at (a) 3mm,gb) 5mm & and (c) 20mm-$[54].

While the works by Guerdoux arkburment[53] and Santiago et al54] produced
many interesting results, little has been achieved in terms of slip condition and
guantitativevalidation of the deformed zone, which needs further investigation.

A new Combined EuleriafLagrangian (CEL) fullycoupled thermemechanical
model of the FSW process was produced by Grujicic ef58]. whereina finite
element model was defined in tAdBAQUS software The effet of the process
parameters on the material flow in the workpjestech as weld pitch, tool tilt angle
and the pin diametgwereexaminedIt is worth noing that this model considered the
slip-stick condition at the interface between the tool and wedepit was assumed

that this condition was limited by prescribing the value of shear friction at the interface
when the shear friction is larger than the material shear strength, sticking occurs;
otherwise, slip will occur. The simulation results revddteat the highest attainment

of marker material dispersion was at the lowest value of the weld pitch. It was argued
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that at a constant traverse speed, increasing the tool rotation speed would increase the
heat input in to the workpiece, which soft¢he material for stirring The study also
showed that increasing the tool pin size could extend the marker material stirring at
the welding line. This modelling approadtowever, provided only limited details for
the contact interface, and the study findimgsre not validated by the experimental
data.
Jacquin et a[56] developed @D axisymmetrithermemechanical model, whiolas
proposed by a previous stuf%y7]. The model was implemented in the ABAQUS
software in order to investigate the flow behaviand apartial sliding condition was
considered in this study. The study determinedsiiting velocity through use of
equation2-5.

W [ ) 2-5
wherew is the sliding velocityew  tool rotational velocity and  is the surface
velocity whichwas calculated based on equatieé

QU0 -
O &6 I—G 2-6

a
whereh is the height of the flovarm zone (which was defineas the zone for the

torsion velocity field andh; value wagletermined in the modeb;, is the mean strain
rate andm is the tool mean radius and takes the following form: — where,i is
the shoulder radius and is the pin radiudw  was found by iteration on the model
and started with an initial value of 0.1 from the tool rotation velocity.

The circumferential velocity field, with and withotdol rotation,is given inFigure

2-11, which shows the influence of the circulation intensity on the flovs|ithes field

resultsin asymmetry between the advancing asieatingsides of the weld.
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(A) Circumventive velocity field without circulation (B) Circumventive velocity field with circulation
20 — . : . - - — 20 ——y v . v —

axe y (mm)
o
axe y (mm)

axe X (mm) axe X (mm)

Figure2-11 Influence of theotationintensity on the flow lineg56]

A direct correlationbetween the tool rotation velocity and sliding ratio was shown,
while the sliding ratio decreased at the zone beside the tool area that has a low
temperatureThe work emphasizeithe sliding ratio control of the metal flow in order

to minimize the thermanechanical loading on the todlheauthorsargued that when

the sliding ratio has a high value, this would leadn@mount of the material under

the shoulderbeing removedor local melting which causes welding instability
However, if the value is small, it could cause a high degree of sticking on the metal
flow, and then the torque valueuldincreasdor the too| leadngto tool failure[56].

While a 2D axisymmetric model cannot be used to represerddtails of the whole
process, a 3D model provides a more realistic representation for the FSW process in
terms of the weld zone shape and size; thus, this can be considered the main drawback
of this approach.

Over two decades, many numerical simulatiosnge been implemented to develop the
FSW process; however, many difficulties have arisen, such as welding different
materials, high levels of deformation generated during the process, and mesh

distortion. Most of the models have used Lagramgir Eulerim approaches, or a
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combination of the twoHowever some studies usealmeshless approach to solve
someof thedifficulties of mesh technique. A novel approach has been developed by
Pan et al[58] to simulate the material flow and the mechanisnrmaterial mixing.

This new approach used Smooth Particle Hydrodynamics (SPH), which is a meshless
technique. A 3D SPH model for FSW was implemented to study da\eamonian

flow and to indicate the growth of the microstructure for that particular.allbgy

study took into account the stiskip condition that occurs between the material being
welded and the tool, to avoid over prediction of heat generation whenshpno
condition is imposed. A partial slip constadt was included in the flow stress

, equation (equatio2-7) and the value dD took a value of 0.1, thus:

, 0, OE1 ET 2-7

where,,, ,T andm were the material constant a@dwas the ZeneirHollomon
parameterdetails of these equations can be foun{bi]. This work examine the
effect of the traverse speed and tadhation speed on temperature evolution, material
trackingand te distribution of the grain sizéhe results of material tracking can be
seen inFigure2-12. The model results were compared vilieresults ofDarras et al.
[59 qualitatively. The& study had some limitations in terms of metallurgical and
textureevolution, and they suggested including hyper elagsicoplasticity properties
with the SPH model to address this. In additiame of the most common limitations

of using SPH is computational limitatiomsterms ofmemory size and CPU tinjéQ].
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2.2.3 Final remarks on flow behaviour

Visualization of the flow behaviour in FSW have been extensively studied
experimentally and numerically. Regarding the experimental approach, different
techniques have beeiilized to track the ntal flow during the FSW process, such as
steel shot tracedl], marker insert techniqug&1l], copper foil[33] or copper strip

[43], tin plated[45 and freeze technique2]. These studies describelke flow
behaviourof the metal andshowed thatworkpiece material is swept from the
advaning side to theretreating sidef the pin before flowingvertically down near

the surface othe pinuntil it reachs the weld root, whereupon it flowsipwards
towards thaupper part of the workpiece behind the piticrostructural investigation
techniques havalso been used to observe the material flow patterns during the
processthe results gained from these efforts have provided a better understanding of
flow patterns dring theprocess. However, all the studies reviewed sovine done

using experimental metheavhich arecostly in nature and can be easily replaced by
numerical methosl provided that all the historical experimental data is available.
Indeed, this can beonsidered the main drawback of these studies, which can prove
costly from an economic perspective.

Many important features during the FSW process could not be captured and it is
difficult to understand the physics of the process and many phenomena by
experimental study alone. There are many numerical studies which have been
established and reviewed in totsapterincludingsome wherempiricaldata has been
included for validation and verificatiomsightgained from these studies can be used

to develop a model that c@novide a better understanding of features that cannot be

studied experimentally in order to develop the FSW process
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As can be seen ithis review, some of the numerical studies considénedstick
condition at theontact interface between the material and the[&3)R4, 46, 48, 61],
while others considered the partial slip condition by assuming a constara ctigar
stresg49], constant velocity value at the shoulédas in the work of52] - and uniform
relative slipping[54]. A further development has provided a good understanding of
the stickslip approach20, 56, 58]. It is clear that these studikaveprovideda good
insight in terms of material flo@nd temperature distribution; furthermore, thaye
shown reasonable agreement when comparathstgexperimental workslowever,

the bulkof the literature concerning the numerigabdelling of the FSW proces$ss
demonstrated oveprediction ofthetemperaturgpower input and the size thfe MAZ
when compang the results o§imulatiors with expeimentalobservations, anlittle
detail was provided on the effects on the weld root area.

It can be concluded that using partial stgtip condition on the tool surface reduces
the heat input and avoids material melting at the interface betweetoahand
workpiece, and for this reason material deformation under the shoulder will be

reduced.
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2.3 Tool wear

Tool wear plays a significant role in the economy of many machining proc¥ésas

is acomplex phenomenon as it is related to the mechanic&lesnical properties of

the tool and woripiece material.

The tool wear can be calculated simply by considering the wegvdtene loss per

unit distance)f the material combination. Tool life can be defined as the period of
working time of the tool befe failure or the presence of any defects on the surface of
the produc{62].

To understand tool wear ithe FSW processthis studywill start by providinga
theoretical backgroundn wear phenomena in generdhen, publishediteratureon

tool wear in somenachiningprocessesandthe FSW process will beliscuissed. The

aim of this section therefore, is to outline current understanding of wear mechanisms
and tool wear assessment methods to provide a basis for the modelling of tool wear in

the FSW process.
2.3.1 Wear

Wear in materials can be defined as the matemabved from a surface due to relative
motion such as a rolling or sliding under contact conditions. Depending on the
industrial application, this phenomamncan be considered desirable or undesirdbte;
instance, in polishing and machining we a r 6 ralles Howeees,iin other
applications such as cams, seals, bearings, gears, drills or other machiningganols

is considered undesiralé3].

There is alwaysome mechanical element to a wear process, although the process may
also involve chemical changes of material, with these chemical changes influencing
both the rates and mechanisms of materials renj6@hl

There ardive main types of wedi64, 65]:
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1 Adhesive wear

9 Abrasive wear

1 Surface atigue wear
1 Corrosive wear

9 Diffusion wear

In the next sectiorthedetails of adhesive and abrasive wear wiltlBeussed athese

arerelevant tahe FSW proced$66-69].
2.3.1.1Adhesivewear

Adhesive wear occurs when two flat surfaceske contact witheach other athe
interface asperitiesyherebonding between thesperitiegakes place due to adhesion.
During sliding, a breaking of the asperity junctions osemd this could lead to loose
wear particle or transferof materialfrom one surface to the mating surface. Another
possiblecause of wear particles is the repeated loading and unloading pratessg
fractures in the contact arekigure 2-13 illustrates schematically the process of
adhesive wearThis type of weais commonly described bihe Archard equation,
which is presenteth equatior2-8, thus:

® Y 2-8
whereV is the total wear voluméis the dimensional Archard weewefficient which
is dependent on the material aswdface cleanlines$Yis the applied load ardlis the

sliding distance
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Figure2-13 Two surfaces ifintimate contactvith each other during sliding, represeatthesive wear

[70]

The most common manifestation of adhesive wear is when fragments of material from
one surface material can be seen on the other surfadeeanate of wear is gradual
[71].

2.3.1.2Abrasive wear

Abrasive wear takes place when a hard, rough surface slides on a soft surface or when
a surface of low hardness is ploughed by a hard bodgrurlative motionPlastic
deformation could be the primary factor for material |&&sbinowicz[71] outlined a
simple way to model the abrasive wear by assuming a conical &rape abrasive
particle as shown ifrigure 2-14, and assumed that all the material displaced was
removed; in this case, the volume lols® to abrasive wear expressed by equation
2-9.

® Q'Y 2-9
The similarity in form with the Archardlear equation (equatidi8) should be noted.
It has been determined that terasive wear coefficietts is typically between 16

to 10%; this range depends dme material parameters and contact conditj6dk
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Figure2-14 Schematialiagram representing the abrasive wear proj@&8s

Figure2-15 shows the wear rate as a function of particle size for the abrasive wear of
copperusing SiC paper at different sliding speedse wear ree is higher at low
sliding speed as when the velocity is increasethe strain rate of the deformed
material increasesn metallic systemdhe vyield stress tends to increas&ler higher
strain rateseading to a reduced rate of weahis type of weacan also be affected by
surface roughness and the hardness of the body contacting the wortipeete
adhesion. During sliding breaking of the asperity junctions will occwhich could

lead to loose wear particles or detachment of frageiearh onesurface to the mating

surface at theoint of contact.
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Figure2-15Wear rate of copper, subjected to flWwody abrasion by SiC abrasive paper, as a function

of abrasive particle size at two different dfigivelocitieq63].

This type of wear can be recognised byghtmves ploughed out lgeharder material

and by aapid rate bwear[72].
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2.3.2 Numerical simulation of component geometry changes as a

result of wear

Over the years, many researchers have shown interest in the field of wear phenomena
and predition of the wear in different processes, such as sliding wear iboag

contact and machining processes. They have carried out numerous simulations and
numerical approaches to illuminate this field of study. Their findings and suggestions
are presentedehne.

In complex industrial contexts, both the rate and spatial distribution of wear in a
contact can be affected by the geometrical changes associated with any wear that has
occurred up to that point in time. Moreover, the material properties themselyes ma
be dependent upon the preceding history of the contact (for example, due to frictional
heating of the caact).In such complex and interdependent systems, simulation can
provide important information regarding these quantities required for the intestiga

of wear phenomena and tool wear; therefore, research has been carried out on the
simulation of wear in different engineering applications utilizing Finite Element (FE)
analysisA number of worker§73] have used finiteelement based methods to develop

a timemarching model of wear, where wear at any instant is dependent upon changes
that have taken place in previous stgep§, [75].

In a very different fieldDing et al. [10] tudied the fretting wear of high strength steels

for aeroengine applications in a cylinda¥flat configuration A time-marchingFE

model, implemented in ABAQUS, was used to predict the contact pressure and slip
distribution for different fretting cyclegretting wear was calculated based on a

modified Archard equatiqgras given by equatid10and the position of the interface
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nodal coordinates were adjusted accordingly to revise the FE model geometry, thus
simulating weagra flow chart of the model is shown Figure2-16.

yQ myyY 2-10
whereYQis wear depth incremerk;is adimensional Archard wear coefficient is
contact pressure, ad¥is sliding distance (discretiene incrementsf particular time
at an average velocitsalue); this equation allows us to determine the local wear depth

for a given position.

Initial parameters: -l Generate FE model (FEMGEN)
» Material properties
* Normal/tangential loads “
* Contact geometry Calculate contact pressure and slip
: ;0“1 no of wear cycles (N)) distributions using finite element method
* No of wear cycles per increment (AN)
(ABAQUS)
Calculate nodal wear Ah, for AN with modified
Archard equation (FORTRAN)
>

Yes | Update nodal
. . coordinates & revise FE
Modified Archard equation: model (FORTRAN)

Ah;=K;x46Xp;x AN - No
| Output results |

Figure2-16 Simulation of fretting weaf73]

In the same field of study,wear simulation algorithm was presented by Cruzado et
a. [76] to estimate fretting wear scars in thin steel witssng the same methodology
asthat used by Ding et al73]. The validation of the studggainst the experiments
showeda 10% errorit also demonstrated a good predication for the wear scar, volume
and dimensios

Nurnberget al.[74] proposed a model used to simulate the wear in metal forming
tools; again using the same methodolagyhat used by Ding et al73]. However,

the study used the wear software REDSY to calculate the tool wedriamdodified
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methodologyenables the&onsideration of an individual value of wear coeffitiah

each location. The outcometbis study was that, at each location, the loading history

is considered along with an independent wear coefficient.

More recently,Thepsonthand Oze[77] developed a 3B-E model to investigate the

tool wear in a micreend milling process for T6Al-4V alloy. Their visceplastic metal
deformation model used the DEFORMLI3 software to simulate the milling process.
The rate of volume loss was calculated on the tool per unit area, including surface
temperature on the tool model. The calculation was made based on egttion

Qw .
- G Do 2-11
00 w, W Q

where— is the wear rateT is theinterface temperatufg is thenormal stress and

relative interfacevelocity Vsip on the tool surfaceswhile ¢; and ¢ are material
dependent constants. The model provided an insight into tool wear in the milling
process, and reasonable agreement with the experimental results wésnfabis

study. It is clear that this approach is different from other approaches that have been
used to predict wear because it considers tool surface temperature as another factor
which affects the wear calculation.

Up to date, studies relating to th@ol wear modelling in FSW have been relatively
few; a study byGant et al [78] considered the FSW df80 steel plate using a
cylindrical commercialy pure tungsten (CPW) tool. Tlye developed a2D
axisymmetrianodel using th&BAQUS FEA softwareo predict the tool deformation
during the procesand the results were compared with experimental ddta study
suggested thdhe mechanical properties of the tauhterial,such as yield strength at
100C0°C are importanfactors affecting toomushrooming The experimental results

from the studyshowed that wear amounts to a material loss of 7% of the original

volume after a 305 mm eld length.The model successfully predicted the plastic
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deformation in terms of tool shortening, while radial chawgepoorly predictecat

the region between pitip and pinmid. This is because at this region, wear is the
dominant mechanism as opposedleformation in the form of tool mushrooming and
this model does not include the calculation of material remdwa studyconcluded

that plastic deformatioand wear were the main causes of CPW FSW tool degradation.
Prater et aJ79] predicted the amount of wear in FS@6l when welding metal matrix
composite. The study developad equation based on rotating plug model which was
developed previously by Nunex al. [80], this model predicted the width of the
rotating shear layer zone surrounding the tool. Details of this model can be found
elsewhere[80]. In this study the percent volume loBst wear was calculated

according to equatio®-12 and the results were compared with experimental data.

0 DQGI 2 2.12

where,Py is proportion by volume of theesinforcedof abrasive particlesith mean
diameterDpa n d Sivx AT A represent the rotation rate, distameelded, and

weld velocity, respectively.The volumetric wear rate in this study was calculated
according to the span of the cutting a&&ax, Which is predicted based on plug model.

The aCmaxterm can be defined as a region of shear zone surrounding the tool where
abrasion wear can occur. The model provided useful information relating to the
process parameters, particle size of the abrasion material and the percentage of the
reinforcement paitles. The study considered 27 samples for the validation and the
average differencéetween model and experimewas 24%with the maximum
differencebeing66%. The results of the model showed that when the radius of the

abrasion particle is more than ttiickness of the rotating shear layer, there is a high
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probability of particle contact with tool surface which could cause wear on the tool.
The authors outlined the main drawback of the model where the tool shape evolution,
thermal effect, tool materialrpperties and using different tool designs could further

enhance the outcome the model.
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2.3.3 Experimental investigation of ool wear in FSW

Experimentally, there are some methods which have been used to assess tool wear in
the FSW processhé mostcommonof which is the photographic techniquerhich
assesss the change in tool volume using imagecessingo compare a standard
image of the tool (unworn) with an image of the tool after a specific lengimef
beingwelded. Thework of Prado et al[10], Shindo, Rivera and Murr [§-andPrater

and Strausf82] measured the wear of FSW tools by assessing the changeshagpel
using this techniquerhen weldinganaluminium-matrix compositeThey showed that
tool rotational speed and weld traverse speed are the mpsttant factors that
contribute towear andsoc a | Isafdptiniizatiord of the tool shapd1Q]. It is
important to note that the terigelf-optimizatioro of the tool isa term used bj10]

and in fact usually a worn tool performs lesdlwigan a new onelhese studies also
compared the microstructure and hardness of welds created with the worn and unworn
toolsand revealed homogenous metal flow and uniform grain size in the stirring zone
for thefiself-optimized pin (It should be noted that despite ttlie optimised tool does
not perform the weld asatisfactorily as the original tool design)The authors
demonstrated thdhe presence dhis homogenous microstructure atiok low wear

rate d a selfoptimized pincould berelated to theredudion of turbulert flow around

the pin during the process after sefftimizatiory moreover, it was shown that a self
optimized tool geerated thinner flow layers, compared to the unworn tool, leading to
a more uniform flow. An empirical equation was derived by Prater and S{i&)ss
which indicatedthat tool wear could be estimated by usthg weld parameterg
equation2-13;

W ™ Yo p8t oap T8t 1 g @81 ¢ | 2-13

Chapter 2 Literature Review Page46



wherew is the percentage of total tool wehis theweld distance in inches IS

the traverse speedndy is the rotation speed

In the same field of study, the effectreinforcement particlsize on tool wear in FSW

of analuminium-matrix compositevas investigated by Prate et[@3]. The results of

the study evealed that tool wear increased by increasing the size dittiercement
particlediameter.

While the worksof Prado et al[10], Shindo, Rivera and Murr [§land Prater and
Strausg82] considered the wear of the tool during the FSW process, their main focus
wason the wear phenomenrather than the resulting effect on the material flow and
the shape and size of the weld zdhile they did investigate the hardness pradile

the weld carried out with the worn tool, it was limited to measurements taken from the
mid thickness of the welded plate and little detail was provided on the effects on the
weld root area.

Thompson[30] and Michael [67] usel digital profilometry in the form of a laser
scanner that provided a 2D tool profile,characterize the tool dimensions before and
after each weldThe study assessed the wear veten weldingsteel and observed the
reduction in the tool length andear They identified the tool degradation mechanism
and investigated changes i n Thdmpsof36o!l 6 s
revealed that abrasive wear, intergranular failure and twining were the main
mechanisra of tool degradation.

In contrast ,lie studyby Michael[67] revealedhatmaterialwaslost at the pirtip and

in the pinshoulder intersectignmoreover, aolling pattern, smeared material and
groove regions were observiedthe tool imagesAbrasive weawas also observed in

the tool images and occurred at tapered pin anglpolder intersectiorwhich can

beseen inFigure2-17 andFigure2-18respectivelyTherefore, the author arguduhat
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the presence oabrasionand abrasivewvear lead totool degradationlt was also
demonstratethatwhole grains were lost from the toathichcouldhavebeenbecause

of the intergranulaattack. However, it should be noted that the hardness profile of the
weld zone was not investigated, witie work limited to determining the shape and

size of the weld zone.

Photo Location

and Orientation

7

¥ / ‘
AT = 2000 kV Mig= 700X WD = 9.0mm
IProbe= 300 pA Signal A = SF1 Date:11 Jan 2012 F

Figure2-17 SEM photo of taper pin shows smeared matesiaigeshg abrasive weaf67]
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Photo Location

and Orientation

Extrusion Direction

FHT = 20,00 kV ag= 2. { WD = §.0mm

[Probe= 523 pA Signal A = SE1 Date 9 Jan 2012

Figure2-18 SEM photo of the shoulder shows a rolling pattstggesting abrasive weld7]

Three types oFSWtools were examined by Buffa et f84] to join a3 mm Ti-6Al-

4V plate using a conical pifthey investigated 30000 and 1000pm rotation speeds
and a 35mm min! traverse speed’he experimental study examined tool wear until
tool failure.For the all tools typeshe highest valuef the tool life was observed at
rotation speed of 700 rpm, amobl damage was observed in the finsillimetre of
welding and in the final stage tifeplunge stepThe authors mention the fact that tool
wear couldseriouslyaffectthe soundness tifieobtained jointshowever, they didot
provide details to show this effect. The authors suggested that the wear of tools should
be considered with particular focus on numerical modelling.

The work by Miyazawa et a]85] examined thelurability of FSW tool used to weld
304 stainless steel plates after different welding distances.€bneelof tool wear was
evaluated by the area reduction rate, after the tool wear was measingcequation

2-14:
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where"Yis the crossectional tool area and is the initial crosssectional tool area

The results showed a ~20tool reductiorwith a weld distance dfo x10° mm at 22.2

rev s!, while wearof less than 10 % was achieved at 18 rév Moreover,defects

were observed above 20 ¥1im weld distance with a reduction in the weld zone

size. The study concluded that a reduction in the tool volume caused a decrease in the
stirring action and chamg in heat input.

A 3D white light scanning techniqueas utilized to investigate tool wear when
welding AISI 304 stainless steel by Siddiquee and Pafigy The study examined

different shoulder diameters, welding speed and rotation speed, each at three values.
They observed theighest wear volume when using the highest welding speed and the
lowest tool rotation speed, while the largest single factor affecting tool wear was the
shoulder diameter The results also revealed the f
bottom surface,ra a groove formation at the pin shoulder interface. Material diffusion

from the base metal to the tool surface was observed through the tool micrograph
section as a result of diffusion wear occurring at the pin shoulder intersection.
Diffusion wear occurss a result of atoms moving from the tool to the workpiece
material due to the presence of high temperd@ibje The results of theotal tool wear

volume showed that wear volume was reduced at the lowest values of the tool rotation
and traverse speeds. The study also explained that the cause of the formation of a cup
shape on the pindés bottom faceThasiwly due t
further argued that t he lbottommdacerceutdbedusn f ad
to low heat input, which could cause an irregular flow of material past the tool in that
particular position. Nevertheless, the stutlg not provide anyevidence for this

hypottesis in terms of heat input and flow behaviour.
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Studies relating to the weld zone characteristics when using worn tools have been
relatively few. Wang et a[87] investigated the tool wear mechanism and weld zone
characteristics of titanium alloy plates joined by FSW. Three conical tools were used
to perform the wel@tachmade froma different material. Tool wear was assessed by
utilizing a photographic technique and the wear mechanism was determined through
optical microscope images of the cr@extion of the three tools. The results of the
appearance of the tools at different welding distances showed that a significant change
in the toolshape was observed in some tools, while no noticeable change after the
entire weld length for the other tools, as presentdedgare2-19. From the study, it

was obsrved that some tools suffered from rapid fracture and chipping, plastic

deformation and adhesion wear in different tool locations, as shokigune2-20.

Initial After 3’ After 6™
.-
Initial = After9” After 18~
1
Initial = After 3™ After 9~

Figure2-19 Tool geometries at different welding lengths. Note that the total length of accumulative

welds is different for the three diffent tools (length in inche$g7].
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Figure2-20 Crosssection images of (a) CY16, (b)\Wa, and (c) WC411 toslwere taken by optical

microscopy graphg37].

The study revealed that WCo alloy tools suffer from adhesion layesich are
layers forned due to the chernal reaction between the workpiece material and tool
material because of WC decarburizatidrhis leads to the formation of irregular
boundary layers, which might be pulled from the tool surface and incorporated into
the material being welded. Furthermdiee results of the MAZ, seen Figure2-21,

reveal that in all welds, defects were observed, and a-baape nugget was noticed
under the shoulder arelhe FSW nugget zone is classified into two types which are
basinshapé or elliptical shapd; the basinshape nugget is wider near the top than

thebottom and forms at a low tool rotation spe28|.[ This is attributed to high plastic
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deformation and frictional heating at the tobbslder and lack of vertical movement
of the material and lower heat input near the pin tip and weld Foan Figure2-21

it can be seen that the weld zenee different with different materiaypes. Theuthor
argued that this is due to tool degradation after weld distsskown irFigure2-19.
Therefore, the toslthat expeienced no significant change in thsirapegproduced an

enhancement in the weld zone in terms of weld penetration and nugget width.

Figure2-21 Weld zone crossection images after FSW with a tool rotation rate of 1000 rpm and
traverse speed of 50mm per minute using (a) CY16, ({d)aMc) Wi La-L, (d) WC411 and (e)

WC41Z%L tools[87].
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2.3.4 Final remarkson tool wear

Tool wear phenomena in different procesisave been extensively studitrseek to
develop understanding relating to tinear mechaniss1 which operateand the
assegsent methodsused to quatify wear. Several researchers have addressed the
problens of wear that occur in different industrial applicatioRgsearch in the area

of predictionof wearusingsimulation approaches has shomasonablegreement
when validated against experiential studi€be esearch finding of a number of
researcher$73], [76] and [88] demonstrated the ability of FEA to determine the
locations of contact points and pressiwrerderto calculate the wear depth usiag
modified Archardwearequation

The presented works successfully assess tool wedrdRSW procesdMoreover, the
results gained from these efforts have predid better understandingf the wear
mechanism such as the setfptimization phenomen4lQ], abrasion wear and
intergranular weaf67], diffusion wear, and adhesion wd&6]. Furthermore, Buffa

et al.[84], Siddiquee and Pand§§6] and Wang et al.87] concluded that tool wear

in FSW leads to a decreasing in the stirring action and causes much lower heat input
into weld zonewhich could cause an irregular flow of material past the tool and a lack
of vertical movement of theelding material through the plate thicknesdditionally,
Prado et al[89] , Miyazawa et al[85] andPrate et aldocumented that tool rotation
speed, weld traverse speealavdistance and the reinforcement particle diameter are
the factorswvhich results in an increased wear in the FSW tool.

It has been shown that the FSW process has the ability to produce joints in various
types of metals, however, tool degradation duedar has remained an issue for this

technique at present, particularly when joining metal matmposites (MMCssteel
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with a thickness of 6mm and above and titanium glidy 87, 90]. The main reason

for this is either the welding material which is typically harder than tool material, or
the formation of new phases of metal carbideeltling temperature causing erosion
and chemical reaction with the tool material.

All the studies reviewed so far, however, suffer from the fact that experimental
methods need dimensional measurement, device calibmtidmachine set up to
perform the wkl and to assess the tool weadeed all of these limitatios would be
costly from an economic perspectiVderefore, it is important to develop a numerical
methodology that can be used to improve understanding of the effective limits of tool
use forwelding, considering the specific weld parameters and component geometry

being welded without the need for experimental trials.

2.4 Summary and knowledge gaps

It is the intention of this thesis to produce a validated model of the FSW process using
the CFD sétware FLUENT, with this model then being used to assess the detail of the
differences in the flow behaviour, mechanically affected zone (MAZ) size and strain
rate distribution around the tool for both unworn and worn tool geometries, which have
not been nivestigated before. This modelling approach can therefore be used to
improve understanding of the effective limits of tool life for welding, with a specific
outcome of being able to predict and interpret the behaviour when using specific weld
parameters ahcomponent geometry without the need for experimental trials.

An analysis of the literature has shown that wear of the tool is very common during
the FSW process, and that this wear is associated with the materialdtowy the
procesq91]. Moreover, the pressure generated due to material flow is an important

factor contributing to tool wear in the process.
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As presented in this research, until now, experimental work has remained the primary
method of investigating tool wear in the FSW. It ladéso shown that flow pattern
differences in FSW with worn tool needs further investigation in orddetermine
thetool life that can produce sound weld

In this chapter, a review has been made of several relevant aspects of tool wear in the
FSW proces. It can be seen that there is still a lack of understanding into the effect of
the deformation of the highly viscous flow around the tool on tool wear, and an
appropriate modelling methodology that can be used to predict tool wear in the FSW
process.

Computational fluid dynamics (CFD) is a technique that can provide valuable insight
in to the flow behaviour during the FSW process; therefohas been utilized in this

study to assess differences in the flow behaviour around and under the tool when the
tool is worn. This modelling approach can therefore be used to improve understanding
of the effective limits of tool life for welding, without the need for experimental trials.

In light of this review, a methodology for calculating tool wear in FSW baped a

CFD model is presented in this study by predicting the effect of the deformation of the
highly viscous flow around the tool on tool wear. This modelling approach could be
used to inprove understanding of the effective limits of tool use for welding,
considering the specific weld parameters and component geometry being welded

without the need for experimental trials.
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Chapter 3 Numerical techniques

This chapter gives a general overview of fluid fland describes the applicable
governing equations. The concept of solving the fluid dynamics problem numerically
usingtheComputatiomal Fluid Dynamics (CFD) approach is also described. The nature
of the problem solved in this work requires some ecdpmbilty on top of the standard
CFD functions, in the form of materiaonstitutive equatias and user defined
boundary conditionsthese were formulated and implemeniadthe commercial
software (ANSYSFluent) as User Defined Functions (UDRs outlinedin this

chapter.
3.1 General fluid flow background

A fluid is a substance which has the ability to flow without fixed sreapkwhich
deformscontinuously when shear stress is app|@%#. Fluid flow can be generally
classfied as steady/unsteady, viscous/inviscid, compressible/incompressible,
uniform/nonuniform and laminar/turbulent flowA brief explanation of these
classificationgs given below93]:
1 Steady and unsteady floaflow is regarded as a steady flow if the flow fields
or properties do not change with time at specified locations in the strehen of
flow. In reality, there is always some form of change, but where thditaes
significant fluctuation, the flow is considered a steady flow. An unsteady flow
is also called a transient flow, whose properties vary with time. Most practical

flows exhibit some transient ahacteristics.
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{1 Viscous and inviscid flowviscous flow is the real flow, in which the fluid
particle has a continuous steady motion and the value of the viscosity is
considered; howeveif, the fluid viscosity is ignoredthis means the pressure
forces hae a larger effect than the shear forcdss is known as an inviscid
flow, and it is considered an ideal fluid

1 Compressible and incompressible flow: compressibility in flow assumptions is
basedn the idedhat a fixed mass of fluid can occupy differgntume under
different pressures. A compressible fluid can be made to occupy a smaller
volume at high pressure and can also expand to ocalgmger volume at
reduced pressure. The fluid density changes with the changing pressure for
compressible flowsvhereasncompressible flows have constant densities.

1 Uniform and noruniform flow: if the velocity vectors of the flow are the same
in their direction and magnitude for any instant of time and at each pabist
is called a uniform flow, and vice versa.

1 Laminar and turbulent flow: in a laminar flow, fluid particle velocity has a
constant value at any particular point in time, and the fluid parcels have no
sevee change in their direction with reguland smooth behaviour; otherwise,
the flow is known agurbulent, in which case, for example, some properties

such as pressure and velocity undenayud variation in space and time.

3.1.1 The Reynolds number

Reynolds numbe(Re)is a dimensionless parameter, and it also represenisliece
betweenflow forces, wich are inertia and viscous forces, as given in equatibn

[94].

| <

YQ

Chapter 3 Numerical techniques Pageb8



whereu is a characteristigelocity (flow speed)L is thecharacteristidimensions; }

is the density, and is the dynamic viscosity

Re can be used to give an indication of the different flow regimes (laminar or turbulent)
in the same flow situation, and it can also help to predict flow patterns for theilaatrtic
flow regime in different situation®5)].

Furthermore, Re has different ranges, which can differ on a case by case basis; for
example the Re range value used to indicate the range of the laminar to turbulent, in
pipe flow is different from that used for an open channel or flow around a cylinder.
Here, the study gives an example of the Re value of the flow around a circular cylinder
beause, in this thesis, it was assumed that the flow in FSW is similar to the flow
around a circular cylinder. Noag86] determined that the range of theninarregime

is Re < 160, while for the transient it is 160 > Re < 260, and for the turbulent it is Re

> 260.
31.2Newtoné6és | aw of fluid dynamics

il s aac (1842WwR7)pmoposed that for parallel motion of streamlines in a moving fluid,
the shear stress transmitted across the fluid in a direction perpendicular to the flow is

proportional to the rate of [9hFRundgqreentallfy, vel oc
Newt onds Id@mamicasfalaw vhiech erplains flow behaviour undshear
stress The common form of the Newtonidinid law is given byequation3-2, which

shows the stresstrainrelationship
O
— = 3-2
2GR U= =
wherez is the shear stressandj equall, 2, and 3, which represent they, andz-

axes respectively— is thevelocity gradientneis theflow behaviouindex(ne=1
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for Newtonian flow, and - is the shear straim tensor formwhich can be written

asequation3-3[97, 99].

R R R
- R R R =—— 4+ __ 33
R R R

According to this law, shear stress has an effect on fluid behavfiole; fluid has a
constanty, there will be a linearelationshipbetweenthe shear stress and velocity
gradientand the fluid can be classified ldewtonian while if theu of the fluid varies
under stresst is known as @Non-Newtonianfluid, meaningthat the fluid does not

obeyNewt on.6s | aw
3.1.3 Fluid flow governing equations

In this thesis, assumptions were made in order to moddFribgon Stir Welding
processit was assumed that there was a steady state behaviour during the simulation,
incompressible flow and that the fluid wasanNewtonianfluid. These assumptions
hawe been considered previously Gglegrove and ShercliffL3], Nandan et al.2(],
as well as byArora [99] when modelling the FSW procesBhus, the fluid flow
governing equations are given in equatidfbsto 3-6, which represent theontinuity,
momentum, and energy equati@ssdescribed beloj®8]
1 The continuity equatioB-4 is a statement of conservation of maglsich can
alsobe defined as the rate of mass change equal to mass inflowinaite the
mass outflow ratenote that this is for amcompressible single phaflew
because the fluid density is constant; thus, the equation below is used for this

assumption:

wheren is shorthand fo— — —
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while u is the velocity vectors fan, v andw velocity compmentsin in thex,
y and zdirectiors.

1 The nomentum equatior8-5 is a statemenbdf Newtorss Second Lawof
motion. This equation links the value of wsisstress and the effect of pressure
on fluid particles; it can be described by the rateclingeof momentum

equivalent to the sum of forces on fluid particles.

"o80  nf ngt 3-5

wherep is the pressure anidis shear stress tensor, which is giverefuation
3-2.

1 Thesteady statenergyequation3-6 represents the energy of heat transfer in
the fluid and the effect of this energy on the fluid. It therefore represents the
Firstlaw of thermalynamics. e energy change rate of fluid particles is equal
to the heat addition rate plus the work done rateefluid particle.

”

ono Y n@Y f 3-6
where0 is the specific heat capacity is the thermal cattuctivity; T is the
temperature ifK; g is the rate of heat input per upitvolume generated by
the mechanical work between the tool amtkpiece (in FSW)ando6 is

the freestream velocity10Q.

3.2 Computational fluid dynamics (CFD)

CFD is a computebased simulatiotechniquewhich has the capability of analysing
many phenomena related to fluid flow, heat transfed, e reaction of chemical
processing which is considere@ useful tool forsolving fluid flow problems by
solving the fluid flow equatios; with this solution, the value of flow variables such as
pressureandvelocity canbe determined94]. With increasing demand for efficiency

and performance improvement the industial sector several commercial CFD
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software packages have been develdpelve fluid problems ANSYS FLUENT is
amongthe most popular software used to solve the CFD problems and is used in this
thesis[94, 107].

With this code, the solution is produckdough three sequgal steps: the first one is
known as pregrocessg; in this step the fluid domain(geometry of the fluid flow
situation)is set; then the mesh is constructed, which means the domain is divided into
small control volumes or cells. After that, the model is selected; in this part, the fluid
phase(s) and flow regienare defined and then the desired fluid properties for the
solution are specified. Finally, the appropriate boundary conditions, which can
represent the physical model, are defined. The second step is the solution step; in this
step, the fluid flow goveing equation is solved.his step is dmiled in the next
section (numerical methad)

The last main step is the pgsbcessing; in this step, the results of the fluid analysis
can bedisplayed in a graphn which vectors and contours represent the vl@aid

pressureand other propertiesf any fluid flow[101].
3.2.1 Numerical method

In order to solve any CFD problem, there are maumyericalavailablemethods for
discretising the flow equatienand solution algorithm; details of these have been
widely presented and described in many books and open source §88/8G7.

The term discretisation can be defined as transferringahgnuous problem of the
fluid or model equations to anothferm whichcan be implementeasinga computer
thus this method can make a numerical approximatbrthe partial differential
equations of the fluid problenMost commercial CFD codes utilitee Finite Volume

Method (FVM)as a discretization technique; this method is based on the fact that the
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fluid governing equations can be written in the formula of a conservation law. The
detail of this method can be found[B8].

An iterative method is used to solve the prohland solving can be done @rsteady

or unsteadystate. Using an iterative method, an initial estimated value is normally
taken for the solution variables to start solving the equations; after that, a more accurate
approximation is produced and the solution is updated with the nerxamation

value until convergence is reached. A solution is converged when the successive terms
in the iterations do not change significantly.

ANSYS FLUENT includes two kinds of algorithms, also called solvers, which are a
PressuréBased Solver and DemgiBased Solver. Both of these types of solvers solve
the governing equation (Momentum, Mass and Energy), although the main difference
between these approaches is the way that they are used to solve these equations
simultaneously or sequentiall$02; an explanation of how the each solver works is

illustrated graphically irfFigure3-1.
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D ity-Based-
Pressure-Based-Solver ensity-tase
Solver
Solve U -Momentum
Solve Mass,
Solve Mass Momentum,
Solve V -Momentum &Momentum Energy,
Species
Solve W -Momentum
Solve Mass Continuity; Update
Velocity
> Solve Energy
Solve Species
Solve Tu.rbulence
Equation (s)

:

Solve Other Transport Equations as required

Figure3-1 FLUENT solverq102

A PressureBased Solver can handle a wide range of incompressible and compressible
flow regimes; it is therefore preferred to solve most single phase flow proflégjs

On the other hand, a DensBased Solver is applicable for high speed compressible
flow, even with combustion, a hypersonic flow model and a multiphase flow model.
Forincompressible flow calculations with a low Reyt®humber, use of a Pressure

Based Solver is recommended, such as that considered in this work.
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3.3 Constitutive equations

A common equation used to define the flow stresghi@hot working and high plastic
deformation of metalss the constitutive equatiomitially proposed by Zener and
Selloors and then modified I8heppard and Jackson [10&hen hey determined the
material constant of the hot extrusion process by compression and torsion tests as a
way of predicting the flow stresk these equationshe flow stress of the metal ,

is a function of the process parameteasd also of the parameters which were
established from the experimental studies, knowhe@&enerHolloman parametet.
According b equatior8-7, the flow stresss a functia of the temperatur€and strain

rate[103 104

O -Qw Ry 3-8
whereA, U, andn are material constant®e is activation energyRis the gas constant,
and- [is the effective strain rate.
FSW can be considered a hot deformagimotess and the interaction between the flow
stress and material strain rate is important; to account for this, a constitutive equation
has been used to represent the matdnhis case, equatiols7 and3-8 can be used
to calculate the flow stress, the Zettéollomon parameteand subsequently material

viscositythrough the use adguation 3-9[13, 105.
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It is necessary to note thtae strain rate can be computed at any point from the velocity
field in the fluid domairthrough the use of equati@3[104; thus, he effective strain

ratecan also be calculated by usieguation3-10[13, 106]:

_EB — - 310

3.4 Userdefined function (UDF)

A UDF is a macrdhatincludes formulae that are not part of ANSYS FLUENTis

macro is "loaded" into ANSYS FLUENT to get some features that are appropriate for
particular problems. Fundamentally, the UDF file includes functions and macros
which are compiled and then linked to the FLUENT solifiére main advantage of
using a UDF is its ability to enhance the ANSYS FLUENT standard features, and
therefore the UDF can be used to define the material properties, modify the boundary
conditions, initialize the solution, and also modify the gosicessing features of
FLUENT[107.

The viscosity of the material is considered one of the most important properties which
should be specified in ANSYS FLUEN[LO7]. Because the value of the dynamic
viscosity of the material is not constant and is a function of the temperature and strain
rate, this property has been specified by the UDRhis current work, theUDF
includes the formulationspresented irequations3-7, 3-8 and3-9 - to calculate the
ZenerHollomon parametethe flow stress, and subsequently material viscogitg

UDF is presented in Appendiatd 4
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Chapter 4 Modelling methodology

4.1 Introduction

In this chapter the modelling methodology of BEfW based on the commerd@iD
software FLUENTmodel that was used for the studies in this thesis is detailed,
including the development of a meshing strategy. As one of the aspects of this work is
flow behaviour in the FSW process, a validation study for the flow behaviour around
a rotating cylinder at different rotation rategh a Reynolds number value of 0. @as
carried out.The outcomes from this chapteereused for the validatioof the size
andshape of the Mechanically Affected Zo(MAZ) in FSW andthe predictionof

thetool wear presented in the next chapters.
4.2 Assumptions

In this work, 3D modelsvereused with an incompressible fluid flow using a viscous
laminar flow model as the value of Rewlds number (Re) is less than 18],
typically around 16 . A steady state solution method wed for these modekince

the study considered constant conditions (essentially the study assumed the simulation
was in a steady state period of the process). A total ohfvdels were implemented

in this thesis three of them were used for modellitige aluminium alloys 6061T6

and 7020and solved isothermally, wherethe fourth and fifth modelsvereused for
modelling the welding 0304 stainless steahd werenonisothermal modelwhich

included heat generain.
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A double precision optiowasused for the modelling due to the significantly different
length scales of the geometry; this option provides greater accuracy for the nodal

coordinates during the calculation and reduces convergence[@0drs
4.3 Geometry

The geometry of the ooputational domain of the model that was used for the mesh
studywas a rectangulauboidand had the following dimensior320 nm length,160

mm width, and9.53 mmthick. The diameter of the pin w&mm with a shoulder
diameter 0f25.4 mm and 6.35 mm tool lengtit was placed in the first half of the
domain as shown iRigure4-1. The tool dimensions were selected according to the
work of Rai et al[90], while thedistances to thmlet, outlet, and sidesf the domain
from thetool centrewere defined aSd, 15d, and 1@ respectivelywhered is the pin

diameterthese distancesere usedased on the work of Zdrawkvieh al.[10§).

U= erg

w:Angular speed

Weld speed, U erd

N
N

\ Outlet /I\

Figure4-1 Computational domain artibundary conditions
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4.4 Boundary conditions

The boundary conditions can have a significant effect on the results of CFD models.
In order to ensure that the physical situation is well represented and that the model
produces accurate results, the boundary camditneed to be specified correctly for
the domairshown inFigure4-1. The inlet flow condition was defined as:

U= Uy s v=0, w=0 4-1
whereu, v, andw are the magnitude of the velocities in they and z directions
respectivelypweidis thewelding velocity at the inletvhichtook different valuebased
on the welding parameters for which the model was construtiedoutlet boundary
was a pressure outlet with a zestatic (gaugepressure value to ensure no reverse
flow and both sides and the upper and lower surfaces afaimain were defined as

free slip walls (the shear stress value was equal to zero).
4.4.1 Tool boundary conditions

It is clear that the interface between the tool and the workpiece is a crucial aspect in

the numerical modelling of the FSW process; it has beggestiecdoy Schmidt et al.

[14] that material at the interface can reach thielgsltemperature and that a thin layer

of molten material may be generated adjacent to the tool surface, egmblave an

effect on the shear stress of the material in this region.

Generally the Coulomb friction law can be used to represent the cob&tateen

surfaces and it is widely used to calculate the value of the shear stress as shown below:
T T ‘N 4-2

wheret , Is the contact shear stre$s Is the frictional shear stregs,is

the contact pressure apd is the friction coefficientClearly, this law is valid for the

case of the motion of two rigid bodies in contact even if they slide or stick, however,

if this law is applied in the FSW processes to calculate the shear friction between the
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tool and the workpiece, the behaviour of mialeflow in the shear layer next to the

pin surface is normally neglectedo address thisSchmidt, Hattel and Wert [14
developed a numerical approach to addrthe interface issue in FSWiey specified

three conditions that could occur at the interface of the FSW process, and included a

contact state variabl@, to account for this, defined as:
W
1T 4-3
W
whereliis the ratio between thmeaterial interface velocityWma, and the tool velocity
Viool Which is defined as th velocity components on the surface of the tool (position
dependent tool velocity of i) [15]. They proposed that the conditions at the contact

interface were based on the interaction between the contact and material shear yield

stresdJiels, defined as follows:

The three conditions that they proposed were:

1. Sliding behaviour: This condition occurs whed = which means the
velocity of the material at the interface is zero; for this case, the shear yield
stress {ieid) is more thardontactand there is no flow of interface material.

2. Stick behaviour: Here the velocity of the tool equals thterface material
velocity where they are in contact, U= 1. The interface material rotates at a
velocity equal to the toobtation speed and for this case the valuBdgfctis
more tharJied leading to high plastic deformation at the interface.

3. Stick-sliding behaviour: In this particular casewill be between 0 and 1,
leading to a partial stickingliding condition. Tl interface velocity is less than
the tool velocity, and in this case the valuélgfiaciequaldiies. Neto and Neto

[15] and Schmidt and Hatt¢l4] documented that stie®liding behaviour is
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more likely to occur in the FSW process and they argued that differences in the
relative velocity at different angular locations on the tool surface will lead to
some parts of the interface layer beinglemna stick condition and some parts

will be in the partial slip regime

Nandan et al[20] andArora et al.[21] specifiedthe velocitycomponent®n the
tool surfacen terms ofthe tool angular translation velo@s; these components
definethe material velocity at the tool interface @, Wmat 2S Shown in equations
4-5 and4-6, which al® includethe titerm to specify the contact conditiomhile
Vmat = O:

6 p 1 11081 ¢ 4-5

0 p 1 1 i1AT-6 4-6
wherey is the tool rotation speed,is angle from the direction of movement of the
tool with the xaxis, andhe value of lies in the rangep, < r < rs. They also modified
the relationship derived from the data in the worBehg, Lovell and Tagavi [1Q9n
crosswedge rolling to develop the following relationship for the slip as a function of

tool radius and welding parameters:

1

1T @ p Qoh 47

where the variablé is a constant and was determineddrgra et al.[21] to have a

value of 3 and— s the ratio between ¢rotational speed and a reference speed,

In the currentesearchmaterial velocity components at the tool interface (equations
4-5 and 4-6) have been specified usirmguser defined function (UDF given in

Appendix 2; andhese werémplemented as a boundary condition for the models in
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Chapters 5, 6 and A constantvalueof 0.07 was used fdr; this assumption was
made based on theork of Chen et al[32] where they determined thalue of
experimentally based on the estimation of the pin travel distance after one revolution

and the location of the flow front of each of the deformed layers around the pin.
4.4.2 Thermal model

In chapters 6 and 304 stainless steelas used as a welding materlais well known

that this materialis very sensitive to temperatuaed strain rat¢110 and that he
variation of temperature through the plate thickness has a significant effect on the
pressure and velocity in the weld zdaé 1]; therefore, it iSmportant to implement a
heat generation model in tiSW model for this applicatiorThe tool in the FSW
process ishesource of heat generaticamd it has been determined that frictional heat
generation and plastic deformation are the main mechawoisheat generatiofv, 8,

117. Initially, during the processontact occurs between the rotating tool and the
workpiece, heat is generatadd isconductednto theworkpiece After that localized
heating caused by the shoulder leads the workpiece to deform plagtic&]yThe
shoulder generates more heat tttanpin, with the contribution of the heat generated
by the pin beindess than 15 % of the total heat inpl4f]; therefore, in the current
work, it was assumed that the heat input came from the shouldeHantyilton et al.

[112) and Selvard]8] proposed that the power required to cause shear deformation by

the tool in the FSW is converted to the heat and it is givesgtstion4-8:

C

— 111 i 4-8
(0)

C

wherers is the maximum shoulder radius,is the pin radiuslis shear stress andis
tool rotation speed. The expressithig the material shear stress or flow strégs s

determined by the study of Nandan ef{20] shownin equatior-9.
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t of 4-9
In the current study, a steadiate thermal model was implemented and the
temperature in the domain waalculated. Moreover, it was assumed that all of the
power input (equatiod-8) in the FSW process (the power required to cause shear
deformation by the tool during the process) is converted to heat; therefore, the total
heat inputQ, was equal to the power inpiatthe procesq8], so in this cas€s= Ps
whereQ:sis the heat input from the shoulder
Thevalue of the sheastresds directly proportioal tothe value of the strain rate and
material viscosity Nandanet al. [113 documented thano significant platic
deformation occurbelow aviscosityof 4 x1(P Pas for 304stainless steel.
Selvara| 8] usedthis values of viscosity to determine the critical value of shear stress
(@) using equation4-9 leading toa value of 15x10° Pa and a corresponding
temperaturef 1038°C, approximately 07 of the melting temperatuf@m). Therefore,
it can be said that when themperature inhe FSW process is less tharv O, the
flow stressof the materialis high enough for the plastic deformation to be
insignificant However when temperatuiie greater thaf.7 Tm, the flow stress value
decreasg leading tglastic defomation.
Zhu and Chadl114 experimentally determined the value @f from the measured
torque during the FSW aftainless ste€d04 to be in the range 1760 to 22A0 This
range has been further confirmed numerically by Zhu and (AiZbandSelvaraj 8].
In this study, equatiod-8 was sed to calculat€s based on the value & 15x10°
Paand was determined to be 22&%7 The value ofQs is acceptable when compared
with the studies of Zhu and Chfl4] andSelvaraj8] in terms of rotation speed and

tool radius.
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In order to implement the heat generation, it is necessary to use the hatd wfput
to the workpiece (heat flux); g- wasdefined by Chao et dl115, which was theifst
study to simulate heat generation in the FSW process. The heafjlisxdiven by

equatiord-10:

n — - 4-10

wherers is the shoulder radius amglis the pin radius. It is clear from equatié/10

thatgr increaseswith increasing tool radius; which means that during the welding
process, the highest temperature is expected to be within the tool shoulder . The heat
flux, equatiod-10, is applied as a boundary condition in the shoulder region by using
a UDF (the details of this UDF are given in Appendix 3).

In addition, a convection thermal boundary condition was applied on the extents of the
domain. It was assumed that the topl side surfaces have free air convection with a
value of15 W m?K as a heat transfer coefficidi@], while the bottom surface was
assumed to be in contact with thackingplate (note that thbackingplate was not
modelled in this study). The heat transfer coefficient of this surface took a value of
300 W m?K1, an assumption that has been made previously by other reseg8chers
114. It is worth mentioning that in this study, the steathte thermal model was

implemented and the temperature throughout the domainal@agdated.
4.5 Solver

The SIMPLE (Semimplicit Method for Pressurkinked Equation) pressueelocity
coupling algorithm was used for this study, since it has been used to solve the
incompressible flow problem, pressure gradient term, and viscosity term effectively
[117). For spatial discretization, a least squareslzadled approach was chosen to

determine the solution gradients of the variables in the cell with stapaesslre and
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second order upwinding for the momentum that pravaenore accurate and stable

solution.
4.6 Convergencecriteria

In order to assess convergence of the sts#atg solutionthe monitor check for
absolute convergence criteria was turned afefbmodels, in order to make sure that

the solution is converged in the area of interest (around the tda)vélocity value

at twopointswas monitored throughout the solution until the change in the velocity
was less than 0.05 % per iteratidine first point was located in the upstream near the
tool; which is the interest area where the high velocity gradient occurs and the second
point was in the free stream before the outlet to ensure that no reverse flow occurs
during the simulation. To avoid dikgence in the solutiothe cass werenitially run
withouttool rotation until convergence, and then tbel rotationspeedvasgradually
increased until it reackehe specific value of each modklis important toensurefor

eachtool rotationspeedhatthe convergence critenseremetbefore increasing.

4.7 Meshdevelopment

A mesh can be defined as a discrete representation of the domain, which represents the
model cas¢l1g. The mesh or grid consists of many cells, and there are different types

of cells as given irrigure4-2, and they are different by their shapes and number of
nodesHexahedral cell haveeight nodes with six quadrilateral faces, while tetrahedral
cells have four nodes with four faces. On the other hantnprcelk (wedge) hae six

nodes with five faces. Hexahedral eatan provide better solution accuracy and a
superior rate of convergenas opposed ttetrahedral cedlin the casewherethe flow

and cell directioaare aligned101, 119. Due to the fact that tetrahedral cells depend
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on a linear shape function (calculated bydhadient at the cell centre) ftre control
volume during the solution, there could be some problems at the wall with
neighbouring cells Therefore, gsm cells can more efficiently capture the shear
gradientnear the wallsurface recirculating flow for the boundary layer area, and
achieve good convergengkE20 121].

Generally, three types of grids are available in the ANSYS software which are
structured grid, unstructured grid and hybrid grid. In a simple definitichése grids,

a hexahedral megiefers to a structured grid, in which the cells and nodes are placed
regularly, while when they are placedan irregular mannethe grid is known as

unstructured and it normally has tetrahedral cells.

/\

triangle quadrilateral

20 Elements

1

1

1

—f == -
-

#
-
-

tetrahedron hexahedron

p Y

pyramid prism/wedge

3D Elements

Figure4-2 Cell shape$12]]

A hybrid grid is a combination between hexahedmls which are generated by

blocking techniques, for the singppart of the domain, with tetrahedral or tetrahedral

Chapter 4 Modelling methodology Page76



andprismcellsfor the complicated part of the domaivhich are merged using a nron
conformalinterface.A non-conformal interfacesiused to jointwo mismatchingell
zoneswith a differentnumber of nodes or mesh topologies aedmit the cell zones

to be easily connected to each other by passing fluxes from one naestilie]122].
Generally, 1 is used to produce one interior zoimethe fluid domain[107. It is
important to make the cell size at the interface nearly equal for the two typestof
reduce the numerical errdn addition, the interface should be setay from the

region ofinterest to minimise the gradient of the mass flow in that [d/2§.

A hexahedral mesh can better capturing the flow features because in hexahedral grids
the predominate flow direction is aligned with the grid nodds]; however, it is
difficult to generate a hexahedral mesh for complex geometry; particularly for the
FSW tool such as a threaded tool with a concave shoulder, and tilted at an angle.
Santiago et al[54] and Fourment and Guerdoux [25] have used tetrahedral cells to
model the FSW process with a complex tooliglesThe use of a tetrahedral mesh
throughout the domain results in a large number of cells, leading to an increased
computational time. Therefore, a hybrid mesh can be used to generate mesh for the
complex geometry with less number of cells for the savhédien. It is worth noting

that the advantage of using hybrid grids for complex geometry was highlighted in the
ICEM User Manua[121] and Zitzmann et a]123.

It has been documented that #ezuracy and efficiency of theFD solution depends

on the mesh qualitj101]. As this work aims to provide additional insight into the
behaviour of the material around the unworn and worn tool apdettict tool wear
associagd with highy viscous flow around the FSW tgan unstructured grid with
tetrahedralcells and which contains a prism layer near the sharp edge of the

complicated geometry, can be used to compute the shear gradient and recirculating
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viscous flow near t boundary layein this study, the hexahedral meshs used as

a reference solutigusing a simple geometrfgr the development of laybrid mesh

The aim of this is to examine the solution efficiency and accuracy to determine the
errors introduced when using a hybrid mesh for the study of complex tool designs. Al
cases were run on a High Performance Computing (HPC) facility using a sicgle 8

(Intel Sandybridge 2.6 GHz) machine with 16 GB of memory.

4.7.1 Structural hexahedralmesh study

4.7.1.1Model description

In this study, a steady state 3D flow modeltt# FSW process wagroducedusing

the commercial CFD software FLUENT. This model was useedxteactvelocity
valuesat particular positiongn order toconduct a mesh independence study. It is
solved isothermally, as used Bplegrove et al[47] and Ji et al[24] previously; this
assumption was made as the flow stresslominium alloy 6061T6 is relatively
insensitive across the temperature range from 0.6 To,@Xoerienced in the welding
process. The model assumptions, boundary conditions of the workpiece, solver and
convergence criteria werdefined based on thealetais included in the previous
sections of this chapter. A stick conditi@#, 47] has been applied on thaol surface

to simplify the model for this case.
4.7.1.2Mesh

The ICEM software was used to generate the structured HEXMADRATIC mesh,
and the aspect ratiof the cellsaround thdool was keptess than 7 for the all cells
The geometry was split into nine blocks and aG@ was used in the block of the
tool (pin and shoulder) to get a good quality of mesh around thagimglbiasesThis
type of mesh is flexible and was therefoised in this study to generate a very fine

mesh with low cell distortion around theol. Figure4-3 shows the meshing blosk
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with edge numbey andFigure4-4 shows the mestonstruction around the tqevhile

Table4-1 detialsthe five cases of the megrids)which were used in the study.

E6 E5 E4
B5 B4 B3 =3
Bo.
B6 : B2 E2
E7 _ |
Tool radial
B7 edge B8 B1 E1 .
2
E = Edge E8: Through the thickness
B = Block

Figure4-3 FSW model domain blocking strategy

Figure4-4 Hexahedral mesh shape at the tool surface
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Table4-1 Hexahedral mesh grids used in the study

Number of nodes on edgékeyto edgesn

Grid E(lacl)lcsl,(izge Figure4-3 FSW model domaiblockingstrategy)
name Total number
(mm) | E1 |E2| E3 |E4 |E5|E6| E7 | E8 of cells
Hexa 0.4 0.4 60 | 16| 60 | 40| 16|90| 23 | 12 40308
Hexa 0.2 0.2 60 | 16| 60 | 40| 16|90 | 45 | 12 290847
Hexa 0.1 0.1 |120[32(120/80|32|90| 90 |24 1623796
Hexa 0.05 | 0.05 |120|32|120|80|32| 90| 20 |24| 1623796
Hexa 0.025| 0.025 |120|32|120|80|32| 90| 20 | 24| 10623796

* Biased exponential with spacing 0.05
** Biased; exponential with spacing 0.025

4.7.1.3Material properties

The materialused in the simulation wagluminium alloy 6061 T6, the material

properties and the process parameters are preseritadled-2 andTable4-3.

Table4-2 Aluminium alloy 6061T6 material properties Nandaat al.[105

Material property Value
Density, ” 2700 Kg n?
A, material constant 8.863 x16s?

| , material constant

0.045 x16 Pa™!

n, material constant

3.55

Activation energyQe

145 x16 J mol!

Gas constanR

8.314 J K mol?

Table4-3 Mesh study procegsarameters.

Weld parameter Value

Inlet velocity; Uweld 3.39 mm g
Tool Rotation speed 770rpm
Temperatur€0.8 Tm) 684 K
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4.7.1.4Results

The instability of the velocity value and velocity gradient of the viscous flow near the
boundary layer (in the area away from the pin surface) have been repokéthbgt

al. [124], Thinbo et al[124] and Colegrove et aJ13]. Therefore, in this studythe
velocity profile was investigated aloragradal line atan angular position of 45° as
shown inFigure4-5. This was used to indicate the free stream area on the horizontal

plane at 0 mm on the-gxis where (0, 0, 0) was located at pin.tip

(Radial line at angle 45 degree)

Flowidirection Zero degree
—————————————————

"""" (-OE))-,'_--- +

| Pin surface

-‘_I
0 2.500 5.000 (mm)

1.250 3.750

Figure4-5 Radial line at angle position of 45° used for data analysis
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Figure4-6 Velocity profile with the radial distance away from the tool surface at an angk ébr

the hexahedral gr&d

The results of the velocityalue along that radial linare shown inFigure 4-6 to
determinavhich cell size providgagrid independergolution for the velocity profile.

This figureshows the relationshipbetween velocity values with radial distance from

the pin surface at 45° as presenteBigure4-5. It is clear that the results of the mesh
with radial cell sizes of 0.2, 0.1, 0.05, and 0.025 mm have no significant changes in
the free stream region, which is indicated at 1.5 mm away from the pin surface,
whereas up to this distance the velocity gradient was not identical for the different
types of mels. The effect of the inconsistency in the flow behaviour can be seen near
the boundary layer; the maximum percentage difference between the Hexa 0.05 and
Hexa 0.025 grids was less than 6 %, while the other grids have more than 16%

difference with Hexa 0.@® Therefore, in this study Hexa 0.05 was used as a reference
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converge solution for modelling the FSW with the simple tool design. Moreover,
velocity streamlineswere plotted in order to show the flow behaviour for the
hexahedral mesh around the tool, laeven inFigure4-7 and it is consistdrwith what

has been reported in the literat{it®5.

Flow direction

Velocit
Streamline 1

H 5.267e+001

3.973e+001

2.678e+001

1.384e+001

8.937e-001
[mm s#-1]

5.000 10.000 (mm)
—
7.500

Figure4-7 Velocity streamlines on thg-z plane at théool midpoint (y = 3.175 mm), for grid Hexa

0.05
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4.7.2 Hybrid mesh study

In this study, the development of a hybrid mesh strategy was undertaken to determine
appropriate tetrahedral cell size and developing the this mesh by including prism layers
for the CFD modellingpf the FSW process using complex tool geometry.

To conduct a hybrid mesh study, the geometrgundary conditios) material
properties, solution control and methodology wére same as thatsed in the
structured mesh studg section 4.6.1The ICEM sdtware was used to generate the
hybrid meshldeally, it is important to refine the mesh in the area of interest, which is
mostly the plastic deformation area (zone around the tool) so that many cells are

generated in that particular area.
4.7.2.1Mesh

In orderto generate thbybrid mesh three hybrid grids were considered, as given in
Table4-4, andvelocity profile was investigated along radial line from the pin surface
as shown irFigure4-5, in order tadetermineappropriate tetrahedral cédir the hybrid
mesh whiclprovided a converged solution for the velocity ptefand then the results
were compared with the converged hexahedral mesh profile (Hexa 0.05). This was
followed by developing the hybrid mesh inyestigated the use of prism cell layars
terms of thevelocity profile as used in tetrahedral cell@nally, the velocity
magnitudes at two points close to the base of the pin were usedfton the mesh
convergence.

Itis important to split the geometry into nine blocks, as showigure4-3. All blocks

were meshedusing hexahedralcells except the middle block which was the
surrounding the toq|B9). ICEM was used to generate the mesh with an aspect ratio

of less tlan six for the hexahedral cellBhe middle bbck was meshed separately by
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using tetrahedratells and the studligeptthe mesh quality value for this block more
than 0.4 as recommended by the ICEM User Mafi2l]. With regard to mesh
quality, it is a method that examines mesh characteristics which give an indication for
the accuracy and efficiency of a simulations based on the solution of fluid flow
governing equationgl25. There are three main criteria for determining the mesh
quality which are skewnegsquiangular skew), smoothneséchange in cell size) and

aspect ratio (ration between longest to shortest edge oélh¢121].

Table4-4 Hybrid mesh grids used in the study

Number of nodes on edge

Block 9 (key to edges in
Grid tetrahedral cell Figure4-3 FSW model domaiblocking
number size strategy)
(mm) E1|E2|E3|E4|E5 | E6 | E7 | TO1@ NUmber
of cells
Tetra 0.6 0.6 60| 75| 60| 60| 75|90| 10| 604269
Tetra 0.4 0.4 60| 75|60|60|75|90| 10| 1205193
Tetra 0.2 0.2 60| 75| 60| 60| 75| 90| 10| 8584393

Similar to the hexahedral mesh study, velocity streamhves plotted in order to
showthe flow behaviour for the hybrid mesh around the tooshasvn inFigure4-8,

and it is consistdrwith what has been produced by the using hexahedral mesh.
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Flow direction

Velocit
Streamline 1

H 5.267e+001
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8.937¢-001

[mm s#-1]

0 5.000 10.000 (mm)
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Figure4-8 Velocity streamlines on th&-z plane at théool midpoint (y = 3.175 mm), for grid Tetra

0.4

4.7.2.2Tetrahedral mesh study results

Figure4-9 shows the velocity behaviour ftirethreetetrahedral grids detailed frable

4-4 along a radial lineat the samed5° angle (Figure 4-5); the profile for themesh
independent solution using lexahedral mesh is also shown for compariSdre
results revealed similar behaviour to the hexahedral mesh study in terms of
inconsistency of the flow near the boundary layecan be seethat near thetool
surface (below 0.5 mm radial distanci)e maximum percentage difference between
the Hexa 0.05 and g@is Tetra 06,Tet 0.4and Tetra 0.2were 63%,27% and 9%

respectively.
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It is apparent that at thradial distance after 0.2 mm and above there is no significant
difference can be seen between gretra 04 andgrid Tetra 0.2 Additionally, grid

Tet 0.2 hd more than 8 million cells, while grid Tet 0.4 had ~1.2 million cells,
highlighting that this mesh can be further improved by including prism layers, which
can maintain a reasonable accuracy in predicting the velocity gradient near the tool
surface.Thus,it can be said that thgrid Tetra 04 is betterthan thegrid Tetra 02 in

terms of number of cellsnd this mesh size can be used for future studies.

Also from the graphat the radial distancbetween 0.5 to 0.9 mnthe lines of
tetrahedral meshes atenverging on the undgredicted solution, with reference to
Hexa 0.051t can be argued this behaviour of under prediction is due to fact that the
unstructured grid algorithm is automatic which gives misalignment of the grid cells
[1264. It has also been documented thed toncept of numerical solutions obtained
on hexahedral grids is different from tetrahedral grids bedausérahedral grids the

predominant flow direction is not aligned with the grid noddéx, 127].
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Figure4-9 Velocity profile with the radial distance away from the tool surface at an angle fdr45

the tetrahedral gridand a converged hexahedral grid.

4.7.2.3Results with inclusion of prism layers

In the previous section, it was determined that the Tetra 0.Aagdd lowenumber

of cellsto captue the velocity profileand further improvemens neecédto maintain

the accuracy near the tool surfapessibly inclsion of prism celk can be used to
achieve thatThus,in this sectionthe effect of prismcell edge lengttand heightof

the prism layer were examined in teraighe velocity profile. The study investigated

the use of three prism cells, which were 6 prism layers with 0.05 mm prism height, 12
prism layers with 0.05 mm prism height and 12 prism layéts 0.025mm prism
height. All prism cells had edge length of 0.4 mm on the tool surface for block 9 in
Figure 4-3. Figure 4-10 shows the shape of the prism layers used irstimeilation

work; this technique wilbe usedo mesh more complicated tool design that \l

used for further studies in this thesis.
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<«——— Prism layer
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Prism height

<

2 mm

Figure4-10 Mesh detail with prism layerffer block 9at the tookurface; (Note that the graph

represents half the tool).

Figure4-11 shows the results using three prisails, which were6 prism layers with
0.05 mm, 12 prism layers with 0.05 mm and 12 prism layers with 0.02%mdnthe
velocity profile at an angle of 45&t radial distance that given iRigure 4-5 was
extracted. The profile for the converged hexahedral mesh is also shawmiarison

in order to show thadvantagef using prism ce#f and to indicate whetheéncluding
prism layemwould give similar results to those of the hexahedral mesh.

It appeasthat near the tool surface gridcluding prism layers significantly increased
the accuracy at the tool surface whempared with pure tetrahedral cell (Tet 0.4 in
Figure4-9) with reference to Hex@.05. The results of this figure also show that no
significant difference can be sewmen using different prism height or number of
layers and the lines seem toiflentical, except 12 prism layers with 0.025 mm which
showed a difference of less than 7.5% at a radial position of 0.1 mm. It is important to
mention that using additional lags can be problematic witomplex geometriem
terms ofmesh constructigrtherefore, it is concluded that 6 prism layers with 0.05 mm

can be used for future studies and wil |l

Chapter 4 Modelling methodology PageB9



be also concluded that prisiayers significantly increased the accuracy at the tool
surface when compared with pure tetrahedrabkcethich is an important region for
predicting tool wear in Chapter 6. However, it can be seen that there is still an under
predication of less than 30%ith reference to Hex 0.05 at a radial distance between

0.5 to 0.9 mm due to use of tetrahedral cells.

— 6 prism layers with 0.05 mm
—&— 12 prism layers with 0.05 mm
250 - —— 12 prism layers with 0.025 mm |
—©o— Hexa 0.05
IA 200 Boundary layer zone
w
£
E
150
2
©
L=}
(]
= 100
50
0
0

Radial distance (mm )

Figure4-11 Velocity profile with radial distance from the tool surface at an angle @iglag

different prism layers and Hexa 0.05length and size

Thevelocity magnitude at two points close to the base of the pin were usedffiton

the mesh convergencehese points arshownin Figure4-12, point 1 (pl) was an
angleof 45° which is located in the upstream region, while point 2 (p2) was at an angle
of 225° which is located in the downstream region. Those points were located at pin
tip (y = 0 nm) and at 0.1 mm in the radial direction away from the pin surface. At the

monitoring points chosen, the flow has a combinatiaottion, separation, and flow
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in thevertical direction (material flows down from the top surface to underneath the
tool) and therefore can be described as very complex flg88] and is a good

confirmation of the conclusions of the mestiependenstudy.

p1
+
Flowidirection | _‘ Zero degree
Fov
|
(0,0): +
: | Pin surface
P2 +
-
0 2,500 5.000 (mm)
|
1.250 3.750

Figure4-12 Angles used for computatiaat pin tip (y = 0 mm) and located at 0.1 mm in the radial

direction from the pin surface

Figure4-13 shows the relationship between 1/cell size and the value of velogily at

and p2 the hexahedral cells with a different cell size for the block (B9) are compared
with the with the pure tetrahedral mesh (T&#) and the hybrid mesh, Prism 0.4 that
includes prism layers (6 layers of 0.05 mm). For the hexahedral mesh (Hexelgar

that by refining the mesthe difference in the results between a cell size of 0.05 mm
and 0.025 mm is less th@fo for theboth pointsln contrast, the results of the mesh
including the prism layers show differences compared to the finest mesh (Hexa) of less
than 3%. The mesh including the prism layers also brings a significant improvement
over the pure tetrahedral mesh witle equivalent size, the difference in the results

between Prism 0.4 and Tetra 0.4 is 2&%¢rencd to Hexa 0.05
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@ — & — Hexa at p1
250 - — B-— Hexa at p2
® Tetra0.4 atpi
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0 5 10 15 20 25 30 35 40
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Figure4-13 Mesh sensitivity study showing the variation in the total velocity at poiated12 against
1/cell size and the effect of the inclusion of the prism layer at the tool saridogure tetrahedral cell

size of 0.4 mm

Chapter 4 Modelling methodology Paged2



4.8 Flow behaviour validation

In this section, the work starts with a replication of the analysiStbjkovic et al.

[128 to validate theflow behaviour inFSW model Fundamentally FSW can be
described as flow around a rotating cylindeg we have incompressible ron
Newtonian fluid rotating with a particular angulspeed.In order to understand the
effect of therotation rateat Reynolds number, Re&alue of 0.01on the flow and to

make sure thathe model is implemented correctlyrhe study will compare the
streamlins of theflow of water inthe work ofStojkovicwith aluminium alloy6061-

T6 at the same Re number and rotation rate, and then the study will be carried out
using the UDF to calculate the material viscosity to examine the effect of the viscous

term on the streamline behaviour for the same cases
4.8.1 Model details

Stojkovic et al.[128, Sanjayand Kumar[129 and Champmartin et d1130 have
documented that the flow around a circular cylinder is a function of the Re number
androtation rates}, which is the ratio of the cylufer rotational speed to the oncoming
flow velocity (inlet velocity) Equationgl-11and4-12 define the two terms Re number
andUk:

Re = = 4-11

U=—- 4-12

where Uiniet IS the inlet velocity at the inlet boundaBy s the diameter of the cylinder,
K is the dynamic viscosity, is the materiatiensity ands is the rotating speed of the

cylinder.
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A 3D model with incompressible fluid flowing at Re numbers of 0.01 and rotation
rates ofJ = 0, Jand 3wereproduced using the commercial CFD software FLUENT
The study considedthese values of Re number digwhichwereimplemented in a
steady state viscous laminiow model and wassolved isothermally The study
considereciluminium alloy 6061T6 with the materialpropertiespresentedn Table

4-2 , and viscosity was calculatesing theUDF as a function of the strain rate and
flow stresg 105 (the details of this UDF are given in Appendix The computational
domain geometry of the work was a rectanguaboid and had the following
dimensions1x1C mm length,0.5x1¢ mm width, and 4 mnthick. The cylinder had

a diameter of 8 mm and a length of 4 mtrwas placedn the first half of the plate,
towards the inletThe model dimensions were selected according to the work of
Stojkovic et al.[128. The study used the same mesb)ver convergencand
boundary conditions @hoseused inthe structured mesh study in this chapter, a stick
condition was applied on thglmder surface and the rotation was in tieckwise

direction

4.8.2 Model validation

4.8.2.1Flow behaviour atU = 0

The case of Re number (0.01) @t= 0 were run andhe flow behaviour was
investigatedoy plotting the streamlireasshownFigure4-14; the simulation results
of auminium alloy 6061T6 using a constant value of viscosity showedood
correlationwhen theywerecompared withthe work ofStojkovic, presenteth Figure
4-15. For the case of Re = 0.01 the viscous term in the Re number eqlegfiction

4-11) has an impact on the fluid motion, which means the material viscosity controls
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the flow behaviourThe symmetrical flow can be seand it is the characteristic of
flow with this Re number value. This flow behaviour is known aspingeflow in
which viscous transport and convective transport are predomiaetdrs [12§).
Furthermore, a viscosity wasvestigatedor this case of Re = 0.01 and &€ 0) and it

was foundhat the viscosityetaineda constant valuef 1.78x16G Pa s

Velocity
StreamLinesinletLine

' 8.241e+004

6.180e+004

© 4.120e+004

2.060e+004

l 0.000e+000

[mm s*-1) ;]

Flow direction

Figure4-14 Re = 0.01with fixed cylinder (4 = 0); constanalue of viscositywalue (=1.78x1®Pa s)
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Flow direction

Figure4-15 Streamline folRe= 0.01 atl} = 0from Stojkovicet al [128§])

4.8.2.2Flow behaviour at Re = 0.01 withU = 1 and3

The streamlineshown inFigure4-16 a andrFigure4-16 b showa different behaviour
from thosepredictedn the case of} = 0 (fixed cylinder)

At U = 1 an eggshapediow region formed, and the flowehaviourwas different
from the symmetry behaviour that was observed a0. At U = 3 the angular velocity
increased, and the eghapedegion around the cylinder was enlarged compaved t
the case ot} = 1, due to the fact that the lift force is a linear function of the rotation
rate[12§. For the case dif = 1the peak velocity was 8.24x1dm s?, while for case

of U = 3 the peak velocity was 2.47>dm s. If we compare the results tifefixed

and rotating cylinder, it can be seen that at the leading edge of the cylinder the
stagnation point in the upstream pardves in the direction of the cylinder rotation
Furthermore, when the rotation rate increases,démesity of thestreamling also

increase near the cylinder surfaeaddition, our study usetie work ofStojkovic et
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al [128 to verify the CFD modebecause it has a wide range of Re &hdith a tetter
representation for the streamlines. The simulation resudlsiminium alloy 6061T6

using a constant value of viscosity showed good prediction fdothdield behaviour

when they were compared with the work of Stojkashown inFigure4-17 in terms

of eggshaped region around the cylinder at different rotation Téate bulk flow fidd
featuresobtained by Stojkovic are also seen in the CFD model. There are small local
differencesnotably at the top of thegg region andheseare likely due to the fact

that the current workvasdone on a 3D mesh compared tojStoovi cd6s 2D mes

also the mesh density was higher in the current case.
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Flow direction

Figure4-16 (a)- Re=0.01U =1, (b} U = 3 with constanwalue of viscositwalue (=1.78x19Pa s)
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Flow direction

Figure4-17 Streamlins for (a}-Re=0.01atU = 1and (b} Re= 0.01atU = 3 (from Stojkovicet al.

[128])
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4.8.3 The effect of using strain rate dependent viscosity on the flow

behaviour

The streamling shown in Figure4-18, with U = 0 and Re = 0.01,aiinonstrate that
when using the UDRhe order of magnitude of the velocity around the cylinder and
on bdh sides in the wall directiois higher than thgiresentedn Figure4-14when a
fixed value ofmaterial viscosityas usedind took a value of was 8.24%h@m s?.
However, the symmetry behaviour of the flow around the cylinder for UDF material
viscosity is the same behaviour as that seleen usinghe constant viscosity value
Theregion of plastic deformatioaroundthe rotating cylinder can kseen inFigure
4-20 a andFigure4-20 b, with the UDF material viscosityfrrom the examination of
the streamling the eggshaped region for the cases df= 1 and3 decreased
significantlywhen compared t&igure4-16. The flow of the material occurs due to
cylinder rotation and is directly proportional to the circumifigied velocity. It can also

be seen that the flow bifurcates outside the cylinder diameter Wheh, whereas, a
bifurcation of the flow occurred very close to the cylinder diameter in cade=c3,
consistent with what has been reported by Reynolds ptahl.It can be argued this
behaviour of flow bifurcation at} = 3 is due to the increase in the lift force with
increasing rotation ratand the effect of the axial flow decreases when rotation rate
increases. Flow around a circular cylinder (fixed or rotated) produces two force, which
are drag (idine force) and lift (cros$low force) on the cylindef131, 137. In Figure

4-19, the viscosity is not constant and it is a functodrthe strain rate. It is clear that

by increasing the velocity on thmth side of the cylinder, there is a reduction in the

viscosityinthatregion I n case of Re O, U = 1, there

value in area surrounding the cylinder where a high velocity graglbents as can be
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seen irFigure4-21; which isthe area of plastic deformation. It can be noticed how the
implementation of the UDF caused a significant change in the viscosity contour when

it is compared with a constant valulevescosity.

Veloci
StreamLinesinletLine
I 8.241e+004
6.181+004 A
————
I 4.121e+004
2.060e+004
————
0.000e+000 v/
[mm sA-1]
0 10.000 20000 (men) ‘_I
—

(N
——

Flow direction

Figure4-18 Streamlines forRe= 0.01fixed cylinder (4 = 0) with UDF
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1.246e+005

Figure4-19 Viscosity contour foRe= 0.01fixed cylinder (I = 0) with UDF
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Figure4-20 Streamlins for Re= 0.01, at(a) U = 1and(b)- U = 3with UDF
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Figure4-21 Viscosity contouffor Re= 0.01, at’} = 1 with UDF
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4.9 Discussion

It is important to nathatFSWhas a very complex floyand at the monitoring points
chosenfor the mesh studythe flowis a combination of rotation, separation, and
incoming flow in the vertical direction (material flows down from the sapface to
underneath the too|B3]. It is noteworthy that the tetrahedral me3letfa 0.4 had a
significant difference when itompared with one that includes prism layers,
highlighting that mesh with the prism layers bstter because it can maintain a
reasonable level of accuracy in predicting the velocity near the pin of the tool and at
the boundary layer when compared witle thesh independent solutidrexahedral
mesh Therefore, this messtrategycan be usetbr further studies.

The results of the flow behaviour validation showed tbathe cassof Re= 0.01,

with constant material viscosity valuge symmetrical flow can be se€anjayand
Kumar[124 and Stojkovic et al.[128 concludedthat creeping flondominate the
behaviour of the flovin these circumstances. Creeping flow is a term used to describe
the flow when the viscous force plays a significant role in the Re eqiag#gnFigure
4-18showsthat the symmetry behaviour of the flow around the cylinder for UDF
material viscosity is the same behaviour as that seen in the constant viscosity value
There is a significant difference in the velocity magnitude when usindJDie
material viscosityfor the case of Re 0.01L can be argued that the reason fa th
increase inthe velocity magnitude islue to the fact that incoming flow passes the
cylinder at the stagnation point which has a zero velocity value, and then the flow
bifurcates around both sides of the cylinder causing a notable increase in the velocity.

This behaviour leads to an increase in the strain rate also at the both side of the cylinder
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[133. The viscosity of the material reduced as a result of the increasing strain rate
where the relationship between these two parameters is inversely ogdaAs].

During the rotation of the cylinder, one side of it moves with a velocity Jafyreer

from the free stream velocitit; moves with the wall of the cylinder velocity because
there is a pressure difference on one side, which changes the symmetry behhegiour
lift force is a linear function to the rotation rate because the pressuibutistr and

the drag force are not affected bly[12§. Therefore, an egghapedflow region
around the cylindgiormedwh i ch was e pinceaseeltcan @xXplaimthisy
due tothe fact that the lift force is a linear function of the rotation.rate

When using thé&JDF material viscosityor the cases di} = 1 and3, the eggshaped
region decreased significantlit can be argued that th@astic deformationof the
material occurs due to cylinder rotation and is directly proportional to the
circumferantial velocity. By usinga non-Newtonian viscosity, which is a function of
the local strain rateén the region surrauding the rotating cylinder with high strain
rate there is a reduction in the material viscosity, which is the area of plastic
deformation. In that regiothe deformed material moves from one side to another side
in thesame direction of the tool rotatiatirection. This behaviour has been reported

by Nandan et a[13] and Cho et a[134] when they modelled FSW.
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4.10Conclusions

As stated in the introduction, a goal of this chapter was to establish guidelines for
simulation of FSW using the CFD miel. Sructured andhybrid grids were utilised to
determinghe best mesh quality and the study examined the advantages of using prism
cells near thetool surface to capture the flow behaur near the boundary laydn

addition the flow behaviour aroundylinder with different values oRey nol d 6 s
number and rotation rateerestudied in order to validate the flow behaviauFSW
modelling

From the study, several conclusions can be drawn:

1 The results of the mesh study showed thétybrid mesh could bleetterin
achieving the best solution for the FSW process and for modelling complex
tool geometry.

1 Flow in the boundary layer is a crucial isshereforea grid with a prism layer
has been shown tme a powerful technique for solving this issue.

1 The stremlines of thealuminium alloy 6061T6 flow showed good agreement
with theliterature at the same rotating rate and Re number.

1 At high strain rate (near the rotatitapl) there is a reduction in the viscosity,

which is the area of the plastic deformation.

In the next chaptergshe knowledge gained from this study will be used to study the
flow behaviour for theinworn and worn tool design and to calculate the tool wear in

the FSW process
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Chapter 5 Mechanically Affected Zone

(MAZ) validation and flow comparison

5.1 Introduction

Much of the literature on FSW has demonstrated different approaches for analysing
the flow behaviour usingxperimental methods amdimerical models as presented in
chapte2. However, research concerning the flow behaviour asgoorgdth FSW with

worn tools has been limited and mainly covers experimental studies into what happens
in terms of the weld root, strain rate and the geometry of the stirring zone after the tool
has become worn (or saptimized). In this chapter, validatdlow models of the

FSW proces$fiavebeen produced using the ANSYS FLUEICFD code in order to
enable the prediction and comparison of the flow behawaodrithe Mechanically
Affected Zone MAZ) size around both unworn and worn toolsvo models are
pres@tenced in this chapter; model 1 was used for the MAZ validation, whereas model

2 was used to compare the flow behaviour around unworn and worn tools
5.2 Models description

Two modelswvere createtbased on the methodology that was established in chapter

in terms of assumption, workpiece boundary conditions, solver, convergence and
mesh Theywere solved isothermally was doneby Colegrove and Shercliff [135
previously; the isothermal assumption was made as the flow stress is relatively
insensitive across the temperature range between 0.6Te @8ditionally, Naidu

[136] reported differences in the welding temperature through the thickness of the plate
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to be less than 10 °C for the welding of Al7050 allpreover, the sty developed

the models by including the sigiick conditiondescribed in chapter 4or both
models, a sligstick condition has been implemented on the tool shoulder through the
application of equations-8 and 46, whilsta stick condition has been ajgal on the

pin surface; this combination of boundary conditions for the tool is widely used in the
literature[14, 137] and so is adopted heia this chapter the study used-A020 as

the welding materiafor both modelsand the material properties are presented in
Table5-1.

Table5-1: Al-7020material propertiegl05, 13§

Material property Value
”, density 2700 kg nr
| ,material constant 0.038 MPa*
A, material constant 7.86 x16 st
n, material constant 5.37
Qe, activation energy 232.56 kJ mot
Temperature 578.5 K
(0.65Tm)
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5.3 Validation the size of the MAZ

5.3.1 Geometry of model 1

The computational domain ofiodel 1was a rectangular cuboid 200 mm long, 100
mm wide and 0.4 mm thick. The diameter of the pin was 5 mm (a smooth cylinder)

with a concave shoulder (2.5°) with a diameter of 13 mm.
5.3.2 Validation procedure

To confidently use Computational Fluid Dynam{€4=D) results for investigating the
FSW process, the CFD model has to be correctly defined and a thorough validation
has to be achievedt is known that the stirring action caused by the tool rotation
produces the characteristic shape of the MAZY and that at a distance away from
the tool surface, there &slack of plastic deformatioKim et al.[14( reported that a
lack of plastic flow occurred during compression tegtf Al 7050 at viscosities in

the range 10to 1P Pa s Based on the constitutive equations used for Al 7020 in this
work, calculations show that at a strain rate less than' 3@ ®&mperatures between
0.6-0.8 T, the viscosity ranges from 4@ 10 Pa s, showing consistency with the
work of Nandan [141 Therefore it is possible to determine the shape and size of the
MAZ at the region where no significant flow oeslby using an is@iscosity surface
(cut-off viscosity), an approach consistent with the workNaissar and Khraisheh
[142].

To refine the value of viscosity that could be used to determine the MAZ, the
experimental work oforrain, Favier, Zahrouni and Lawrjaniec []48as modelled

and the size of the MAZ was extracted from the model using arigsosity surface

to define the limit of the plastic flow. A number of different values of viscosity were
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evaluated to define the limit of the MAZ and the error for each wahg calculated
compared to the experimental MAZ values. Based on these results, a value of viscosity
was determined for this material from toair experimental cases that could be used

for further workin this material

Four lines were used, shownkigure5-1 , to compare the MAZ width; these lines
were located on the base of the plat¢, @nd 1, 2 and 3 mm from the base of the plate

for L1, Lo andLz respectivelyTable5-2 presents the process parameters and the MAZ
size at the different locations that were used to validate the model. A péensetv
perpendicular to the welding direction across the tool in-flieertion to calculate the

size

Figure5-1: Weld zone measurement locations for validation {48

Table5-2: Weld pararaters and measured values of the weld zone (in mm) used for the valiation

Case Uweld ¥ [ r| Le[mm] | Le[mm] | La[mm] | L3[mm]
[mm s1]
1 1.66 300 4.8 5.5 6.5 8.6
2 1.66 600 4.8 6.5 7.5 10.4
3 8.33 600 5 5.6 8.1 10.8
4 15 900 5.2 6.4 7.4 9.1
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Each line was set in the same location as in the experimental work to maintain
consistency in the results. Four cases were run at different parameters adaéén in

5-2 using the FLUENT FSW model. CFPost was then used to process the data and
view the shape and size of the MAZ based on the vweded to definéhe iseviscosity
surface; this method has previously been usedroya et al.[21]to investigate the

effect of tool design on the MAZ.
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5.3.3 Results of model 1

Four values of viscosity wer@gsidered to measure the size of the MAZ at each line;
these values were then compared with experimental véligese5-2 a and bshows

an example fothe shape ofhie MAZ for case 1 and 4 aame value of is@iscosity
surface {.5x1(° Pa s The Root Mean Square Error (RMSB)as calculated for each

of these values of viscosity as shownTable5-3, and it can be seen that a viscosity

of 1.5x1¢ Pa s shows a consistently good match with the experimental values for
MAZ width across the parameters studied. Additionally, it can be seen that the
simulation shows a good agreement with the experimental data in terms of the size of
MAZ using this viscosy value. This suggests that the FLUENT FSW model can be
considered an appropriate method for predicting the flow behaviour around the unworn

and worn tool.

(b) ;

— —
1.000 3.000

Figure5-2 Predicated shape of the weld zone (a) case 1 at 1.66ands300 rpm, (b) case 4 at 15

mm st and 900 rpm
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Table5-3: MAZ widths and RMSE for different viscosity values for three different tool rotdtiona

speeds
Case Viscosity L3 L2 L1 Lr RMSE

[Pa s] [mm] [mm] [mm] [mm] [mm]
1x10 5.4 5.6 5.3 3.8 1.7
1 1.5x16¢ 9.5 5.9 5.3 4.7 0.5
2x10 10 6.4 5.4 4.5 0.7
5x10P 5.9 5.6 5.3 4.6 1.4
1x10 9.77 6.06 5.42 4.46 0.9
) 1.5x10 10.44 | 6.65 5.48 4.63 0.5
2x10 109 | 7.04 | 553 | 476 0.6

5x10° 1156 | 808 | 593 | 531 1
1x10 9.5 5.6 5.3 4.5 1.2
1.5x16 10.2 6.6 5.5 4.6 0.7
3 2x10 1 7.2 5.6 4.9 0.6
5x10 9.3 7 5.9 4.3 0.7
1x10 10.2 6.4 5.55 4.7 0.5
1.5x16 10.6 7.1 5.6 4.9 0.4
4 2x10 11.1 7.5 5.8 5.1 0.7
5x10 7.9 5.3 5.2 4.8 1.3

Moreover,a viscosity of 1.5x10Pa swas used to draw a scatter plot showRigure
5-3for the predicated weld zone size at each line then compared with mezasussd
It can be seen th@ood match with theneasuredralues for MAZ width across the

parameters studiaslas seemsing this value of the viscosity.
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Figure5-3 Measuredaind predictedralues of the weld zone (in mi(g) case 1 at 1.66 mimt and 300
rpm, (b) cas® at1.66mm s* and600 rpm (c) case3 at 8.33mm s* and600 rpmand(d) case 4 at

15 mm s' and 900 rpmusing aviscosity of 1.5x10Pa s
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5.4 Comparison of the flow behaviour around unworn and worn

tools

5.4.1 Geometry of the model 2

Model 2 was used to conduct a mesh study using a threaded tool and used to compare
the flow behaviour of the unworn and worn tools; the geometry of the computational
domain of the model 2 was a rectangular cuboid with the dimensions presented in
Table5-4. The unworn tool pin geometry for was a-P@ UNC thread (6.35 major
diameter with 12.7 mm pitch) constructed with PTC Geftware. The image of the

worn tool was taken from the work Bfado et al[10] and imported into PTC Creo

and the tool geometry was constructed using this to approximately match the shape of
the worn toolFigure5-4 presents the unworn and worn tool geometries that were used

for the study, while the computational domain is showRigure5-5.

Table5-4: Description of the dimensions of the models.

Dimensions in mm Model 2

Plate length 260
Plate width 120
Plate thickness 4.8
Pin diameter 6.3
Pin length 4.2

Shoulder diameter 19
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$ai

Figure5-4: Geometry of the tools used for the stydg] (a) unworn and (b) worn and corresponding

0 1.5 3 (mm)
—

solid models used in the numerical simulation (c) unworn and (d) worn

S

Inlet, u=u,4q

Uppe surface .
~ Angular veodity, ¥

|\,

Weld traverse velodty, U,qq

Figure5-5: Computational domain and boundary conditions
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5.4.2 Mesh Study

To demonstrate the potential of the meshing strategywthspresented in chaptdr
and its suitability for the application in complex tool design, an independent mesh
study is investigatenh this chapter. Hereviodel 2 was used with the weld parameters

shown inTable5-5; to achieve this study

Table5-5: Mesh study process parameters

Weld Traversé&peed Tool Rotation Speed Tool Geometry
[mm s1] [rpm] [-]
1.66 300 Threaded

The generated mesh is entirely the sam¢hat presented in Chapterséction 4.6.2,

only block 9 in Figure € which is surrounding the to meshed withtetrahedral

cells The cell edge size in that block took values of 0.8 mm, 0.4 mm, 0.2 mm, 0.125
mm and 0.1 mm in order to assess niadependence

The study used four prism elemeism heightof 0.05 mm on the surface of the
threaded tool as shown Figure5-6. The velocity magnitude at two points (P1 and
P2) close to the base of the pin from the converged FLUENT models using the different

meshes was used to assesmestindependence
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Prism layers

Prism layers

Figure5-6: Mesh detail with prism layers at the tool surface

Figure5-7 shows the relationship between 1/cell size and the value of velopiynat

1 and point 21t is clear that by refining the mesh, the value of the velocity converges
to 10 mm g for point 1, while, forpoint 2, it converge® 14 mm . By refining the

mesh, the difference in the results between a cell size of 0.125 mm and 0.1 mm is less
than 5%; however, computational times for these mesh sizes are greater than 22 hours.
In contrast, theresults of the mesh including the prism layers show differences
compared to the finest mesh of less than 22%, with a computational time of only 6
hours. The mesh including the prism layers also brings a significant improvement over
the pure tetrahedral nteswith the equivalent size without increasing the
computational time significantly. These models have very complex flow and at the
monitoring points chosen, the flow shows a combination of rotation, separation, and
incoming flow along in the vertical dirdon (material flows down from the top surface

to underneath the todi33]. It is noteworthy that the tetrahedral mesh with lasiee

of 0.125 mm had more than 4.5 million cells, while the mesh containing the prism
layers with a cell thickness of 0.4 mm had 1.25 million cells, highlighting that mesh
with the prism layers is more efficient in terms of computational time and datama

a reasonable level of accuracy in predicting the velocity near the pin of th&heol.
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chosermeshing strategy has giveafficientconfidence even whenwasused in the

complicated flow within complex tool design

_1)

mm s

Velocity (

25

20

—
[&)]

—
o

—+H— point1
—O— point2
O point1 prism
O  point2 prism

5 6 7
1/cell size

10

Figure5-7: Mesh sensitivity study showing the variation in the total velocity at points 1 and 2 against

1/cell size and the effect of the inclusion of the prism layer at the tool surface.
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5.4.3 Results of model 2 Results for the unworn and worn tool)

A comparison of the unworn and worn tool geometries was msidg Model 2 and
the parameters shownTable5-6. A total of four casewere run to enable comparison

of the flow behaviour across a range of rotational speeds.

Table5-6: Process parameters for tool wear comparison

Weld Traverse Speed Tool Rotation Speed Tool Geometry
[mm s-1] [rpm] [-]
1.66 300 & 600 Threaded unworn & wort

5.4.3.1Predictions of the size and shape of the Mechanically

Affected Zone (MAZ)

The size and shape of the MAZ in FSW are considered important criteria for achieving
a good weld joint. The size and shape of the MAZ for the unworn and worn tools were
calculated using the FSW CFD model developed in this work by plotting the iso
viscositysurface at a value df5x1(° Pa s as determined previously; three lines in the
y-z plane, on the base of the plate for Lr, while L1 and L2 were located aty = 0.5 mm
and 2.1 mm respectively, were used to compare the flow behaviour of the two tools as

shown in Figure5-8.
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L1
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0 3.000 6.000 (mm)

/

I
1.500 4.500

Figure5-8: Locations used for comparison of MAZ between unworn and worn tool feies

Figure 5-9 shows the shape of the MAZ for the unworn and worn tools tool at 300
rpm. It can clearly be seen that for the same value efismwsity surfacel(5<10° Pa

s), the shape of the MAZ for thveorn tool (Figure 8b) is not as wide as that for the
unworn tool (Figure 8a) and also, it does not reach the bottom of the plate (depicted

by the grey line in the figure).
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0 5.000 10.000 (mm)
— ——
(a) 2500 7.500

0 5.000 10.000 (mm)
—
(b) 2.500 7.500

Figure5-9: Shape of the weldane at 1.66 mmsand 300 rpm (a) unworn, (b) worn tool

Table 5-7 shows the differences in the size of the MAZ at different locations
perpendicular to the weld ditgan. At 300 rpm, the results of the weld zone at L2 and
L1 for the unworn tool were slightly larger than the values of the wornAtal the

size of the MAZ for the unworn tool was 5.15 mm while there is no data in the same
location for the worn tooltahat particular value of the viscosity. This due to the fact
that there is no significant plastic deformation at this area (near the weld root) and the
value of the viscosity at that region remains atdhBg1® Pa s. At 600 rpm, the results
showed thafor the unworn case, the size of the MAZ was predicted to be slightly
larger than the values from the 300 rpm case for all locathdns? the values were

7.72 mm for the unworn tool and 5.72 mm for the worn tool. For L1, the results were
also differentSimilar to the case at 300 rpm, the size of the L1 at 600 rpm is smaller
for the worn tool in comparison to the unworn tool. Again no data is available for Lr
from the worn model for the 600 rpm case as the deformation in the weld root does

not reach the nderside of the plate being welded. The results show that a difference
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between the unworn and worn tools can be predicted by the CFD model and seen in
the isaviscosity surface, which is representative of the MAdAditionally, Figure

5-10 shows the scatter plot for the datalable5-7, it is clear that how the worn tool

size waschanged and a no date for the root measured value which showed the

reduction of the penetration at that region.

Table5-7 Predictions of the MAZ size [mm] for the unworn and worn tool geometries

[mm] Unworn tol at Worn tool at
1.5x10° [Pa s] 1.5x10° [Pa g]
300 rpm L2 7.2 5.35
L1 5.23 2.65
Lr 5.15 No data
600 rpm L2 7.72 5.72
L1 5.63 2.8
Lr 5.5 No data
3 [ ¢ L2unworn
B L1 unworn
T2 Py 4 4 # Lr unworn
E 4 L2 worn
@ + L1 worn
§ 1} \ v _Lrworn no data
s > + + [ 2
. a
. v
-6 4 2 0 2 4 6
Z- axis (mm)
3 ¢ L2 unworn
b > L1 unworn
o o 0.\ ] 4 A Lr unworn
£ \ / 4 L2 worn
W + L1 worn
X 1| | ¥ Lrworn no data
>|_ ‘b + + [
D..
v
6 4 2 0 2 4 6
Z- axis (mm)

Figure5-10 Predictions of the MAZ size [mnfpr the unworn and worn tool geometrags

1.66 mm 8;(a) 300 rpmand(b) 600 rpm
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5.4.3.2Predictions of the strain rate distribution

Strain rate is considered one of the important factors in FSW as it can be used to
determine the effect of the stirg action; it can also give an indication of the size of
the deformation region due to the tool rotation during the prqgddgk In this study,

L1 and Lr, which are shown iRigure 5-8, were used to examine what happens
underneath the pin in the weld root zoRigure5-11 shows the strain rate distribution

at L1 for the unworn and worn tools; it can be seen that the width of the high strain
rate region for the unworn tool is slightly wider than that for the worn tool; however,
the results of the worn tool showed that geak values of the strain rate are larger
thanthosecalculated for the unworn tool suggesting that there is a larger stirring action
in a smaller area in this case, probably due to localization and softening of the weld

material as explained by the stumfyChionopoulos et dl145 andLorrain et al{143.
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unworn L1 at 600 rpm
— — —worn L1 at 300 rpm
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Figure5-11: Strain rate distribution as a function of the distance from the axis of the tool rotation at

L1

Figure5-12 shows the strain rate distribution forair300 and 600 rpm for the unworn

and worn tool; the data show that the values of strain rate at this location for the unworn
tool are higher than those for the worn tool, with peak values of 50 and* H2B80

and 600 rpm respectively on both sideshaf tool for the unworn tool and values of
around 10 $ for the worn tool. Lower strain rates in this region are characteristic of a
lack of stirring action for the worn tool, due to the conical shape, resulting in a narrow
MAZ size that could cause impper flow and insufficient metal consolidation in this
region[145. It is also important to note that the rotating layers of the metaltfiatv

form the weld zone strongly depends upon the tool geometry and process parameters
[20, 143. As is shown in this study, a worn tool has a conical shape, which produces

lower stirring action near the weld root with a reduction inMiA& size. This finding
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is consistent with those on shape of the weld zone and flow behaviour in the study of

Mishra and Ma [B

4

10" ¢
. unworn Lr at 300 rpm
unworn Lr at 600 rpm
— — —worn Lr at 300 rpm
— — — worn Lr at 600 rpm
3
10" ¢
‘Tm .
o 10" F
@
£
@
n
1
10 F
0
10" ¢
I 1 | 1 | |

-6 -4 -2 0 2 4 6
Distance from centreline (z—direction) (mm)

Figure5-12: Strain rate distribution as a function of the distance from the axis of the tool rotation at Lr

Velocity contours were also examined on the plane parallel to the flow direction on
the (xz) plane at 0.1 m underneath the pin for both tools (unworn and worn). From
Figure5-13andFigure5-15 (unworn), it can be seen that the peak velocity magnitude
was 43.6 mm-$at 300 rpm, while at 600 rpm it was 85.46 mitnBor the worn tool,

the velocity was 13.5mm'sat 300rpm, and at 600 rpm was 24.14 mhas shown in
Figure5-14 andFigure5-16. It is clear from a comparison ofgares 11 and 12 that

the area under the pin with a significant velocity gradient is higher for the unworn tool
than that for the worn tool in the same location; as the tool becomes worn, the diameter
of the pin is reduced resulting in a correspondingetdu in flow velocity in the weld

zone, consistent witthe study ofJi et al.[24].
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Figure5-13: Velocity profile at 300 rpm for the unworn tool
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Figure5-14: Velocity profile at 300 rpm for the worn tool
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Figure5-16: Velocity profile at00 rpm for the worn tool
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5.5 Discussion

It is commonly agreed that the formation of the wetthe in FSW is strongly
dependent upon the tool geometry and process parameters.Figora5-11 and
Figure5-12, it can be seen that the distribution of the strain rate on both sides of the
tool seems to be symmetrical as the flow in this region is dominated by the rotation of
the tool and the &k-slip condition used on the tool surface. The values of the strain
rate at L1 are slightly higher than those at Lr for the unworn tool, and significantly
different for the worn tool, showing that higher deformation can be gained from the
unworn tool with a more uniform distribution through the depth and a reasonable area
of deformation. However, when the tool becomes worn, the deformed region becomes
narrower and there is a significant reduction in the stirring action at the bottom surface
of the platewhich could lead to a poor weld in this region. This low stirring action
could also contribute to a lower temperature underneath the worn tool due to the fact
that the tool is the source of heat generaftich, and as the tool becomes worn there

is a reduction in the surface area of the tool in contact with the weld materthuand

a corresponding reduction in frictional heat generation and also a smaller volume of
material being deformed to produce heat through plastic deformation.

It is important to note that the analysis of the MAZ size, velocity profile and strain rate
distribution from the model show how the worn tool could affect the joint quality.
Although when worn, the tool is still capable of deforming material around it, the
volume of material is significantly reduced and flow localization occurs, resulting in a
poor kevel of deformation in the weld root which is likely to lead to poor grain

refinement and mixing in this region and a therefore a reduction in weld quality.
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5.6 Conclusions

In thischaptey a 3D-CFD model of the FSW process has been developed and used to
compare the strain rate distribution and the size of the MAZ for the use of unworn and
worn tool geometries at rotational speeds of 300 and 600 rpm. A validation process
has been carried bin this study in order to obtain robust results when using the model.
Unstructured gridsvith prism layersvere also utilised to produ@ optimisemesh
quality for CFD modelling of the FSW process.

The key findings of the work can be summarised aevid|

1 Atetrahedral mesh takes a long time to solve; however, a hybrid mesh has been
shown to be more computationally efficient in achieving an accurate solution
for the FSW process and for modelling complex tool geometry.

1 Flow in the boundary layer is aumial issue therefore a grid with a prism layer
has been shown to be a powerful technique for solving this issue.

1 The results of the FLUENT CFD model showed a good agreement with an
error of less than 15 % with the experimental data for the size of the MAZ

1 The predicted size and shape of the MAZ with the worn tool is shorter and
about 2.5 mm smaller than that associated with the unworn tool.

1 The results of the strain rate and velocity distribution indicate a low stirring
action for the worn tool, particuly near the weld root, potentially leading to
defective weld joints.

1 The results of the shape of the weld zone showed the weld penetration does not
reach to the bottom of the plate when tool becomes worn, which could affect

the quality of the weld joint.
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The contribution of this chapter ¢dearas the resulting outcomes can be capitalized
as guidelines to assess the flow differences between unworn and worn tools, which
may be used to give an indication of the weld quality and of tool lifetiReeent
devdopments in FSW materials have heightened the need for an efficient method that
can be used to predict the tool wear in FSW process. Therefore, a methodology for

calculating tool wear in FSW based on a CFD model is presented in chapter
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Chapter 6 Modelling of tool wear

6.1 Introduction

This chapter focteson development andalidation of a methodology for calculating

tool wear in FSW process based on a @kd@lel. In ordeto test theobustness ahis
methodologyconsidering the specific weld paraerstand component geometityis
necessary tccalibrate it with experimental trails. In this chapter, the proposed
methodology is presented by predicting the effect of the deformatitime highly
viscous flow around the tool on tool we@he outcome othis chapter are utilized for
studying the effect of weld parameters on the prediction of the tool wear presented in

chapter 7.
6.2 Experimental tests

In order to determine the tool wear in FSW process and to validate the proposed
methodology of the tool wearediction a series of weldsvere carried out on the
Transformation Technologies Inc. (now MTI) FSW machine RM2 (FW32) at TWI
Yorkshire, which has a force capability of 100 kN in the vertigahxis and 45 kN in
bothx andy horizontal axes, a torque capability of 225 N m, and a geared maximum
rotation speed of 200 rpm. The machine has a high concentricity spindle, which
enables ceramic and refractory metal FSW tools to be evalUdtedools used were

of tungsteri rheniumi hafnium carbide (WR&IfC) material with a simple domed
profile as shown ifrigure6-1.

The tool was measured before and after use using a Mitstaowgraph and the

degree of wear on the tool recorded.
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Figure6-1 Tool geometry used in the studg): tool dimensions(b): tool regions.

Argon gas shielding was used for all the welds to prevemiation of both the tool

and the weld. The workpiece material was a 6mm thick plate of AISI 304 austenitic
stainless steel which was degreased with acetone prior to welding and clamped to the
machine bed using standard finger clamps. The tools were plulrgetly into the

steel plate with no pilot being drilled first to aid entry into the steel. The welds were
made at a tool traverse spee@ & mm g and a rotation rate of 225 rpifhe provided

data was experimental measuremeunitdool profile that wee conductedor the
different welding distance.

A total of three cases were considered both experimentally and numerically across a
range of welding distances to validate the developed approach. The weld was

performed using the parameters showiable6-1.
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Table6-1 Process parameters.

Weld Traverse speed | Tool Rotation speed | Weld distance[mm]
[mm s-1] [rpm]
25 225 2,4 and 6 x19

The main purposes of these tests were to measure the wear depth and to determine the

wear coefficient value in order to validate this work.
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6.3 Tool wear modelling

In this sectionthe CFD model thatvas presented and used in chaptehds been
updated to match the experimental test in terms of tool design, welded material and
process parametgrand the CFD model includedeat generation model because 304
stainless steel is very sensitivaemperatue and strain ratenlthis sectioratool wear
calculationhas also beedescribed in order to predict the wear depth and validate the

proposed approach.

6.3.1 CFD modelling

6.3.1.1Model description

In this study, a steady state 3D coupled thetilosat model ofthe FSW process was
generated using the commercial CFD software FLUENT. This model was used to
extract the pressure and velocity values in order to predict the tool wear that occurs
during the FSW procesé modelwas defined baseah the modeling methodology

that was established in chaptérin terms of assumptions, workpiece boundary
conditions, solver, convergence and mesh. For this model, the heat generation was
implemented through the application of equatiech04 as described in chapter 4
section 4.3.2.

Rearding the tool boundary condition, lgosstick conditionwasimplemented on the

tool surfaceby defining the material interface veloci¥ma, as the boundary condition

on the tool surface whicis relaed tothe tool velocity, Vioo, by the contact state
variable,U, defined by equatioB-1. The tool velocityiool is defined as the velocity
components on the surface of the tool (position dependentdtaity ofy r ), where

the value of lies in the rangep <r <rs[14] ;as described in chapter 4 section 4.3.1.
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W
1 — 6-1
W
Therefore,Vmat is defined aghe velocity compoentsfor umat and wmat Which are

shown inequations-2 and6-3, while Vmat = 0.

6 p 1 11081 ¢ 6-2

0 p 1 1 iAT-© 6-3
In this work, a constantalueof 0.07 was used for; this assumption was made based
on thework of Chenet al.[32] when they calculated the valuelokexperimentally
based on the estimation of the pin travel distance after one revolution and location of
the flow front layer which, is a portion of the shear deformation material that left to
rotate and then detached next to the pin during the prodaissvalue isncluded as
wearis caused by relative motion between surfatteereforgin order to predict tool
wearin this casea relative interface velocity is requiredsip, whichcan be calculated

according to equatioé-4.

The geometry of the computational domain of the model was a rectangular cuboid with
the dimensions presentedliable6-2; the tool was a dome shapsshown inFigure
6-1, while the detail of the computational domain and the boundary conditions is

presented ifrigure6-2.

Chapter 6 Modelling of tool wear Pagel37



Table6-2 Description of the dimensions of the model

Dimension Value
[mm]
Plate length 304
Plate width 203.2
Plate thickness 6
weld distance 2,4 and 6 x19
~

w: Angular velocity

S

Weld traverse velocity, u,,.;,

Tool
~

Outlet ‘/I\

Figure6-2 Computationaomain and boundary conditions used in the study.

The material constants and further relevant properties fosta@dess steel are shown

in Table6-3.

Table6-3 Material propertie$8, 146, 147).

Material property Value (stainless steel
304)
" density 7406kg m3
A, material constant 1.62x10° st
| , material constant 0.008x1CPPat
n, material constant 6.1
Q., activation energy 446000J mol?
R, gas constant 8.314 0 K1 mol?)
Cp, specific heatat 1273K 610 (J Kg k)
& Thermal conductivityat 30 (Wnit K
1273K
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6.3.2 Tool wear methodology

6.3.2.1Wear model

A model that has been commonly used in the literature to predict wear in many

machine parts and sliding wear damfge 148 isAr char d 6 $64iEquat i on

w QoY 6-5
whereV is the total wear volumdis the dimensional Archard weewmefficient which
is dependent on the material awiface cleanlines®yis the applied load aris the
sliding distanceln many applications it is necessary to determine the local wear depth
for a given position, thereforé;5 is modified and known as modifiedther c har d 6 s

Equationas shown in equatiof8 [149:

0 Q) @ 6-6

whereh is the wear depth arldis the dimensional Archard weaoefficient while P

is the contact pressure is the time, andv  is therelative interface velocity
Accordingly, tool wear in the FSW process was calculated using the modified Archard
equation for a given point on the tool surfaeguation2-8 is thus reformulated in

order to calculate wear depth increment for a given paud:

yQ QYow 6-7
wherekh andkt arethewear depth increment and time increment respectively. Using
equation6-7, it is possible to calculate the wear depth increment for a given time
increment and for a gen point on the FSW tool, based on the pressure and slip

velocity, which can be extracted from the CFD model. However, the wear coefficient

is not known; to derive a value for the wear coefficient, the procedurns firasented
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in Figure6-3 was usedThe values of pressure and slip velocity wex&actedrom

the CFD model, run with the initial tool geometry for the first incremant then
usingthe experimentatiool profile dataan averagevear coefficientvalue of2.36 x

10 mm® Nt m? was calculatedisingequationé-7 and fitting using the Least Mean
Squared Error (LME) optimisation methadrhis value was then used to perform the
wear calculations for subsequent incremeRegjarding the wear coefficient value, no
data was available for this tool material and for the case of the complicated FSW
process. However, liteare wear coefficient datpgl50 151] available for tungsten
carbide on carbon steel and tungsten cobalt coated AISI 304 on silicon nitride using a
pin on disc test provides values of 6%8nm N- m?* and 2.9 x13* mm N- m?
respectively It is clear that the predicted value from this studgamewhat higher

than that provided in the literature which is attributed to the fact that different case

setups and materials are used in FSW is rdiffe
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Figure6-3 Wear coefficient determination diagram
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