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Abstract

In the last decadé¢herehas been significamesearchnto joining steel alloyausingthe Friction
Stir Welding techniquelue toits ability to carry out weldingbelow the melting poinbf the
parent materiahnd without using fillerssuch as in fusion welding techniqudshis coincided
with theincreased usef DH36 and EH46 steajradesfor ship building. The main reasofor
joining these steel grades Kiye friction stir welding technique i® reduce the weight of the
vessel, as well ashe high wele@d joint quality especiallymechanicaproperties such datigue
and impact resistance. Other improved physibalacteristics includecreasedensile strength,
microhardnesand surface finish.

This researchproject has attempted to model friction stir welding using Computational Fluid
Dynamics (CFD) Three different approaches have been used when considering the interface
between the tool andhé workpiece; thesare torque sticking/slipping and fullysticking The
project also investigates the mechanical properties of theed/glohts including tensile, fatigue

and microhardness. The microstrualuevolution of weled joints carried out using different
welding parameters also investigatedlrhe phenomeann of elemental precipitation/segregation
during the friction stir welding procedsas beerinvestigated and the limit of tool rotational
speed at which the segregation oschas been determined by modelling and also by heat
treatmentto simulate FSWThe purpose of the heat treatment trials was to attempt to replicate
the temperature and time that the paraaterialsexperience during the FSW procesBefects

in the weld jonts associated with unsuitable friction stir welding parameteese also
investigatedand twonew types of defedhave beendentified for the first time. Finally tool
wearhas beernvestigated in the different weld joints in order to understand the suitable welding
parameters that can prolong tool life.

The resultdrom the mathematical modelling of FSW using C&fiowed that the fully sticking
assumption is theosteffective apprachfor modelling frictionstir welding of steelThe model
alsorevealed thalocal melting at the advancirtgailing side of the tool is likely toccurat high
tool rotational speexd The experimental findings were in agreement Wil resultsfrom the
CFD modelas the high tool rotational speed wesdigoints showed elemental segregation of Mn,
Si, Al and O which only occsrwhen the peak temperatureuring weldingapproackes the
melting point of steel.

Experimental work haalsoshown significanimprovementin the mechanical properties of the
welded joints in termof fatigue and tensile strength after friction stir welding compéwethe
parent metal. However, the joints welded at high tool rotational/traverse speeds hawe show
lower mechanicaproperties as a result of defects such as weld root defect and microcrackes
which have been introduce@iool wear was found to increase witte increamg tool rotational
speed as a result dfetools W-Re binder softening. Tool wearasalso found toncrease with
increasingplunge depth as a result tife high shear stressriginating fromthe high thermo
mechanical actioat theFSW tool surfaceThe current project hasontributed to knowledge in

the friction stir welding of steel by revealing the limits of tool spedtht cause elemental
segregationThe new technique for estimating the peak temperature and coolingsinageTiN
precipitates can also be an alternative to thermocaumplgsurements whictan significantly
underestimate the to@orkpiece interface temperature.



Project's Contribution to Knowledge for FSW of Steel.

The project hasitroduced newdeas and new techniques which can be a step forward to
commercialize the FSW process of steel. The novel contributions are assfollow

x It was found that a nemetallic layer along the weld line has been formed between
the SZ and HAZ in the high tool speeds welded joints (550 RPM, 400mm/min). This
layer can affect the thermocoujgleeadings and increase #wperimentaerrorfor
the meastement of the peak temperatuse alternative methus of reading peak
temperature were considered and introduced

x Two new FSWdefectshave beendentified(1) a microcrackn the plungesteady
stateregion when using an unsuitable traverse spé&dViicrocracks associatesith
precipitation of certaialloying elements such as TiN.

X The FSW process has been fotmdevery sensitive to plunge depth, partsaof
millimetre can affect the heat generation, axial force values and defect formation.

X The introdudbn of an @timised stationarghouldertool canaddresgheissue of
local melting especially for high melting alloys with low thermal conductivity.

X The estimation of peak temperatures of FSW frtita metallurgical examination and
characterisation ofiN precipitatedhas been showo bean alternative technique to
usingthermocouples.

x When CFD modelling the FSW process it has been shown thatlyeticking
assumptionvalidated by elemental segregati@rasthe most effective way of
assessing thmol-workpiece interface Segregation of MnAl, Si and O was found to

occur only when pealemperature reachd@450C.



Acknowledgemens

First of all, | would like to thank Allah, our God and creator, who gave us the life and

knowledge.

The author would like to express thanks to taistry of Higher Education/lrag for
financial support throughout the research. The author also would like to thafutldiaeng
people who without their help this work would never been completed. To my supervisor
Professor Alan Smith for continually piding support and encouragement and for Dr.
Masoumah Faraji, Dr. Andy Young and Steve Cater for their expertise.

To the technical support staff at Sheffield Hallam University especially Stuart Cré&ssdy
Allenderand Dr. Bell Anthony.

A special thankgo MathewKitchen for his advice and support, to Mr Ali Reza the PhD
student at Sheffield Hallatdniversity for his support in the CFD modellingthank you for
everyonevho helped me during my PhD study.

Finally a hugghanksto my family and friends forheir support especially my Mum.



Project Outcomes and Cooperation

The followingjournal and conference papers have been published asf fagtproject
outcomes

Conference Presentations.

AL-MOUSSAWI, M., SMITH, Alan , YOUNG, Andrew E, FARAJI, M. and CATER, S.
(2016). An advancedumerical model of friction stir welding of DH36 steel. In: 11th
International Symposium on Friction Stir Welding, TWI, Cambridgel A ®ay 2016.

Smith, Alan Al-Moussawi, M. Young, Andrew ECater, S.and Faraji, M. (2016).
Modelling of friction stir welding of 304 stainless steel. European Simulation and
Modelling ConferenceJniv. of Las Palmas, 288th October 2016.

M. Al-Moussawi A J Smith, THdechanismof Mn, Si, Al and O segregation in FSW of
DH36 Steel, 8" International Conference and Exhibition dviaterials Science and
EngineeringMay 2931, 2017 Osaka, Japan.

Journal Publications

X

M. Al-Moussawi, A. J. Smith, A. Young, S. Cater & M. Faraji, 2017, Modelling of
friction stir welding of DH36 steeint J Adv Manuf Technol, Published online 24 Feb
2017 on10.1007/s0017017-014 y.

M. Al-Moussawi A J Smith, TheraMechanical effect on Poly Crystalline Boron Nitride

Tool life During Fiction Stir Welding (Dwell Period)Accepted paperMetals and
Material international Journal.

M. Al-Moussawi A J Smith, Friction Stir Welding of EH46 steel grade at Dwell Stage:
Microstructure EvolutionAccepted paperJournal of Metallurgy, Microstrucre and
Analysis.

M. Al-Moussawi A J Smith, M. Faraji, Segregation of Mn, Si, Al, and Oxygen During the
Friction Stir Welding of DH36 SteelAccepted paper Journal of Metallurgy,
Microstructure and Analysis.

M. Al-MoussawiA J Smith, Assumptions of Heat Generation in Modelling the Friction
Stir Welding of Steel Accepted paper International Journal of Modelling and
simulation.

Journal Publications Under Review.

M. Al-Moussawi A J Smith, M. FarajEstimation of Peak Temperature and Cooling
Rate of Friction Stir Welding of EH46 Steel From TiN Precipitatésder review
Journal of Material Science and Engineering A.

M. Al-Moussawi A J SmithPoly Crystalline Boron Nitride Tool Wear During the
Friction Stir Welding of SteelJnder Review Journal of Metallurgy, Microstructure
and Analysis.

As well asthe publicationsabove,there is dso acooperation with the university
West in Sweden to sinkate the FSW process fograde AA 6082T6,aluminium
(8mm thick with a PhD student AnaCatarina.

v


http://doi.org/10.1007/s00170-017-0147-y

Nomenclature

S(ilrri(ta)lél Definition Units
U CFD material constant | —meeeen
Uy Probe slope angle degree
Ue Shoulder slope angle degree
é Stress N.m'"
1 The yield stress N. m"
B Stress in Xdirection N. m"
&, Stress in Zdirection N.m'"
K represent the amount of the mechanical energy converted to heatg

(machine efficiency)
/ the initial partition of heat generated from plastic deformationtoh¢
° generated from friction
C The partition of heat generated from plastic deformation to heat
generated from friction (O sticking, 1 sliding) |
£ StefanBoltzmann constan&.670373(21)x1{ W m?ZK ™
0 Emissivity of theplate surface. | —eeeeeeee
F strain | e
Yo v straintensor | eemeeeeee
3 equivalent plastic strain rate st
Y reference strain rate s
Va strain rate st
a wave length of XR used (Braggs law) nm
1 usedto scale down heat generation) @ | -
a Friction coefficient | -meeee-
N Non-Newtonian viscosity Pa.s
L Material density (Kg/m®)
Teontact Contact shear stress N.m'"
W The yield shear stress N. m™
/ The angle between a fixed direction in the plane of the specimen ai degree
projection in that plane of the normal to the diffracting lattice plang
b The Bragg angle degree
The rotation angle of the tool. degree
i poisonsrato | e
& The Maximum rotational speed, RPM
n tool rotational speed. RPM
A The angle between the incidenr&y beam and the specimen surfag  degree
The angle between the normal of the specimen and the normal of]
\Y; . . . degree
diffracting lattice planes
5 The pitch ofthepin | —mememeee




Symbol Definition Units
A Area m’
Aprobend Probe end area m?
Aprob(—:‘side Probe side area m2
Achoulder Shoulder area m?
Al material constant | e
Co Specific heat J/IKgK
do Freelattice space nm
d The interplaner distance (d spacing) of strained material in th am
¥ direction of measurement defined by the andlege W
E Elastic modulus GPa
F Force N
h Heat convection coefficient W m?K™*
h The probe height mm
HV Vickers Hardness number Kg/mnt
k thermal conductivity coefficient W/mK
M The torque
KJ/Kg.K for
m° The flow rate of liquid or gas liquids
KJ/m®. K for gas
m The thermal softening slope constant | = ——memmeee
n Strainrateslope | e
q heatflux W/ini
Qe Activation energy kJ mol*
Q heat generated due to tool/workpiece interface. W
Q, heat generated due to plastic deformation away from the interf W
Qtotal Total heat generated from ttawol w
Qshoulder Heat generated from the shoulder W
Qprobeside Heat generated from the probigle W
Qprobend Heat generated from the probe end W
N fo Tool inner and out radii respectively m
Ris , Ros Maximum tool shoulder inner and outespectively m
Rip , Rop Maximum tool probe inner and outer respectively m
T Temperature K
6Y Homologous temperature K
To The initial temperature. K
T The solidus temperature. K
TNRX temperature of no recrystallization K
t time S
u flow velocity m/s
U The velocity of the tool in the welding direction m/s
Vy Velocity in the xdirection m/s
u, Vv, w velocity vectors in X,Y and Z direction respectively m/s
X X-coordinate m
Y Y -coordinate m
Z Z-coordinate m

N
=]

The ZenetHollomonparameter

Vi




Abbreviations

ALE: Arbitrary Lagrangian Eulerian
AS: Advancing Side

.a Acicular ferrite

.al- Allotriomorphic ferrite

BCC: Body ntred Cubic

BN: Boron Nitride

B: Bainite

CFD: Computational Fluid Dynamnsc
EDS: Energy DispersivBpectroscopy
FSW:Fiction Stir Welding

FCA: Ferrite Cementite aggregate.
FEM: Finite Element Method

HAZ: Heat Affected Zone

HSLA: High Strength Low Alloy
PCBN:Poly Crystalline Boron Nitride
RS: Retreating Side

RX: Recrystallization

SAW: Submerged Arc Welding
SEM: Scanning Electron Microscopy
SZ: Stirred Zone

TC: ThermaCouple

TEM: Transnisgon Electron Microscopy

TMAZ: Thermo-Mechanical Affected Zone
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SEM Micrographs of EH46 W5 for all regions of interesk « « « « « « « «

SEM micrographs of EH46 W6 for all regions of interest « « « « « « « «

SEM Micrographs of EH46 W7, Region 1 under shoulder, the microstructure is
P D L Q@nd probe end, coarser ferrite graifss « « « « « « « « « € « «

-aFSW EH46 W8 topniddle SZ ferrite matrix with a mixture of shgfated and
granulated cementiteh- FSW EH46 W10 middle SZ showing a ferrite matrix witt
short plated cementite and some bainite phase« « « « « « « « « « « «

-a FSW EH46 W8 SZ, RS showing acicular ferrite with some B inside 150 mici
prior austenite and some 20um ferrite gratbhs FSW EH46 W8 SZ, AS showing
DFLFXODU IHUULWH ZLWK VRPH QRG X O fdrritéidlso |
appears in both SZ of AS and REK € « € € K K K K K KK KK KK ...
-aFSW EHI6 W8 SZ, RS showing higher magnification, acicular ferrite with soi
B inside 150 micron prior austenite and some 20um ferrite grédtnBSW EH46
W8 SZ, AS showing higher magnification, acicular ferrite with some nodular fe
of 20 um. AllotriomorphL F ) ferrite is also present in both SZ of AS andRg&
-aFSW EH46 W10 SZ, RS shows a mixture of acicular ferrite with B pHase.
FSW EH46 W10 Sz, AS shows a mixture of acicular ferrite with B pkase «
-aFSW EH46 W10 SZ, RS shows at higher magnification, a mixture of acicula
ferrite with B phasesb- FSW EH46 W10 SZ, AS shows, at higher magnification,
mixture of acicular ferrite with B phase « « « « « « « « « « « « « « « «

-aFSW EH46 W8 Probend shows the weld nugget and TMAZ. The weld nugge
has a 4 um fine ferrite grains due to the effects of high strain rate and slower ci
rate (dynamic RX), the region affected by tool rotation TMAZ shows larger ferri
grains.-b- FSW EH46 W10 probe érshows 10um ferrite grains with a mixture of
nodular ferrite (dark phase) and short plate cementite (bright phase) « «

-a- FSW EH46 W8 HAZ, RS shows 15um ferrite grains with nodular and short
plated cementite and some island eagite.-b- FSW EH46 W10 HAZ, RS shows
12 pm ferrite grains (dark phase) with nodular and short plated cementite (brigl
phase) and some island of pearlifex « « « « « « « « « € € € « € € « «

-aFSW EH46 W8 IHAZ, AS shows 20um ferrite grains {dphase) with short
plated cementite (bright phase) and somebBFSW EH46 W8 OHAZ, AS 10 um
shows ferrite grains (dark phase) with nodular and short plated cementite (brigl
phase)_(( LCER GO CER (AR (AR (O (O (O (O (O (O CER (O (R (AR (R (R (R SR SO (O R R G (AR (AR (AR (R (¢

-a-FSW EH46 W10HAZ, AS shows ferrite matrix with plates of cementite.
FSW EH46 W10 OHAZ, AS shows 10um ferrite grains with nodular cementite
SEM images show prior austenite grain size of DH36 Grade when heat treated
different peak tempenates. « « « « « € € € € € € & € € K € K € € € € €

SEM images show prior austenite grain size of EH46 when heat treated with
different peak temperatures and 10min holding tirae. « « « « « « « « « «

Prior austenite grain size with temperaturetfeat treated samples of DH36 and
EH46 in temperature range 10@01500°C with holding time of 1mirk « « « «
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Figure 130:

Figure 4.131:

Figure 4.132:

Figure 133:
Figure4.134:

Figure 4.135:
Figure 4.136:

Figure 4.137:

Prior austenite grain size with temperature for heat treated samples of DH36 al
EH46 in temperature range 16@01500°C with holdng time of 10min« « « «

SEM image for the EH46 as received sheavmterstitial elements of Ti and other
elements aneb- Ti-Nb combination.« « « « « « « « « « € € € € € € € «

SEM-EDS high magnification of as received EH46 showspEctrac « « « « «
EH46, heated to 113@ for 1min, hot Oil Q, €8EM image;b-EDS spectra «
EH46 heated to 1240C for 1min, hot oil QSEM image;b-EDS spectra « «
EH46, heated to 1400 for 1nin, oil Q, aSEM image;b-EDS spectra « « «

EH46 heated to 124 for 1min followed by oil quenching. TiN particles sizes 9!
Soonm LCER GO GO SO (AR (O (O (O GO (R R COR (O (O (O (O (O GO GO GO A G A G G G <,
SEM images of a heat treated samples of Eat46573K (1408C) for 30 sec and a
different cooling rate-a- oil Q, -b-hot oil Q,-c- air cooling,-d- cooling inside
furnace. LSO COR COR GO COR GO COR GO O (R GO GO COR GO (AR GO GO GO (R (RGO (O (O (R (O AR GO (O (R (¢

-a-The relation between TiN precipitates size pm and the coolindCateolding
time is 10 sec), the precipitates size increase with decreasing the coolikg rate
-b-The relation between TiN precipitates siga and the cooling rat¥C/s (holding
time is 30 sec), the precipitates size increase with dsiag the cooling rate «
Frequency Distribution (%) of the TiN particle size (um) observed in the heat tri
samples with hot oil quenching-1250C for 10 sec;b-1400C for 10 sec;c-
1250°C for 30 sec andd-1400C for 30 SEC.« « « « « € € € « & & & € &

-a- and-b- TiN particles in FSW EH46 W8 (150RPM, 50mm/min), average size
600nm,-c- and-d- TiN particles in FSW EH46 W10 (150RPM, 50mm/min), aver:
SiZe IS BOONM K & « € & & K & K K & K K & K K K K KK KK KL KL K K«
EH46 W10 (plunge/dwell period) protead,-a-low and-b- high Magnifications,
showing many TiN precipitates (size iS{@LBUM). « « & € & € € € € € K &

EH46 (plunge/dwell period) region 1 under shouldaiV2 average of 0.7um TiN
particles,-b- W3, average of 0.5um TiN particlesc « « « « « « « « « « «

EH46 W6 (plunge/dwell period) under shoulder, average of 0.5um TiN particles
The Frequency Distribution (%) of the TiN particle size (um) observea IRSW
EH46 W8 and W10;b- FSW EH46 (Plunge/Dwell) WIV7. « « « « « « « «

EH46 W2 (plunge/dwell period) under probe average of 0.35um TiN parictes
SEM-EDS mapping of DH36 heat treated for 1 min at £@0@ith oil quenching
showing pecipitation/segregation of Mn, S and Nb at prior austenite grain boun
(PAG B) LUK KKK KK KL KKK KK
SEM-EDS mapping of DH36 heat treated at 14Dr 1 min with oil quenching
showing precipitation/segregation of Mn, Slaxb at prior austenite grain boundai
(PAGB) RSO CER GO (AR (AR (O (O (O (R CER R (AR (R (AR (R (O (R (R SR COR G CER (AR (I (¢ KKK KK
SEM-EDS Point and ID of DH36 heat treated at 1Débr 10 min with oil
guenching showing precipitation/segregation of different types of elerzeis,
S,Ca and O:b- Mn, S and P-c- Mn, Ca, Al and O.« « « « « « « « € € € «
SEM-EDS Point and ID of DH36 heat treated at Débr 10 min with oil
quenching showing precipitation/segregation of elements mainly Mn, S and Al
SEM-EDS Point and ID of EH46 heat treated at £@fdr 1 min with oil quenching
showing precipitation/segregation of alumifiaand P elements« «  « « « « «
Alumina-CaS precipitation in the EH46 heat treated at £@0r 10min« « « «

Ti, Nb and Al precipitation in the EH46 heat treated at £&0@r 10min« « « «
SEM-EDS shows Ti, S and Al precipitation in the EH46 heat treated at’C400
10m|n LCER GO GO GO (O (O (O (O SO GO CER GO G G (O (O (O (R SR SO CER G G (AR (O (O (O (O (O (¢ ..
SEM image 6DH36 heat treated at 14%Dfor 1 min with oil quenching showing
precipitation/segregation of Mn, Al, S and O elements as identified byx&DE
SEM imagesa- low and-b- high magnification of DH36 heat treated at 145@or
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Figure 4.138:
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Figure 4.151:
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Figure 4.155:
Figure 4.156:
Figure 4.157:
Figure 4.158:

Figure 4.159:

4 min withhot oil quenching showing precipitation/segregation of Mn, Al, Si anc
elements as identified by ED$.« « « « « € & € & « € € € € € € € «
SEM-EDS mapping of DH36 heat treated at 1456r 4 min with oil quenching
showing Mn, Si, Al and O segrefiil. « « « « « « « & € « & € € & « & « «
SEM-EDS of DH36 heat treated samples for 10min at 1@%hd oil quenching
shows elements segregation mainly Mn, Si, Al and O. Ca and S are also prese
some I’egions.« LSO COR R GO COR GO COR GO (R CER GO AR (R (R COR GO (O (R CER GO GO (O (O CER KO (¢ «
SEM images of EH46 heat treated for 1min at £&58nd oil quenched, Mn,S,Al,N
segregation as identified by ED8.« « « « « « « « « « « « «
SEM images low and high magnification of EH46 heat treated for 1min at@450
and oil quenbed shows Nb, P and S segregation at prior austenite grain bound
identified by EDS test « « « « « « « & « & « & & € & « & € & « & « «
Different types of elemental segregation/precipitation as identified by EDS incl
(Mn, P, V, S, Al, O, Si, Tand Ca), samples are EH46 heated to 4min at’C450
followed by oil queNCching« « « « « « « « & € « & € K € K K K
SEM-EDS of EH46 heat treated samples for 10min at 3@%Md oil quenching
shows elements segregation of Mn, V, Ti and M « « « « « « «
SEM-EDS of EH46 heat treated samples for 10min at 4@%Md oil quenching
shows elements segregation of Mn, Ti, Al, Si anck@X « « « « « « « « « «

EDS mapping EH46 145G 15min OIL Q shows the segregation of Mn,Aiand
O. LSO CER AR (R COR GO COR CER (R COR KO O (R (R COR GO GO (R (R GO O GO (R GO AR GO (O (R (AR GO (G (¢

SEM of EH46 heat treated samples for 15min at 3@%hd oil quenching, Mn, Si,
Al and O segregation as identified by ED&« « « « « « « « « « « « « «

SEM high magnification of EHtheat treated samples for 15min at £&58nd oil
quenching, Mn, Si, Al and O segregation as identified by EO&« « « « « «

SEM (-a low and-b- high magnification) of DH36 sample heat treated for 1min ¢
1500°C with oil quenching, Mn, SiAl and O segregation as identified by ERS
SEM-EDS of DH36 sample heat treated for 1min at 2608ith oil quenching, Mn,
Si, Al and O segregation. Region is 1mm away from the outer sample sutface.
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KK KK

KKLLKK .,

DH36 sample heat treated for 1min at 1%D@ith oil quenchinga- SEM (high
magnification) shows Mn, Si, Al and O spinel segregatibnPS segregation as
identified by EDS.« « « & « « & « « € « & € « € € & € € K € K K K K

SEM-EDS of EH46 sample heat tredtior 1min at 150%C with oil quenching, Mn,
Si, Aland O segl’egatiom [ EEEEEEEEEEEE R EEEES
EDS mapping of EH46 sample heat treated for 1min at®t5@ah oil quenching,
Mn, Si, Al and O segregations « « « « « « « « & € « & € « € « € € « «

SEM images low and high magnification of FSW of DH36 (W6) shows element
segregation (Mn, Si, Al, O and Zn) as identified by ERS « « « « « « « «

SEM images high magnification of FSW of DH36 (W8) shows elemental
segregation (Mn$i, Al, O and Zn) as identified by EDS. « « « « « « « « «
SEM-EDS at high magnification of FSW of DH36 (W6) shows elemental
segregation (Mn, Si, Al, O and Ca) as identified by ERS. « « « « « « « «
SEM-EDS shows elements segragatof Mn, O, Si, Al and Zn in the SZ of high
tOOI SpeedS (W6)§( LCER CER SR CER (R (AR (O (O (AR (O COR (R CER (AR (AR (R (AR (AR CER CER (R CERCER (R (¢

EDS mapping of Zn in the elemental segregation of the SZ of DH36 W6 as
identified by EDS.« « « & « « & « & € « & € « € € & € € K €« K K K
SEM-EDSshows elemental segregation of Mn, O and Si in the SZ of FSW DH:
high tool speeds (WBke « « « « « « « & « & « € & € & « K € & « K « «
SEM-EDS shows elemental segregation of Mn, O and Si in the SZ of FSW DH:
high tool speeds (W8 « « « « « « « « € « « € & « K « «
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Figure 4.164:
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Figure 4.178:
Figure 4.179:
Figure 4.180:
Figure 4.181:
Figure 4.182:
Figure 4.183:

Figure 4.184:

Figure 4.185:
Figure 4.186:

SEM image at the SZ of FSW DH36 at high tool speeds (W8) shows elemental
segregation as identified by EDS.« « « « « « « & € & & « & € « & € « «
SEM-EDS shows big size (300 um X 20um) of elements segregation of Mn, O,
Al and Zn in the SZ of high tool speeds weld (W& « « « « « « « « « « «
SEM-EDS shows elements precipitation of Alumina, Ca and S in the SZ of higfr
speeds weld (W8)« « « « « <« & « « & « & & &« & « « & & & &« «
-a- Alumina-CaO-MnS-CasS raction heating to 145, holding time 1min,oil
quenching-b- Alumina-CaOMnS-CasS reaction advance heating to 450holding
time 2min,oil quenching« R R R R R LR R (R R (R R R R
-a- Alumina-CaO-MnS-CasS reaction advance heating to 1’4gMolding time
3min,oil guenching-b-Alumina-CaO-MnS-CasS reaction with joining other elemer
such as Si, Nb and P when heating to £@500lding time 4min,oil quenching «..
-a- Formation of Nb Sulphide and Ti sulphide heatind 450C, holding time
4min,oil quenching.s;b- Forming Nb, P Sulphide and Nb, P, Ti and V sulphide,
heating to 145, holding time 4min,oil quenchings « « « « « « « « « « «

-a- Formation of Nb, P and V sulphides heating to £&5®olding ime 4min,oil
quenching.;b- formation of pure Calcium sulphide heating to 145holding time
5min,oil qQUENCNING.« « « & € «€ & € € € K K K K K KKK LK KKK
Mn, Si, Al and O start to form with few percentage of other elements suchas T
Nb -a low and-b- high magnifications. heating to 1480 holding time 10min,oil
quenChing,« LSO CER AR (R (O CER CEE (R COR CER COR O (R COR KO GO (R COR COR (AR (R (R (¢ KK KKK
Formation of Pure Mn, Si, Al and O as identified by EDS, heating to°C450
holding time 15min and oil quenching. « « « «
12-8um BN particles in SZ of FSW DH36 joint (W6, 550RPM, 400mm/mik)
10um BN particles in SZ of FSW DH36 joint (W8, 550RPM, 400mm/miR)«
SEM image at the top of the SZ of DH36 (We)ich clearly shows the existence ¢
BN pal’tiCles. UL KK KK KL
SEM images of EH46 (W1) at plunge/dwell case show BN patrticles (dark spots
sizes are from 0.5 pri3um.-a-low magnification andb-high magnification« «
SEM images of EH46 (W2) at plunge/dwell case show BN patrticles (dark spots
sizes are from 0.5 pri3um.-a-low magnification andb-high magnification< «
SEM images of EH46 (W3) at plunge/dwell case show BN partidek spots)
sizes are from 0.5 puai3um.-a-low magnification andb-high magnificationx «
SEM images of EH46 (W4) at plunge/dwell case show BN patrticles (dark spots
sizes are from 0.5 pri3um.-a-low magnification andb-high magnifcation« «
SEM images of EH46 (W5) at plunge/dwell case show BN patrticles (dark spots
sizes are from 0.5 pri3um.-a-low magnification andb-high magnification< «
SEM images of EH46 (W6) at plunge/dwell case shdwprticles (dark spots)
sizes are from 0.5 puai3um.-a-low magnification andb-high magnificationx «
SEM images of EH46 (W7) at plunge/dwell case show BN patrticles (dark spots
sizes are from 0.5 pai3um. -a-low magnification andb-high magnificationx «
EH46 at Plunge/dwell case, Probe side bottom (regibattom),-a-W2 and-b-W6..
SEM higher magnification EH46 W2 at Plunge/dwell case under shaukder

BN particle in theop of the SZ of FSW EH46 (W8 « « « « « « « « « « «

BN particles with different sizes at the top of the SZ of FSW EH46 QN8 «

0.5 pm BN particle at the probe end of FSW EH46 (W8 « « « « « « « «

Top surfae of SZ (steady state) full of different sizes of BN particle in the (EHA4!
WlO) RGO GO GO (O (O (O (O (O GO CER R GO (O (O (O (O (R SR SO (R R GO (O (O (O (O (O (O (O (4

BN particle in SZ of the probe end region of FSW EH46 (W21 « « « « «

Top centre of SZ of EH46 W8 (sthastate), showing BN particles- low
magnification andb- high magnification etcheck « « « « « « « « « « « «
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Figure 4.187:

Figure 4.188:

Figure 4.189:

Figure 4.190:

Figure 4.191:

Figure 4.192:

Figure4.18

Figure 4.194:
Figure 4.195:

Figure 4.196:

Figure 4.197:
Figure 4.198:
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Figure 4.201:
Figure 4.202:
Figure 4.203:

Figure 4.204:

Figure 4.205:

Figure 4.206:
Figure 4.207:
Figure 4.208:
Figure 4.209:

Figure 4.210:

EH46 W8 (steady stated; The middle of SZ (no BN particles), microstructure is
mainly acicular ferrite, bProbe end SZ (BNarticles are present), microstructure
mainly granular ferrite and some short plated cementite « « « « « « «

Top middle centre of SZ of EH46 W10 (steady state) full of BNlow
magnification (uretched) andb- high magnification (etched).« « « « « « « «

EH46 W10 (steady stated; The middle of SZ (no BN particles), microstructure is
mainly acicular ferrite, bProbe end (BN particles are present), microstructure is
mainly granular ferrite and cementit@.« « « « « « « « «
High magnification SEM image EH46 W10 (steady state) at probe end shows
partiCles. UL LKL KL KK KL

micro crack started from the top surface of FSW DH36 W1 between steady sta
the plung regions:a- low magnification, bhigh magnification. The sample was ci
in the direction of the weld line« « « « « « « « « « « « € « « «
Feed rate and the distance travelled by tool in the plate just before the steady ¢

6(0 LPDJHV RI PLFURFUDFNV LQVLGH WKH &=«
Weld root and kissing bond in 6mm FSW DH36 (W8 « « « « « « « « «

SEM of the first and second defects of DH36 6mm W8 shown in Fag.\Weld
root, -b- Kissing bond. « « « « « « « « & € « € € € € € € € K € € K &

Non-metallic layer of (Fe, Mn, Si, Al and O) between the SZ and HAZ found in'
-a- 10um at plunge periodb- 1.3um at steady state peried< « « « « «

A void found in EH46 stda@V10 (steady state) in AS« « « « « « « « « « «
High amount of BN particles found near the void at AS, EH46 steel W10 (steac
State) LKL KK KKK KL KKK KKK

SEM of the SZ of DH36 W6-amicrocrack caused by TiN paite, b-Microcrack
caused by Al P S elemental precipitat@ss « « « « « « « « « « & &« « « «

SEM images show microcracks caused by TiN precipitates (exceedsat|gFSW
EH46 W10 SZ at steady statb; DH36 sample heat treated to 130@with slow
coding (cooling inside furnace)« « « « « « « « € « € « € € € € € € €
Non-metallic Elemental segregation of Mn, Si, Al and O found in high FSW tool
speeds of the SZ of W « « « « « « & « « & € & € € & € K K K KK«

Variationsin peaktemperature re$ts with referencéo thenumber of elements
(mesh refinement) of W2 6mm DH3E. « « « « « « « & € « & « « € « «

Variation in peak temperature results with reference to the number of elements
(mesh refinement) of W2 14.8mm EH46 .« « « « « « « « « « &€ € « & «

Thermal conductivity (W/niC) contours of tool and plate (W1 at 200RPM,
100mm/min) and (W6 at 550RPM, 400mm/min), thermal conductivity of DH36
plate decrease during FSWptde/V DFFRUGLQJ WR HTXDWLR!
Speific heat (J/Kg’C) contours of tool and plate W1 at 200RPM, 100mm/min ar
W6 at 550RPM, 400mm/min, thermal conductivity of DH36 plate vary as a func
of temperature during FSW process adatg to equations 3.65 and 3.66 « «
Tenperature {C) contour distribution between the advancing and retreating side
(torgue model). -aslow tool speed (W2),-thigh tool speeds (W& « « « « «
Temperature’C) contour distribution between the advancing and retreating side
(sticking/slipping model). aslow tool speed (W2),-thigh tool speeds (W& «

Top view of contours of temperature (°C) for 6 different welding conditions
(Samples W1 to W8)< [ X Z A A R

CFD results sow the temperature distribution between the leatfimiing sides at
the top of SZ of welded samples W1 t0 Wb« « « « « « « € « & & & « «

CFD results show the temperatdi@e curves toward the trailing side at the top o
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Figure 4.211:

Figure 4.212:

Figure 4.213:

Figure 4.214:
Figure 4.215:
Figure 4.216:
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Figure 4.218:
Figure 4.219:
Figure 4.220:
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Figure 4.222:
Figure 4.223:

Figure 4.224:

Figure 4.225:
Figure 4.226:

Figure 4.227:
Figure 4.228:

Fig. 4.229:

Figure 4.230:
Figure 4.231:

Figure 4.232:

Figure 4.233:
Figure 4.234:

SZ of welded samples Wi W6. « « « « € « € & € & € & € € € € € € «

Temperaturdime curve of W2, comparison of thermocouples data and CFD, m«
A distance of 100 mm staring from the plate bottom centre towards the weldinc
was divided by the welding velocity ind®r to represent the time (60 se@k< « .
Temperaturdime curve of W8, comparison of thermocouples data and CFD, m«
A distance of 100 mm staring from the plate bottom centre towards the welding
was divided by the welding vatity in order to represent the time (15 sec) «
Side view, perpendicular to the welding direction, contours of temperature (°C)
different welding conditions (samples W1 to W6) (ANSYS FLUENT). The cantc
bar has been unified fdetter comparison « « « « « « « « « « « «
CFD results show the temperature distribution between thR#& &t the top of SZ
Of Wl W6 LCERCERCER GO COR COR COR GO (R COR KR GO (R (R COR GO GO GO COR KR GO (O (O COR SO GO QR (¢

CFD results show the temperature distribution in tieépoobe and plate bottom of
Wl W6 UL LA LELE KKK

Comparing the numerical temperature contours (K) and the experlmental steac
welding conditions for sample W1 DH36 « « « « « « & « & « « « «
Comparirg the numerical temperature contours (K) and the experimental stead'
welding conditions macrograph (IFM) of sample W6« « « « « « « «
The temperatur€C) contours around the PCBN tool surfaces for six different
welding conditions(W1 t0 WE8) « « « « « € « € & € & « & « € € € « «
temperature®C) distribution on the tool surface and shear layer (TMAZ) for sam
W6-8 showing the maximum temperature for high speed welds (550R@¥k
The distribution of sain rate (3) in the contact surface of the tool/workpiece for 1
6 different studied conditions W1 through V86 « « « « « « « « « « « «
The distribution of relative velocity (m/s) between the tool/workpiece interfaces
the 6 different stdied conditions W1 through W6k « « « « « « « « « « « «

The distribution of local pressure (Pa) between advancing and retreating gides
The CFD modelled local pressure (Pa) distribution between the leading and tra
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1. Introduction

Welding brazing and solderingan be defineds processs for joining materials together
which includesa heatsource.The Sumerians, during the Bronze age (3000BC) in Ur (Iraq),

made swords which were joined by hard soldethg

The firstrecorded welding or solidphase welding wasarried out by Egyptian peoplehen

iron ore had converted to sponge iron by heating in a charcoal fire; the particles were then
forgewelded together by hammering, figure 1.1 is an example for Egypticiensoldeing.

The first USpatent grantesvasto Coffin in 1892 for arc welding usirgmetalelectrodée?.
Welding processshave evolvedovertime with much innovatioroccurringduring theSecond
World War due to the neddr weapongproduction. Friction weldindpas been classified as a
solid state welding processecausdhe workpiece to be joined is heatedatmout 0.8of the
melting point'3. Heat generated in Frictiowelding comesfrom the mechanical action
between one moving gace and another stationary thus produdiegt mainly byfriction.

The main advantages friction welding is that no filler material is added and also the welded
joint is produced with lower heat inpuhus redued metallurgical degradatiodistortion and

residual stresseme expectetf..

Figure 1.1: Golden Mask of Tut-Ench-Amun as example of Egyptian soldering in 1330 B.€!

Friction Stir Welding (FSW) can be classified as a modifiedsion of traditional friction

welding It is a solid state welding process invented in the UK/TWI in 1991. The process was



originally employed primarily for welding aluminium gradeshich had beertlassifiedas un

weldablealloys by usingexisting fusion technique’’

The high demands on obtaining sound welds especiatheimarine industrjhas encouraged

companies likeTWI to extend the FSWechniqueto includethe joining of steel alloys.

However, the process totdais still under development am@snot yet beencommercialise

due to the high cost dhe FSW tooland theissues of tool wear/breakage associated with the

welding process. Furthermore, the higher forces applied during 6f3téelrequire avery

stiff and thereforeexpensiveFSW machine. Figure .2 -a and-b- shows the distribution of

production costper meter of FSWof steelcompare to fusion Submerged Arc Welding
(SAW) . The machine direct cost in FSW is doublet thisSAW. Additionally, the tool costs

in FSW represents 99% of the machine dioests,as shown in Figure &-.

(a) Production cost distribution -
SAW

BMachine indirect
costs

Personnel and
overhead

BMachine direct
COsts

(b) Production cost distribution «
FSW

o,
/

BMachine
indirect costs
Personnel and
overhead

BMachine direct
costs

(c) Distribution of FSW machine
direct costs

1%

B Other machine
direct costs

B Tool costs

Figure 1.2 Distribution of production costs for (a) SAW; (b) FSW; (c) FSW machine direct

cost®r10

In addition tothe tool and machine coshallenge, the FSWWrocess includesiany complex

parameters such as tool rotational speed, tool traverse speed, plunge depth, forces and

clamping which must bearefully controlled in order to obtain@efectfree- joint. Measuring

peak temperaturat the tool/workpiece interface is alsochallenge due to thdifficulty of

inserting thermocouples in the zone undér zone of the FSW tool. Even the use of a

thermal imaging camerdoes not provide aaccurate measuremeat the peak temperature

because there w0 direct viewof thetool/workpiece interface



Defects associated with unsuitable welding parameters especially tool rotational/traverse
speeds and plunggepths alsancrease the cost of weldinghe advancein technology of
producing hard FSWools including refractory tool®ased on tungsten such asR& and
superabrasive ceramic tools such as Poly Crystalline Boron Nitrides PCBN has reduced the
weld joints production cost?. Also, following extensive research there is a greater
understanding of how to control processamagetersthus reducing weld defects and bringing

commercialisatiora step closer.

MathematicalModelling the FSW has been developadecentyearsin order tocultivate a
deeper understanding of the effect of process parameters on weld quality and efficiency and
reduce the cost of trial and error experimentark . However, the complexity of the
process whichincludes heat transfer, material flow and heatngeation by different
techniquegesulted in a variety of numerical assumptions and techniggieg made which

are not universally agreed’here isalso a great debate about the frictional and plastic
deformationas aheat source associated with the pesganaterial flow is alsoomplex and

needto be addressifor abetter understanding to the procédé”

In the marine industry, steel alloysuch as DH36 and EH46 grades have been widaly

due to theappropriateness dheir mechanicaproperties including tensile strength, impact
and fatigue resistance Thus producing highquality welded joints from these alloys is
importantand can be obtaingoly weldingtechniques includinghe lower heat inputF<SW
process.FSW offers significant improvements in mechanical properties, especially fatigue

resistance, when compared witisionweldingtechniques'®

The overall aim of this research is to investigatéch assumptions foheat generation when
modelling theFSW process 0DH36 and EH46steel gradesprovides the most accurate
estimate ofpeak temperature andlefectsassociated withunsuitable welding parameters.
New types of defectthat may occur during the FSW were alsientified anda methodfor
estimatng the peak temperatutbat a FSW undergoes has been proposed which is based on a
microstructurabnalysis and has been validated by a series of simuéiethtorybased heat

treatments looking at the effect of both time and temperature.

The research ialso correlatingthe welding parameters to the microstructure evolution and

the resultingnechanical properties.



1.1 Objectives
To obtain the main aim of the research the following objectixaes identified

X To produce a CFD model of FSW which most accurately predictdeth@erature
contour, torque an&tir Zone §2) sizeand refine andiltimately validate this model
with the results from practical experimental work based on friction stir welded steel
samples prduced by TWktoupled withlaboratory based heat treatment trials.

x Toidentify the correlatiorbetween welding parameters such as tool rotational/traverse
speed and the resultingwelded joints mechanical properties such as tensile, fatigue
andmicro-hardness.

x To find the toolrotational/transverspeeds limits which can cause peak temperatures
close to(or exceeding) thenelting point of the workpiecand the consequences of
possible nofmetallic elemental segregation/precipitation

x To seek tadentify analternative methodf estimatingthe peakemperaturechieved
during the ISW process

X To investigatepossiblenew defects associated with using unsuitdffV process

parameters.



2. Literature Review

In this section the previous wor&lated to the current study has baerestigated extensively.
The Friction Stir Welding(FSW) processand its parametessill be introduced and compared
with otherknown welding techniques sh as Shmerged Arc WeldingSAW) and Manual
metal Arc welding(MMA). The review will explorethe advantages and limitations of the
process anéxaminethe feasibility of welding steel alloy$he reviewwill also examine the
two grades of steel (DH36 and EH46)ialhhave been used in the project in terms of their

physical metallurgy.
2.1 Friction Stir Welding (FSW)

Friction Stir Welding(FSW) was invented in 1991 at TWI/Cambridge,is a solid state
welding techniqueisedinitially to join aluminium alloys suchsthe 2XXX and 7XXX series
which, at the time were regarded unveldable alloys because of the issues of porosity and
solidification crackingassociated with fusion weldirf§. The success in joining light alloys
by the FSW technique has encourdgéWI to extend the process to hggtmelting alloys
such as steel grades. The developmantechnology regarding FSW toahanufacturing
includingthe development afefractory toas such as tungsten based tools arthmic tools
such as Poly Crystalline BoroNitrides PCBN has advanced the potential commercial

opportunity of FSW of steel alloys.
2.2FSW Process Technique

The FSW technique wolves inserting a norconsumablerotating too) consisting of a
shoulder and prohebetweentwo workpieces The tool coftinues to rotate inside the
workpiece (plunge and dwell steps)til the materiajains enouglthermal energyo reduce

its yield strength; at which timéhe tool stadto movealongthe welding lineat a steady state
(constantrotational/traverse speedd)he process esdvhen the tool stops traversing along
the weld line, the tool rotational speed reduces and the tool is lifted leaving a keyhole in the
workpiece.Figure 2.1 shows the processsteps ofthe FSW P9 The nature othe FSW
process incluithg the tool rotational and traversspeedsalongthe line of the two welded
workpiece parts producesan asymmetrical stirred zonm the final weld joint. Thesetwo
asymmetrical sides ka beenrecognizedand named athe Advancing side(AS) and the
Retreating side(RS) as shownin Figure2.1. In the AS the material is pushed toward the

welding directionby the rotating tool while in the retreating side the rotating tool gaisle



material backwardaway fromthe welding direction®. Other toolsides ae locaedin front
and behind of the moving toolhich are the leading side and trailing side respectively as

shown in Figure.1.

/ Shoulder

e— Pin

Rotating direction q

Welding directio/

Backing plate

Figure 2.1: The steps ofthe FSW process® P46l
2.3 Friction Stir Welding Requirements:
The followingequipments required before carrying out the FSW process:

1. A Stiff Machine: FSW Machine shouldoe able tostand with high loads applied
during weldingespecially when welding higmeltingtemperature alloys such as steel
using refractory or ceramieSWtools. Thebiggestissuefaced by aFSW machine is
the deflection under load which can cause fatigue failure. Machine stiffness has been
determined in tersof deflection which should not exceed 0.75mwith a plunge
force of 45KN.[6 P13l

2. Precision Spindle: Spindlewea is the most important factor which affethe FSW
tool longevity especially those tools used for FSW of high melting alldys
Maximum Spindle runout for ceramic tools such as Poly Crystalline Boron Nitride
PCBNmustnot exceed 0.01 mm in order to &Vdailure by fracturé”

3. Tool cooling: Tools for FSW of high melting alloys requigecooling systenon the
tool shank due tthe high temperatures generated during welding and also the high
thermal conductivity of théool in use such agsefractorytools based on tungsten and
ceramictools like PCBN. The increasein tool temperature to a specific limit can

causedamageo the spindle bearing and alsanincrease the tool wedP!



2.4 Advantages and limitations of FSW
4.2.1Advantages:

Despite the facthat steel caie joined faster and cheaper by oth&elding techniquesuch
as SAWand MMA, using theFSWtechnique has many advantages over the other traditional
welding methodsThese advantagese

X The process can be assumed environmentally fyreasllit does not include metal
fusion and thus it represents a healifelding technique agery limited toxic fumes
are generated

X The welded joint consist of a finemicrostructure andhus improvedmechanical
properties Theprocess keephe sameriginal material ast does not includafiller.
Thereare also no elementsst during the process, the mechanical properties such as
tensile strengtif! and especially fatigueesistancé™ are increasgafter welding.

x FSW offes the ability to join hign strength unweldable alloys such as aluminium
alloys, and als the ability to join dissimilamaterials?.

X It can be represented as a roumsumable process especially for aluminiathoys,
FSW tool such asH13 canweld about 1000m o6000 seriesaluminium plates For
welding steel alloys the process is still limited, the current PCBN tool can weld up to
40m of 6mm DH36 grad® and 80m of 1080 steel gratfe

x Very little plate weldpreparatiorrequirementdefore the welding process.

X Low porosity anddistortion after welding, also the problems of solidifications and
liquation cracking are avoided.

X Because of there is no weld pool, the process is suitable to use in all directions
including horizontal, vertical, circular and inclined.

X Less residual steses are expected because of the lower heat input compare to fusion

welding ™!



4.2.2The limitation of FSW process can be listed as follosv

The procss of FSWdoesnot alwaysprodue defect free joints and it has also limitations in

terms of tool wearand equipmentostas following:

x Tool life and cost are still the maiobstaclesto commercialisethe FSW of high
melting alloys such as steal.

x The process is slow compdr® other welding techniques such as SAW.

x The procesends witha key holan the workpiece.

X The presence of defects such as wormhdfeissing bond*? and weld root flavi*?
occurat specific welding conditions.

x The possibility of local melting and elemental segregéti@cipitationwhen tool
rotational speedxceeds specific limit.

X The process requisdigh axial forces to keep the tool e required plunge depidnd
also the neetbr clampingof the parent material

X The process is limited to a constant workpiece thickness because of theofiked
probe length. Hoever, recent devetments in tool manufacturing hapeoduced a
throughspindle retractable probe tool (RTP) which has the ability terebor retract
the probe end according to the workpiece thickfe$&®!

2.5Friction Stir Welding Applications

The FSW technique has been commercialised for some industry applications which mainly
include using light alloys such as different typsfsaluminium series.Some of he most
common important applications to date epasideed below:

1. Automotive production: The aitomotive industry is aiming to reduce the weight and
increase the strengtf its vehicles this has been fulfilled by using different aluminium series
alloys and by using the FSW technique Examples of parts welded by FSW in car
manufacturing a crash boxes, drive shafts, suspension system, cylinder head, dash board,
WDLORU ZHOGH 8. mceniz Moty oft-hwdfas beemadeout of aluminium and

fully welded by the FSW technique This wasdisplayed at booth of SAPA in 2002

Aluminium Fdr in Germany as shown in Figuge2 &,



Figure 2.2: An entire body of a car made of aluminium and fully welded by FSW techniqué.

2. Aerospace:The arcraft industry has showgreat interest in joining parts usitige FSW
techniques Such partsused in the aircraft are wings, fuel tanks, ribs, spars, skin and
stringer..etc. Using the FSW process instead of joining by rhestsbeershown to increase
strength, saving time by carrying out the joining in one step instead of drilling rivets holes,
this in turn reduced the weight of final product. Other advantages of replacing rivets by
welding incluce eliminating crack formation due to tthmogeneoutully penetrated join It

is worth noting that the first aircraft (Eclips800) has beerassembledvithout using rivets
where the entire body is only joined by FSW technigseshown in Figure 8%. The FSW
technique has aldwada significant impact on wedd joints when it replagd other traditional
techniques such as fusion weldikgramples of the successful use of FSW is welding a mgw
developed Aluminium Lithium alloy ALi-2195 as a replacemefr the previous alloy
aluminium AF2219 used in the Space Shuttle external tank as shown in Bgufé The

new aluminium alloy welded witlthe FSW process has higher strength than welding by
fusion arc welding. The use tiie FSW technique also reduced the weight of the external
tanks by 3402K¢.

Figure 2.3: Eclips 500, the first aircraft to use FSW techniqueo replace traditional rivets %



3P685]

Figure 2.4: The Space Shuttle with twogigantic external fuel tanks :
3. Railway Application to FSW

FSW in railways applications incledcigh speed trais, trams and underground train bodies
which are mainly made of aluminium alloy$"®°® Example from the train manufacturing
industry which usehe FSW technique for joining can be found in Hitachi JaBaf®™ the
final aluminium extrusion panels jed with the FSW technique have higher strength,
smoother surface finish aneéduced distortion compateo similar produced made using

rivets orafusion welding technique.
4. Ship Building and Marine Industry

3DQHOV XVHG IRU GHENV IORRUV KHOLFRYSVEE don@2DQGL

applications othe FSW techniquesasedin the marine industry.

Figure 2.5: Panel joined bythe FSW technique for marine applications®.
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Other applications include hollow aluminium stiff panels which serve as insulators on fishing
boats to freeze fish. Honeycomb and sea watesteaice panels are also examples of FSW
applications in Japan used in ship cabin walls due to the weld root flatness.isTals® a
massive productioof shipbuilding panels in Norway in the last ten years with a 70léfact

free FSWlength. Another exaple oflargeship manufactured bihe FSW techniques from
Friction Stir Link Inc.which is the Littoral Combat ship with 12 m#€19.3 Km) of FSW

paneld?® P69,

More industry applicationsf the FSW technique can be found fh"** The reductiorin
thermal residual stresses and distortias well as, higher strength thfe joint and improved
fatigue life are the most desired featusghich attract companies to swajp FSW in

aerospace, railway, marine and other industriessaperior alternatie to fusion welding.

2.6 FSW Tools

The FSWtool is the main drivefor the process and its succebs.an economic study' it

was found thathe Poly Crystalline Boron Nitride PCBN tool represe@9% of the machine
direct costThe average cost dfietool is3000 Eurowith aservice life of 40m when welding
6mm DH36 steel plate grad&€he FSW tool usuallyconsiss of a shoulder and probe (pin)

The main role othetool parts is to heat and stir the material in contact during the process.
Thefirst stepof the FSWool process is for the tool fglungeinto the workpiece causing heat
generationdue tofrictional/plastic deformation'®. The temperature of the weld incremse
significantly to reacta maximum limit when the tool shoulder towdthe topsurface of the
workpiece. Te ol shoulder alsact as a forging surface thus preventing material utiaber
welding process to escape outside $tiered ZoneSZ. The ol proke'smaintaskis stirring

and heating the material through the workpiece tiesk.
2.6.1FSW Tool Geometry

The ol geometry usuallyncludes aconcave shoulder with conical/cylindrical probéﬂ].

For welding lightweight materialssuch as aluminium andiagnesiumalloys, tools are
normallymade of steel such as H13 grade andygmmetry of the probe can be designed with
different complex shapes in order to improve the material flow, plunge depth, heat generation
and also reducing the plunge force. Complex shapes develapddVl for welding

aluminium and magnesium alloys includéhori™ and MxTriflute™  as shown in Figure

11



2.6 ¥ These tools are mainly designed as an alternatitbettapered or cylindrical probe
shape in order to improve the material flow and thus medetects such as wormhol€$.

The shape and sizé the FSW toolis mainly dependnt ofthe thickness othe workpiece. A
cylindrical probe shape can be adequate for 12mm plate thickness,avwapered Triflute
probe is suitable for plate thickness exdegdl2mm 7. For welding high melting qint

alloys such as stedghetool geometry isusuallysimple as complex shapasenot applicable

for ceramic tools such as PCBN. Timain obstaclein manufacturingsuitable tool sizeare

the high pressure requirement, brazing difficulipd wear issues assat@d with complex
shapes®. More information about tool geometry and design can be found in Mishara and Ma
2005

Figure 2.6; FSW tools developed at TWI company-a- Whorl ™ and -b- MxTriflute ™ .[*8!

2.6.2FSW tool requirements: The matrial used to make BSW toolmust satisfy certain
physical requirementsuch asigh melting temperaturéjgh wear resistance, high toughness
andgooddimensional stability. Otheequirementsnclude high strength at high temperature
as the welding prassis performed at 8®0% of workpiece melting poift”. The material

of the tool should bealsoinert to the workpiece so raetrimentalreaction occursluring the
welding processA low coefficient of thermal expansion is also crucial order to redoe
thermal stresses dhetool surfaceTo meet theerequirements, two types of materials have
been choseror FSW of high melting alloysCeramic supeabrasive tools and refractory
metal toolg??.

12



2.6.3FSW Tool Materials

For weldinglow melting alloys such asluminium tools are usually made of steel grades
such asalloy H13 which can be used to makemplex desigaat low cost. However, for
welding high melting alloys such as steel grades, FSW tool materials should have higher
thermal and meclmécal properties compadeto other tools used for low melting point
materiab. PCBN is the mogiopularsuperabrasive ceramiESW toolused for that purpose,
Table2.1 ¥ shows the mechanical and thermal properties of this tool condparéungsten
carbhde WC and H13 FSW tools. The micro hardness of this tooREE3500 showsthat

the PCBN toolis the second hardest tool after diamondal$io has a low coefficient of
friction which in turn helps in producing smooth surfaces after completing the F&&sg

19 However,a low coefficient of friction ina FSW tool necessitatesn increase in tool
rotational speed to produce the required heat for weldthgrhe PCBN tool represeatan
alternativeto refractory too$ such as tungsten based materighich showed sever wear
especially during FSW of ste&®. The PCBN tool usually contarCubic Boron Nitride

CBN particles in a binder of AIN?Y, this combinatiorbetween theCBN and the binder is
designedo increase the strength of the tool. Desphte high strength and thermal properties,
the PCBN tool halow fracture toughness anslalso susceptible to wear problesspecially
duringthe plunge period due to the higher generated temperature which can cause a softening
of the binder*®. The plinge period is also associated with high plunge force which can
encourage BN particles ttetachfrom the toolandstick into the workpiece. The development

in metal composite material has encouraged manufacturers such as MegaStir to produce new
grades of EBN tools with a longer service life. This development was a step forward in
order to commercialise the FSW of high melting alldys: example a FSW tool made from
Q70 (70%PCBN, 30%WRe) ba higher toughness compdrto the previousone which
included an AIN binder . The melting point ofa Q70 tool was determined to exceed
3000°C, the microstructure and tool image are shown in Figurea2ahd-b- respectively®”.

The Q70 tool has been used extensively at TWI to join many steel grades incluéibg 31
stainless steel, 304 stainless steel, DH36 and EH46 steel grades which amuosideration

in this work. PCBNWRe Q70 tool as shown in Figure 2b7consists of ahoulder and probe
surrounded by collar of Ni-Cr which works as an insulator for ttaol from the environment,

so the heat generated during the FSW is alndgsttibutesbetween the PCBNool and
workpiece. The PCBRNbol is also attached to a shank made of Wiiich acts as a holder and
attaclesthe tool to the PowerStir FSW machine. Bp#rts of the tool including the PCBN
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material and WC shank are fastened together by the collar. The different pidwed>QBN

tool geometnyarelisted in Table 2.2vhich areaccording to the workpiece thickneS¥elding

6mm thickness is usually achievedinga PCBN tool with 5.5mmprobelength while for
14mmthick workpiecesa probe length of 12mm is usually used. ThWI PowerStir FSW
machine includes a cooling system applied on the tool shank in order to reduce the
temperature resuttg from the highthermal conductivity of the PCBN tool and the
temperature generated during weldofdiigh meltingpointalloys. Argon shielshg is usually
applied during the FSW procesminly to extend the tool life and also to prevent oxidation of
the welaed joint. A thermocouple is usually attached to the tool shank and is located behind
the PCBNtool (known asthe telemetry system to monitor tool temperature) in order to
measure the temperature during the FSW proasshown in figure 2.8The temperature of

the toolmeasured byhe telemetry thermocouple system should be kept in the range of 800
90C°C inorder to protect the tool from wear/breakage issues as recommended by the

manufacturelP®.

Other tool materials and their properties which have been used for leigihgralloys are
usually made of refractory materials based on tungsten such as ViRe, W-Co andcan be
found inthe literature™*! ¥ This projectis focused only on the PCBN tool as this is the tool

which has been used to prodube samples undestudy.

Figure 2.7: -a- SEM image of PCBN Q70 (70% cBN, 30%WRef?, -b-PCBN tool image
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Figure 2.8: The Cooling systenfor a PCBN tool for FS welding ferrous alloys?*

Table 2.1: The physical properties of PCBN compared witffungsten carbide and 4340 stedf".

. Tungsten
Property Units PCBN Carbide | 4340 Steel

Coefficient of 010015 02 | 078
Friction

Coefficient of 4 ) ) )

Thermal Expansion 10°°C | 46-49 | 4951 | 112143
Thermal
Conductivity W/mK | 100-250 95 48
: 2 | 2700-

Compressive N/mm 3500 6200 690
Strength 10%psi | 391507 | 899 | 100
Fracture |

Toughness MPavm | 3.5-6.7 " 100
Knoop | 2700-
Hardness kg/mm® | 3200 218
Vickers | 2600- 1300- 280
kg/mm? | 3500 1600
. N/mm® - 1,100 620
Tensile Strength 10% ps - 180 29.0
Transverse N/mm? | 500-800 2,200 -
Rupture Strength | 10%psi | 72-115 319
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Table 2.2: PCBN tool geometry provided by TWI

Tool PCBN shoulder PCBN probe Collar Shank
23.9mm inner
PCBN for ) 5.5mm length, 10mm ]
) 23.7 mm diameter : diameter )
welding 6-8mm . ) base diameter 23.9mm Diameter
. with spiral convex i ) 37mm outer
thickness spiral taered with 20 ) 80.35mm length
shape ) diameter
thread per inch (TPI)
24mm length
38.1mm inner
PCBN for 38mm mm 12mm length, 20mm )
. ) ) ) diameter )
welding 10-15 diameter with base diameter 38.1mm Diameter
) . i 52mm outer
mm thickness spiral convex spiral tapered with 20 ) 100mm length
) diameter
shape thread per inch (TPI)
30mm length

Table 2.3: shows the various coolant types for shank and collar parts of the tool with associated

characteristics'?Y,

Tool
Outlet Average
N Inlet Coolant Surface
Flow | Specific Coolant Heat
Coolant Temperature Area
Rate Heat Temperature Flux
°C exposed )
°C ) W/mm
mm
50% Ethanol 5.3 3.41
glygol+50%distill | 13.3 | KJ/Kg. 15 17 4241.15 | 0.187
water L/min °C
1.2
5.7
Air s KJ/n?. 1520 100125 276067 0.0688
m°/hr oc
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2.6.4PCBN FSW Tool Limitation sand Wear/Breakagel ssues

Wearresistancén hybrid PCBNFSWtool is considered better than other refractory materials
such as tungsten based todl¢-25%Re FSW toolife of 4m was reportedn welding steel
grades and titaniun®. However, wear issue still existith PCBN toolwhen welding high
melting alloysespecially the high strength alloys such as EH46 steel ghadexperimental
studyof a PCBN tool has been carried out B} and showed that the maiactors whichcan
causewear are abrasion and diffusion. Softening aedrystallizationof the binder after
reaching a welding temperature of 1800s also found to be one reasfam reducing tool
resistance to weaf® ™9, Ramalingam and Jacobsdif! reported a decrease in Knoop
hardnesgHK) of W-25Re fromHK 675 (HV 638) to HK 500 (478) when carrying out
heating from room temperature to 1225The hardness was found to decrease dramatically
to HK 300 (HV 290) when the temperature incradasel450°C [24].

Hooper et al'® suggested that the higher thermal conductivit¢BN (100250 W/m.K)!%®

can result irdefects in the microstructure when the temperature exceeds 1200K, while with a
comparison withCBN-TIC they found that a protegt layer isformed on the latter and is
associated witlthe higher temperature as a result of lower thermal conductividBbdF-TiC.
PCBN tool wear can also change the propertieh@Mmaterialbeingwelded For example

tool wear camegativelyeffecta stainless teel welded joint asboron particlescan react with

Cr to form boride which in turn can result ia reduction incorrosionresistancé'®. When
welding titanium plateshoron canimprove the mechanical properties of the joint because of
the ability to ract with Ti forming TiB which in turn can cause grain refinement and
hardness increas#’. PCBN tool breakage isighly likely to occur during the FSW process
due to the lowr fracture toughness as mentioned Table 2.1 comparé to WC tool.
Unsuitabé welding parameters such as improper plungingxtractingand low welding

temperatures/ere determined ake main factors for tool breakalga.

From the aboveliscussionit can beconcludel that the PCBN tool issensitiveto welding
temperatures anplunging depth, low welding temperatarean lead to tool breakage while
excessive welding temperature witicreasePCBN weardue to binder softeningHigher
temperatures may alseesult in PCBN separationfrom the locking collar®d. Other
limitations include limited depthof welding the maximum probe length achieved to date

the manufacturer MegaSts 13mm
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2.7 Material welded by a PCBN FSW tool

There arevarietiesof high melting point materials which have been welded by the hybrid
PCBN toolas shown in Table2.4 [®. The tableincludesthe tensile strength of some weld
joints and associatedvelding parametergool rotational/traverse speed&rom Table2.4 it

can be noticed thahe maximum rotational speed achieveédesnot exceed 60&®PM for A-

36 and 301L grades with maximum travelling speed of 150 mm/min and 300mm/min
respectively Compaedto welding light alloys such aluminium, FSW using PCBN is glow
due to the higér temperature generated during the process and tool wear/bre &IGEHN.

tool life of 40m and 80m has been reported in FSW of DH3&nd 1018 steel gradé3
respectivelyFurther work on evaluating the feasibility of FSW of high melting alloys such as

steel should be carried outander to commercialise the process.

Table 2.4: Materials welded by PCBN tool® 716!

Yield strength (weld/base metal) Ultimate strength (weld/base metal) rpm/travel

Material MPa ksi MPa ksi mm/min in./min
A-36 N/A N/A 600/150 24/6
Quenched and 1040/1400 151/203 1230/1710 178/248 545/130 21/5

tempered

C-Mn steel
DH-36 N/A N/A 500/200 20/8
HSLA-65 597/605 87/88 788/673 114/98 5007200 20/8
L-80 N/A N/A 550/100 22/4
X-80 N/A N/A 550/100 22/4
X-120 N/A N/A 550/100 22/4
Dual Ten 590 496/340 72/49 710/590 103/86 450/240 18/9.5

dual phase
304L 51/55 7.4/180 95/98 13.8/14 400/75 16/3.0
316L 434/338 63/49 641/674 93/98 550/80 22/3.2
AL-6XN N/A N/A 350/25 14/1.0
301L N/A N/A 600/300 24/12
430 N/A N/A 550/80 22/3.2
2507 super duplex 7621705 110/102 845/886 123/128 450/60 18/2.4
201 193/103 28/15 448/406 65/59 1000/100 39/4.0
600 374/263 54/38 719/631 104/91 450/56 18/2.2
718 668/1172 97/170 986/1392 143/202 500/50 20/2.0
Narloy-Z N/A N/A 450/100 18/4.0
Invar N/A N/A 600/150 24/6.0
Ni-Al bronze 420/193 61/28 703/421 102/61 1000/102 39/4.0
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2.8FSW Process Rrameters

In general, FSWprocessparameters incluathetool, the workpiece and process parameters.

This section is foclwexd on the process parameters and their effects on the wialkdquality

and also tool life. The FSW process parameters can be classified as independent such as tool
rotational/traverse speeds and plunge depth. Other parameters such as welding forces and
torque which are affected by the independent parameters dessidied as dependent
parametersESW machina such as PowerStiwhich has beemsed for joining high melting

alloy has the ability to record welding parameters including plunge depth, time of welding,
travelled distance, rotational and traverse speedss$ and torque.

Independent parameters such as tool rotational and traversedagdte most significant
roleinthe )6: SURFHVV 7KH URWDWLRQDO VSHHG & LV PDLQC(
and stirring thematerial at the tool/workpiece interfageso it is expectedhat higher heat
generationand material flomwill occur with increasingtool rotational speedThe traverse

speed (V)completeghe welding process by pushing the stirred material from the leading to

the trailing edges of the tool. Traverse speed also certtrel cooling rate of th@rocess;

faster traerse speed resslin a higher cooling rateThe unsuitable combination between
rotational/traverse spe&l & 9 FDQ FDXVH D ODFN LQ PDWHULDO 10F
defects such as voids chrcreatel in the SZ1?2. To produe a good quality weled joint, a

suitable combinatioEHWZHHQ & 9 LV FUXFLDO

Other important welding independent paraené$ the plunge depth which is the insertion
distance of the probe into the workpiegelack of plunge depth means thtite shoulder is

not totally touching the top surface of the workpiece, this in twan causdess heat
generation and also reducerstig of theworkpiece material. The resuig weldsin this case

may include a surface groove or inner chant@l An excessiveplunge depth can also cause

issues of flash formation and weld thinnign example of he relationshipEHW ZHHQ & ¢
and plunge deptfor FSW of AA6061T651 is shown in Figure2.9 BP9 |t canbe shown

thatto produce aefect free weldd joint; sufficient plunge depth and rotationgpeedare

required however, excessive rotational speedsalancause surface deformation.
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-
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/ 1600
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1200
1000

Welding speed (mm/min) 60 800 Tool rotation speed (rpm)

Figure29 7KH UHODWLRQVKLS EHWZHHQ & 9 DQG SOXQJH GHSW
Te51 [BP47dl

FSW dependent parameters include forces and torque, forces are mainly created around the
tool due to rotational anthearmovement which include (Figu&10)

x Axial or down force (known also as plunge foredjich is parallel tadhe normal tool
direction
x Longitudinal(transversejorce along the welding linend

x Lateralforce normal to the weldindirection.

Torqueand forces are measured mainly to control tool wear and deformation of the workpiece.
High values of welding forces and torque are not desirable during the FSW process as they
can cause tool wear/breakage and also workpikstortion. Heat generated caalso be

predicted by monitoring welding parameters especially torque.

Figure 2.10: Forces and torque generated during the FSW process.
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The relationship between independent parameters and welding forces has been investigated
(29 and showed that plunderce is sensitive tdool rotational/traverse speeds and also tool
shoulderdiameterwhile the longitudinal force isensitive taraverse speed and probe radius
(29

Controlling axial forces during the FSW processmgortant;an excessive increase force

can result in tool breakafyeear increasé'”. Excessive axial forceluring the FSWalso
increass the pressure under the tool shoulder which in tam resulin removing material
during welding as flashcausing aredudion in the joint thicknes [*7. Flaws in FSW joits
mayalso becreatel whenwelding forcesdecrease suddenly during the steady state p&fiod

A torque instead of force contrpstudy has been carried out bgnghurst et al. 2016% in

order to reduce flaws in FSW of alumum 6061 Their study found that by usirggtorque
control method the plunge depth and energy per unit length were more stablewthare
using a force control methodTorque was reportetb increasewith an increase in tool
shoulder diameter artie deaease with increasing tool rotational sp&&d®®. Also different
methods have been used to monitor these dependent pararibta et al. 2013%"
monitored torque and forces during FSW of AA70®& and AA2524T351 usingan
inexpensive procedure demding on the current and power tbfe electric motor which
controk the tool rotational/traverse speeds. Results of torque and forces with different
welding parameters includingariation of tool rotational speed and tool shoulder were
validated against 8imensional numerical modellin§*

Tool torque habeenemployed foralong time to calculate the heat generated duttied-SW
processExtensiveinformation about the effects of welding on FSW forces and torque can be

found in[3P470
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2.9 Material Flow around the FSW Tool

Material flow inthe FSW process isignificantly related to the heat generated from the tool
rotation speed tool design tool material type, workpiece material and heat transfer. The

optimumcontrol of the flow during th process cahelp in producinglefect free weld joints.

Many approaches have been used to investigate the material flow during the FSW process and

can beclassifiedas!™:

X Using tracer markers.
x Using numerical modelling.

x Welding dissimilar alloys.
This sctionwill discusghe techniques of using tracer markers and numerical simulation

2.9.1Revealing Flow byTracer Markers: By using markers materials whiele different
from the workpiece under FSW process, the material flow can be obs&raedr markr
materials includ tungstertracers® 342" % gainjess steel wirds®, copper foild®? 8, steel
shot 9, AI-SiC, Al-W andaluminiumetched differently from the workpie€® Techniques
associated with using tracers markers includeyradiography***¥ 31 metallographyand
Computer Tomogaphy (CT) B4 Schmidt et al. 2006 Much effort to revealhe material flow

patternin FSW of aluminium and steel has been carried out in previous work.

Morisada et al. 201%% used tungsten tcarswith the aid of two pairs of Xay radiography
transmissiorreal time system to visualise the material flow of aluminiduming labbased
FSW. They found thathe velocity of the material flowvith the same position from the weld
centreis proportiond to the tool radius Also the velocity on the retreating sidrRYS) is
slightly higher than on the advancing s{@). The authors extended their work on the same
technique to compare the material flow of aluminium with low carbon $teahd they foud

that material flowpatternin steel is different anglowerthan in aluminium. Inthe case of
steel the uniform material flow around the FSW tool is only obtained when the rotational and
traverse speeds of FSW tool are slow. This nature of flow in\steinterpreed as a result

of high deformation resistancA. stagnant zone on the advancing side was reported at high
traverse speed arnterpreted as a lack in material flpthe stagnant zone was believed to be

the main cause of void formation.
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Schmid et al. 20067" investigated the material flow of AA202F3 by the aid of Xray,
Computer Tomograph{CT) and metallographyusing copper strigs markergo reveal the
material flow. By tracing markers relative to the welding materials, the averagstieslof
the shearlayer were estimated in théngitudinal and traverse direction. According to the
findings, the flow of material undefr=SW hasbeen classified talifferent zones including

rotational, flow, transition, deflection zone and welding flow.

Reynold et al.2000,1999 “%*U studied the material flow of FSW of 2195A8 by inserting
markers of 5454AH32 along the welding line ithe horizontal and vertical directisnBy
metallograpit examination of 0.25mm thicknes$chedslices takerfrom the top surface of

the FSWplate usinga milling technique, the final position of markersshaeen revealed.

Their study reported asymmetrical flow around the centreline of the weld between AS and RS.
Markers in the RS movdakehindits original location while on the AS they moved to the front

of its original location Theyalsofound that there is a stagnant zone between AS and RS in
which the material under welding did not show stirring. Tieterial during the FSW also
showeda vertical downward flowon the AS and then upward flow towards the top of RS.
The study indicateshata high percentagef material stirring isoccurringon the top surface

of theworkpiece. The material is deflectby the shoulder anchoves around the probe at the

RS towardste AS. Tracer markers were also found to move less in the workpiece depth
ZKHQ WKH ZHOG SLWFK & 9 WRRO D@ Ybhe(stuby shewed thetY R O X
increasingthe probe radiushas caused an increase in the material movement around the

centeline of the weld.

Colligan 1999 % investigated the material flow of aluminium alloys during F®Wusing

two techniques including steel shot markard stop actionSteel balls of 1mm radius are
inserted along the welding line and their distributieaisrevealed by Xray radiography. The
stop action technique was carried outthysudden stop ahe FSW tool andnoving the tool
back at the same timeat aspeed that cause unscrew to the tool probe into the workpiece
without causing damage to the attad materialThe material flow in the keyhole which is
left by the sudden stop is revealed by carrying out a sectioning procesexparimental
findings ofthe study by tacer markers of steel shimdve revealedwo patternof distribution:
chaoticon the top surface of the weld withdmwn movementfrom its original position. The
other type ofpattern was continuousline distribution behind the probe and itsertical

movement into the workpiece depth was less thlaosein the chaotic distribution. The
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authors also reported that sometloé material during FSW did not experience stirring but

extruded around the RS of the probe and deposited behind.

Guerra et al200L B8 used 0.1 coppehils along the faying surface of 6061AI with

the stop action techgue to study the material flow during FSVBy preparing
metallographic etched sections, the microstructure has examined and it is found that
the material close to the top surface of the weld is highly affected by the tool shoulder
rather than the prob&lore investigatiorreported ommaterial flow during the FSW

process can be found if§ #1142,

Generally speakingjncertainty inflow markers can becreasedvhen the marker material

has different density from the original welded material.

2.9.2Estimating Material Flow from Numerical Simulation

Material flow during FSW can be also estimated numerically using codes such as
Computational Fluid Dynami@CFD) which have the ability to solve momentum equation and
calculating the strain rate. Smith et 2099 used a fluid mechanics model wigtviscos
heating assumption to estimate the material flow during FSW. Froimrtioelel it can be
estimatedthat there arehree types oflow pattern under the tool shoulder and around the
probe which includefa) rotational zone in contact with the tool shoulder and the flow is in
the direction of tool rotation. (b) extrusion flatthe bottom of probe and (c) transition zone

between zone (a) and (b) withaoticflow.

Stewart et al1998"* carried outtwo mathematicaimodelsto monitor the material flow
duringthe FSW process. The first modehscalled"mixed zoné in which the material flow

in avortex like system and tsangular velocity equal to the FSW tool at the contact region
between tool/workpiec€Sticking conditions). The flow velocity decreasmwvay from the
tool/workpieceuntil reackeszero at the end dhe plastic zone the end of theshear layer).
The second model dependn a slipping approach (single slip surface model) at the
tool/workpiece interfaceThe angular velocity of materiadluringwelding was assumed to be

less than the tool rotational speed becauskeaxlippingeffect

Arbegast2003%! assumed that the FSW process can be treated as an extrusion process so

that a metal worikg process model h&®ensuggestedvhich includesfive zones as shown in
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Figure 2.11 -a and -b-. Zonesinclude (a) Preheat zone, (b) initial formation zone, (c)
Extrusion zone (d) forging zone and (e) post heat/cool down zone. THegireone is
gaining temperature due to frictional/plastic heating coming mainly fronrdtagion of the

FSW tool. The heating rate is controlled by material properties and tool traverse speed. The
initial deformation zone is formed when the tool stestmoveforward. Maerial in this zone

is startingto flow as the temperature and flow stress rise to critical values. These conditions
encourage the material when the tool advameenove upwards into the shoulder zone and
downwards into the extrusion zone as showfigare 2.11 -a-. After this zone the material

start to flow from the leading side to the trailing side around the tool probe thus the extrusion
zone is garting to form. After thatthe forging zone is starting including fillirthe cavity left

by the traversenotion of the tool probe by the mater@mingfrom the front of the tool

under the effect of hydrostatic pressure. The material in the cavity is kept constraint under the
effects of tool shoulder surface and axial fodering the period of extrusiorthe material

from the shoulder zone is forced move around the retreating side towards the A$ Th
model has built a relationship between welding parameters, tool geometry andea®rkp
material flow stress. Thenodel also showed goodagreement with ex@imental finding in

term of temperature, SZ size and strain rate.

(a) Upper Material Feeds (b)
Shoulder Z°\’\‘e b TOOL ROTATION
PIN TOOL SHOULDER
REAR Shouider FRONT WELDING DIRECTION <emmfemmn
one
~ — _j PIN TOOL TIP
v S o

Extrusion ity oo

Forging ~ |3 RS ETa
Haig

ok

Vortex Swirl

PRE-HEAT ZONE \
EXTRUSION FORGING ZONE o OWN
Vi . Initial Deformation INITIAL ZONE ZONE
DEFORMATION
ZONE

Zone

Figure 2.11: Metal working process model suggested by Arbegast , (a) Material flow map. (b)
Suggested zones formed during FSW proce’$3

Goetz and Jata001“® applied 2dimensionalFEM and DEFORM softwareo estimate the
material flow of 1100Al and F6AI-4V alloys and showed that the wigld is occuring when
the material start¢o flow from RS to the AS and froitine leading to trailing sides. They also

showed that material flow tsghly localised duringhe FSW process.
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The varigy of numerical and mathematical modekedto estimate the material flow during
FSW isassociated witlthe debate in assumption of sticking, sliding, sticking/sliding and also

assumption of heat genemtiduring FSW process*.

From the previous work it can beoncluded that there are many parametdhat can
significantly effect the material flow during the FSW process. These parameters are related to
FSW tool including material type (ceramic, reftary and metal), design and dimensith

(8 Wwelding paramters including tool rotationdtaverse speedd®, plunge depth and tilt

angle also play an important role in controlling the material flow. All the mentioned
parameters ar@dding more compéxity in estimation of material flow especiallyhen

carrying outhumerical modéing.
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2.10.Modelling the FSW Process

The demandor modelling the FSWprocess in ordeto predict peak temperature, residual
stresses and material flow patters still crucial for many companie§he main reason for
employing modelling igo reducetime and cosarising from the requirementor numerous

trial and errowelding experiments in order to produce defect free joints. Such requirements
include variation in process parametessidh as tool rotationallavesse speeds, plunge depth
andthe associated depeand parameters including forces and torghed to that the variation

in tool and workpiece parametesach as the toahaterial, design and geometryprkpiece
thickness and material typend it becomes clear why modelling represent an attragtive
addition to the experimental wark

Modelling of friction stir welding, particularly for high temperature alloys is a challenge due
to the cost and compliéy of the analysis. It is a process that inclutlesrmoemechanical
coupling, high deformation and strain rate, complmaterial flow, phase change,
sticking/slipping and complex heat exchange between the /wirlpiece and
workpiece/baking plate Nandanet al. 2008 used 3D computational fluid dynamic CFD
and reported thaincertaintyin modelling FSWcan be affectedy five parameters including

-a the tool radius dependent coefficient of frictiod)- the tool radius depeedt
sticking/slipping pesametey -c- the extent ofviscousdissipation-d- machine mechanical
efficiency and -e- the exact heat fractiobetween the workpiece and the anwodels
dependent upoimput torque taken directly frotthe FSW machiné*® areusually simple but

can giwe uncertainticoming mainlyfrom fluctuationsof data during the steady state welding
process. TWI attributed the reasion torque fluctuation to two sourcestProcess effectsas

the material warmup andis plasticisedit will generate less torque dhe rotating tool than
cooler material-b- Measurement variationhé FSW machine such as (PowerStir) is large
and the torque sensoare relatively insensitivbecausethey need to cover a widerque
range. Some fluctuation will be present in the fasmsignal noise, and overlaying these
variationsmay bedue to the size and inertia of the spindle as the control system seeks to keep
it running at a constant peet speed as the workpiece material softens [TWI report]. Thus
taking an averagetorquevalue cancreae errorwhen carrying out &SW model Literatures
reviews of different types of numerical analysis of FSW are available in He Bf! al
including simple thermal models, material flow madend fully coupled models for
estimating both tempature field and residual stress€be following modelsill be useful to

outlinein the literature review
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2.10.1Thermo-pseudo mechanical model

This type of modelling is mainly based on pure thermal analysis including some mechanical
effects without angsing the mechanical fieldschmidt and Hattel 2004, 206%' ®* have

used the thermpseudo mechanical model $tudy the effect of tool probe and the material
flow characteristics on the heat generated during FSW. The contact cahditicthe
tool/workpieceinterface were also studied extensively. They found that the convective heat
transfer due to material flowreaty affects the temperature fields. Six cases of contact
conditions have been introduced based on fully sticking, fully slipping andalpart
sticking/slipping conditions whichvere carried out in a model based on TherRseudo
Mechanical simulation. Three heat sources includiagshoulder only heat sourceb-
shoulder/probe heat sourge which the tool probe is represented as a volumexfland-c-
shoulder probe heat source with no volume flux in the tookpiece interfaceThe non
symmetrical temperature distribution is produced by enforcing the heat flow around the probe
volume by specifying a velocity field in shear layers at the/mawkpiece interfacethis in

turn showed that the temperature field did not only depend on the total heat generation but
also on the contact conditigntool rotational speed and shear layer thickness. For sliding
condition asurface flux and for stickingonditionsa volume flux in the shear layer were
appliedrespectively Modelling of FSW is also extended to predict defects saagbavity
formation during the proces&chmidt and Hattel 2008% usedan Arbitrary Lagrangian
Eulerian mode[(ALE) to stud/ the conditions under which the cavity forms during FSW of
aluminium.The main source of heat generatethieir model was from plastic dissipation due

to the assumption of sticking conditiorighe JohnsorCook (J-C) material law was used to
represent thevorkpiece material viscoelastic behaviour during the prockdseat transfer
coefficient with a value of 1000W/K has been used at the workpiecesdin order to
compensatéor the heat transfer from the workpiece into tevil. The $ear layer whichs
formed during thd=SW process has been desigasdvell in the model in order tepresent

the heat transfer by nwection through the stirred material. Theesearchfound that if the

weld dd not performed under suitable thermechanicalconditions defects such as voids

can exist in the welded joints. Such unsuitable welding conditionsaarged bythe lackof
material flow when traverse speed exceed a specific lirhgir modelhasoverestimated the
exact temperature at the tool/workpiece integfandhat has beemterpreted as the result of
neglecting the heat transfer through the t&ahmidt and Hattel 2@°? discussedhe heat

generation from previous models based onds@iSM) and fluid (CFD)assumptionsand
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established a model based a TherméPseudo Mechanical moddlhey reported that par
thermal models canngtredict the welding temperature withoutrior calculation of heat
generation coming froraxpensiveexperimental workAn exampleof that isthe difficulty of
measuring theriction coefficient and yield stress in the tathtory because of the limits of

slip rate and strain rate respectively. In their mdkelplastic behaviour of theaterial under
welding (aluminium 7075T6) was included and tlyfound thatat elevated temgrature, the

yield stresswhich is the driver of the heat generated during the FSW procgssrease
sharply when reaching the solidus temperature. A Spatial distribution for the surface heat flux

was adopted and solved analytically.

The thermal pseudmechanical modelvas developed later byHattel et. al. 2015°¥ to
include calculating the residual stresses in thatjaitructure The suggested model is
dependenupon a Lagrangian global frameworkn a semcoupledtransient solution. The
collected @ta of temperatures as a function of time and location were employed to estimate
the transient strain rate and thermal stresBlsir thermemechanical modelvas improved

by couplingit with a metallurgical model and takirgto account the material floto study

the effecton the distribution and valsef the calculated longitudinal residual stresses.
2.10.2Models Based on Material Flow and Heat Transfer (CFD) €chniques

Many previousmodelshave used CFD techniqedo simulate the material flow, temagure
and strain rate. FLUENTfor example was employedor a long time by many researchers
due to its ability to cope with the high strain rate around the FSW tool and also its ability to

capture the material flow.

Nandan et. al. 2008", applied a CB model ona Ti-alloy to calculate the heat and plastic
flow during FSW. They showed that five parameters can affect the accurtey mibdel in

term of both the temperature field and the computedl torque which are, the spatially
variable friction cofficient, the spatially variable sligt the tool/workpiece interfacehe

extent of viscous dissipation, the mechanical efficiency and the spatially variable heat transfer
rate from the bottom surface of the workpiece. So in order to alleviate the aacthey

have introducedn optimization factor which depends on the ratio of the calculated results
and experiments. The san@FD approach was appliedy Nandanet. al 2006°* on
aluminium AA6061and on mild steef® using a sticking slipping assumgtis with a non
Newtonian viscosity depending on strain rated temperaturealculated froma flow stress

equation proposed previously by Sheppered and Wridigy Tound that the asymmetry of
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heat and mass flowasincreased withncreasing tool traverand rotational speexd They also
found that the forced convection in the stirred zone (8ays asignificantrole in the heat
transferinsidethe SZdespitethe higher thermal conductivity of workpierecase of welding
aluminium alloys Their model reslis also showed that material flow mainkyccurson the
retreating side. They daiminal a cutoff viscosity valuebeyondwhich no material flow
occus which is equal to 5,000,000 Pa.s for 6061 aluminium alloy and 9,90P&8Cor mild
steed

Colegroveand Shercliff 2005° applied a 3D CFD FLUENThodelto simulate the material
flow during the FSW process aluminium alloys 5083 and 707icluding the rake angle of
athreaded toolTheir model assumed fully sticking condit®iy assuming that the \aaity

of workpiece material in contact with the FSW tool is equal to the tool rotational $femd.
generation is calculated frothe equation of viscous dissipation (viscosity over the second
deviation of velocity field around the tool). The backing @latas represented with a contact
resistance of 1000nMK/W to represent lack of contact with the workpieceThe model
results have been compared wétlhreaded tool withoua raked angle and also with a tool
without athread. The material flow of the #& models was found to increase toward the tool
shoulder.Their model did not predicthe actual size of the SZ and aldiml not estimaé
welding forces The model alsgredicted highepeak temperatusein the SZcompare to
experimental measuremeni$e over predicted temperature in the model was interpreted as a
result of usingthe viscosity equation without softening closettee material melting point.
They suggested incporatingslipping conditions in order to overcome thdisgatations The
temperéure was found to increase significantly with tool rotational speleite the traverse

speedvasfound tohas a smakffect on weld power 1%.

Colegrove et. al. 200P" applied a 2 dimensioal axisymmetric numerical modelon
"aerospack grade aluminium alloys without employinga conplex CFD technique. The
model depend on data of hot deformation and thermal properties of the material. The
predicted temperatures in the tool/workpiece interface which were in good agreement with the
experiments have beersad to build an empirical equation of flow stress as a funcfon
strain rate and temperatur€he model data has been employed for optimising the FSW
process in term ofool rotational speed, tool shoulder diameter and the best assumption of
sticking/slpping conditions. They suggested exiagdcot experimental tests to a high strain

rate andatemperature near the solidus to cover the material behaviour during FSW process.
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Hasan et al. 201%°® applied a CFD isothermal model using FLUENEode with a
sticking/slipping heat generation assumption to simutage FSW of aluminium. They
reportedthe effect of tool wear on thgattern ofmaterial flow and found that can cause a
lack of material flow as aresult of low strain rate valueseading todefect formation
especially at the bottom of the Skhe CFD FLUENT techniquevasalso employedy Cox

et al. 2010°% to simulatethe effect of FSW parameten aluminium usinghe viscoplastic
material assumption in a fully sticking condition with a workpietesigned as a disc. The
CFD modelwasrun with another softwarpackagecalled DAKOTA in order tareduce the

running time for optimising welding parameters améind the optimal tool temperature.

Fairchild et al. 2009 appliedthe CFD FLUENT modelto simulate the FSW dfipe line

steel. The heat generated wagpenént up on the sticking/slipping assumptiomising two

types of FSW tod including PCBN and WRe. Pealkemperatures resuig from CFD model

have been compared with microstructure phaasestormationin the welded materialThe
experimental testesultsshowed thathetool type has a slighdffecton mechanical properties

of theweldedjoints. The lackof validation of the model in termof thetemperature field was
attributed tothe difficulty of measuing the thermal cycles in the SZ using thermocouples.
They argued that extrapolation of the thermal cycles of the SZ coming from thermocouple
readings far away from the SZ can give errdtge difference irthe heat transfer mechanism
betwesn the SZ which is mainly by convection and the material just away from this zone
where the heat transfer by conduction can increase the extrapolation error of the thermal cycle.
A combination between CFD atite Lagrangian framework to track the mateflalv during

the FSW proceskBasbeensuggestedMaterial flow is found to be a furioh of the distance

from theFSW tool, as well as, the asymmetry in material flow was suggested to be the reason
for the asymmetry inthe heat generatedaroundthe weld cetreline. Defects wer also
postulatedon the (AS) as a result ofa stagnant zone formation. Increasing the welding
(traverse) speed has caused an increase in the difference in relative velocity betveeeh AS
RS, the strain ratgalue was higher in the Afhan the RSas a result of asymmetrifhe

authors suggested that in FSW of steel, the temperature in the SZ is higher than the one
predictedin the CFD model.

Micallef et. al.'®¥ carried out 3D CFD modelling of FS\6mm DH36 steel. Theheatwas
generatednainly by plastic deformation and the tool was represented in the model with fully
sticking conditions at the tool shoulder/workpiece interface. Viscosity was represented from

flow stress whictwascalculated by carrying owthot compression test different ranggof
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temperaturesup to 1108C and strain ratesip to 1008. The effects of different welding
conditions including slow, intermediate and fast rotational and traverse FSW tool speeds on
Stir Zone (SZ) size and heat generated were investightedneat convection coefficient was
represented asfanction ofdistanceat the workpiece bottom and the tool/workpiece contact
region in order to increasie accuracy. The temperature field calculated from the CFD
modelwasvalidated against data measdrbya series of thermocouples. They found that the
total heat generation for various welding conditions has alinear relationship with tool
angular and radial position. The model also suggestediibahape and size of the SZ is

highly affected bylunge depth.

Cho et al 20152 carriedout a 3D CFD model on ferritic stainless steel and validated the
result by microstructureexamination looking apost weldchangesand also with thermal
histories duringthe FSW process. They found th#ie maximum peak temperatures are
generated in the tool/workpiece contact region and theNswionian viscosity is changed
significantly around the SZ and TMAZ (shdayer). Maximum material flow wafund on

the retreating side of the toahd the aymmetry betwee AS and RS was found to increase
with increasing welding speed. Strain rate is found to increase around the tool/workpiece

interface as a result of sever material stirring.

2.10.3 High Integrity Low Distortion Assembly (HILDA ) project simulation work on
DH36 steel

The HILDA project wascarried out orgradeDH36 steel in order to investigate the feasibility
of using the FSW processo weld steel The project included experimentalwork and

numerical modelling.

Toumpis et. al. 2014% established a 3D thero-fluid model to simulate the material flow,
strainrate and temperature distribution in FSW of 6mm DH36 steel. The viscoplastic thermo
mechanical behaviour was characterised experimentally by a hot compressiam test
Gleeble 380Gimulatorwith arange of temperaturefsom 700-1100C and strain rate 1010

s' and the flow stress equation was basethemorton Hoff law Heat generation was based

on both plastic deformation and frictional heatiidne workpiece and backing plate were
designed as aigk; the PCBN tooWasdesigned without thread and included in the geometry.
The flow stress wagound to increase aa test temperature 80 and attributed to the
formation ofa dual phase microstructure of ferrite and austenite at this temperature. The

temperature distribution and geometry of TMAZ and HAZ were in a good agreement with
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experimendl results The limits of temperature contours at 7G0wasused todetermine the
extent ofthe heat affected zon@lAZ) which showed a good agreement with ekpental
macrograph measurement A maximum temperaturdor cold conditions (200RPM
/100mm/min) was 105%C and for hot conditions (500RPM, 400mm/min) was 1%Z50The
HAZ for hot conditions was found to be smaller than the one in cold conditions dweeo |
diffusion of heat resuhg from high traverse speed. TMAZ was foulmdbeasymmetrical; it

is wider on the RS compared to the AS.

2.10.4 Advantages and Limitations of modelling using the CFD TechniqueThe
following advantages and limitatiomsin beconcludedfrom thepreviousCFD modellingon

FSW process
Advantages:

X CFD modelling is a robust technique for simulating the FSW process as it is able to
cope with the high deformation, material flow and strain rate.

X CFD technique is based on material fland heat transferthe analysisncludes
solving equations of momentum, mass and enedpually the analysis is under
steady state conditions in a Eulerian fesark, thus time of solving the required
equation will be shorter when compared to the tramsinalysis.

x Viscosity in CFD modelss usuallyrepresented as nasiewtonianandcomputed from
theflow stress equation based on experimental hot working tests.

x The temperature field, relative velocity, viscosity-offtlimits and the SZ size can be
estimated successfullyTorque around the toatan also be monitored during the
analysis.

x CFD model resultgan bevalidated bydifferent procedures including thermocouples
measuremenisnicrostructure evolutigrihe size of SZthe change iwiscosity values
atthe TMAZ andfinally can be validated btpol torque.

Limitations:

x It is more a complex andpotentially more expensive procedure compdr® other
techniqus such as FEM as it requsalata of viscosity taken from expensive hot
working tests over a widegange of temperatures and strain rate such as hot

compression test.
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X It is unable to detect defects such as voids which required a robust transient analysis
such aghe ALE technique However, defects related to the lack in material flow can
be detected &m the stagnant zone formation whighsreported in the previousase
study when traverse speed increstsea specific limit®!*3,

X It is unable to calculate the residual stresses associated with FSW as the analysis is

based orthe Eulerian local stady state model.
2.105 Models based on Torque

Suchmodels usually calculate the heat generated from torque and tool rotational speed as

follows 8

PowerQ (in watt) = torqueM (N.m) x rotational speed® UDG VHF

Thepoweris then converted into heat flloe volume fluxby dividingits valueon the surface

contact arear contactvolumeof the tool/workpieceespectively

Finite Element MethodFEM) analytical models which have used torque as the main source

of heat during e FSW can be found il{® 8384 |n these models the relationship
between torque and weldingarametersuch astool rotational/traverse speeds and plunge
force have beenorrelated® Khandkar 2003 experimentally correlated torque with heaitinp

Cui et al.2010 % established an exponential expression of torque and related it to tool
rotational and traverse speeds. They found that tool rotational sigeéficanty controk the

torque value rather than theol traverse speed. Roth et a@12 ® applieda semianalytical

torque model based on stickisfiding contact conditions. The relationship between torque,
rotational speed and axial forces was addressed. The measured axial force and temperature
wereemployed to calculate thmefficientof friction. They found thathe friction coefficient

has a value ramgg from 0.3 to 0.4 whertarrying outFSW of AA5083H111 witha H13

steel tool. Its valusvas reported talecrease with increasing plunge depth and tool rotational
speedLong et al2007") extended the correlation of welding parameters such as axial force
and rotational speed with torque to include the SZ size. They reported a decrease in torque
with increasing tool rotational speed as a result of the increase in welding tengeladarto

the melting point and the consequences of the drop in material flow stefferson 2006

used a variable spindle speed test over a wide range of welding parameters in order to build a
relationship with the input torque. They found thatlaw feed rats, the heat input is

significantly deceasd with decreasing tool rotational speed or increasugiding speeds
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however, the effects on heat input wasgy slight at high feed ratedt is worth mentiomg
that using the variable spindle spetest has reducdede FSW processostby reducing the
number of weld jointsequiredover a wide range of welding parameters to build a correlation

with torque.

From previouswork on the torque modelit can concludethat there arehe following

advanages and limitations
A. Advantages

x The brque model is simple and cheap as the lysaterated during weldings
calculated from the experimental input torque and tool rotational speed.

x There is availability to correlate torque with the welding parametech as tool
rotational speed, plunge (axial) force, SZ size thedoefficientof friction.

x The brque model ignored the convective heat transfer coming mainly from

viscoplastic flow of metals.
B. Limitations

X Experimental input torque values measunexinfthe FSW machine can be inaccurate

due to thdluctuationof dataduring thesteady statprocess

2.106 Summary of Previous work on Modelling of the FSW

From previous work it is evident thate complexity of the FSW proceswxluding the
debate abat tool/workpiece contact conditionstickingslipping conditions the heat
source generated during the FSW process (frictional (coefficient of friction)/ plastic (shear
yield stress)/ viscous heating (nblewtonian viscosity and velocity gradient, torque
07& haveresulted in many different modehnd assumptionsMost of the previous
models also excluded the tool in modelling the FSW due to the complexity of tool
meshing and surface conta@nly a few models havéncluded the tool in simulatinthe
FSW procesd®™ 9 The currentwork has beerintroducel and compare the different
contact conditions and heat source assumgtibhe best assumptidmas beerchosen
according to a new method of validation depending on elemental segregation/pregipitatio

as will be shown in the results and discussion section
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2.11Material s

Two grades of steels used mainly in shipbuilding have been choséhidostudy which
includesASTM A131 steeDH36 and EH46 mild steel gradde.the two grades will now be
introduced in terns of chemical composition, physical properties and phase transformation.

DH36 high strength ste@eind EH46 extra high strength steel gradesused in ship building
constructionssuch asship'shull due to their physical propertiesd corroson resistance,
high fatigue resistangeimpact toughnessand also good weldabilit}®. The chemical
composition of these grades of steel is given in Taleand Table2.6 whereas Table.7
shows the physical propertieBhe averagegrain size of DH3&jiven by the supplier is D =
9+2um, with a homogeneous microstructure dghd same physical properties the vertical
and horizontal rolling direction’®*DH36 grade was reported to show linestrain aging
increase when the temperature incrdadsem 600°C to 806C as shown in Figur@.12 9,
This increase in strain aging can leadato increase inthe flow stressin that range of
temperature which in turn can affect the FSW parametdiise same phenomermd flow
stress increasing wheeachingto the 80C°C limit was recorded b¥oumpis et al*® while
performing hot compression test on DH36 steel in a range of temperatuld JOT. The
flow stress was increased from 144 MPa attsf 156 MPa at 80T and was attributed to
presence of dualhase of ferrite and austenite at that temperature.

EH46 isan improvedsteelgrade for shipbuilding which woskat lower temperaturesit has
higher mechanical properties including toughness and fatigue dbehaher percentage of
alloying elements sih as V, Ti and NbThe following sectionsvill give more details about
materials phase transformationyeldability, the effects of interstitial elements and
nitrides/carbides precipitation.
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Figure 2.12: Strain aging temperature vs. stran rate for DH36 steel. Experimental results

adapted from [
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5

Table 2.5: Chemical Composition of asReceived DH36 Steel (wt%)

C Si Mn P S Al N Nb \% Ti Cu Cr Ni Mo
0.16| 0.15| 1.2 | 0.01 | 0.005| 0.043| 0.02| 0.02 | 0.002| 0.001 | 0.029| 0.015( 0.014| 0.002
Table 2.6: Chemical composition of EH46 Steel Gradéwt%)
C Si Mn P S N Nb Ti
0.20 0.55 1.7 0.03 0.03 0.015 0.02 0.03 0.1 0.02
Table 2.7: Materials properties of DH36 and EH46 steel gradeat room temperature.
Thermal Heat . elastic Yield Ultimate . Melting
L . Density tensile Poisons
Steel conductivity capacity ka/m? modulus strength strenath ratio
W/m.K Jlkg.K 9 GPa MPa MPag point °C
DH36 48 455 7850 208 355 490620 0.3 14501500
EH46 50 500 7870 208 460 570-720 0.3 14801520
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2.111 Carbon Equivalency

Carbon equivalency (Ceq) is a guideline established by the International Institute of Welding
(IIW) to helpdetermine weldability of a steel prodf& ", Weldabilityis affected by multip

le alloying elements, moshotably C,but is alsanfluenced bySi, Mn, Cu, Ni, Cr, Mo, V an

d Ti. Depending on thearbon content, the other elements affect weld ability and Ceq di
fferently. The carbon equivalent can be calculated8¥?:

Ceq =[C+(Mn+Si)/6+(Cr+Mo+V)/5+(NiCu)/15 (2.1)

So
Carbon Equivalent EH46Ceq =[C+(Mn+Si)/6+(Cr+Mo+V)/5+(Ni+Cu)/15% = 0.58
Carbon Equivalent DH36Ceq =[C+HMn+Si)/6+(Cr+Mo+V)/5+(Ni+Cu)/15]%= 0.39

Based on carbon equivalency values, the al@ldy of DH36 is expected to be better than

EH46 grade due to lower value of carbon content and also other elements.

2.11.2 PhaseTransformation T emperatures

Becauséhe bainite (B) phase is usually expected in 8#of theweldedjoints of these ypes
of steel, it is beneficial to know the start and finish temperatures of bainite. The Bainitic start

temperature of steelsBan be calculated from the following empirical equatidn
Bainite starting temperature §B830-[270C+90Mn+37Ni+70Cr+83Mo]  (2.2)
So: DH36 B=677C
EH46 B= 623 C

The temperature at which austenite bedim transform to ferrite during cooling can be

calculated by using the following formuf4":

A= 910 [310 C +80 Mn +20 Cu +15 Cr+80 Mo+ 55 Ni] (2.3)
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Where the concentrations are all in%t

so for DH36 Ag= 775°C

And EH46 As=712°C
The temperature at which austenite begins to form during heztinglso be calculatéd':
Ac; [°C] = 739-22C+2Si7Mn+14Cr+13M-13Ni (2.4)
DH36=727.43C , EH46=723.8°C

And the temperature at which transformation of ferrite to austenite is completed during
heating can be as follat/*

Acs [°C] = 902 255C+19Si11Mn-5Cr+13Mo-20Ni+55/ (2.5)
DH36 Ae=850.6°C , EH46 Ag=847.15°C

The above calculated data is for equilibrium cases and the transformation temperatures in
FSW may be affected by strain and strain rate. Previous work done on FSlistepoved that

the temperature of nonrecrystallization (the temperature at whichcomplete static
recrystallization no longer occur for a specific hold tiroah be affected by strain and strain
rate, adecreas®f 64°C was reporteavith increasing the strain rate fro0.5 §' to 2 §*. The

same effect of strain dierrite andbainite transformation temperature was reported by Failla
2009 "® as a result of reduction in austenite grain skigure 2.13 shows the effect of
deformation on the phase transformation afife and bainite of HSLA-65, faster phase
transformation occgeiwhen deformation increaseesulted from the reduction tfeaustenite

grain size during FSW proce<§.
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Figure 2.13: CCT diagram shows the effects of deformation on ferte and bainite start

temperatures of HSLA-65 steel gradé™.

Some previous work carried ooh the phase transformation of a steel similar to DH36 with
0.17%C and 1.46%Mis shown in Figure2.14 '), The sample is heated to 1100 and
continuouslycooled with many different cooling rates. Iltreportedthata higher Mn content
canlead to an increase in the probability of bairéind nartensite transformatiofi”, so for
EH46 steebradethe sameooling rate camesult in more bainite phase in Mgoints. In their
work the formation of & additional phase between the bairated Wdmanstatten ferrite
called Ferrite/CementitAggregate (FCAas notedvhich might be found in the weld joints
of DH36 and EH46 steajrades. Table2.8 gives the detadl of the heat treatment and the

percentage of phase's present with respect to the coolifig’rate

100 =1}
90 4
8o Jo PF - M
70
60 - WF
50
40 4
30 - FCA
20
10 P
0

Microstructure Constituent, %

0 20 40 60 80 100 120 140 160 180 200
Cooling Rate, K s’ (800-500°C)
Figure 2.14: Volume percent microstructure constituents vs cooling rate in thermally cycled,
0.17 wt % C 1.46 wt % Mn steels Austenitized at 1100C. [""F%®"] B-bainite, M-martensite, PF

primary ferrite, WF -Widmanstatten Ferrite, FCA - ferrite cementite aggregate.
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Table 2.8: Heat Treatment and Transformation Data for Continuously Cooled 0.17 wt %C 1.46

wt %Mn steels table adopted from!”’7=8¢]

Transformation Temp.

Cooling Rate °C s (°C) Phase Amount (Pct)
Peak Temp. [1073 K to 773 K

Steel Code  [K (°C)]  (800°C 10 500°C)] Ts Tsppe Terrr T¢ PF P WF MP FCA UB LB M
C(l.46 Wt 1373 (1100) 2 747 630 620 491 80 12 — — 8 - - =
Pct Mn) 5 727 600 625 471 40 8 29 7 16 _ = —
10 713 600 600 46 20 — 4 16 20 - = =

25 657 515 520 335 7 — 34 12 23 24 — —

50 612 405 410 284 — — 11 4 6 52 28 —

75 575 395 400 232 — — 2 — — 23 66 9

100 514 390 395 22 - — — — — — 48 52

150 489 360 365 215 — — — — — — 14 86
200 484 380 380 19 — — — — — — — 100

PF: primary ferrite; P: pearlite; WF: Widmanstitten ferrite; MP: microphase; FCA: ferrite/carbide aggregate; UB: upper bainite; LB: lower
bainite; M: martensite.

2.11.3The mechanism of formation of acicular ferrite and bainite

Acicular ferrite ) and bainite are the phasekich are predominanin FSW of DH36and
EH46 steel jointd 1" This sectiorgives anintroductionto these phasesdsummaris the
mechanisnby which these phases are fornmding the heating and cooling cyclésreview
RQ D FLF X Ofotmatibk) ¢ah ke found % in which four factors have been reported to
affectthe ., formation mechanism which include:

X Austenite grain size

x Cooling rate

X Steel composition

x Non-Metallic inclusions
Acicular ferrite microstrutre is usually described as chaotic, its plates are nucleating
heterogeneouslyon nonrmetallic inclusions and grow in different directiof®’. The
morphologyof acicular ferritemicrostructure has been reported to increase the weld joints
toughness byesisting cleavage propagation as these types of cracks deflecthelgstart to
propagate into the multi orientation acicular ferrite microstructireBainite morphology is
like sheaveswhich start to organise as parallel plates in seriesvas faund that bainite
sheaves start at the austenite grain bound&flesso it is expected that the fine grains of
austenite with a medium cooling rate make beithe most dominant phasghereas larger
austenite grains leads to a microstructure consistirigher phases such as acicular ferrite as
shown in Figure.15%3. Table2. VXPPDUL]HV WKH G Liand baihifefrHesH W Z H F

of nucleatiorh growth direction and mechanidfff.
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LARGE AUSTENITE GRAIN SIZE SMALL AUSTENITE GRAIN SIZE

ACICULAR FERRITE

Figure 2.15: The effect of austenite grain size on the development of microstructure in steel

containing inclusions. Larger grainstendsto transform to acicular ferrite whereas small grains

tend to transform to B)! 827242

Table 2.9: The difference between aciculaferrite and bainite formation ©%

NMI -Non-Metallic Inclusion

The effective elements which act as nucleation slitedjusuallyinclude C, O, S, V,Ca, Ti,
Nb, Mnand AI®Y. The most effectivalesirableelement | R | farmation is Ti as shown in
Figure2.16, about 50ppm of Tiin ZHO G LV H Q R X J KphaRdtransformatidfi’.

Figure 2.16: The effectof Ti element on the formation of acicular ferrite, more acicular ferrite

with increasing Ti content®¥
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2.11.4The effects of chemical compositionon austenite grain growth and precipitate

formation

Nb, Ti and V are the most effective elements thattrobrthe Recrystallization RX)
temperatur@nd echof theseelemens can form solid solutions with irofi®. The ability ofV,

Nb, and Tito form carbides and nitridesn caus@inning and precipitation strengthening to
the austenite grainand grainsboundaries during heating which in tucanresult in grain
refinement Figure 2.17 shows the effect of these elements on austenite grain size with
temperature!®, whereasfigure 218 ®3 shows the solubility ofthese elements as
carbonitrides in austée during heahg of HSLA steel gradeTi showed the lowest solubility

compard to the otherelements

Figure 2.17: The effects of V,Ti,Nb and Al on the austenite grain sizéitanium is the most

effective element inpreventing austenite graingrowth when heating tohigh temperatures®®.

Figure 2.18: Equilibrium solubility products of carbides and nitrides in austenite®®
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Figure 2.19 shows the effect of the common elements on thRXdamperature (Jrx) as a
function of intial solute content in steel with 0%/C, 1.46 Mn, and 0.256 Si wt [85 Cuddy
1982]. Niobium shows a much greater effect in increasing thg fian Ti, Al, and V. From
the graph, it takes approximately 0.25 atomic pct of V to increase the TNR to rou§H¢ 8
whereaasit only requires approximately 0.05 atomic pct Ti for the same increase in
temperature. The same increase yaxIican be achieved with only 0.005 atomic pct Nb, an
order 10 times of magnitude less than Ti. The atomic radius of Fe is veeytolthe atomic
radius of V, which may explain part of the reason V is not as effective at increagingsr
Nb and Ti®

Figure 2.19: The effects of micrealloying content on the recrystallization stop temperature of
austenite in a 0.07 C1.4 Mn, 0.25 Si steel (in wt pct). Adapted fronh®¢PP129140.

2.11.5 The difference between DH36 and EH46in term of interstitial elemental

percentage

The previous information aboythase transformation, interstitial elements percentage¢hand
weld-ability of the two steel grademe paving thevay for understanding the microstrucalr
evolution andthe expected precipitation after the FSW procedsore wt% of interstitial
elementssuch as Ti, Nb and Yound in the microstructuref EH46 rather thadH36 grade
meanthat in EH46 gradethe austenite graingrowth during the FSW process wibbe
expected to béess and thusncreasng the availabilityfor bainite formation EH46 is also
expected to be harder to weld due to higher percentage of carboatterdinterstitial
elements (see Ceq numlegy. 2.3, so PCBN tool weais expectedo be morghan in DH36

especially at highewool travelling speed.
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2.11.6TiN Precipitatesin Steel

Titaniumwhere presenin steel can precipitate duririge FSW procss atspecific conditions
includingarange of peak temperatures and coolingsraigform compounds such as TiN or

Ti (N,C) depending on the chemical weight of elements presehesteel especibf carbon
[87] [88] [90] [91]

Much previous worlkhas investigated the TiN precipitates in low carbon steel grades during
heating and cooling cycles. Stockes et al. 2614as investigated the cooling rate effects on
TiN precipitates in low carbon micro alloyed steel and found that TiN particles can ptecipita
at very high temperatures near the melting point of steel. They also found that TiN particles
size increasewith decreasingooling rate and the size can reach .9 pmat low cooling

rate, whereas, the particles tend to cluster for higher codditeg Nagata et al. 2008
studied the TiN particles distribution in HSLA steel grade by using TEM examination of
carbon extraton replicas of eight thin slabamples. They found that TiN precipitates size
decrease with increasing cooling rate-Fwahry et al. 1991%9 studied the formation of

TiN precipitates in a Ti steel and found that the particle size can testeleen5-10pum

during the rolling process at a temperature of 1250The study findings also showed that
TiN particles aremainly predpitated on CuS particles. Wang et al. 2098 also investigated

the size and distribution of Ti precipitates in low carbon steel and its relation with cooling rate,
they found that the particle distribution incremsed the size decreaswith increasng the
cooling rate. Their study also found that for the steel grade under study, the TiN particles is
precipitate nucleateand mainly on TpOs; and ALO; particles. Hong et al. 2008Y
investigated the precipitates of Ti and Nb in HSLA steel in a tehperaange of 1373K
1673K (1100°C -1400°C) with the aid of TEM. Their study found that (Ti,Nb)(C,N&ndritic
carbonitrides disappear after reheattnga temperature higher than 1273K (1609 and a

new cubic shape precipitated in the microstructypearswith a size depending on the peak

temperature and cooling rate.
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2.12 Microstructure evolution and mechanical properties in FSW of Steel

There has been a great deal of wodn FSW of steel in order to understand and
commercialise the process ate HILDA project ® which cost 2.1m Euro is an example of
FSW research on DH36 steel grabeiring FSW; the tgel microstructure experiersphase
transformation ashe temperature is expected to reach the austenite field. It is beneficial to
define diffeent regions which appear in the weld joint after the FSW process as shown in
Figure2.20 which includd®:

X SZ-The Stirred Zone, the region highly affected by the tool rotation and heating.
x ShearLayer: The ThermeMechanical Affected ZonéTMAZ) adjacentto the stirred
zone in which the material has experienced both heating and stirring by the FSW tool.
x Weld root: The region around and below the end of FSW tool probe, this region is part
of TMAZ.
x HAZ: Heat Affected Zone, the region adjacent to the TMAA anly affected by the
heat dissipated from the TMAZ.

x PM: Parent Material, which is the material not affected by the FSW process.

6mm

Figure 2.20: Macrograph of polished and etched FSW region of 6mm DH36 steel gratte

Mechanical properties casso show changes related to the phase transformation tifeer

FSW process. Such mechanical properties are micro hardness, tensile strength, fatigue and
impact strengthAn example of phase transformation and mecharpoaperties correlation is

found in work dme on GMn steell’”. Figure2.21 relates the microhardness to the different
phases obtained by heating the sample to A1GMhd coolingat different rates’”. It was

found that the formation df bainite phase increasghe HV microhardness of the basetal

by about 56100HV compare to the PMas shown irfigure 2.21.
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Figure 2.21: Micro -hardness data for microstructure constituents in steel”” "%l

In order to understand the feasibility of the FSW process for welding steel alloys dgpecial
those under this study such as DH36 and EH46, the following literatures review are

considered

McPherson et al. 201% carried out a seriasf FSW on different thickness df 6 and 8 mm

DH36 steel plates and compared the mechanical propertiesweitts produced byhe
submerged arc welding (SAW) techniquewis found that distortion and fatigue at high
stress rang€).6-0.8 of the yield stres$pr all FSW samples thickness as showfigure 2.22

is particularly improved in FSW compare to SAWth€& mechanical properties am@dso

found to increase especially toughness when applying double sided FSW instead of single
sided. The microstructure aftdre FSW process showed a significant impnoestcompare

to SAW as shown in Figur2.23 2. Thecoarselongitudinalvisible grains in SAW are not

found in FSW, also the HAZ is smaller in FSW than in SAW.
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Figure 2.22: Fatigue testing of FSW samples comparkto SAW sampled®Z.

-a- -b-
Figure 2.23:DH36 8mm thickness aFSW single side, BSAW double sidel®?.

Toumpis et al. 20149 investigated the microstructure and mechanical properties of 19 FSW
samples of DH36 at different ranges of tool rotational and traverse Spemder to produce
commerciallyviable welded joints. The welds were chsified as slow (V<200 mm/min and

& USP LQWHUPHGLDPWHPL® D Q G40&RPM) and high (V=500

PP PLQ DQG70&8RPM) speeds. Microstructurexamination tensile teshg and
Charpy impact testingvere applied to evaluate the weldThey found that slow traverse
speeds resulted ia microstructurethat consisted of fine ferrite. Ahtermediatetraverse
speeds it was aniformly distributedmixture of acicular ferrite and bainiteith evidence of
prior austenite associated with the bairitel finallyat high traverse speedsheterogeneous

microstructure including specific regiongacicular ferrite and bainite

48



The two microstructure regions both welds include bainite morphology with clear prior
austenite grains and coarse ferrite/eatite identified as acicular ferrite were interpreted as a
result of different cooling rasethat the material under FSW haekperiencd. The low
traverse speed welds produced welds with high tensile properties but at these low speeds
productions rates we considered to be too slow. THReQWHUPHGLD Rél/mD)Q IJH &
450RPM/350mm/min) samples produced welds with the highest tensile properties. At higher
welding seds the amples of tensile testavefailed in the welded region. Th&rocessof
obtaining areproducible relationshigoetween traverse and rotational speadd weld
mechanicalproperties weresuccessful bytat the same timeexpensive.Although non

metallic inclusions were found on the advancing side ofhigé welding speed group
(600RPM, 500mm/min) and (650RPM, 500mm/jamd were counted as flaws in the weld,

it was consideredthat the weldsvere still accepable and comparableto other traditional

fusion weldingprocesses

Reynold et al. 2003’ studied the relationship between the mechanical properties and
paraneters of FSW of 6.4mm thickness DH36 siespeeds of 3.4 mm*¢8 in mint), 5.1

mm s' (12 in min?), and 7.6 mm § (18 in min'). Single pass defecfree welds were
produced for each welding conditiolb.was shown thathe ferrite and pearlite basf the

parent metal have experienced phase transformation to bainite and martensite in the SZ during
the FSW process.This crucialimprovementin the microstructure ancesultingmechanical
properties of the welded nugget comphbti@ the base metahas been achieved after the FSW
processMaximum hardness was found in the SZ with a gradual decrease toward the HAZ
and the base metal. Increasing tool traverse speed has been found to achieve higher hardness

andhigherlongitudinal tensile strengths.

Lienett 2004°% investigated the feasibility of welding 0.18 inch (4.5mm) DH36 steehby
FSW technique witha W-25% Re tool and a range dbol rotational speed$rom 400
500RPM andraversespeeds of 200mm/min to 250mm/mifhe mcrostructure of the as
received material experiendephase transformation from Z®um ferrite grains with
continuous bands of pearlite to mainly acicular ferrite in the SZ whereas, a partially
spheroia@l pearlitewasfound in the HAZ.Both microhardnessn the SZand tensile strggth
haveincreasd comparé to the base metal. Defediave beeriound in the weld roobf two
samples, which were attributed to incomplete bonding, resulted in failures during tensile

testing.
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Fowler et al. 2016 investigated the effect of defectsch as weld root flaws on fatigue and
bending strength of FSW DH36 steel with welding speed of 300mm/min and tool rotational
speed of 400RPM. They found a sligbtluction inthe threepoint bend test results bthiis

was small because the cracks assodiatéh the weldflaw did not propagate However,
fatigue testesultsweresignificantly affectedy this type of defect buwverestill foundto be
accepablecompared to fusion welding. They suggested optimizatafrthe tool material and
welding paramets in order toremové reduce FSWdefects.The microstructure in the SZ

was heterogeneous and mainly cossitacicular ferrite, fine ferrite grains and bainitéde

weld root microstructureonsisted ofine grains of ferritevhich wereattributed tothe lower
temperatureexperienced and th&ower cooling rate compatdo the top surface of the SZ.
The grain size of ferrite in the weld root was finer than those in the PM due to the effects of
dynamicrecrystallizationwhich resulted fronhigh strain ra¢ associated witimaterial stirring.
Toumpis et al. 2015! examinedthe evolutionof mechanical properties 6SW DH36steel

and investigated how changes mogess parameters resulted in changes in the microstructure
which in turn influenced fatigue germance.Three welding conditionsvere investigated
including slow (200RPM, 100mm/min), intermediate (300RPM, 250mm/min) and fast
(700RPM, 500mm/min). The effect of defects found in the SZ on the fatigue resistance was
also discussed. It was found thafetts resulted from the tool marks on the top surface of
weld joint have a significant influence on reducing fatigue resistance. The(200RPM,
100mm/min)weld showed the best fatigue resistance as it was a defect free joint with
homogeneous microstruce. It was suggested thain increasen the plunge deptkvould
reducedefect formation irthe FSW process especially weld root flawghich would in turn

improvefatigue performance.

Konkol and Mruczek 2007 studied the feasibility of FSW HSL-85 geel 6mm plate
thickness and compared the produced weld joints with SAW in term of distortion and
microstructure evolution. FSW samples showed nostexrse distortion, higher toughness
and tensile strength than SAW samplHse FSW microstructure showeahé grains of ferrite,
whereas in SAW the graingerelarge columnar shapgewhich gave an indicabn that higher
temperatures are experienced by the workpiece in SAW than in FSW process. The
microstructual evolution and micrdhardness of the same gradesteel HSLAG5 was also
investigated after carrying otlhe FSW process including changing the traverse speeds and
tool material®® The traverse speed and tool material were found to affect the micro hardness

and microstructure evolution. In generalwas found that after the FSW processiner
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microstructure (mix of bainite, acicular ferrite and martensite) and higher hardness has been
obtained compared to the base meTale width of theHAZ was less in the case of welding
usinga PCBN tool rather thana W-Re tool, this was attributed to the fact tttsg PCBN tool

absorb more heat due to its higher thermal conductivity.

Lienert et. al. 2003°®, studied the feasibility of welding mild steAlSI 1018 by relating

peak temperature with theesulting microstructure. The temperature was measured
experimentally using thermocouples amoh infrared camerawhich recorded a peak
temperature of 100Q at the top surface of SZ. However, the authors suggésatdhe
maximum temperature reaclvas 1200C basedon microstructuralevidence andalso by

extrapolation of temperatures measured in a region away from the SZ.

The FSW process was also applied on the same grade of mild steel AISI 1018 in order to
evaluate the microstructure and mechanical properties ialipethe tensile strength and
impact toughnesS”. It was found that the fine microstructure whighsachieved after the

FSW process lthcausedn 8% increase in the weld joint tensile strength congptrehe PM.
However, it was found thatlenusingatungsten based FSW tool, the impact toughness and

ductility decreased in the weddjoint due to the formation of brittle tungsten inclusiéfis

FSW of three types of carbon steel (APl grade X80 and L80) were also stydisekcinet.

al. 2004"®. |t was found that compared with the PMhe finer microstructurén the SZ
resulted in an improvement in the mechanical properties especially the hardness of the alloy.
They also found that rotational speed, travel speed alwhdZ were the main effective

parameters influencing the hardness of the welded regions.

Cho. et. al. 2018°, showed that microhardness has been increased indt®yh-strength
pipeline steel joints due to the formation of fine grains aortularshaped bainitic ferrites
the SZ. High straimate and lower temperatures were attributed to the finer ferritic grains at

theweld root comparkto the PM as a result cbntinuous dynamic recrystallization.

Cui kt. al. 20071 studied the effect of FSW parametersfive grades of steels including

(IF steel, S12C, S20C, S35C, S50C) and found that both the medharuparties and
microstructures of the FSW weld joints increased. They attributed the increase in mechanical
properties to the phase transformation of feqpigarlite microstructures in the PM to a refined
microstructure in the weld joints with carborrgentage less than or equal to 0.12 wt% and to

a refined microstructure with harder phases like bainite and martensite in theease

carbon conteistexcee@d0.2 wt%.
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There are also some attempts to carry out the FSW process on steel alloys intteenpera
ranges below the A and A; of the Fe-C phase diagrams.. fujii et.al. 2006*°Y, used FSW to

join three types of steel (IF steel, S12C, S35C) with different welding conditions. They found
that the strength of the S12C steel joints increased withcagase in tool traverse speed and

the maximum tensile strength of S35C steel was achieved at 200 mm/min. Their work also
showed that a refined microstructure and a high strength could be obtained when carrying out
the FSW in the ferrit@wstenite twephase regiorfor all three gradesChung Y.D et. al. 2010

102 ysed FSW for hypesutectoid steel (0.85% wt. C, AISI, 1088)d by controlling the
welding parameters and choosing a suitable tool material it was possible to produce a weld
that did not showevidence of anartensitetransformation. Although it was tirm@nsuming,

they succeeded to make FSW joints under th¢783)°C transformation temperature with

high toughness by controlling the tool pressure and using a turgstade (WC) tool with a
rotational speed=10BPM and welding velocity= 100mm/min. Y.D. Chung et. al. 26159

used the same welding condition for FSW SKb5 steel grade (0.85%C) to acqeiiecafree

weld underthe A; line and a ferritic morphology with a globular cementitas tivas to
increase the toughneds.was found that increasingpol rotational speed above 100 RPM
resulted in a martensitic microstructure with a very high hardness up to 1000 HV and a failure

in the SZ, when a tensile test was performing.

The feasibiliy of FSW of high carbon steel grades was also stunljeSatoet.al. 2007 1%

who successfully applied the FSW to ultrahigh carbon gteeént materiatonsisting of a
(ferrite cementite) duplex structure by usia@CBN tool with a rotational speed G&RPM

and welding velocity of 76 mm/min. Theye-heatedsamples before carrying out welding by
heatingthem to 770°C for 1800 s and quenching in oil followed by tempering for’65énd
holding for 1800s in order to get the optimal structure (ferritedergptial cementite) with
ferrite grain size less than 1 micro. The results showed that there was 11% retained austenite
after welding and the remaining microstructure was a mixture of duplex (ferrite+ spheroidal
cementite) andnartensiteOther workerslsotried to control the cooling rate during the FSW

of steel by increasing workpiece temperature using anetkiternalheat source. Choi etl.
2011%! carried out a hybrid FSW technique for SK5 (0.84 wt. % C) steel with the aid of an
oxy-fuel gas torchin order to control the cooling rate during welditigwas found that the
volume fraction ofmartensitestructure and associated hardness decreased because of the

higher net heat input which resulted in@ger cooling rate.
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In general, from the présus workdescribed aboven the evolution ofthe microstructure and

mechanical properties of FSW of steel the following can be concluded:

x A finer microstructure can be produced in steel weld joints compatieetiusion
welding technique such as SAW dweldwer heat input as the process is a solid state
and can be performed without melting. The sewformation in the SZ is another
reason of grain refining due to dynamic recrystallization.

X Mechanical propertiesuch as tensile strength and micro hardriaghe weld SZ and
HAZ compared to the PMare significantly increased aftdre FSW process

X Mechanical propertiesuch as tensile, impact and fatigue strengtbo showed
significantimprovement compare fusion welding especially fatigue strength.

x Low and intermediate tool rotational/traverse speeds are almost prodacing
homogeneous microstructure; howevhigh tool traverse speesdcan result ina
heterogeneous microstructure and asedudion in the mechanical propertied the
resulting veld.

x Defects such as weld root flaws and wormhaldsch exist in FSW samples due to
unsuitable welding conditions can reduce mechanical strength especially fatigue
resistancef the weld joints.

X It is possible tgoin high carbon steel alloys bihe FSW tetinique butthe process is

slow and expensive.
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2.13FSW Defects

Despite many advantagessociatedvith the FSW process, the technigdeesnot always
produce defect free jointontrolling the FSW process in order to produce high quality
welded joints is a challenge due to thede variety of welding processparametersSuch
parametersclude independent and dependent weldangcesparametes, tool material, tool
design workpiece material and thicknesshe following types of defects wereeported

previously in FSW of aluminium and stgeints:

x Wormholes voids and tunnels in the bottom of the weld joinfsobably due to
insufficient heat input and the laock material flow.!*A1209107
x Kissing bonds cracks but in close contact usudibcated at the weld roethich are
caused by #ack of chemical and mechanical bondit
X Hot kissing or root stickings caused bgxcessive heat and contact timesulting in
the workpiecestickingto thebacking plate!*®”!
Incompletefusion laps As a result ofimpurities presem at the topsurface and edges
of theworkpiece ashere isno cleaning of these surfadeeforethe FSW procesd*?
x Flash formation and material thinningaused mainly bgxcessive heats a result of
excessivexial forces[109.
x Weld oot flaw. craclks starting from thebottom of theworkpiece at uneven surface
toward the welded zonE?
x Oxidation resuling from higher temperatures with no gas shield dutimg FSW
process.
x Lack-of-fill defect Resultingmainly fromlosing material support at the trailing side
of the tool due to excessive heat injjdlt
The defectsnentionectan be caused hynsuitablevelding parameterandbr tool profile!*”.
Table 2.10 shows some of the unsuitablewelding parametergonditions which created

different types oflefectsduring welding ferritic stainless sté&l’!
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Table 2.10: Defects in FSW ferritic stainlesssteel caused by unsuitable

rotational/traverse tool speeds or shoulder diametef*”!

Therehas been a ga¢ deal ofwork investigatingthe types and sources of defects in FSW
including numerical and experimental techniquéswever much of this has focused on low
melting point alloys with far less information available about defect formation in FSW steels.
Schmidt and Hattel2005 ?® included the formation of the void imodelling FSW by
establishing the dwell and weld periods shown in Figure.24, they interpreted the
formation of the voidat the lower advancing trailing side of the probe/workpiecefateas

a lackof contact between the tool amebrkpiece materiabecause of the high traverse tool
speed, whereasToumpis et. al. 2015! demonstratd the formation of voids experimentally
They showed that the interruptiam the surrounding phadeasled to a minor cavitaused
by nonmetallic inclusions. Failla 2009° related the void defect formation tee FSW tool
travel speedit was bund thatthe increa in travel speedhad reduced the heat input which
had resultedin fastercooling of the material before this region becomes filled with stirred
materialwhich in turnhad led to the void formation. Tingey et al. 20¥8% investigated the

55



defects in DH36 steel duridgSW due to tool deviation from its centrelinéwas foundthat
ductile fracture can be created when the tsomade todeviateby up to 2.5mm and the
critical tolerance to the tool centreline deviation shouldexaceed 4mm. The material tensile
strength has significantly reduced when the tool centreline deviation exceéum.
Stevensn et al. 2015 studied the defects and its effects on materials properties including
fatigue and microstructure evolution of FSW 6mm thickness DH36 steel. Defects were
divided into several typeas shown in Figur@5 *¥ including -a incomplete fumn paths
coming mainly from impurities on the top surface of the workpiece as there is no preparation
of plate edges prior the FSW proceds weld root flawsat the plate bottom interpreted as a
result of insufficient tool plunge deptinddeviation ofthe tool from the normal centreline

c- lower embedded flayType 1)as a result of the lack in material stirring due to lower heat
input, -d- lower embedded flaw (Type &s a result of the lack in axial force and material
mixing -e- upper embedded flaggwirl zone) at the AS with a vortdike shape as a result of
combination of two flold coming fromthe shoulder and probe ané connectivity flaws
between TMAZ and HAZ boundarylt was found that fatigue resistance decreased
significantly with the exisince of flaws especially wormholes at the weld root. The
longitudinal residual stresses measuredthmy hole drilling technique were also found to
reduce the fatigue lifeAs the embedded flaws have sharp edges, they can act as stress
concentration pointiading to crack initiation and propagation inside the weld toward the top
and bottomsurface of the workpieceToumpis et al. 2014® stated that flawin FSW of

DH36 steel canbe createdwhen the heat input from the tool is insufficient and thuech in
material flow may occurThe authors also found in another experimentiuding hot
compression testwith a wide range of temperatures and strain ratieat the flow stress
increases with the decrease in temperature and the increase in serawhicht is the case
when tool traverse spedtcreags leading to a lack in material flow and thus the possibility

of defect formation in the stirred zoH&. Han et al. 2014Y also reported that the lack

heat input and material flowhich occursat high traverse tool speed can create flaws in
18Cr2Mo ferritic stainless steel samples during the FSW process. Morisada et al*$»015
showed experimentally by the aid ain X-Ray transmission real time imaging system and
monitoring the threelimensonal material flow during FSW of steel that defects formation on
the advancing side are the result of material stagnation. Gibson et al"2bgdowed that
flaws in FSW is the result of unsuitable welding parameters and the source of surface

breakingflaws comesrom surface oxides penetnagjinto the stirred zone.
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Figure 2.24: Void formation estimated from ALE model'®®

Figure 2.25: Defects found in FSW of 6mm DH36 steé&f’

Workpiece geometry caaisobe a challenge especially highaterialthickness Seaman and
Thompson 2011%? investigated challenges in FSW of thick steel and found that
possibility of defect formation in the weld joints increase with increasing workpiece
thickness due to the increase in thermal diffuslmtance. As the tim diffuse heat by the

tool into the depth of workpiece is insufficient to create a uniform distribution of temperature
throughoutthe thickness of the weld, isotherms will developed inside FSW regiathisin
case the top of the waslece around the tool shoulder is expected to experience better stirring
conditionsthan the bottom of the weld, thus the possibility of defects formation such as
wormholes will increase The authorsattributed defects talack of forging forces or the la
imbalance Defectssuch as laclof-fill were also found in thick steel jointehen the tool
rotational speed and axial force increjssausing a loss imaterialsupport behind the tool.
Reducing heat input by increasing weld heat extraatiomcreasg the shoulder radiusas

been suggestad order to constrain the stirred material.
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The effect of dependent welding parameters such as welding forces on defect formation has

also been investigateim et al. 2006***!

studied the effects of plungertes on FSW of
aluminium die casting and found that increasing plunge downforce sesutiproved weld
quality . They found that excessive haéaput increasethe possibility of flash formingvhile

insufficientheat input or abnormal stirring caausea cavity defect.

Despite the existencef defectsin FSW joints, the process is still competitive to fusion
weldingtechnique such as SAWAn example of that is found ia study carried out on FSW

of DH36 steel in which fatigue resistanaeFSW jointswas reportedo beacceptable anoh

the range of standandelded jointsdespite theexistence of defectd. Threadgill 20074
investigated flawsassociatedwith FSW and did not consider them defects as the FSW
sampleswere still meeting the mechardl test standards. Information about quality and
acceptability of flaws in the metallic structures can be found in the B8tastdardinstitution
7910119,

From previous workt can beconclude thatinsufficient heat input during the FSW process
wasthe main reasofor defects. High welding speed can cause a takaterial flow and
thus a stagnant zorman format the probe advancirtgailing side. Excessive heat input can
cause defects such as lamkfill coming mainly from losing material supgoon the trailing
side of the toolExcessive contact time with high rotational speed can daatddssing, flash
formation and tunnel defects.Controlling material thicknesswelding parametersand
choosing the suitable tool shape and sizealhnontibute tothe production ofin optimal

defectfree joint.
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2.14Residual stresses

Residual stresseme one of the problesrassociated wittvelding, theyare lockedin or self
equilibrium stresses found in manufactured proslesten with the absencef external
thermal or mechanical loads’. Local volumetric changes in the product are detected as the
main cause of residual stressesl weldingis anexample ofa process which can result in
these wlumetric changes. It igorth notingthat the maximum value of residual stresses is
always locatequst below the yield stress of the produdthen residual stresses exceeds the
yield point therplasticdeformationoccursin the form of distortionThe thermal cycleluring
theweldingprocess including faing, reaching to a peak temperature and then cooling down
to the room temperature can develop longitudinal arahsterse residual stresses
concentrateé in the welded regionThe highdegree of longitudinal tensile stresses in the
weld joint are usuallybalanced byan adjacentregion to the weldd in the form of a
compressive stress as shown in Figei&6 [*'9. Longitudinal residual stresses in the veeld
joint can cause a reduction in the component performance or even an early @ihee.
detrimenal implications of longitudinalresidual stresses afailure by brittle fracture as a
result ofdimensionainstability orcrazing(crazing is a brittle mechanisms leading to lthe
ductility) due to distortion.The existence oftompressive surfaceesiclal stresses ira
componentcan also béeneficialas theycandelay the damage caused by fatigue or creep.
[117]. Compressive residual stresses are less hatirdalthe longitudinalresidual stresses

however, excessive values can result in a reduatibuckling load**”.

Figure 2.26: Residual stresses associated with FSW process, Longitudinal (red colour),

transversal (blue colour)**®
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2.14.1Method of measuring residual stresses

There are many method$ estimaing the residual stresseswelded joints some of them are
destructivesuch as hole drilling"” andthe Cutcompliance techniqué!®, othes are non
destructive(ND) such as XRBsin? 228, Neutron diffraction™¥ Synchrotrondiffraction
[120 andthe Ultrasonic wave techniqué®? Other techniquemclude numerical analysis such
astheFinite ElementMethod FEM based aatransient Lagrangian framework with cplax

nortlinear andysis.

2.14.1.1Numerical methods validated by experimerdl results

Camilleri et al. 20152 carriedout experimental measurements fioe transient strains and
temperatures associated with FSW of 6mm DH36 steel to validate a numerical analysis
employed to estimate the residual stresses. Several welding parameters were applied and
compared regarding the developed residual stresses, these parameters including a slow weld
(200 RPM, 100mnmin) with plunge force of 40KN anda faster weld (400RPM,
300mm/min) with plunge force of 55.4KN. Transient temperatures were measured by
inserting thermocoupled0Omm away fromthe SZ. Strain gae rosettes fixed next to
thermocouple positions were employed to measiuedransient strain produced during the
FSW process.Heat generated during welding was calculated from frictional/plastic
deformation and applied as a heat flux at the tool shoulder/workpiece interface and as a
volumetric heat input at theol probe parts. As the FSW tool was not included in modelling,
50% of the heat generated was applied on the workpiece as the other half of theabeat
assumed to be absorbed by the tiakasfound that tensile longitudinal residual streszses

slightly higher than steel yield stress at room temperaturdhasmavasinterpreted as a result

of phase changes and material hardening. They also found that in the dhsefaster
welding (traverse¥peed the longitudinal residual stresses are decreased due to less heat input
while the transverse residual stresses areasgd as a result of higher plunge forcesthad
thermal gradient through the workpiece thicknétssas suggestedhatan optimal FSW joint

can be produced by controlling welding parameters including tool rotational speed, welding
speed and plunge force

Colgrove et al. 2008% carried outaa series of different weldsn 4mm DH36 including

SAW, SAW with DCGasMetal Arc Welding (GMAW), autogenesis laser, and laser hybrid

welding Residual stresses wesstimatedusing FEM numerical analysis and congzhwvith
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neutron diffraction techniqueesults Laser welding showed the lowest amount of distortion
whichwasattributed to the lower amount of heat inptit

Chen and Kovacevic 2006*¥ calculated the residual stresses during FSW of aluminium
alloy 8061-T6 by using a 3D FEMThe heat generated was based on the frictional contact
between the tool and the weldedatel. The work also includethe effect of welding
parameters on the residual stress variation. The total strain tensor in the mechanital mode
was estimated to take into account the elastic, plastic and thermal dffectsreportedthat

the maximum temperature gradients in both longitudinal and transverse directioms we
positionedjust below the FSW tool shouldperiphery.Residual stress werealsoincreased

in the weld and clamp zones when the rotational speed decreased. Reéleadargping was

foundto also decrease the size and affe#fdhe distribution of residual stresses.

Feng et. al. 200%?°" modelled the FSW of AI606T6 using a thermomechanical model
including metallurgical phase changes induced during weldihis Work relatedthe yield
stress to the hardness change duthegcooling cycle in theSZ and HAZto estimate the
plastic flow stress. The heat generated inntleelel was based on the phenomena of frictional
heating.It was foundthat welding parameters and material softening during welding is the
main factors which control thresidual stresses distributionthe weld joint.

Some advanak work on estimating m@dual stresses in FSWbints incorporatedthe
mechanical effects of the FSW tool in addition to the thermal efBedfa et al 2009 [*2¢
calculated residual stresses in F®Y\AA7075-T6 usingan experimental procedure based on
the cutcompliance methdology and numerical analysis based on continuous -rigid
viscoplastic FEM on a Lagrangian framework including the mechanical effects of the tool on
the workpiecelt was reportedhatthe source ofesidual stresses FSW isnot onlyfrom the
thermalload but alsofrom the mechanical effecA good agreemenivas foundbetween

numerical and experimental resultg®

Modelling by only FEM usually requires an explicit input for heat whichis normally
calculated fromthe frictional/plastic equation as a hefix or volume flux. However, the
complexity of FSWneed a robust method such dse CFD technique to estimate heat
generation during the FSW processdditionally there arethe issuesassociated with
Lagrangian analysis including mesh deformation asd Hieerror in estimating the residual
stressearising fromthe fact that dynamic recrystallizatigtaking placen the SZ as a result
of high temperatures and strains rate pesult in partialstrain relaxatiof**?. Some work
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has been reported wam hascalculaed the temperatureusing a CFD technique and then
transfered the data intean FEM model to ckeulate the strain andesidual stressé¥*”. The
numerical analysis applied t@luminium alloy 6061lused a coupled system tfe CFD
module wih steady state Eulerian mujthysics FEMwith a sticking/slipping assumption
between the tool and workpiece. Thermal history calculated from CFD was transferred to the
elastoviscoplastic model to calculate strain and stress regdtom thermal expanen. They

found thatthe tensile longitudinaktress value was lessanthe 50% of room temperature

yield stress at room temperature aisgo its profile is converted to compressis&essjust

after the HAZ and shear layer.
2.14.1.2 Non-destructive expeimental methodsbased on Xray diffraction
X-Ray Diffraction (XRD) - Sir?

XRD measurementtave beenusedwidely in the last decade® calculate the residual
stresses in the weldints 12?128 The Sir? -XRD technique isonesuch method which

measires stresses im two dimensional direction .@. only on the top surface of the sample

under test) without the neefbr measuring the straifiee lattice spacing**. More
information about methods of obtaining the stifage lattice spacing and facsoaffecting the
accuracyof theremeasuremestcan be found if*?3. Figure2.27 shows a schematicrawing

for the location of IRSODQH VW UH V VY TEeQaBicéspad® dxhgkl) can be
accurately determined when theR&ay beam hits the clean flattered surfacetloé FSW
sampleDW DQ LQFLGHQW DQJOH Y WKH DQJOH ferawdzieHQ W I
QRUPDO RI WKH GLIIUDFWLQJ ODWWLFH SODQHV % FDQ EI
be calculated according to Braggs la8in’ L Wne ofa multitude of Xray measuring
techniqus used previously to measure theplane residual stsses in the thin films and also
closeto the surface of polycrystalline materi&&*34,

Figure227 7KH ORFDWLRQ RI| %laDesiessesFR'E'WKH LQ
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The principle formula for XRD stress measurementrche written a&?3:

)

Where E andi are the elastic modulus and poisons ratio of the base metal normal to the (hkl)
orientation respectively..ds the lattice spacinin the stress free conditio di Wis the inter
planer distance (d spacing) astrained material in the direction of measurement defined by

the anglesl f « TW. & is Stress in the Xlirection andé; is Stress in the Alirection ."

The angle between faxed direction in the plane of the specimen and the projection in that
plane of the normal to the diffracting lattice plah&W The angle between the normal of
the specimen and the normal of the detracting lattice pl&ries

Thesin? W H F K Qk Beémuged successfully it to estimate the residual stresses in SiC
samples in 2dimension. They found that simple surface treatment has created a complex
residual stresses in the nearface regiort®?. Residual stresses of FSW HSI65 steel
grade have been measured a8 dimensionsy synchrotron Xray diffraction SXRD**3,

It is found that residual stressiesa friction stir weldare sensitiveto the traverse speed and
alsoto FSW tool materialWeldingwith a W-Re tool with increaag traverse speed caused a
decrease in the width of tensile residual stresses wherd&éS\Vihusingthe PCBN tool the
effect of traverse speed increase waby slight with regardso thewidth of tensile residual
stresses. In all FSW cases the maximumsmesl tensile residual stressesr@found just
outside the HAZ and its value is below the room temperature yield stress. The phase
transformationoccurringduring the FSW of steel was found notaffect the residual stress
profile. Welding witha PCBN tal has resulted in lower values of residual stress cordpare
welding by WRe tool; this was attributed to the higher thermal conductivity and lower
coefficient of friction of the PCBN tool whicthasresulted in lower temperatureg the
tool/workpiece iterface.The same effects of decreasing heat input (traverse speed increase)
on reducing the width of the tensile residual stresses was reportédrpard et al. 2009
(34 in  work carried out on measuring the residual stresses of FSW AA3888 using
SXRD techniqué™4.
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From the previous demonstration work carried out onrmeasuring the residual stresses in
FSWjointsit can becan concludeé that:

x Non-Destructivetechniques such as usingrXy are effectivefor measuing residual
stresses in wdédjoints without the neetbr expensive numerical analysis.

X Increasing tool traverse speed causedecrease in the width of tensile residual
stresses due to lower heat input. Also using tools with high thermal conductivity and
low coefficient of friction such as PCBNool resultsin lower temperaturest the
tool/workpiece interface and thus lower residual stresses are expected in the weld

joints.

2.14.2Sin”% 0 H WLKrRt@&tions
Despitethe accuracynd simplicity of XRaysin® % 0 H W K R @e foMwikgDirditations

x The method is sensitive to surface conditions and nonlinearities’ &, but it can
give an accurate result if the conditions of testtand sample preparation are
standardsed

x It takes a significant amount of time ¢alculate residual stresses in a specific location
on the wel@d jointsurface.

x This XRD technique cannot measure the stresses in the depth of the gauoiple
surface)so a reduction in the sample thickness has to be done in order to estimate
residual stresses in tkab-surfacedepth.

x Another source of errors could come from XRD instrumentipeand diffration peak

measurement. Furthermore, errors can come from the inaccuratye obnlinear

relation between -dpace and due to indepth stress profile and grains
interaction*?3,
x XRD- can give errors fnm using improper elastic modulus E gmuisonsratio

# GXH WR WKH DQLVRWURSLF HODVWR.LF SURSHUW\ RI |
X Sample sizean also be limited as th&ab XRD equipment canonly accommodate

relatively small sample€utting welded sampleso that they can be accommodated

into the XRDequipmentmay lead to relaxation of residual stressesl@sonstrated

by previous work3d: (13711138
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2.14.3Effect of Sectioning on Residual Stresses

Altenkirch et. al. 2008 has studied the effect of sectioning on resstiiess relaxatiom

7449Al alloy. The outcome otheir study is shown in Figure.28, the relaxation of
longitudinal residual stresses as a function of fractional length across the width of the welded
plate is clearly evident from this figure.

Figure 2.29 shows variation of lngitudinal residual stresses measured at the weld centreline
as a function of fractional length of the plate. When fractional length of the welded plate is 0.4,
very little relaxation can be obserdt in longitudinal residual stressesAt 0.1 fractional
lengths, theresidual stressemre 4@% of the originalongitudinalresidual stresses. Altenkirch

et al.®" described the relaxation behaviouresgidual stresby the following expression:

~ “ « f) 3 <ia
Gonds &SF 138 @%‘A’? 2.7
ZKHUE 3lare stresses before and after sectiohiagdlciax are the, remaining length
and lengthof zero residual stissesespectivelylqharis characteristidength afterno change

occurs in the residual stresses distribution in the weld. joint

Figure 2.28 The effect of sectioning on RS relaxation in 7449Al alloy*” "%

Hor
4_

Fo ¢

Figure 2.29: Variation of longitudinal residual stressat weld centreline as a function of
fractional length of the 7449Alwelded plate!*¥"?2,
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2.15Measuring the FSW Temperature Experimentally

One of the most important factorstime FSW process is to monitor the exaatperature in

order to control the tool wear/breakage and obtain high quadtgct free weldd joints.
Experimental determination of this temperature in the workpiece/tool contact region during
the friction stir welding process is usualldifficult due © the process conditions
Thermocouples (TC) whicareusually used for that purpose cannot be placed in the stir zone
region becausthey will be damaged or displaced by the deforming materitde SZbefore
recording peak temperatures, leading to ua@er measurementsThermocouples(TC)
attachedo the top surfacef the parent platadjacent to the edge of the stir zone are often
severed by extrusion of the flash from under tbel shoulder before reaching peak
temperature Using a thermal imaging amera for measuring the temperaturethad work-

piece during FSW is also difficult and canpobduce useful information. This Ieecause the

field of view of the camera can be restricted by the presence of a gas shield tq frpply
example,argon to theweld area, and the presence of clamps to hold down the workpiece.
Also, the camera has no direct view of the tool itself, and measuring the temperatures on the
surface of the plate adjacent to the weld area gives data that are unrepresentative of the
internal weld temperatures. Finally, the emissivity of the tool can change significantly during

the welding process and thus calibrating the camera accurately is also a significant problem.

Attaching TCsto theFSWtool shoulder and probe through holes ssameffective method

to monitor the temperature of tool/workpiece interface. Fehrenbacher et al*¥btdrried
outthis experimental method to record the temperature of FSW of aluminium by inserting TC
through holes made side the tool shouldefprobe end and with a direct contact witlihe
workpiece.Ilt was foundthat duringa single rotatiorof the toolthere are different readings of
temperatures on the tool shoulder and prabehigher temperature was recorded on the
advancing trailing side of theal compared with theetreating leading sidd hey also found

that temperatures recoded on the tool shoulder can exceed the melting point of aluminium at
specific welding conditions.The tmperaturedistribution wasfound sensitive to tool
transverse spedeand plunge depthiHowever, for welding stéealloys which use a brittle
ceramic refractory toolthis technique is not appropriateéhe welding machine (PowerStir)

for high meltingpoint alloys using hybrid PCBN is providedith a telemetrysystem for
monitoring tool temperature during the FSW process as shown in Fxfirelowever, TC

attached just behind the PCBN tool pa#nnot represent the actual temperatures in the
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tool/workpiece interfacend is mainly designed to protect the tool frdme tempeatures

change which can causgcessiveool wear orbreakagé™.

Locatinga TC away from the SZ can give errogsie to the difference in heat transfer
mechanismbetweenthe SZ (convection)and the adjacent regio(rmonduction)[6°]. Soitis
beneficial b find aternative methods for estimating FSW temperatatdke tool/workpiece
interface

This project is suggesting new methods for estimating peaks temperatures of high tool speeds
during FSW depending on elemeahprecipitation/segregation which witle described later.
Despite the fact that the suggested procedansidersheating withoutonsidering thestrain

rate effect, it can give sasonabl@pproximation as the strain rate is likely to affect mainly

the incubation time of phase transformatand elemental precipitation/segregatiorsiaswn

by previous Worl761 [140] [141] [142] [143] and [144]
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2.16 Summary of Literature Review

As highlighted inthe literaturereviewthere has been a great dealafrk carried out on FSW

of light alloys such as aluminium batly limited research has been carried out on FSW of
steel. Much of the previouswork has been focused on feasibility of FSW in term of
mechanical properties, microstructure and defecthe welded joints. Welding paranters

were correlated with tool type and geometry and also with workpiece material and thickness.
Defects have been investigated and correlated to independent welding parameters such as tool
rotational/traverse speeds and plunge depth. Temperatures dhen§SW have been
measured mainly by TC and also have been estimated from different types of numerical

analysis.

The research carried out for thisesis has focusemh CFD mathematicaimodelling the FSW
process of two grades of steel used in shipbuildihgchvare DH36 and EH4@.he research

has then sought to validatee methodicainodelsby experimental measurementstthAZ and

SZ sizeswhich werethen comparetb numerical CFD result3he work has also attempted to
determine the peak temperature, acbéevuring FSW bymicrostructuralexamination of
welds SZ looking at the onset of precipitation of second phase particles and for evidence of
segregation of certain elementShe tools cut-off speedsat which no elemental segregation
havebeen introduced in this workhe mechanical properties suchmagro-hardnesstensile

and fatigue and also microstructural evolution of the weld joage beennvestigated

extensively. New possible defettavealso benintroduced with suggestions &woid them.
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3 Numerical and Experimental Procedures

3.1 Introduction

This section descrés theexperimental and numerical mettsoghich havebeen appliedo

the weld joints under study.

Experiments have been carried out in order to assess thesdvgohts in term of
microstructurecharacterisationevolution and elementgrecipitation/segregation testising
Scanning Electron Microscope (SEM) athergy Dispersive Xay gectroscopy based SEM
(EDS-SEM). Infinite Focus MicroscopfiFM) has also been employéal measure the size of

the SZ and HAZ. Tensile and fatigue te$igve been carried out &xamire the mechanical
propertiesand performance of the welded jointdeat teatments irthe temperature range of
1000C-1500°C have been applied in order to understand the phase transformation and
elemental segregation/precipitatidfinally X-ray diffraction has been uséd measure the bi

axial residual stresses of the wedijoints by usinghesif  WHFKQLTXH

Thermocouples have beembedded in different locations inside the plate includiegop

and bottonof the platesurfacedo measue the temperatures during the FSW process.

A numericalanalysisbased orthe steadystate Eulerian frameworkas been employed to
simulate the FSW of 6mm DH36 and 14.8r&id46 platesANSYS code FLUENT software

has been employed due to its ability to solve equations of momentum, mass and energy.
FLUENT software is alsaiseful when analysga high deformation, high material flow and

high strain rate process such as FSW.

Threedifferent models have been used to calculateheat generateat the tool/workpiece

interface:

X Input torque model
x Sticking/slipping model and

X Fully stickingmodel
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3.2The Friction Stir Welding Machine and Samples &es

7:,1V 3RZHUV WL U E asbsho iR ikig@&11 has been used to produce all the
samplesused in thisstudy. Themachine wasspecifically designedt TWI/Rotherhanfor
welding thick sectionand high melting pointnaterials. The machine is a moving gantry
design and has been built to withstand the high forces with minimal structural deflection. The
unique features of this machine are its large working envelope, a removable worktable for the
accommodation of very large components, a very high torque capability and a secondary
welding head mounted diametrically opposed to the primary welding head for simultaneous
double sided welding.

Figure3.1: 7:,1V 3RZHUG6WLUE ) 6Cofrtedy KTQWH Image No. SYF001357)

The machine is instrumented to measure all primary process parameters (forces in three
perpendicular directions, spindle torque, rotation speed, travel speed etc.) and can operate
under force, position or height controAdditional sensors, e.g. thermocouples and strain
gauges can be added if required. The machine has full CNC capability with all axes fully

programmablgspecifications are shown in Tal8el
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Table3.1 7:,1V 3RZHUG6WLUE )6: PDFKLQH 6SHFLILFD

Working envelope 6000 x 3000 x 500mm
Upper head

No. of axes 8

Spindle power 132kwW

Spindle Speed continuous 0-1000RPM

Axes traverse speed
Max. Spindle torque

0-3000mm/min
2480Nm @ 500RPM

Z force 0-150kN
Force on X and Y axes 0-100kN

A and B Axis tilt +15°
Lower Head

No. of axes 4

Spindle power 60kwW
Spindle Speed continuous 0-1000RPM

Axes traverse speed
Max. Spindle torque

Z force

Force on X and Y axes
A and B Axis tilt

0-3000mm/min
1130Nm @ 500RPM
0-100kN

0-100kN

+10°

Whencarrying out welding on steel the machine is generally opkmatposition control to
ensure full penetration artd eliminate the possibility of a root defect. Argon gas shielding
has been used during the FSW process, primarily to protect the tool from oxidation but this
has the benefit of also improving the weld surface finish. Weld temperature also can be
monitored bti TWI tends not to use this parameter as a control mechanism because of the

slow response times and system hysteresis.

The current project imainly dealing with FSW obmm thick plate®f a DH36 grade ofsteel
The feasibility of FSW of 14.8mrthick plate EH46 grade was also studiedl PCBN FSW
tool with probe length of 5.5mm hdmen usedor welding 6mm plates whilthe PCBNtool
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with 12mm probe lengtthas been used for welding EH46 14.8mm pléti@sensionf both
tools wee givenin Table2.2). A variety oftool rotational and traverse speedsre applied to
study their effects on heat generation and defects formd&ionge only FSWig hasbeen
carried out on the EH46 plate with varying plunge depth and rotational sspeecdder to

study the #ect of these parameters on heat generation and microstructure evolution.

All plates under study have beémmly fixed by clamps, mild steel and;@rades were used

as baking plates.

Tool torquewas calculated by multiplyinghe spindle motor torquéecorded byPowerStir

FSW machingby the transfer ratio of conveyor as in the following equatitii™
[ caak 64 % zavaxeg (3.1

WhereMspingiels the motor spindle torque N.m, TRC is thensfer ratio of conveyor which is
equal to 0.38.

The relationship between torque and shear flow stressftslowing®”:

| Lm0 (3.2

laByuriie

Where i is the flow shear stiss Pa.,My is the tool torque (N.m)VOlontact iS the

tool/workpiece contact volume (f
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3.3 Experimental Procedures
3.3.1 Metallographic Examination

Microstructual evolution and grain size analysis of the PM, SZ and HAZ can be determined
effectively by metallograph techniques. FOBEM andmicro-hardness tests, all samples were
mounted inconductve Bakelitefollowed by grinding and polishing alpm finish. Emerson
etching by 2%Nital (a mix ofMethanol and nitric acid) has been used to reveal the

microstructure and grain boundaries.

The average grain size numherthe PM, SZ and HAZas been determined according to
ASTM E112 standard test and depending on tharMsenear Intercept Method (ML,

The technique of MLI consistef drawing a random line across the metallographic sample
and counting the number of grain boundawndsch intercept this line. At least three lines of
intercept must be applied to obtain an accurate result. The equation of MLI can be represented

as following!*®!

A
@l (3.3)

Where, @ the grain size number in mm which is converted to the actual grain size by using
tables provided in BS EN ISO 643:2003.

L- line length in (mm)

N- number of grain boundaries intercepted by the drawn line.

73



3.3.2Scanning Electron Microscopy(SEM) and Energy Dispersive SpectroscopyEDS)

SEM and EDSSEM was carried out on the polished and etched (2% Nital) FSW samples
usingthe FEI Nova Nano SEMTheexamination includethe surface othe SZ,the HAZ and

the PM. The SEM produced high quality and high resolution images of micro constituents by
employingthe Secondary IEctron (SE) imaging mode witan accelerated voltage(10k\-

20 kV) which givesrelatively high penetration. The working distance (WD) uses 5 mm

but in some cases altered (decreased or increased) to enhance the contrast at high
magnification. The main ainof the microstructural examinationis to generateclear
informationaboutphasesvhich can be founth the weled joint and use that imrmation to
understand and predict theelded jointsmechanical properties. Another aim is to gatietia

to identify unsuitable welding parameters which can create defects andffeatthe process
integrity. EDS-SEM examination is mainly used to analye chemical composition of
elemental precipitation/segregati@pot analysisKoint and 1D has been employed to reveal
material elements on a small location in the scanned SEM image whereas, mapping technique

has been used to analyse the whole scanned SEM image.

3.3.3 Calculation the percentage of Boronitride (BN) and Titanium nitride ( TiN) in
EH46 welded joints

The fraction volume oBN, which comesfrom the PCBN FSW topland TiN precipitates
found in the microstructure ofTMAZ of EH46 welds joints ere calculated by the aid of
SEM scanning. 1mfarea between shoulder and probe $ldd-W7) and 1mri from the
middletop of SZ of W8 and W1as been scanned with maximum magnificatioX ©000.
Thefraction volumeof BN particlesand TiN precipitates hdseen measured manually using
a squaregrid. Thenumber of ingérsections of the grid fallingn the BN patrticles are counted
and compared with the total number of points laid dokigure 3.2 shows an example of

applying grid on SEMmage.

Figure 3.2 Applying grid on SEM image for calculating the fraction volume of BN particles in
EH46 steeljoints.
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3.3.4Infinite Focus Microscopy (IFM)

The Infinite Focus Microscopy IFNAlicona) has beeremployed to create accuratgtical
light microscopyimagesof the weldd joint and FSW tool The IFM is a device based on
optical 3dimensional measuremanivhich has the ability to varying the focus in order to
obtain a3D vertical scanad image of the surfacéhe scaned area of interest can be
transfered into a 3D imageby the aid of Lyceum softwardhus the surface arezan be

calculated accurately.

The 3D images obtained fthe PCBN tool wereemployed in designing an accurate shape
andsize forthe mathematicalFD model| whereasthe2D images ofvelded jointsvereused
to compae the SZ and HAZ sizewith the CFD results of viscosity and temperature cantors

respectively.

3.3.5Micro -Hardness Measurement

Measumg the hardness can give a reasonable estimatitreqfhase transformatidghat ha
occurred followingFSW without examining the morphology. Hardness was measuredausing
Vickers micrehardnessestingdevice (HV)by applying 300gf load witla diamond indenter.
The measuremesmtvere carried out along the horizontal and vertisarfaces of the FSW
samples erossthe transverse direction with increments of 0.5 mm as shown in Figue
The measurements were carried out on the PM, SZ and HAZ and repeatedor

consistency andccuracy.

Figure 3.3 Micro -hardness profiles (horizontal and verticalin red) across the transverse
direction of the FSW weld joint.
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3.3.6Specimen Peparation (FSW DH36 Steel) for Tensileand Fatigue Tests

The mechanicatestspecimens from the DH3BWS steel jointsweretaken from the steady

state region of FSW. AutoCAD drawisgas shown in Figure8.4 and Figure3.5 were
produced in order to determine the steady state region of the FSW so that material from this
region could be examine@he sample dimension for fatigaad tensile testingccording to

EN-BS 895:1995 and BS 7279 are shown in Figure 3.6.he mechanical test specimens
werewater jet cufrom the aswvelded platdéo minimise mechanical damagdehe diameter of

water jet was 1mm with £0.2mm toleran&hotagrapls of the sample plates after wajet

cutting are showrn figure 3.7 and fgure 3.8. Thetensileand fatiguetestingapparatus are

shown in fgure 3.9

The tensile test samples were taken from the steady state region according to the British
Standard ENBS 895:19952. Six samples were tested, (2 parent metal sasfaken in the
direction ofrolling for the best estimation of tensile parametersasaimples from the steady

state welded zone in a normal direction to the welding). These tensile samples were tested at
the test facility at Zwick/Roell company in Germany. The tensile test speed was 00067 s
and speed yield point was 30 MPalfe test wa performed usin@pydraulic grips 250KN.
(Machine Schindler Z250, test speed B, speed yield point 30 MPa#pddar MPa, test

speed 0.0067 1/s The dtimate tensile strengtl®).2%yield stressYoung{ Modulus and the
reduction in area were the main factors determined in the tensiledadtagainst Eension

was recorded to failure for each sample, thus the ultimate and yieldestiess determined

by dividingthe load bytheoriginal cross sectioal area of the sample

Four samples taken from each plate were prepared for the Fatigue test based on BS 7270
standard. The sides of samples were polished in the longitudinal direction to reduce the effects
of any sharp edges thatt as a stress conceatton The load set of 0.8 of the yield stress
maximum of 305.6MPa and minimum of 30.56 MPa, mean stress=168.1MPa and
amplitude=137.5MPa were us€d Stress frequency was kept constant at 10Hz during the
testing programResults of tensile and fatigue tests will draployed to estimate the success

of the welds joints.
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Figure 3.4 An AutoCAD designfor the samples of thelO0Ommplate beforethe water jet

cutting process all dimensions are in mm.

<4——— Steady State ———

Figure 3.5 An AutoCAD designfor the samples of the 500mm plate before the water jet cutting

process, all dimensions are in mm.

Figure 3.6 The dimensions of Tensile and Fatigue sample (in mm) conducted based on-BN
895:1995 and BS 7276tandards

77



Figure 3.7: A photograph of the 1000mm plate after watefjet cutting.

Figure 3.8 A photograph of the 500mm plate after watetjet cutting.

Figure 3.9 Tensile and fatiguetesting machine.
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3.3.7ThermocouplesSetup

ThermocouplegTCs) K-type (Imm diameterDmega manufacturerere inserted in blind
holes (Imm depth) inside the plates and fixed firfayy using high thermal conductivity
cement(OB-700). Thhee TCYV Z &itddHed to théottom of the6mm thick DH36 platein
the steady state period at locatiass shown in Figur8.10 In the EH46 plate TC  Were
attachedto the top surface of the plat 29mm away from the tool centér Plunge and
steady state cases as shownigure 3.11 and fgure 3.12 respectively.lmage of the EH46
plate including plunge/dwell and traverse steady $t8is shown inigure 3.13.

Thermocouples

<+ 160mm —p

50mm 50mm

<> <>

Figure 3.10 Thermocouples locations at the bottom of 6mm DH36late.

Shoulder edge

Line of cutting

Plunge region

TC location

Figure 3.11 EH46 thermocouples location W1 to W (plunge/dwell period) at the top of

the plate surface all dimensions in mm.
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AS

Figure 3.12 EH46 W8 to W10 showing thethermocouples locationat the top ofthe plate

surface all dimensions in mm.

5 6 7

Figure 3.13: EH46 steel, 14.8mm plate thiclwith different plunge and weld conditions. six

Thermocouplesare set uparound each weld, as shown in figure 3.11.
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3.3.8Heat Treatment of DH36 and EH46grade steelas received

Heat treatments in the temperature range of 200@ 1500°C with different holding times

from 0.515 minand cooling rat®f 30°C/s (hot oil at 150°C quenching)as shown in Table
3.2havebeen carried out on as received DH36 and Estédél grades order toexaminethe

grain growth of austenite grains and eleraésggregation/precipitatiotmat occur in the steel

A relationship between the elemental segregation and temperature has been studied and
related to the segregatiovhich occus in FSW at high tool speedA. Strain rate effect was

not included in the heat treatments as the maximum temperat@&eeblesimulator hot
compression tesdoes not exceell10°C and the current heat treatments are mainlhén
temperature ranges between1400°C-1500°C. However, it is expected that strain rate will
affect mainly the time of phase transformation and eleahgriecipitation/segregation as

demonstratetly previous work’® % andwill be discussed later.

The precipitation ofiN has beerstudiedby carrying out heat treatmeria EH46 steel grade
at 1250°C and 1400C with holding tims of 30sec and 1mifollowed by different cooling
rates including quenching in water (38Q/sec), oil quenching (8G/sec), hot oil quenching
(oil temperature is 158C) (30°C/sec), air cooling (/sec) and cooling inside the furnace
(0.35°C/sec).

6 mm cubic samplebave leen preparedrom as received DH36 and EH46 steel grades
followed by grinding and polishing, eadteat treatment at specific peak temperature and
cooling rate vasapplied forthreesampledor consistency andccuracy.

An electric furnace witla maximumtemperature of 155 and heating speed & 1C/9 was
used for the heat treatments. For checking the furnace accurasyK-Type have been
attached to samples surfaces in one end and toharfhel thermometer daliagger (Omega
HH1384) in another end. MRe TCK-type has been used to check the higher temperainires
a rangefrom 1200°C to 1500°C.
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Table 3.2: Heat treatments of DH36and EH46 in the temperature range 1000C to 1500°C. Note:
Maximum holding time for DH36 at 1450°C is 10min

No. of samples Temperature °C Holding time min
3 1000 0.5
3 1000 1
3 1000 2
3 1000 3
3 1000 4
3 1000 10
3 1000 15
3 1130 0.5
3 1130 1
3 1130 2
3 1130 3
3 1130 4
3 1130 10
3 1130 15
3 1250 0.5
3 1250 1
3 1250 2
3 1250 3
3 1250 4
3 1250 10
3 1250 15
3 1300 0.5
3 1300 1
3 1300 2
3 1300 3
3 1300 4
3 1300 10
3 1300 15
3 1400 0.5
3 1400 1
3 1400 2
3 1400 3
3 1400 4
3 1400 10
3 1400 15
3 1450 0.5
3 1450 1
3 1450 2
3 1450 3
3 1450 4
3 1450 10
"3 1450 15
3 1500 1

" Only EH46 samples
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3.3.9Residual Stresse#/leasurementusingthe X-ray Diffraction Method

The residual stresseteveloped as a result of FSW processe been measwaising the

EmpyreanPhilips XRD device, asuming elastic isotropy in the individual crystallite dimai

the stress is independent of the orientationbthrial stress equation can be writtert'&8:

(34)

Biaxial surface stresses can be calculated from the above equations and determined directly

from the slope ofl m@and

The method can be summariseda®ws !

1-
2-

128].

Carry outnormal scan to reveal the material peaks.
Choosea high peak anglé D(such as 82.3if it is ferritic microstructurg¢ to increase
the accuracy as-Ray follows a sin relatiorrepresented bBraggBrentanoequation
AaLt@OEJD (35)

Where Dis the Bragg angle andwave length of XR used (Braggs Ia\W/?a. The
peakshouldalso be well shaped and have a high intensity single diffraction peak (not
overlapping with diffractions of the substrate material).
Choose a range ofangles (the angle between sample surface andirc@ent X-
Ray) for the samet Bangle by using a computer controlled Omeggaiometer for the

% WLOW
For the selected diffracth peak range and for eadkvalue, carry out a scan of
(AF tB) with a small step size and step period. Whaie the angle between the
incident Xray beam and the specimen surface.
Determine the peak background, stoggt .. WR VPRRWK WKHn@Bd¥®O N F XL
the accuracy.
To determine the peak angte D; location using the full width at half maximum
(FWHM), this is done by finding the maximum intensity value and deténgithe
peak limits :t B5=J @B;; from the curve referring to the half maximumensity and
finally getting the peak angle from the following equation:
tbDL ravtb E tby; (3.6)

Conductthe above for all curves and convert them into an Excel data sheet.
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8- Calculatethe angle% WL D F A and dspace using Braggs law.

9- Assuming plain stress (biaxial surface strdsg)reatingthe following equationas a
linear functiort*?3:

[ ] (3.7

The residual stresses can be calculated by the linear regression where the slope will be
the residual stress value and the intercept will represent thiaftiee space.

10- Repeat thaest for different points on the sample to get the residual stress distribution
along the weld.

3.3.10X-Ray Diffraction -Scanning

X-ray diffractionusingthe Empyrean PhilXRD has been carried out on the FSW samples
for the following purposes:

X To rewal the as received sample phases to allow for the detection of any phase
changes in the steel following FSWing.

x Detecting other additional phases, elements or/and oxides which may appear in the
weldedjoints.
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3.4 CFD Modelling of FSW

There has beemuchinterest in modelling othe FSW procesé recent years an effort to
guantitatively describe and predict the effect of changes in process parameters in order to cost
effectively producdigh quality welds with satisfactory mechanical properties.

Many numerical models of FSW have begmeratedor modelling aluminiumalloys °% 4

[148 byt there has been comparatively few produced for FSyteef!®! (161159,

Thedifficulty in modelling the FSW proces®mes from the fact that friction stir welding ba

many variables and challengipgocessparametersvhich makethe model results based on
potentially inaccuratestimationsThe mainchallenges in modelling the FSW process aee th
thermemechanical coupling, high deformation and strain rate, complex material flow, phase
change, sticking/slipping and complex heat exchange between the tool/workpiece and
workpiece/baking plate. In order to alleviate these limitations, many experimental tests have
to be carried out to build reliable equatiomgyich in turn makes accurate modelling very
expensive.

However, companies like TWI dealing with FSMWSsteel, would like to be able to acately
mathematically model the procassorder to reduce theostarising from the requirement for
numerous welding trials which include variation of process parameters such as the tool

geometry, and the rotational and traverse speeds in order toefjabée product.
There arewo types of mathematical modelling whichn be employed to repres&gwZ.

1- Computational Solid Mechanics (CSMhich deals with simulating of solid parts using
basicallythe Finite Element Method (FEM). The naterial matrix isusually represented as
solid and can be assumed\ascoelastioor viscoplastic. The model is usually represedtby

a global Lagrangian frameworwith transient analysisResidual stresses can be calculated
effectivelyby using this typ®f modelling due to the ability to calculate the temperatures as a

function of location and time.

2- Computational Fluid Dynamic (CFDyhich deal with fluids and material flowhe model
is usually represeat by a local Eulerian frameworkn a steady stte analysisThe material
matrix is represented as liquid and the viscosity is represented in the yod suitable

equation in a on-Newtonian form.
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A combination betweethe Lagrangian and Eulerian approastalso applicablean example
of this is found in an improved Arbitrary Lagrangian Eulerian approach (ALE) including

material flow to estimate the residual streddts

3.4.1A Heat Equation for a Moving Heat Source
There are two fr@eworks in which heat equation can be represented

x Eulerian: ,Q ZKLFK WKH )6: WRRO LV UHSUHVHQWHG DV D
Z R U N S lLaktfaHisRepresented asfluid thatflows through the mesh usually &
steady state solutidn"

(3.9

‘-Material densitykg/m?, G, Specific heatl/Kg.K, vx-Velocity m/sin the X-directionwhich

is equal to zero in the plunge ca¥etemperatur and k is the thermal conductivity/m.K.
- Heat generatedt the tool/workpiece interfac€W). - Heat generated due to plastic

deformation away from the interfa¢e/).

Lagrangian: The material of the workpiece follogithe mesh (heat mosevith the tool
along the weld line, the tool is solid and the workpiece is stationary with viscoelastic

behaviour) usually a transient soluti&t

(3.9

3.4.2Heat generated during the FSW Process

There are two main sources of the heat generated during the FSW process, the heat generated

in the tool/workpiece interface and the heat generated from plastic deformation.

3.4.2.1Heat generated due to plastic deformation\way from the interface ()

The plastic deformation experienced by the material away from the tool/workpiece interface
(the effect of tool rotation on the adjacent material) can produce some heat under the effects
of viscous dissipion and can be calculated [&¥:

35L 1 4E (3.10
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ELt Al ErS o6 iS o6l pll 6 (3.11)

& & & e e re —1g

&, Ethe heat generation in fluids which have much lower viscosity (W).
as:non-Newtonian viscosity (Pa.s).

7- a constant has a value (0 to 1 and equal 1 for amigkkd system) and usually used to
reduce the heat generation and make it suitable with the context efibagisity plasticized
materials. It is also a method to show that a small amount of heanesaged due to plastic
deformation.t is considered thahe heat generated from this effez@n be ignored as it only
represergabout 4% from the total heat in FS%.

3.4.2.2Heat generated at Tool/Workpiece hterface ()

Depending on thavailable experimental data recorded by the FSW machine amdrikect
condition between the tool and workpiece, heat geneedtttee interfacevill be according to

thefollowing assumption

X Input Torque taken directly from the machine.
x Sticking/slipping conditionsn whichthe heat is generated due to plastic deformation
and frictional heating.

x Fully sticking conditionswhere theheat is generated mainly from viscous heating.

Thus for each assumption, a model has been established and the results of peak temperatures

have beerwompared.
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3.4.3FSW Model Assumption

3.4.31 Torque Model

The heat generated due to Torque can be representéd as

Heat generated)) = machine efficiency tool rotational speed measured torque

(3.12)

WhereM is the torque (NNm) PDFKLQH HIILFLHQF\ &(r&d/ReR)O URWDWLT
M=Fxr, 3.19

F is the force (N) which can be represented by:
@Livaa@# (3.14

Where A is the contact area?).

So from eqs3.12 to 3.14), the heat generation due to torque can be written as:
N &
3LANaad, @# (3.19
Where g and r are the outer and mer radius of the tool part m.

So foraPCBNtool with a conical shape of shoulder and probe sideheat in wats (W) can

be calculated as:

(3.16)
(3.17)

(3.18)

Ris, Ros Tool shoulder maximum inner and outer radius respectametiyR,, R,, Tool probe

maximum inner and outer radius respectively
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The heat generation ratifogipa) can be calculated by dividing the particular heat of the tool

part by the total heats:

QtotaI: Qshoulder+Qprobeside Qprobend (3- 19

, (3.20

(321)

(3.22)

For a PCBN geometr\R,s=24 mm, R=10mm,R,;=10mm,R,=4mm, the fractional heat for

each part will be as follow:

The Spatial Heat Flux Equations:

Due to the weld type and its dependence on tool geometryehificial to represent the heat

flux as a function of tool radius.

The total heat generated for each part can be represented as follow:

(3.23)

.......................... (3.24)

(3.25)
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So: (3.26)

But from equatiorB.15 heat flux can be represented as:

So (3.27)

So for each part of the tool the spatial heat flux can be represented as:

(3.28)

(3.29

(3.30)

By representing the heat generated from torque for each tool part and applying the values of
tool geometry, the spatial hedtx can be implemented into ANSYS usikfger Defined
Function UDF).

90



3.4.3.2Sticking/Slipping Mathematical Solution Model

Heat flux (g) between the tool/workpiece interfaces is derived frorasin equation3.15

( )

For the sticking andslipping conditions the contact shear stress between the tool and

workpiece can be represented as followig

Sticking (represent the plastic deformation) 3.3Y

Sliding (represent the frictional force per unit area}.323)

W Friction coefficient, P: Tool pressure (Pakontaci CONtact shear stress (P& Tool

rotational speed&d/s)and r is the tool radius (m).

. is theyield shear stress (Pa) and is a function of temperature and can be taken from

previous work done on the same materials typeaor beestimated from experimentalork
such asa hot compression tesfThe yield shear streggpreserts the heat generated from
plastic deformation when multiplied by and generally is calculatédom the relationship

with yield stress as follow™:

(3.33

1 is the yield stresdigure 3.14 shows the variation of yield stress with temperature for mild

steel,
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-is the frictional force per unérea that when multiplied by represents the rate of

frictional heat per unite area. Tlséicking/slipping parametegalues of friction coefficient
and sticking/slipping heat flux equatiean be estimated as a function of tool radius and tool
rotational speed as will be mentionedhe followingsectiors.

A. The Sticking Slipping Parameter between the tool and workpiece

Sticking slippingparameter isa dimensionless parameter which corgrtble contact type
between the FSW tool and the workpiece (0 sticking, 1 sliding and stiskatgg if its value

is betweerD and ).

Previous work hasepresented the sticking [gling parameter as a spatial function depend

upon tool radius a¥”:
UNL BFt8@——AE (3.34)
U Uk

& -7TKH PD[LPXP URWDWLRQDO V SH&tke iRtial WaftidlonwoRile&@ 530
generated from plastic deformation to heategated from friction andR, is the tool outer
radius & LV WKH ORFDO URWDWLRQDO VSHHG LQ WKH FRQWI

This equation has been improved by fitting the measured values at various relative velocities
[47].

o
a

UNLrdErgUBF1is'@d

AE (3.35)

U uEg
Relative velocity values vary from at the tool shoulder periphery to zero at the axis of

rotation.

& FDQ EH H[SUHVVHG DV

AL—2 (3.36)
Ey

According to equatior{3.35) the sticking/slipping parameter variation with the PCBN tool

radius (12mm) is as shown in Figl8d 5
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Figure 3.15 Variation of sticking/slipping parameter with the tool radius. The valuescalculated
from eq. 3.35

B. Estimation of Coefficient of friction during the FSW process

The value of friction coefficienf ) can be estimated by considering the relative velocity
between the tool and workpiece guided by previous work in the field of friction welding of
steel baf®¥. Relative velocity values vary from  at theouter edge of tool shoulder to zero

at the axis of rotationThe previous experimental wordonductedduring rolling of steel

suggested that can be represented [&5]:

(3.37)

- The sticking/slipping parametef0 sticking, 1 sliding), + Tool radius(m). - is the
initial friction coefficient and can be estated experimentally from the welding charts, here
the initial value was taken a& L r @!®). However there has been much work done for mild
steel and 304L ste& [*3 and it appears that every type of steel &different value, so for

accuracy ifs advisable to condueixperiments for the target gradksteel.

According tothe sticking slipping parameter and tool rotational speed the value of friction

coefficient can be estimated as shown in Fig8r&6 Variation of friction coefficient with

the tool radius in which a significant drop is observed in its value at the tool periphery when

the rotational speed increases.
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Figure 3.16 Variation of coefficient of friction with the tool radius. The value of friction
coefficient decrease significantly at the tool periphery whethe tool rotational speed increases.

C. Sticking-Slipping Heat Flux Equation

For stickingslippingconditions the heat flux will be represented as foll&i#¥s

(3.39

U- the velocity of the tool in the welding direction (m/s) andthe amount of mechanical

energy converted to heat energy (machine efficieneyljhe rotationangle of the tool.

The term represents a small amount in heat generation contribution so it can be

neglected.
3.4.3.3Fully Sticking Conditions

The heat generated in this model is based on viscosity dissipation andttérel flow due to

the tool rotation forming shear layef®he viscous heating4; : @ Q ; was assumed to be the
main source of heat generation in this woBtevious work by Schmidt et. df? and
Atharifar et. al.l*? showed experimentally that sticking conditions are closer to the real
contact situation between theotand workpiece. Cox et. af” carried out a CFD model on

FSW and assumed pure sticking conditions at the tool/workpiece contact area.
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3.4.4CFD numerical analysisequations

The model created in this study uses CFD analysis and includes solving equations of
momentum, mass and energy. Viscosity is also included in the model as a function of

temperature and strain rate.

The continuity equation for incompressible material can be represeritdd as

180 (3.39

I ép

Qis the velocity of plastic flow in index notah for i=1, 2 and 3 which representing the

Cartesian coordinate of x,y and z respectively.

The temperature and velocity fisldiere solved assuming steady state behaviour. The plastic
flow in a three dimensional Cartesian coordinates system can be represented by the
momentum conservation equation in index notation with i and,j2 and 3, representing X, y

and z respeittely *¥

1800 pla L5 t80p 4 teo o100
!é@LF!éoE!éolae!éoEae!é@pFe7!é_ (3.40

Where é p, U andg.are density, pressure, welding velocity, andn-Newtonian viscosity,
respectively.Viscosity is determined using the flow stres§y(and the effective strain rate

- Yeas follows® :
8 L=, (3.41)

The flow stress in a perfectly plastimodel, proposed by Sheppard and Wrid is:

&L OEr=XT? (3.42
Al . DUH PDWHULDO FRQV VW-BIQ3¢s shaled thatRHe \paZRaeN R Q

can be written as a function of ban percentage (%C) as folldW:
A=1.8 x1F +1.74 x18 (%C) 6.5 x 18 (%CY (3.43
DQG Q DUH WHPSHUDWXUH GHSHQGHQWY DQG FDQ EH UF

[ 4T-2.81 x10' T? (3.4
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n=0.2+3.966 x10'T (3.45

Z, is the ZeneHollomon parameter which represents the temperature coatpdnsffective

strain rate a8%:
Z,L V1S @AL #E - Dy 17 (3.46

3 Ais the activation energf is the gas constant.

The effective strain rate can be representétf'as

VL & YWy (3.47
Yi~is the strain tensor and can be represent€das

VoL = 0 e, (3.48

6 1ép &y
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3.4.5Geometry and Meshof the FSW Tool and Workpiece

Due to tke difficulty of modellingand meshing the conical thread of the FSW,tdolvas
decided to model a smoottonical tool probesurfacewithout threadgsince meshing the
threads with the current mesher would have been very laborichesgffects of probe threads
have beemepresented by a vertical velocity using User DefinedcEon (UDF) in FLUENT
software.

3.5.4.1Geometry

The designed area for the tool without threads has to be equal to the actual atieceads

this has been achieved by calculating the exact surface area of the tool using the Infinite
Focus MicroscopélFM) technique to model thdimension of the tool by the aid of CAD
software Figure3.17 shows the three dimensional IFM image for the Poly Crystalline Boron
Nitride (PCBN) tool usedo weld the 6mm platehick. The calculated surface area of the tool
using the Infinite Focus Microscopy (IFM) techniqueereas follows: Anoude= 1499.2mn,
Aprobe_side 373.2 MM , Aprobe_end 50.3 M.

Figure 3.17. The three dimensional image for the PCBN tool using IFM showthe shoulder,

probe side and probe end.
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Figure 3.18 2 dimensionalcross section produced by IFMshowing the dimensions of théCBN
tool as shown in figure 3.17

The CAD model for the tool is shown in Figu®19 -a- compared tdhe real image inb-.
The same tool par{shoulder, probe side and probe eanddl dimensions have been applied to
design the platkeyholebeforeassemblinghe wholepartswhere the tool is phged into the

workpieceas shown inigure3.20 and 3.21.

N

Shoulder ——_

Probe side

Probe end

-a- -b-

Figure 3.19 The PCBN Tool -a-Real Image.-b- CAD model.

The DH36 (6mm thickness) and EH46 (14.8 mm thickngdades were designated as a disc
centred on the tool rotational axis (Eulerian frame work) with a 200mm diarbetertothe
low thermal conductivity of steel and also low heat input in H8W¢tess, tb dimension of
regionsaffectedby heat generated from the tool is expected to be small. Fdni®f plate's
geometrywassuitable for the local Eulerian framewoakd there wagso need to desigthe

whole length of the workpied®! 147 1143, [149,
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The tool and the plate were considered in designed geometry witkthe flexibility of
applying thestickingslipping conditiors. The tool probe and shoulder are assumed to be fully
inserted into the workpiec&he backing plate and the anvil were designed but insteaal
thermal convection coefficient with high value (2000 W/fK) was applied on the bottom

surface of the platéY.

All tool parts includingthe shoulder, probe side, probe end, collar and shank have been
assigned in the geometry the software Mesher by usingNdmed Selectidn The same
procedure has beeararried outon the plate where the inlet, outlet, top and bottone h&en

assigned.

Figure 3.20 Geometry of 6mm DH36steel plateand PCBN FSW tool.

Figure 3.21 Geometry of 14.8mm EH46steel plateand PCBNFSW tool.
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Factors affecting mesh qualitinclude small edgs, gaps between parts and shangles.
These issuebave beertontrolled by geometry cleaup in "Design Modéer" or by Virtual

topology and pincin "Meshing"**?.
3.5.4.2Mesh of the Designed Geometry othe FSW Tool and Workpiece

By definition, mesh is a method in which theometry designed iBAD is approximated by

a network of wire mesh (discrete cellhe geometry of singlgarts can be meshed easily
using software like ANSYS Workbench. For assembled parts, meskisgpplied in a way
that nodes between two different fsaare connected. Multiple pacbnnections can be
achieved in ANSYS DesigModeller by converting diffeent designed parts into one part
using the functionKorm new part The mtch confirming method has been used in order to

control the growth and smoothnefg¢he mestand to obtain an accurate surface.

Tetrahedronassembly meshg has been employed to pmwith the complex connection
between the tool and workpiec&.face sizingminimum of 0.1mm has been applied in the
tool/workpiece contact region to obtain a very fine mesh thus all the phgsid nonrlinear
properties can be captured. Coarser mesh (larger cell) has been representeereslse
geometry where onllgeat transfer is occung.

To obtain a fine surface transition mesh on curved and normal angles, the advanced size

function curvatire has been employed walgrowth rate of 1.1
3.5.4.3Mesh Quality

The solution convergence and stability are highgpendent upon the mesh quality,
unsuitable mesh can cauae unexpected description for the model physics outptds.
checking mesh quality several metrics should be addresses before proceeding to model
boundary conditions. The most importanesh metrics in which any deviation from the
standard carsignificantly affect the numerical analysiare: Aspect ratio, Skewrss and
Orthogonal quality.

Aspect ratiois the ratio ofan element area in one direction to another area different

direction!*®3,

Skewnesss the deviation o&ctual cell from the optimal cell and can be represented from the

following equatiort*>¥
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(3.49)

Highly skewed elements are not desirable in meshing as they can cause solution divergence.

Orthogonal Qualitfor the element face can be represertgdhe following equatiof>”:

e (3.50)
2.20&

WhereA, is the face normal vector
g- vector measured from face centroid to the edge centroid.
Low orthogonal quality less than 0.15 can cause solution divergence.

Table3.3shows the standard of mesh metric and'treey good accepted rangé®”.

Table 3.3: The standard of mesh metrisand the "very good" accepted rangé*.

Mesh ) Standard Accepted Standard
) Min Max Average o
Metric Deviation range (Very Good
Aspect ratio 1.1575 9.7184 1.8137 0.44382 5-10
Skewness | 1.0132e008 | 0.79981 0.21356 0.11432 0.250.5
Orthogonal
) 0.24622 0.9979 0.86671 8.0851e002 0.6-0.95
Quality
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The mesh metrics result for 6mm and 14.8mm thick plates including the aspect ratio
skewness and orthogonality are shown in Figque? andrigure3.23respectively. According
to the standard rangeentioned in Tabl&.3 the mesh quality can be representedveby
good".

-a- Aspect Ratio.

-b- Skewness.

-c-Orthogonal Quality mesh.

Figure 3.22 Mesh metric of the 6mm plate thick-a- Aspect Ratio,-b- Skewness. andc-

Orthogonal Quality mesh.
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-a- Aspect Ratio.

-b- Skewness.

-c-Orthogonal Quality mesh.

Figure 3.23: Mesh metric of the 14.8nm plate thick -a- Aspect Ratio,-b- Skewness. andc-
Orthogonal Quality mesh.

The mesh quality has also been checked in FLUENT by usinpdhe"Check” and "report
Quality" to list the minimum values of orthogonal qualitymaximum Ortho Skew and

maximum Aspect RatioThe checked mesh has showed no issues that can affect the
calcuhtion process.
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3.4.6Boundary Conditions
3.4.6.1Representing theMaterial Flow in the tool/workpiece interface

It is assumedhat, as the tool moves and rotates, a specified node in the simsladion in

Figure 3.24s transferred from location 1 to location 2 ancciterdinates may be represented

as!:
 L7PEN... "¢ F ... "% (3.51)
. L NOE&; Feceds;; (3.52
Y
Advancing side
3
% 2
1 N
QZJ 2 %
g —> i
D U X
> —> X
s X ~
5 2
>

Retreating side

Figure 3.24: The material flow around the tool in FSW (steady state), material is moved

from point 1 to point 2.
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And by driving these coordinates equations the velocities (u,v) in x and y directions can be

obtained as:

(3.53

(3.54)

Another velocity in the vertical Z direction may be representétf%s

5 (3.59
5 are the pitch and radius of the pin respectively.
the total magnitude of the velocity &%

(3.59

and the two dimensional velocity can be represented as:

(3.57)

The asymmetry of the velocity distribution in FSW simulation is represented by the term

and thereby the heat flux asymmetry in the weld line.

Laminar flow has been chosen as the viscose forces are the most dominant during FSW

procesd?®, viscous heating has been enabled during the solution.
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3.4.6.2Calculating Heat Transfer From the FSW Tool and Workpiece

The temperature of the workpiece was set to room temperatli@) (e heat loses from

the tootworkpiece can bdivided as:
A-Calculating Heat Fraction lost between the Tool and the Workpiece:

Due to the low thermal conductivity of DH36 steel (as received from the manufact&@er =
W/m.°C) compared to the tool types (PCBN) which is about three times that oftiséekkat

generated in the FSW process will be divided between the tool and work piece.

Other researchef§?*¥ calculated this fractiorf)as follows:

-~ §kb Ygo. ;
BL — )?E>A~ L EA (3.58)
RA>R%  gskp Yo. 4 >8kP Yoy,

3.59
M LD6FG6; E6é68F 68; (3.59)

f - Heat fraction between the tool and workpiece, k:ithermal conductivity in (Y/m. -
material density (Kg/f) , G, - specific heatcapacity (J/Kg.K) , 6:emissivity of the plate
surface , is StefanBoltzmann constant5(670373(21)x18 W m™ K™). T, - Initial

temperaturé€’C. h - thermal convection coefficient (W/K) The abbreviatiorwp and TL

refer to the workpiece and the tool respectively.

So the heat transfat the tool/shoulder interface is determined as follow:

3u (3.60

The estimated heat fraction transformed into heat to the workpiece was determined between
0.4 0.45 for welding using a tungsten based tool and workpieces of stainless ste€f304L
However, for welding other types of steel such as DH36 and EH46 using (Poly Crystalline
Boron Nitride) PCBN tool with a cooling system as in this work, equaB@® cannot

accurately represent the heat fraction between tool and workpiece because:

1-The PCBN tool is a hybrid tool includethreetypes of material with different thermal
propertiegas shown in Tabl8d.5).

2-The presence of the cooling system and gaddahiill affect this heat fraction.
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[*%¥ Subrata and Phanirageeed that equatior8.58is only valid when the tool and plate are
considered aaninfinite heat sink with no effects of heat flow from air boundary of the tool

and they found that the heat partitioned to the tool is less than calculated from eguG&ion

So in the present simulation the tb@ls beemepresented in the geometry taiesite the heat

fraction numerically.

B. Calculating Heat removed from the tool shank during FSW process by theooling

system*>: (3.6))

m°- is the flow rate of fluid (L$ecfor liquid and ni/secfor gas).

Table 3.4 shows the various coolants types for shank and collar parts of the tool with
associated characteristi€s!. The calculated heat has beestidbutedon the exposed area

and then represented on the tool shan& asgative heat fluXn previous work, on the same
materials (workpiece of DH36 and PCBN to&!§ the cooling system was implemented
under heat convection conditions on the side of the shank by applying a heat convection
coefficient. Given that the mamum temperature on the tool cannot be measured with high
precision, the calculated value of heat convection coefficient will not be accurate. Hence,

using a negative heat flux on the tool surface seems to beamorepriate

Table 3.4: The various coolants types for shank and collar parts of the tool with associated

characteristics'?Y.

tool
_ outlet
flow | inlet coolant surface | heat flux
specific coolant 5
coolant rate temperature area W/m
heat C, temperature .
m° °C o exposed | x10
m? x10P
50% Ethanol 53 341
glygol+50%distill | 13.3 ' 15 17 4241.15| 0.217
| KJ/Kg.K
water L/min
_ 5.7 1.2
Air 5 5 1520 100125 2760.67 | 0.0688
m°/hr | KJ/n'. K

Using a range of flow rasemay affect dramatically the values of outlet temperature and in

turn the heat flux values. However an average value of fluid flow rate has been adopted.
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C- Calculating Heat Losses fromthe Workpiece Surfaces (Top and Sides)

Convection and radiation ineat transfer are responsible for heat I6yst¢ the ambient and

can be represented &%

(3.62

And
(3.63

- is the ambientemperature (Z&), n is the normal direction of boundary

H - is the convection coefficient (W fnK %)

In the current model radiation will not be taken into consideratiots &ffect is considered to
be smallandit will add more complexity to the model. The value of heat transfer coefficient

(h) around the tool has been increased to compensate the effect of r&thation

D-Calculating Heat loss fromthe Workpiece Bottom Surface

The lower surface of the plate isg¢ontact with the steel backing plates (usually mild and O
steel grades) and the anvil. Previous workEPS have suggested representing the backing
plates effects by a convection heat condition with a higher coefficient of heat transfer values
(5002000 W/m?. K). In the current model a value of ZDW/m®K has been used as it was

found to give a suitable distribution for temperaturthatvorkpiece bottom.

3.4.6.3The "Named Selectionwalls' surfaces and interior of the plate The interior

material of the plate was allowed to move by assigning an inlet velocity at one side. The other
side of the plate was assigned with zero constant pressure to ensure there was no reverse flow
at that sidd®@. All plate walls were assurdeo nove with the same speed thg interior (no

slip conditions) with zero shear stress at the walls. The normal velocity of the top and bottom

of the plate was constrained to prevent outflow.

3.4.6.4FSW Tool Rotational/Traverse Speed:. Tool rotational speed (rad/s) was effectively

applied in the contact region between the tool and the workpiece. This gave the material in the
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contact region asymmetry from the advancing to the retreating side as the materiéhtows
traverse speed in m/Bom the inlet to the outlet

3.4.6.5Gravitational Forces: Gravitational forces were neglected here due to the very high
viscous effect of the materigf].

Figure3.25shows the boundary conditions applied on the tool and workpiece.

S ) shank negative heat flux
Top, convection heat /

transfer coefficient= 10 X
collar, convection heat

Wim?.K -
transfer coefficient= 100
/ Wim?.K
S ..
<« ~--a

Pressure outlet Ay VanCing

Velocitylnlet

bottom, convection heat transfer
coefficient= 2000 W/hK

Figure 3.25 The Boundary Conditions applied tothe workpiece and FSW tool.
3.4.7CFD Solution Method

A Pressurdased NavieStokes solution with pressuvelocity coupling ®® has been
employed this enabls solving the problem ira coupled manner by obtaining a robust and
effective single phase application for steatigte flows. Thus thpressurébased continuity
(equation 3.39) and momentum (equation B.dQuations are solved togethdhe smatial
discretization including reergy, momentum and pressure are solved using second order to

increase the accuracy.

The model casanalysis has been solved usihg series procedure in order to override the
problems of errors related tead and write files such &ise User Defined FunctioflUDF)
accompanied witlthe parallel solutionThe Double Precision solver has been chosen in order
to increase the resultccuracy.About five hours were required to solve the case of 6mm

plate thickness while about 7 hrs were required for the 14.8mmtpiakness.
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3.4.8User Defined Function (UDF)

UDF is aC language functionvhich can le compiled, interpreted andorks dynamically

with FLUENT. By using UDF- the features which araot found instandard=LUENT can be
represented effectivelfJDF has been used in the current work to represent the material
properties including thermal conductivity ambn-Newtonian viscosity. Sticking/Slipping
velocity and heat generation have been also represengedbif. AppendixA includesthe

forms of Clanguage used in the UDF

3.4.9 Materials Data Input for Modelling

The chemical composition of the DHa6d EH46steelgradesused for this studwere given

in Table2.5and Table2.6 respectivelyThermal propertiegdensity,specific heat and thermal
conductivity) adopted from previous work carried out on low carbon manganese steel, are
given as followd®9:

GL tud xE w¢f x4 5444 (3.64)
%IL xz @ Evxaaaast 5444 for T<700°C (3.69
%IL try4 Et{vaass8d 5444 for T>700°C (3.66)

éLyzwrC 1’
Wherek, DQG ! DUH WKHUPDO FRQGXFWLYLW\ WKH VSHFLIL|
The thermal properties for the PCBN hybrid tool are given in Tauslg (157,

Table 35: Thermal properties of the PCBN tool!?% 1157

Tool part k Wm'KY [C, (QKg'KY | E (Kg.m?) |Ref.
Shoulder and probe 120 750 3480 =]
(PCBN-WRe)

Shank (WC) 92 500 14900 e
Collar 11 440 8900 1571
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Tool parts have been treated to behava sslid while the workpiecéas been treateas a
fluid during the analysisThus a shadow surface®Valls' in the tool/workpiece haveeen
created automatically with thihermal conditions chosen a€dupled to allow the heat
generated to transfer between the tool and workpiea@l. properties have beemput to the
software as constants wieeas, the workpiece properties adunction of temperaturé.he
density of steehas beerireated as constarthe thermal conductivity has been entered as a
function of temperature by thedaof UDF, specific heat also wascluded asa function of
temperature using piecewiigear function and finally the viscositwas includedas a

function of temperature and strain rate by usitépDF.

3.4.10The Independence othe CFD solution on Meshsize

The CFD analysis should be independenthe variation inmesh size, so that a mesh study
has been carried out including refining the mesh and monitoring the FLUENT output. Peak
temperature was chosen to be monitored with mesh refinement andrandéfef 18C was

determined as the limit of mesh refinement.

The first stepwasto run the FLUENT for a specific mesh size until obtaining the solution
convergence including the residual error belovi #hd also monitoring the tool shoulder
torque untilit reaches a steady state value. FigBl&6 -a- and-b- show the convergence in

term of residuals and torque respectively.

The second step is to refine the mesh and monitor the solution convergence as mentioned in
the first step. The obtained results viaéé compared with the results obtained from the mesh

in stepnumberone, when the values is the same or very close, the mesh in step humber one
will be assumedsuitable and the mesh independent solution has been achieved otherwise the

mesh will need moreefinement.

A chart between temperature output and elements cell numbers can be found in the results

section.

111



Residuals
Torque N.m

-a -b-

Figure 3.26 Convergence in FLUENT analysis;a- Residual convergencesb-Torque N.m

convergence.

Figure 3.27 & and - show trasverse section to the mesh of 6mm and 14.8mm plates
respectively, mesh is very fine at the tool/workpiece contact region. 1,300,460 tetra elements

were used in 6mm plate case while 3,487,632 were used in14.8mm plate.

-a- -b-

Figure 3.27 Transverse section showing the mesh efi-6mm plate with PCBN FSW tool of
5.5mm probe length and-b- 14.8 mm plate with PCBN FSW toobf 12mm probe length.
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4 Resultsand Analysis

The following section outlines the resultsxd analysisof the experimental work and
numerical analysis of the research

4.1 FSW Process Parameters Graphs
4.1.1FSW Samples W1 to W§DH36) 6mm plate thick.

Table 4.1 shows a decrease in the average tool torquethdit®ol rotational speed increase

This finding is in agreement with previous wd?® and is thought to bas a result of the
decrease in the contact shear stietsveen the workpiece and the taahd thus the torque.

The relationship betweethe torque andhe flow shear stress is described in equation 3.2.
Figure 4.1 to Figure 4.12 sheuhe relationship ldeveen welding parameters with time and
thedistance travelledn W4, figures 4.3 and 4.4he axial force increases gradually with the
distance travelled whereas in W5 it decreases with the distance travelled as shown in figure
4.4 and figure 4.6 respeedly. This increase and decrease in axial forces may be related to a
change in plunge deptplate thicknes®r it can be attributed to a deflectiontime machine.

This variation in axial forces has been reported to TWI and needs an extensive segmhrate stu

to investigate it.

In DH36 W6, figures 4.7 and 4.&, can be shown that theagethree pointsvhereaxial force
decreasesThis reduction in axial forcavas in the location ahethermocouples as shown in
figure 4.8. Thissuggestghat any change ithe plate thickness even parts of millimetres can
cause a significant decrease in the axial forces.

Considering arque showed fluctuations with time and distance travelled, the fluctaation
increaseas thetool traversespeedincreass. As mentioned in th literatures reviewsection
2.10),torque fluctuation can be attributed to two soureasProcess effectsas the material
warnms up andbecomesplasticised (on the advanchtigiling side), it will generate less
torque than cooler material (on the leadmegyeating side):b- Measurement variation: the

FSW machine such as (PowerStir) is large and the torque sensors are relatively ingensitive
so much as they need to covewride rangeof torque Some fluctuation will be present in the

form of signal noise, and overlaying these variations may be due to the size and inertia of the
spindle as the control system seeks to keep it running at a constesdt @geed as the

workpiece material softens.
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4.1.2 FSW Process Parameters Graphgor Sample W9 (DH36), 8mm thick steel plate

which is 1m long.

Figure 4.13 and figure 4.1g¢how that the weld was started with the tool plunging to an
indicated depth of 8.5mm. Although the Power&tgiching used to carry out the welds
LW LVQITW LQILQLWHO\ VWLII DQG VR GHIOHFWLF

pushed down the tool penetration depth will not therefore be exactly 8.5mine actual

large and "stiff"

plunge depth measured by IFM technique was 7.7mm. After plunging into the steel, the
tool, rotating at 200RPM, was accelerated to a welding speed of 100 mm / min over a
distance of 50 mm. tAapproximately460 mm into the weld, the tool was withdrawn to an
indicated depth of 8.45m (notethe fall in theaxial force Fz, at that point) and at about 720

mm into the weld the tool was withdrawn to an indicated depth of 8.4ammecorded by the
machine. The average values of torque and forces shown in table 4.2 have been calculated
from the maximum and minimum values of the data recorded by the FSW machine.

Table 4.1: Eight welding conditions provided by TWI and used in the CFD analysis

Weld rot-arggLal Traverse | Rotational/Traverse g\f;?r:glgee A\_/reorglge Iéc))(:ille L ongitudinal

speed speeds Force

No. speed mm/min (revimm) Torque | Torque | (average) (average) KN

RPM N.m N.m KN

W1 160 100 1.6 308 117 54.47 6.99

W2 200 100 2 278 105 57.55 12.8

W3 300 250 1.2 237 90 50 9

W4 325 400 0.8125 247 94 55 9

W5 500 400 1.25 202 77 45 8.3

W6 550 400 1.375 163 62 47 12

w7 550 400 1.375 179 68 52 12

W8 550 400 1.375 168 64 50 9
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_ W3 6mm DH36 steel 300RPM, 250mm/min
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Figure 4.1: Welding parameters with timefor 6mm FSW DH36 steel (W3)ecorded on
the PowerStir FSW machine.

W3 6mm DH36 steel 300RPM, 250mm/min
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Figure 4.2 Welding parameters with travelled distancefor 6mm FSW DH36 steel (W3)
recorded on the PowerStir FSW machine.
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= |_ongtudinal Force KN ==—Plunge Depth mm

Figure 4.3 Welding parameters with timefor 6mm FSW DH36 steel (W4) recordean

the PowerStir FSW machine.

W4, 6mm plate ,DH36, 325RPM, 400mm/min

350 _ 60 ¢
275 S
200 / - 50 ®
125 =
o0 - 40 &
_25 y | Y T T T T T T T | 8
-100 00 =
| - 30 2
-175 @
-250 =
- 20 —
o | :
- | - i -
-475 10 E
-550 =
-625 -0 2
-700 a
-775 - i - -10 o
-850 E

-925 -20

Travelled Distance mm
—Feed rate mm/min ===tool speed RPM  ——=Torque N.m
= Axial Force KN == ongtudinal Force KiN==Plunge Depth mm

Figure 4.4: Welding parameters with travelled distancefor 6mm FSW DH36 steel (W4)

recorded on the PowerStir FSW machine.
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W5 6mm plate DH36 400mm/min, 500RPM
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Figure 4.5. Welding parameters with time for 6mm FSW DH36 steel (W5) recordedn
the PowerStir FSW machine.
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Figure 4.6. Welding parameters with travelled distancefor 6mm FSW DH36 steel (W5)
recorded on the PowerStir FSW machine.
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Figure 4.7: Welding parameters with time for 6mm FSW DH36 steel (W6) recordean

the PowerStir FSW machine.
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Figure 4.8 Welding parameters with travelled distancefor 6mm FSW DH36 steel (W6)
recorded on the PowerStir FSW machine.
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Figure 4.9 Welding parameters with time for 6mm FSW DH36 steel (W7) recordedn
the PowerStir FSW machine.
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Figure 4.10 Welding parameters with travelled distancefor 6mm FSW DH36 steel
(W7) recorded on the PowerStir FSW machine.
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Figure 4.11 Welding parameters with time distancefor 6mm FSW DH36 steel (W8)
recorded on the PowerStir FSW machine.
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Figure 4.12 Welding parameters with travelled distancefor 6mm FSW DH36 steel
(W8) recorded on the PowerStir FSW machine.
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Figure 4.13 Welding parameters with time of 8nm FSW DH36 stee(W9) recorded on
the PowerStir FSW machine.
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Figure 4.14 Welding parameters with distance travelledor 8mm FSW DH36 steel
(W9) recorded on the PowerStir FSW machine.
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Table 4.2 The maximum, minimum and averageaxial force (Z-force) and longitudinal force (X-
force) and torque for FSW 8mm DH36 steel(W9)

4.1.3 FSW Process ParameteGraphs for FSW 14.8mmthick EH46 steel duringthe
Plunge/dwell period (W1-W7).

In the EH46 plunge/dwebxperimens, Figure4.15to Figure4.2], it is evideri that thefeed

rate has decreaseal the tools depressed into the surface of the material. For W1 and W2
the plunge depth feedte starts at 10mm/min and decelerates to 5mm/min and finally
3mm/min before reaching the maximum plunge depth. BHé46 W3 to W7, the plunge

depth feedrate decreases fromraaximum of 7mm/min to 3mm/min before reaching the
maximum plunge depth. The plunge depth recorded by the machine has not been used in this
work because of concesover a possible error due to machine deflections during processing.
For this reason resuty plunge depthdollowing each of the trialshave been measured
using the Infinite Focus Microscope (IFMyhich can be found irthe IFM sectionof the
results In all experimentshe brque and axial forceeached its maximum values at ttart

of the dwell time when reaching the maximum plunge dgpéyion assignedbetween the

two verticalbluelines)and decreassslightly after several seconds from the start of the dwell
stage Table 4.3and Table4.4 summarize the welding conditions aaldo provie the peak
temperaturesecordedby ThermaCouplesrespectively It can be noticed in all curves that
thetorque reachea maximum value at the dwell periathenthe tool shoulder'fully stick"

into the workpiece. Previous work on FSW showed that the torque generated from the tool
shoulder represents the major part of the total toffieTorque as shown in table 4.3
decreases kenthetool rotational speed increasas a result on increae in parent metal

temperature anthusmaterial softening.
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Figure 4.15 Welding parameters with time (W1 the 14.8mm EH46 steeplunge
experiment), recordedon the PowerStir FSW machine.
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Figure 4.16 Welding parameterswith time (W2 the 14.8mm EH46 steel plunge
experiment), recordedon the PowerStir FSW machine.
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Figure 4.17. Welding parameters with time (W3 the 14.8mm EH46 steel plunge
experiment), recordedon the PowerStir FSW machine.
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Figure 4.18 Welding parameters with time (W4 the 14.8mm EH46 stegplunge
experiment), recorded on the PowerStir FSW machine.
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Figure 4.19 Welding parameters with time (W5 the 14.8mm EH46 steeplunge
experiment), recorded on the PowerStir FSW machine.
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Figure 4.20 Welding parameters with time (W6 the 14.8mm EH46 steelplunge
experiment), recordedon the PowerStir FSW machine.
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Figure 4.21 Welding parameters with time (W7 the 14.8mm EH46 stegplunge
experiment), recorded on the PowerStir FSW machine.
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Table 4.3 The welding conditionsfor FSW EH46 plunge/dwell period (W1W?7).

Tool Max Plunge | Dwell

Weld rotational Axiai I\(Iax._ Max. Depth Time

Trial VSHH( (Plunge) longitudinal | Torque | (Z) mm | (t) sec
No (RPM) at force force (F) (M) from at

' dwell KN N.m FSW (dwell)
. (F,) KN . :

period machine | period
w1 200 157 17 498 13 6
W2 200 127 17 471 13 8
W3 120 116 21 598 13 7
W4 120 126 20 549 13 6
W5 120 115 17 532 13 7
W6 120 105 18 583 13 7
W7 120 119 20 548 13 7

Table4.4 showsthe peak temperatures measured by the thermocouples for each of the welding trials.

Table 4.4 Thermocouple measuementsfor the seven plunge trial{W1 - W7)

Maximum Maximum Maximum Maximum Maximum Maximum
recorded recorded recorded recorded recorded recorded
Weld No. 0, 0, 0, 0, 0 0,
Temp. TC Temp. TC | Temp. TC Temp. TC Temp. TC Temp. T°C
TC1 TC?2 TC3 TC4 TC5 TC6
W1 430 630 430 422 600 421
W2 444 650 | 7T 427 620 432
W3 380 550 381 382 545
W4 400 580 | -—--- 402 581 405
W5 544 375 380 553 381
W6 420 410
W7 400 554

Some thermaouple data is missing becauke thermecouplehadeitherbeen displaced by the FSW flash or it

failed torecord the temperature.
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4.1.4 FSW Process Parameters Graphsf EH46 W8-W10 including tool travelling.

Figure 4.22 to Figure 4.27 show the welding parameters as a function of time and distance
travelled forsamples/V8 to W10(EH46). The brquemeasuredn W10 (450 N.m) is 50 %
higher thanin W8 (300 N.m) as a result of the increasethe tool traverse speed. This
finding is in agreement with the work @tharifar et. al.**") which reported a decrease in
torque with decreasing tool traverspeed as a result of a low viscosity field réagl from

an accumulation in thermal energy. The increase of tool torque can result in increasing tool
wear due to the increase in thermechanical action on the tool surface as will be discussed

in the tool wear sectiorifhe ial and traverse forcesere nearly stable whilghe torque

experiencd fluctuatiorsin all welds.

TCs readingfor W8 and W10 are stable along the steady gtatéion of the weldwith a
maximum average temperature of 325n both welds as they hatiee same tool rotational
speed and plunge deptHowever, sample W8 shows a slower cooling rate than W10 as the
former has experienced a slower tool traverse speed, the effect of cooling rate on the
microstructure evolution will be discussed in section 39 showed a decrease in
temperature from 33€ to 22£C (118C difference) wherthe plunge depth decreasdy
0.22mm. The sensitivityto heat generation with plunge depth has been studied by
Fehrenbacheret al.'**¥ who reported that increasing plunge dejit FSW of aluminium

from 4.6mm to 5mm has caustd peak temperature to increase from 4D 580°C.
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Figure 4.22 Welding parameters with time recordedon the PowerStir FSW machine,
14.8mm FSW EH46 steel (W8)TCs are located at 29mm from the tool centrethe
average TCs peak temperature at steady state 380°C.
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Figure 4.23 Welding parameters with travelled distance recordedn the PowerStir
FSW machine, 14.8mm FSW EH46 steel (W8).
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Figure 4.24 Welding parameters with time recordedon the PowerStir FSW machine, 14.8mm
FSW EHA46 steel (W9)TCs are located at 29mm from the tool centre,\s&erage TC peak
temperature is280°C. This temperature has drgped from 339C to 221°C (118C difference)
whenthe plunge depth decreased by 0.22mm.
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Figure 4.25 Welding parameters with travelled distance recordecdn the PowerStir FSW
machine, 14.8mm FSW EH46 steel (W9).
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Figure 4.26 Welding parameters with time recordedon the PowerStir FSW machine,
14.8mm FSW EH46 steel (W10). TCs are located at 29mm from the tool centre, average
TC peak temperature at steady state is 32G.
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Figure 4.27. Welding parameters with travelled distance recordecn the PowerStir
FSW machine, 14.8mm FSW EH46 steel (W10).
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Table 4.5 Welding conditions of FSW EH46 steelat steady state (W8W 10)

Weld Tool Traverse | Rotational/ | Average | Average | Axial Longitudinal Heat
No. | rotational speed Traverse | Spindle Tool Force Force Input
speed mm/min speeds Torque | Torque | (average)| (average) (°H§ '~_j ¢
RPM N.m N.m KN KN *
W8 150 50 3 300 114 66 13 342
W9 150 100 15 450 171 76 14 256.5
W10 150 100 15 450 171 72 14 256.5
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4.2 Infinite Focus Microscopy(IFM ) Measurements.

The IFM has been employed in order to measure the actual plungeofiiehwelded joints
and to comparehem withthe ones recorded bythe FSW data acquisitionThe size and
length of HAZ and SZ have also been measured by the IFM technique in order to understand
the effect of different welding parameters on the heat generatéeé welded joints during

the FSW process.
4.21 IFM Measurements of Samples WXW7 (EH46).

Figures 4.28 to figure 4.34 show the 3D images and 2D diagrarsaaipleswWl1 to W7
(EH46) plunge/dwell experimentrespectively whichwere producedusing the IFM. The
polished and etched Hadections ofsampleW1 to W7 have been scanned by the IFM as
shown in figure 4.35 in order to measure the size and length of the SZ and HAZ. The actual
plunge depth, SZ and HAZ of W1 to W7 have been listed in table 4.6.

Figure 4.35 shows a longitudinal cross section macrogodph1-W7, polished, etched by
2% Nital and scanned bthe IFM technique. All samples show flash forming on the top
surface of the workpiece, it is also shown that hooking defectzr@sentthis can be a result
of un welded material pushed upward formagpook*. The spiralling shape found in the
upper region between shoulder and probe, sideshown in Figure 4.33V5), is the results of

thermemechanicatieformation caused ke tool shouldeprobe part$™..

A slight asymmetryn term of TMAZ and HAZ sizdetweentheright and left hand sidesf

the plunge/dwellis noted in samplesW1, W5 and W6, while W2 shows an increase in
asymmetry betweethe right and left sidess measured by IFM witta deformationon the

right hand sidef the plate bottom. W6 also shows deformation at the plate bottom as shown

in figure 4.35. The asymmetry may be attributed to thestdeViation from its normal axis

which in turn can producextraheaton that side compared to the oth@mable 4.6 show/the

welding conditions, the surface area of affected zones and plunge depth measurements while
Table 4.4 shows the peak temperatures measured by TCs. From Table 4.6 it can be shown
that despite the high rotational speed and the highest plunge fsaapie W1, it recorded

the smallest TMAZ, IHAZ and OHAZ zones compare to other welds. This can be attributed
to insufficient plunge depth which in turn can produce insufficient heat generatibe 2n

direction duringhe FSW processSample EH46N2, which has a plunge depgimilarto the

group ofwelds produced a20RPM (W5, W5 and W7 but excluding WE3hows a larger
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TMAZ. This can be related to the highenl rotational speed which produemore heat and
encourage the materiallayers adjacent to th@al to thermemechanically stir. From Table

4.4 it can be shown that W1 and Wave recorded temperatures of 630 and 650°C
respectively on the top surfaces at TC2. The higher temperature of W2 at the top surface can
be related to the higher plunge depiespite the higher plunge force of W1. This can give an
indication that the plunge depth effect can override the effects of plunge force soferm

heat generation. Unfortunately, there is no clear relationship between plunge force and plunge
depth in his work. The asymmetry in temperatures between TC2 and TC5 may be due to tool
deviation from the normal centod the FSW toalW3, W5 and W7 have nearly equal plunge
forces and showed almost equal TMAZ despite the slight difference in plunge depth.
Temperatures of TC2 of W3, W5 and W7 were %50544°C and 554C respectively which
indicates that welding with the same plunge forces, rotational speed and slight difference in

plunge depth can generate almost equal peak temperatures.

SampleW6 has reorded the highest plunge depth and the TMAZ was almost equal to W2
although rotational speed was less than the forftee.lHAZ and OHAZ were alsdarger

than allthe other plunge cases. The interpretation a$ th that ahigher plunge depth can
generatemore heat towards the workpiece depth because more material will be in contact
with the tool and thus the sticking conditions is increased especially around the probe. These
findings are in accordance with previous work carried out on FSW of DP590 stdel’d.
Nagasaca and Nishihara 208%! also found that the temperature of the tool and backing
plate were increased wherthe plunge depth increaseFehrenbacheet al. reported that
increasing plunge depth in FSW of aluminium from 4.6mm to 5mmchasedthe peak
temperature to increase from 4a0to 580°C 3%, Unfortunately, for W6 the thermocouples
located at the plunge centreline (TC2 and TC5) were highly affected by the produced flash so
the readinggor temperatures were excluded. Howevet3Tand TC4 recorded temperatures
higher than other welds dfie 120 RPM group. Table 4.6 shows that the torqueéhef120

RPM group was higher than the group of BIM, it is known that most of the torque comes
from thetool shouldef®”, so more rotatioal speed will produce more heat on the top surface

of the workpieceand will resultin a reduction in the torque value. This can give an indication
that plunge depth is more dominate in producing heat in the workpiece depth than rotational
speed but incresing tool rotational speegroduces more heain the top surface of the

workpiece thus reducing the generated torque.
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W4 and W5 was carried out with the same plunge depth, however, the TMAZ of W5 was
smaller and the reason might be due to the lower plunge force as¥&borded by the FSW
data acquisitionHigh plunge force can reduce the gaps between the tool and ew#lgnd

thus will result in more sticking conditions and aisg@roducing more healpadhagay and
Reynold 2011**¥ reported that lower axial forces (plunge forces) can lead to a reduction in
heat input and material flow which in turn casiseeductionin the size of thefTMAZ. TC
readingsfor sampleW4 recoded a temperature higher than in W5 because of the effects of
higher plunge force.

In general, for all cases under stutlye TMAZ around the probe seeno be bigger than
under shoulder (Fig. 2 WIV7). Although it is not easy to calculate the TMAZ separately for
the shoulder and probe side,n@easurementvy IFM of the TMAZ for sampleW2 showed

that the size of the affected zone untter shoulder was 17.5 nfiwhereas, 50 mfmwas
affected by the probside. This finding can give an indication tlaatool with a rotational

probe and stationary shoulder can genetlageheat required for welding. This in turn can
reduce the cost of the tool by reducing the amount of PCBN material required for
manufacturing the tool. Alsdt was found for all cases under study that the probe end did not
show a significant contribution in stirring the material in contact, so less heat input can be
expected from this part of the tool. This is in agreement withm&it and Hatte[>*5152]

who showed thathe probe end contribution in heat generation and material stirring is
insignificant. However, some woeks'® have investigated thenaterialflow of light alloys

(Mg alloy) duringFriction Stir Spot WeldingRSSW and recognised a torsional flow zone
under the probe. This difference in flow between steel and light alloys can be related to the
high density and viscosity of steel commhre Mg. Steel washownexperimentally using W
traces to be harder tauseto flow compare to light alloys such as aluminiufi®. No
comparison will be carried out regarding plunge time as the difference between all cases in

plunge time was not significant.
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4.2.2IFM Measurementsof 6mm and 8mm DH36 Keyholes

Figure 4.36and figure 4.37 shows the 3BM images ofthe keyholes producetbllowing

FSW, The 2D macrographs of W3, W6, W8 and W9 are shown in figure 4.38 to figure
4.40. Table 4.7 summarize the resultsnefasurements made using tR&1 for figure 4.36 to

figure 4.40 which includes the plunge depth, SZ and HAZ size and length. It can be shown
that the size of SZ adampleW1 is smaller than W6 and WS8; this can be attributed to the
higher rotational speed of the FSW tool in W6 and W8 whichsed more thermo
mechanical action leading to stirring more material in contact with the tool. The length of the
HAZ of W1 is bigger than in W6 and W8 despite the lower tool rotational speed which

generats less heat, this can be attributed to the hidteat input {DHsi_j in W1 compare

to W6 and W8 as shown in table 4The samplaV8 macrograph shostwo types of defects
including weld root and kissing bond which will be discussed extensively in the defect

section.

4.2.3 IFM Measurements T&en from Samples W8 and W10 EH46) steady state

Conditions.

Figure 4.44 and figure 4.45 show the macrogsaphsampleN8 and W10(EH46) at the
plunge location. In both weldshe total TMAZ consistof two parts, nugget (SZ) in the
middle of the weld (the dark colour) and shear layer around the SZ. The nugget region is
believed tohaveexperienced higher temperatsirthanthe shear layer as will be discussed
later in the elemeat precipitation sectionln the steady state region the nugget zone is not
clear because the thermeechanical effect of the tool was not enough to separate it from the
shear layer. This finding is in agreement with Pradé8pwvho reported the difficulty of
observing the shedayer in FSW joints in the steady state period. The size of SZ and the
length of HAZ of W8(EH46) are bigger than in W1(EH46) due to the lower tool traverse
speed which caudéiigh heat input as shown in table 4.5. A void at the AS of W10 has been
deteced with a length of 3.4mm starting at 9mm from the top surface of plate. The voids
formationwill be discussed extensively in the FSW defect section.
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4.2.41FM of the PCBN Tool.

IFM has been applied on the PCBN FSW tool used for welding the 6mm platgadef
DH36 steel in order to calculate the exact surface area which will be used for desligning
CAD geometry of the FSW toollhe calculated surface aseaf the differennt parts of the
tool, using the IFM technique, were as followshdide= 1499.2mn¥, Aprobe side 373.2 mm,
Aprobe_end 50.3 mn.

4.2.5 Comparison of the Distortion produced following FSW and MIG Welding 8mm
thick (DH36) steelplate.

Two plates of 8mm thick DH36 steel have been welded by FSW (W9bwartte MIG
welding technique in order to compare the distortidrich occurs after weldingThe FSW
sample showed a deflection angle of L. 2fhereas the sample welded thye MIG technique
showed a higher deflection angle equal to°2Bhe low distortion in FSWasnple can be
attributed to the lower heat input comphte theMIG fusion welding.
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4.2.11FM Plunge Depth Experiments using EH46 steel W1-W7) to compare actual
plunge depths to the process data recorded pluegiepth.

Figure 4.28 IFM 3D image and surface profileof weld tool plunge depthfor sampleW1 EH46
steel grade.

Figure 4.29 IFM 3D image and surface profileof weld tool plunge depthfor sampleW2 EH46
steel grade.

Figure 4.30 IFM 3D image and surface profileof weld tool plunge depthfor sampleW3 EH46
steel grade.
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Figure 4.3% IFM 3D image and surface profileof weld tool plunge depthfor sampleW4 EH46
steel grade.

Figure 4.32 IFM 3D image and surface profileof weld tool plunge depthfor sampleW5 EH46
steel grade.

Figure 4.33 IFM 3D image and surface profileof weld tool plunge depthfor sampleW6 EH46
steel grade.
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Figure 4.34 IFM 3D image and surface profileof weld tool plunge depthfor sampleW7 EH46
steel grade.
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4.2.2IFM macrograph images of cross sections &H46 welded samplesw1-W7
examining the dfect of Plungedepth and/Dwell cases

Flash
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Hooking

~Spiralling

Spiralling

o Spiralling

Hooking

Deformation

b\

Hooking

Figure 4.35 Micrographs of longitudinal cross section taken from samplesf EH46 W1-W?7, polished and
etched by 2%Nital.

Table 4.6: The welding conditions, thelFM measurements of plunge depth and area of affected zones
W1-W7 EHA46 steel.

Length of
the HAZ
Total .
To_oI TMAZ (Region (Region 4) measured
rotational Max. Max. Max Plunge time (t) (region 3) OHAZ from the
Weld VSHHG| Plunge traverse Tor u.e depth sec at 1+92) IHAZ e end of
No. (RPM) at force force (F) ™) g m | @ mm (dwelling) | area mn? TMAZ
maximum (F) KN KN ) (IFM) mni (IFM) directly
plunge depth (IFM) (IFM) under
shoulder
(mm)
W1 200 157 17 498 11.05 6 47.46 64.7 82 4.1
W2 200 127 17 471 11.43 8 67.5 78.5 102 4.6
W3 120 116 21 598 11.56 7 58 69.6 112.6 3.1
W4 120 126 20 549 11.47 6 66 64.25 118 3.2
W5 120 115 17 532 11.47 7 55 93.5 120.4 3.2
W6 120 105 18 583 11.78 7 68 99.5 143.8 3.8
W7 120 119 20 548 11.57 7 57.2 91 120 3.5
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4.2.3IFM measured depths ofmm and 8mmthick DH36 steel platekeyholes SZ and HAZ
following FSW.

Figure 4.36 IFM 3D image of 8mm thick FSW DH36 stee| keyholeplunge depth 7.7mm

Figure 4.37. IFM 3D image of 6mm thick FSW DH36 stee| keyholeplunge depth 5.8mm
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4.2.4 IFM of 6mm thick DH36 steel plate samplesw6 and W8, (550RPM, 400mm/min) and 8mmthick

DH36 steelplate sampleW9(200RPM, 100mm/min).

SZ length

P

<

<>

Figure 4.38 SampleW1 DH36 macrographof a cross section through a FSW##5%!

SZ length

A

As AS

-a-

SZ length

AS

-b-

v

3mm

Figure 4.39 Samples W6-a- and W8 -b- (6mm thick DH36 steel plate) nacrographs ofcross

sectionsof FSW measured by IFM

SZ length

A

Figure 4.40 8mm thick DH36 steelplate (DH36 W9) macrograph of a cross section taken
through a FSW andmeasured by IFM, (200RPM, 100mm/min.

Table 4.7: Welding conditions and IFM measurements of DH36 steelnBm and 8mm plate

thickness.
. SZ length at the HAZ length at
V\’Geld DH36 Welding top surface | SZ size mm? the top Keyhole
0. conditions depth, mm
mm surface, mm
200RPM,
w1 100mm/min, 6 mm 21 58 245 5.8
thick plate
550RPM,
W6 400mm/min, 6mm 20.8 63 22.3 5.8
thick plate
550RPM,
W8 400mm/min, 6mm 20.9 64 22.15 5.8
thick plate
200RPM,
W9 100mm/min, 8 mm 24.3 83 25.3 7.7
thick plate
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4.2.5IFM images and measurements of EH46 ste@late samples W8 and W10 Keyhole depths

Figure 4.41 IFM 3D image and surface profile for keyhole of W8 EH46 steel grade,1.67mm
keyholedepth.

Figure 4.42 IFM 3D image and surface profile for keyhole of W9 EH46 steel grade,113fmm
keyholedepth.

Figure 4.43 IFM 3D image and surface profile for keyhde of W10 EH46 steel gradel167mm
keyholedepth.
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4.2.6IFM macrographs ofEH46 W8 and W10

P
Total TMAZ
Shear laver Shear laver
HAZ Nuaaet (SZ)
RS HAZ AS
+—>

Figure 4.44 EH46, W8 macrograph showing a cross section of the weld macrostructurat the
plunge stageof FSW measured by IFM

Total TMAZ

Shear laver
Shear laver

HAZ HAZ

Nuaaet (SZ)

Figure 4.45 EH46, W10 macrographshowinga cross section of thaveld macrostructure at the
plunge stageof FSW measured by IFM

Total TMAZ

AS

Figure 4.46 EH46, W8 macrograph showing a cross section of theSW taken from the steady
state portion of the weld.
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AS

4mm

Total TMAZ

RS

Figure 4.47 EH46 W10, macrograph showing a cross section of thESW taken from the
steady stateportion of the weld andmeasuredby IFM

Table 4.8 Welding conditions (Steady State) and IFM measurements ofFSW EH46 W8 and

W10.
SZ length at HAZ length HAZ Keyhole
Weld No Welding the top SZ size atthe top | under the Plunge
' conditions surface (mm?) surface probe depth
(mm) (mm) (mm) (mm)
150RPM 199
w8 50mm/miﬁ 31.2 (90.6 AS, 37.6 1.6 11.67
1084 RS)
W10 150RPM, 28 181 31 1.4 1167
100mm/min

Void onthe AS of W10 has been detected with a length of 3.4mm stattérgm from the top
surface of plate.
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4.2.7IFM imageand measurement®of the PCBN FSW tool.

Figure 4.48 IFM 3D image and surface profile for PCBNFSW tool (24mm diameter,
5.5mm probe lengthwhich wasused to produce the 6mm weld joints

4.2 .8Distortion comparisonbetween FSW and MIG welded8mm thick DH36 steelplates,
measured by usingFM .

Plate bottom ] ]
————————————————————————————————————————————————————————— ~w Distortion

angle

Weld

Figure 4.49 IFM 3D image and surface profile for DH36 sample W9 (sectionthrough the
transversewelding direction), 8mm thick plate, FSWat 200RPMand traverse speed
100mm/min showinga distortion angle=1.25".

Plate bottom

. Distortion
angle

Weld

Figure 4.50 IFM 3D image and surface profile for DH36 §ection throughthe transverse
direction), DH36, 8mm plate,MIG welding technique,distortion angle=2.5.
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4.3 Discussion ofXRD Results.

4.3.1 XRD scars of the top surface ofasreceived Galvanised DH36 steel sample and
polished DH36 and EH46Parent Material.

Figure 4.52 shows theesults fromXRD analysis using &o-tube of the top surface afs
receivedDH36 steel;four ferrite peaks (assigned by red lines) and 11 Zn peaks (assigned by
blue lines)weredetected. Figures 4.52 and figure 4%®wthe results ofXRD analysisof
asreceived polished samples of DH36 and EHgt@el respectively ferrite was the

predominanphase found in both steel grades.
4.3.2XRD Analysis of FSW samples of DH36teel.

The results of theXRD analysisof DH36 steelafter the FSW process are shown igufie
4.54 for low tool speeds (W9 200RPM, 100mm/min) &igdre 4.55 for high tool speeds
(W6 550RPM, 400mm/min)The XRD scan was taken at the top surface of the SZ. The
XRD scan resultef low tool speedsiH36 W9) showsonly ferrite peaks, wheredsr high

tool speedsIH36 W6), the BN peaksare also presentn both weled joints, there is no
phase change compared to the pdadsn the parent materiaPM) shown in figure 4.52,

however, BN peaks in Wieidicatethatthe FSW tool has experience a certiawel of wear.
4.3.3XRD Analysis of FSW samples of EH465teel.

Figure 4.56 shows a combination of XRD pe#fksn samplesNV1 to W7 (EH46), the main
phase is still ferriteput BN peaks are alspresent As expected, the region between the
shoulder and qobe is the one most affected by the themmechanical action due to the
combination between both parts of the FSW tool. Figure 4.57 speaks of ferrite (4 peaks
assigned with red colour) and also BN (4 peaks assigned with blue cologgnipie\W2
(EH46) using Cetube.

SampleW8 and W10(EH46) steel XRD scan on the top surface of the SZ and also at the
probe end is shown in Figure 4.58. Ferrite and BN peakprasentn both welds. Figure

4.59 and 4.60 show a comparison between W8 and W10, BN kK0 are stronger than

in W8 which suggestthat more tool wear has been experienced by the tool in W10 due to the

higher traverse speeds.

Tool wear will be discussed extensively later in tool wear section and also in CFD modelling

section

148



4.3.4Residual Stressesn FSW Samples.

Table 4.9 proviess WKH UHVXOW IRU WKH PHDVX\aB&Hd QpacR| WKH
obtained from XRD procedure as described in the experimental section (3.3.9). The range of
Aangle (the angle between sample surfaue the X%Ray incidentbeamn) for the samet

peak is shown in Figuré.61. Thethe data taken following calculations made using an Excel
spreadsheeffor %angle and lattice space taken from table 4.9 is shown in Figure 4.62. The
linear regression &0.8172is acceptable; however, some attempt was done previously to
improve the linear regression by using a parabolic approach assuming the top part of the
curve as a parabolic equatidi?®. As described in previous work it is common in the
literature to do aorrection for the XRBlab peaks in order to increase the linear regression

(R value. However, this may lead to a shift in thBpeak location leading to inaccuracy of

measuring residual stresses.

The results of longitudinal residual stressasuremes takenalong the traverse wedd joint

sides are shown ifigure 4.63 for two samplesne fromlow tool speeds (W9) anahe from

high tool speeds (W6). Tensile longitudinal residual stresses in the SZ in both weld joints
were found below the yield stesalues with compres® stresses in the surrounding regions

to balance the tensile stress.eShresuls coincides with other work*? done on FSW
samples of DH36 steel which concladiat residual stresses were below the yield stress.
(222 Camilleri et. al. 2015 used a strain gauge to estimate the residual stresses of 6mm thick
DH36 steel and found that maximum longitudinal residual stresses (380 ddPared

below the tool shoulder andasless than the yield stress. It was also shown that rdsidua
stresses decreased with reducing plate thickness and the maximum longitudinal stress was on
the top surface at the edge of the 82 Steuwer et. al. (201Zhowedthat the peak residual
stress of HSLAG5 steel at the tool shoulders remained largelghanged (approximately
equal to the nominal yield stress (450 MPhit it can increase slightly with increasing
traverse speed. This findinggrees withthe current work which shaed anincrease in
longitudinal residual streger sampleWw6 (DH36) whichwas welded using khigher traverse

speed than W9DH36). Also it is shown that residual stresses on the AS is higher than the
RS, this can be attributed to the higher peak temperatures during the FSWAS)tas will

be discussed ithemodellingsection later.
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Measuring of the strailattice free parameter {din the welded joins was not necessary
because there was natyaphase changthat could lead to vaing the crystal structure (as
bainiteand acicular ferrite crystal structure is BCC) or any variation in chemical composition
which can be misunderstood as residual stresses. The phase ofsi2dBfore and after
welding was as detected by XRD shown in figure 4.52, figure 4.54 and ficesewhich
showed a ferritic (BCC) crystal structure. So the need to cut small cubes or producing combs
from welds section by wire electro discharge machine in order to detect the free lattice space

was avoided®®. The strength of the technique can be attributed to the fact that it does

not require a knowledge of the strdiee lattice spacing, since, dan be replaced in the

denominator by@, 4 (lattice space wherWangle equal zero) without significant error

because elastic strains are typically less than 0.1%, s@hat@, 4

4.3.1XRD scan of the top surface of Galvanised as receiv&H36 sampleand polished
DH36 and EH46 Rarent Material.

Figure 4.51 XRD scan ofthe Galvanised DH36 top surface, Ferrite peaks are in redn peaks
are in blue.
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Figure 4.52 XRD scanning of DH36 grade as received shows that microstructure is mainly
ferrite phase,a Co target(.. 1.79 @)) was used..

Figure 4.53 XRD scan ofas received graddEH46 steelshows thatthe microstructure is ferritic
(BCC),aCu-W D U JH¥B4 (A) was used
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4.3.2XRD scansof FSW of DH36 steelsamples

x DH36 200RPM, 100mm/min

Figure 4.54 XRD scanning of FSW of DH36 gradeZ00RPM, 100mm/mir), the microstructure
is ferritic without any changefollowing the FSW process A Cu- W D U J H 84 (A) was used.

x DH36 550RPM, 400mm/min

Figure 4.55 XRD scan of FSW of DH36 grade350RPM, 400mm/min), the microstructure is
mainly ferrite ; BN peaksare also present.A Co target .. 1.79 A)) wasused.
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4.3.3XRD scan of FSW samples of EH48V1-W10

pasn sem (y) G T4 > 186Je)-nD jussaldosiesle syeadNg eseydhOg AIs) Ajurew si 81monnsoloiw
‘(1apjnoys Japun T uolbai e JMN-TM wosiuawuadxsabun|d)apelbigH3T 10 MSH Ueds ayX 95 ainbi4
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Figure 4.57. XRD scan of FSW of EH46 grade\(V2 Plunge under shoulder) the microstructure
is mainly BCC ferrit €, BN peaks arealsopresent A Co target .. c ZDV XVHG

Figure 4.58 XRD scan of FSW of EH46 gradea- W10 top of SZ,-b- W10 probe end,-c- W8
top of SZand -d-W8 at the probe end. Microstructure is ferrit ic phase BN peaks arepresent A
Cu-W D U JH B4 (A) was used

154



Figure 4.59 XRD scan of FSW of EH46 grade (comparisobetweenW8 and W10 at thetop of
SZ), W10 shows stronger peak of BN than W:8A Cu- W D U J H84 (A) was used.

BN peakW10 showgblue)a stronger peak

N\

Figure 4.60 XRD scan of FSW of EH46 grade (comparison of the first peaks &%8 and W10 at
the probe end, W10 showsa stronger peakfor BN than W8. A Cu-W D U J 84 (A) was used
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4.3.4Residual Stresses

Figure 4.61 Combination of (A F UP curvestaken directly from the XRD-machine and as
explained in Table 17.

Table 4.9 The datarequired in order to estimate residual stresses.

A0 ) 0 A - P2

R 02| 2 % 2 rad Arad %ad d-space 2 {1+ HSin? WE Sin® %

40 | 82.09| 41.045| 1.045 | 0.7163720| 0.6981333 | 0.0182387 | 0.1172613 -0.002767171 0.0003326
57 | 82.00 | 41.0%5 | -15.95 | 0.7163720| 0.99484 | -0.2784679 | 0.1172613 -0.002301336 0.0755606
28 | 821 | 41.05 | 13.05 | 0.7164593 | 0.4886933 | 0227766 | 0.1172496 -0.002453507 0.0509864
63 | 82.11| 41.055| -21.94 | 0.7165466| 1.09956 | -0.3830134 | 0.1172378 -0.001904385 0.1396645
22 | 82.11| 41.055| 19.055| 0.7165466 | 0.38397333| 0.332573267| 0.11723785 -0.002109212 0.10658682
68 | 82.11| 41.055| -26.94 | 0.7165466 | 1.18682666| -0.47028006| 0.11723785 -0.001497751 0.20533220
16.5 | 82.11 | 41.055| 24.555| 0.7165466| 028798 | 0.4285666 | 0.11723785 -0.001699842 0.17269631
70.5 | 82.12| 41.06 | -29.44 | 0.7163386 | 1.23046 | -0.51382613| 0.11722610 -0.001273263 0.24158493
12 | 82.11| 41.055| 29.055| 0.7165466| 020944 | 05071066 | 0.11723785 -0.001308738 0.23585503
66 | 82.12| 41.06 | -24.94 | 0.71663386] 115192 | -0.43528613| 0.11722610 -0.001668205 0.17780547
8 | 82.12| 41.06 | 33.06 | 0.71663386] 0.13962666| 0.5770072 | 0.11722610 -0.000926462 0.29759002
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Figure 4.62 Linear relationship between dspace and Sih%n order to determine the residual
stresses and free lattice space dd
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Figure 4.63: Longitudinal residual stresses distribution along the \Wand W6 DH36
FSW joints.
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4.4 Mechanical Testng

4.4.1 Tensile test results.

Figure 4.64 shows photographs of the broken samples of 8mm FSW £¢t86/\9) after
tensile teshg. It shows that all the tensileamplesfailed outside the wekl region; this
means that the strength of the SZ was higher than the PM and the possiblepdesecttid
not affect the strength dhe SZ. Figure 4.65 shows the stredgin curves for six FSW
samples and parent metia(PM) samples The PM samples hawvghown higher elongation

but lower tensile strengttvhen compared to the -agelded samplesTable 4.10 list the
calculated data of the tensile test includiEgyoung modulus1,,-0.2% Yield stress L«

Ultimate stress, f~Normal applied force, freduction in area%, #-Reduction in area at
40%, a b, and S are the cross section dimensidine 0.2% proof stress was 475 MPa for

the parent metal whereas for the FSW samples it was slightly highertefigie strength
( 1o for the FSW sample has also increased condpait the PM; this increase was also

reported by’? Reynolds et al 2003. In this work, the average ultimate strength of the welded
samples was 580 MPa, similaff Cater etal. 2013 reported a tensile strength of 570 MPa

for the same grade of steel which is slightly lower than the findings of the current!®ork.
Toumpis et. al. 2014 reported a yield stress 408 MPa and 540 MPa ultimate stress for the
same grade and weldjnconditions,which are in agreement with the current work results.
The increase in tensile strength of the FSW samples can be attributed to the refinement in the
microstructure of the SZ which will be discussed in the SEM results section.

Figure 4.66 shos the broken samples of 6mREW OH36) steelplate (W6), the force
displacement curve is shown in figure 4.67 &mel results from the analysis of the curve in
table 4.11. Aswith sampleW9 (DH36) the samples have failed outside the SZ and the
ultimatetensile strength has increased compdeetheultimatetensile strength of the PM.
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Figure 4.64 8mm DH36 FSW and PM samples after Tensile test

Sample 7
Sample 8

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7  Sample 8
Figure 4.65 The Engineering Stress Strain curves$or the tensile tess of 8mm thick DH36 FSW
and PM samples.

Table 4.10 A comparison of the results ofuniaxial tensiletesting 8mm thick DH36 plate which
has beerFSW at 200RPM/ 100mm/min, andcompared with un-weldedPM samples

No. | Specimen E Loz | L Fn Aq Ao a, b, S Break
No. GPa | MPa | MPa | KN % % mm | mm | mm?
1 1 159 | 476 | 592 | 127.13| 6.87 | 8.41 | 8.481| 25.35| 214.74| out of gaige
length
2 4 183 | 492 | 589 | 126.32| 6.34 | 7.73 | 8.467| 25.34| 214.55| out ofgauge
length
3 8 186 | 485 | 589 | 126.69| 6.86 | 8,63 | 8.479| 25.36| 215.03| out of gaige
length
4 2 202 | 487 | 579 | 126.24| 6.61 | 9.07 | 8.579| 25.41| 217.99| out of gaige
length
5 11 207 | 493 | 593 | 126.71| 6.85 | 8.21 | 8.444| 25.31| 213.72| out of gaige
length
6 12 202 | 482 | 589 | 126.85| 6.83 | 8.81 | 8.46 | 25.44| 215.22| out of gaige
length
7 15 unwelded | 167 | 473 | 574 | 120.76| 12.89| 35.22| 8.28 | 25.39| 210.23| between
sample gauge length
8 16 unwelded| 189 | 477 | 567 | 124.27| 10.40| 20.37| 8.403| 26.07 | 219.07 | between
sample gauge length

E.Youngmodulus 1,0.0.2%proof stress ,4rs-Ultimate stress F~Normal applied force , freduction in are&, As-Reduction in area at
40%, a b, and S are the cross sectialdimensiors.
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FSW Sample

PM Sample

Figure 4.66: Photographs of tensile testing samples, the broken FSW sample and also a sample
of the parent metal.

DH36 6mm TENSILE TEJ .
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Figure 4.67 The load/displacementgraph of the tensile tesbf welded and unweldedé6mm
DH36 steel platesamples.

Table 4.12 The results of the tensile test (6mm plate thickness with FSW 550PM/

400mm/min).
No. | Specimen EGPa| 1o, | s |Fn | & b, S Break
No. MPa | MPa | KN | mm | mm | mm?

1 3 166 439 | 547 | 77.2| 6.1 | 23.12| 141.032| out of gaige length
2 5 201 440 | 546 |77 | 6.1 | 23.09| 140.849| out of gaige length
3 6 201 440 | 551 | 77.6| 6.1 | 23.08| 140.788| out of gaige length
4 7 201 440 | 546 |77 | 6.1 | 23.09| 140.849| out of gaige length
5 Unwelded samplg 190 425 | 532 |75 | 6.1 | 23.11| 140.971| between gage length
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4.4.2Fatigue TestResults

Figure 4.68 shows images fafiled fatigue specimens from:a DH36 8mm thickness (W9
200RPM, 100mm/min) aneb-DH36, 6mm thick (W6, 550RPM, 400mm/min). Table 4.12

and table 4.13 show the number of cycles required to failure for each sanipht361W9

and W6 respectivelySamplesof W6 (DH36) have failed in the welding zonat an average

of 115,078 cycles and the crack initiated fréne back middle of the plate towards the
advancing side. This could be associated with defects (cracks) found in the SZ (this will be
discussed in the SEM and defects sections). Howevesptmimens taken form sample W9,

the slow tool speed sampjdbe failure occurredjust outside the SZ in the advancing side
and the averagesampled failedimit was 642,935.5 cycles. The high fatigue strength in the
low welding speed samples can be attributed to its defect free and fine microstructure formed
in SZ durig FSW process (this will be shown and discussed in the SEM and defects

sections).

-a -b-

Figure 4.68 Fatigue test of a DH36 8mm thicknessW9 (200RPM, 100mm/min) and b-DH36
W6 (6mm 550RPM, 400mm/mir).

Table 4.12 Fatigue test results of DH36 8mm thickness (200RPM, 100mm/min)

. . Number of
No. Sample No. Maximum Minimum cycles to
stress MPa | stress MPa .
failure
1 3 305.6 30.65 644128
2 6 305.6 30.65 635767
3 7 305.6 30.65 651001
4 10 305.6 30.65 640023
5 18 305.6 30.65 643378
6 19 305.6 30.65 643316

Average cycleso failure=642935.5
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Table 4.13 Fatigue test results of DH36 6mm thickness (550RPM, 400mm/min)

. . Number of
No Sample No Maximum Minimum cycles to
' "| stress MPa | stress MPa .
failure
1 1 305.6 30.65 111,736
2 2 305.6 30.65 112024
3 4 305.6 30.65 124001
4 8 305.6 30.65 112551

Average cycles to failure=115,078

4.4.3Micro -hardnessTest of FSW Samples.

Figure4.69 andfigure 4.70 showthe result of Vickers micrbardness (300gfV Kg/mm?)
measurements along the weld line of FSW DH36 saeiples W9 and W6 respectivelhe
hardness of the base metal was equal to abdi80HV; however, it increased toward the
SZ with a maximumvalue equals to 26V in W9 and 285HV in W6 The reasorfor the
increa® inhardnessan be attributed tgrain refinement and phase transformateourring
in the SZ after the FSW procesasreportedby the previous work€® "8, I8 Toumpis et.al.
2014 reported the saniecrease irthe hardness valuester FSW of 6mm DH36 steel’®

Faillaet al.2009 explained this increase in hardnemsesponded to a bainMgidmanstatten

ferrite microstructure. The hardnesdDH36 W9seems reltively evety distribuiedfrom the

AS to the RSof the SZ, however, a sliglitecrease in the middle of the weld as shown in
figure 4.69 and can be related to a slight difference in the microstructure as will be discussed
later. The microhardness in DH366/8howed an uneven distribution in the SZ as a result of
an inhomogeneous microstructure produced following a high traverse speed. The higher
values of hardness are located in a bainitic microstructure and the lower values were located
in acicular ferritemicrostructure!”” Martino and Thewlis 2013 showed that microhardness

in mild steel can increase to 300HV with lower bainite and to 240HV with upper bainite
phase transformatiorThe difference in micrbardness in th&Z was also reported by®
Faillaet al.2009 anchas beeinterpreted as a result of the difference in cooling cycles inside
the SZ. The asymmetry in hardness was also investigat&d ByC Pherson et. al. 2013

they relate it to the difference in relative material movement causingplided strain rates

with different values between the tool sides.

Figure 4.71 and figure 4.72 show the microhardness distribution from the top of SZ towards

the plate bottom. The microhardness in sample W9 decreases towards the plate bottom and
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themaximum hardness (260HV) was associated with a bainite phase at 2mm from the top of
the SZ. W6 shows fluctuations in microhardness values as a result of the inhomogeneous
microstructure resulting from using high tool speeds. The maximum hardness value
asseiated with the bainite microstructure was 280HYV located at 3mm from the top of the SZ.
Sample W8 and W10 (EH46) also showed improvement in the microhardness as a result of
the finer microstructure resulting from the phase transformation in the SZ contpaties

PM microstructure (as will be shown in 5.8). Figure 4.73 shows the distribution of
microhardness in the top surface of the SZ and HAZ between AS and RS. Sample W8
(EH46) shows more symmetry in microhardness between AS and RS compared to W10 as a
result of slower tool traverse speed and the maximum HV in both welded joints was
associated with the bainite phase. Figure 4.74 shows the microhardness distribution from the
top of SZ towards the bottom of the plate. In both welded joints the microhatkweases
towards the plate bottom which indicates that the SZ microstructure has significantly
improved in terms of microhardness. Sample W10 shows a higher microhardness value than
W8 as a result of the higher traverse speed which in turn caused adugheg rate so more
bainite phase is expected as will be discussed later in the SEM images section.
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Figure 4.69 HV micro -hardness distribution betweenAS and RS of DH36 8mm plate (200RPM,
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Figure 4.70 HV micro-hardness distribution between /A and RS of W6 DH36 6mm plate

(550RPM, 400mm/min).
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Figure 4.71 HV micro -hardnessdistribution from the top of SZ towards the plate bottom of
DH36 8mm plate (200RPM, 100mm/min)The peak hardness is associated with the formation of
Bainite in the microstructure.
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Figure 4.72 HV micro-hardness distribution from the top of & towards the platebottom of
W6 DH36 6mm plate (550RPM, 400mm/min)Peak hardness is associated with the formation of
Bainite in the microstructure.
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Figure 4.74 Micro -hardness distribution (300HV)from the top of SZ towards the platebottom
of FSW W8 and W10 EH46 steel.
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4.5 SEM Analysis of DH36 and EH46Steel in theasReceivedCondition.

The microstructure ojradeDH36 steelas shown irfigure 4.75-a and-b- showsanaverage
ferrite grain sizeof 15um with long narrow bands of pearliférecipitates which consist of,
Nb and TiNb combination are shown in figure 4.76 and figure 4.77 respectiValgse
precipitates are sma(less than 10nmand act to pin the austenite grain boundaribsis
preventing grain coarsening and improving tfieal aswelded materialmechanical
properties’®!. MnS, MnSCaS compound and MRSl stringers are also presewith a
maximumwidth of 1um anda length ofLOum as revealed by the SEEDSwhen examining
polished uretched PM samples shown figure 4.78 to figure 4.80 respectively.

The EH46 steelPM microstructure shown in figure 4.8& and-b- shows an averaderrite
grain sizeof 20um with bands of pearliterhich appeashorterandwider than inthe gade
DH36 parent metal sampldii and TiNb precipitatesas shown in the high magiuation
SEM imagefigure 4.82 and in the SEMDS imagesfigure 4.83 and 4.84 ammall andact
to pin the austenite grain boundarilkess preventing grain coarsening angroving thefinal
aswelded materiamechanical propertié®?. Aluminacalcium sulphidevas also identified
in the microstructure. It appearedaspherical compoundhich achieved anaximum size
of 3um whereashe MnS-calcium sulphide compourfdrmedas an irregular spherical shape

with maximum size of 3um.
Theinformation provided above will be used to inform the discussion regarding:

x Phase transformation which occdtgringthe FSW process.

x Elemenal precipitation/segregation which occulgring theFSW process.
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-a- -b-

Figure 4.75 DH36 steel in theas receivedcondition shows15um ferrite grains and bands of
pearlite, -a- low magnification, -b-high magnification.

Figure 4.76 Higher magnification SEM imageof DH36 gradeshowing Ti rich particles.
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Figure 4.77. DH36 as receivedsteel sampleshigh magnification showng Nb and Ti rich
particles and particles which are bothTi-Nb rich.

Figure 4.78 SEM-EDS of DH36 as receivedteel samplepolishedbut in the un
etchedcondition showing a MnS stringer.

Figure 4.79 SEM-EDS of DH36 as receivedsteelshowing a MnS-CaSnon-metallic
inclusion.
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Figure 4.80 SEM-EDS of DH36steelas received shoimg MnS-Al stringer like
particle. .

a -b-

Figure 4.81 EH46 asreceivedsteel polished and etched in 2%lital showing -a- 20 pmferrite
grains and bands of pearlite -a-low magnification. -b-higher magnification.
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Figure 4.82 Ti and Ti-Nb rich particles in the as received EH46teel

Figure 4.83 SEM-EDS of EH46steelas receivedshowing Nb rich particles.

Figure 4.84 SEM-EDS of EH46steelas received shoing a Nb-Ti rich particle elements.
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Figure 4.85: SEMEDS of EH46steelas received shoing an alumina-calcium sulphideparticle.

Figure 4.86 SEM-EDS of EH46steelas received shoimg a MnS-CaS particles.
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4.6 SEM FSW of DH36Steel @amples atL ow (W9) andHigh (W6) Tool Speeds
4.6.1Microstructure Evolution of SampleW9 (DH36) Steel.

A microstructural examination of the stirred zonetha# aswelded DH36 steel sample (W9)

revealed that #n ferrite grains and pearlite banofsthe parent materidlad disappeared and

have been replaced bynaxed microstttF W XUH RI1 EDLQLWH % ,),Bt@tgDFLFXOI
from the top of the SZ untémm from the probe end as shown in Figure 4§7Toumpis et.

al. 2014 reported the same microstructevelutionin the SZ for welding DH36 with the

same welthg parameters and an increas the presencef bainite when increasing the

traverse speed due to the increase in cooling ratewever, they foundwhen keeping a

balance of both the traverse and rotational speed (the same heat timgiui)e acicular
ferrite/bainite mix reappeed °? McPherson et al. @3 and®! Lienert 2004 also reported

an acicular ferrite microstructure formation in the SZ of veeldsteel DH36) joints with a

wide range ofdol rotational/traverse speedS! Reynolds et al. 2003 explained that a bainit

and aciculaferrite microstructure evolved in the SZ of the same grade of (DH36) steel. They
concluded that it was a consequence of the phase transformation of austenite during fast
cooling andsinceno ferrite was observed in this regionwas evidencethat FSW elevaed

the steHOYV WHPSHUDWXUH DERYH WKH XSSHU WUDQVIRUPD
rotational speed usetbr this weld was different fronthe current studyso a direct
comparisorhasnotbeenpossible.

Figure 4.88 shows fine grains of ferrigufm average size) at the weld root (tool probe end).
The refining in the ferrite grains from 15 um in the PM to 2 um in and near the probe end is
reported previouslpy Faillal”® who explained that the ferrite grain refinement indicates that
the material eperienceddynamicrecrystallization DRX) as a result of high strain. The fine
granular ferrite formation in the weld root instead of bainite/acicular fevateinterpreted as

a result ofexperience lower temperatures than the SZ higth strain rate leding to
promoting the formation of ferritey DRX. ©®! Cater et. al. 2013 also reported the same grain
refinement after welding m, 6mm and 8mm thick DH36 plates as a result @RX.

34 Fowler et al. 2016 reported that the weld root microstreatansisted ofine grains of

ferrite whichwere attributed tothe lower temperatur@and slower cooling rate compatdo

the top surface of the SZ. The grain size of ferrite in the weld root was finer than those in the

PM due to the effects of high straiate coming from material stirrin§? McPherson et. al.
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2012 suggested a dynamic recrystallization which in turn led to fine grains of ferrite in the

probe region.

The HAZ as shown in figure 4.89 is 5um ferrite grains with nodular cementite and some
islands of pearlite. This results coincides with previous work on FSW DB¥I88 which
reported a microstructure of ferrite grains, cementite and partisitisedded pearlite as a

result ofthe heat experienakbut withoutthe effect ofstrain rate.

4.6.2Microstructure Evolution of Sample W6 (DH36).

The microstructure of welded sampié6 (DH36) showed heterogeneityifferent types of
microstructure)at the top of the SZ as a resulttbé higher tool speeddn the middle of the
stir zone the microstructure consisted mainhaoicular ferriteon both theAS and RS but
there was some evidence lzdinite (B) towards the RS as shown in figure 4.90 to 4291
and -b- respectively. The lower peak temperat@gerience on theRS and the higher
traverse speed of the tofthan in W9 (DH36))has resultedin a faster cooling rate thaon

the AS and thus moteainitehasformed The gobe engdas shown in figure 4.92onsists of
4um ferrite grains with short cemétet plates a higher temperaturis expected in this region
compare to the weld root of WYDH36) '".. The HAZ on the AS and RS are shown in
figure 4.93,bainite with 20um average prior austenite gis shown in theHAZ of AS
compare to a matrix of ferrite with short plated cementite which indicate that AS has
experienceda higher temperatureand above the A line . The heterogeneityin
microstructure has been reported in previous work carried out on DH36"&teahd
interpreted as eesult of higher tool rotational/traverse speeds which caused the material to

experience different temperatures and cooling rate.
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Figure 4.87 An SEM micrograph of the middle of the SZ ofthe low tool rotational/traverse
speed(200RPM, 100mm/min)FSW. The SZ shows amixture of bainite and acicular ferrite.

Figure 4.88 An SEM micrograph of low FSW tool rotational/traverse speed (200RPM,
100mm/min) at the weld root, showing2um averageferrite grain size
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Figure 4.89 An SEM micrograph of the HAZ of low FSW toolrotational /traverse speec W9
(200RPM, 100mm/min),5um ferrite grains (dark phase)with nodular cementite (bright phase).

la

Figure 4.90 An SEM micrograph of the high FSW toolrotational/traverse speed (\W9)
(550RPM, 400mm/min) The middle of SZis amixture of bainite and acicular ferrite .
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Prior austenite grain boundary

N

Figure 4.91 SEM micrographs of the high tool rotational /traverse speedFSW (W6) (550RPM,
400mm/min), showing thedifference in microstructure of the SZ on the AS and RSa- AS
showingmore acicular ferrite, -b- RS showingmaore bainite with 25 um averageprior austenite
grains.

Figure 4.92 An SEM micrograph of the hightool rotational/traverse speed (550RPM,
400mm/min) FSW (W6). The image shows theveld root with 4um ferrite grains (dark phase)
and short cementite plategbright phase).
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-a- -b-

Figure 4.93 SEM micrographs of the hightool rotational /traverse speedFSW (W6) (550RPM,

400mm/min). Theimagesshow-a- the HAZ at the AS with Bainite and prior austenite grains

with an averagesizeof 20um and -b- RSferrite (dark phase)with some cementite precipitate
at ferrite grains boundaries (bright phase).
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4.7 SEM Analysis of SampleW1-W7 (EH46) Plunge Trials Experiment.

Following the plunge trialsit is evidentthat the microstructure of EH46 steel grade has
experienced phase changes which will now be discussed fooetaffected regions. The
locations of regions affected by tool plunge and rotation are shown in Fidetlde red
points refer to the Iation of SEM images as shown in Figdr85to Figure4.98 According

to plunge depth and thermocouples measuremsatsplesN'3, W4 and W5are very similar
and will beconsidered togetheFor this microstructural analysis welded samyl® was

chosen. Otér welds including W1, W2, W6 and Wiave beeronsidered separately.

Welded sampléN1 regionl (TMAZ undetthe shoulder) (Figure 4.95a) shows amixed
microstructure which consists ofinite (B) inside prior austenite grains as well as some
acicular fH U UL W H ;)STK® pfidr austenite grains have an average dianoét&s5um
SampleW2 region Tunder the shouldefFigure 4.96-a-) showsbainite (B) with an average
of 80um prior austenite grains and some acicular fefrife The difference in prioaustenite
grain size betweesamplesN1 and W2can be explained by examining tteading from the
thermocouple (Tablet.4) which shows a higher temperature at W2 probably due to the
higher plunge depth and significantly longer dwell time (T&b8. For both W1 and W2 the
cooling rate at region 1 was high enough to fdrainite and limited acicular ferrite .5 .
Region 2 (probe sidegt thetop of W1 (Fig. 6-b-) is bainiteinside prior austenite grains of
—P VRPH DFLFXO D ad# thuhd VREgiGhKIPrabid side) at theop of W2
(Figure 4.96-b- VKRZV PDLQO\ DFJLlWwihQibited IHdibitg Lsd/ khe .peak
temperatures expected to be higheand the cooling rateto be slowerthan in W1. The
finding from W1 and W2 welded samag suggests that controlling the plunge depth is
importantwhen considering thgenerationof heat in FSW under constant rotational speed
and thus W2 has the higher plunge depth and has a higher percentage of acicular ferrite.
Increasingthe plunge deptlevenby parts ofa millimetre inside the workpiece can make a
significant differenceo theheat generation and microstru@bevolution. This finding is in
accor@ncewith Nagasaka and Nishihal® who showed that increasing the plunge depth
has causé@ an increase in workpiece temperatufehrenbacheret al.[* reported that
increasing plunge depth in FSW of aluminium from 4.6mm to 5mm catisegeak
temperature to increaségnificantly from 400C to 580°C. Example of plunge depth effect
on the heat generation during the FSW is shown in figure 4.24 (EH46 W9) where the
temperature recorded by TCs has dropped byQighen the plunge depth decreased by
0.22mm.

179



Region 2at thebottom of W1 (Figure 4.95¢c-) shawvs a ferritecementite aggregate (FCA)

with nodular ferrite of 5 um grain size. Regioathebottom of W2 (Figure 4.96c-) shows

a mix of bainite ZLWK SULRU DXVWHQLWH RI —P JUDLAS VL]H D
discussed previously, the effecf plunge depth was apparent in generating more heat
towards the sample depth in Vil@mparedo W1. Region 3 IHAZ top of W1 (Figure 4.98-

) showed a mix obainitewith prior austenite grains of 20um and also some acicular ferrite
.a. Region 3Inner Hea Affected Zone(IHAZ) at thetop of W2 (Figure 4.96d-) showed
PDLQO\ DFLFXQOTIhébe IHitrdstciddes. of both W1 and W2 indicate that
temperature at the IHAZ top (Region 3 top) is still high and above tH:@ in the FeC
equilibrium phase diagram which is enough faphase transformatiomm this type of steel.

The bottom of region 81 W1 showed coarsECA microstructure, whereasmatrix of ferrite

with short plated cementitaicrostructure was founid W2 (as shown in Figure 4.98- and

Figure 4.96 -e- respectively). Again from the microstructure evolutipnthe expected
temperature of W1 at this location is less than in W2 due to the difference in plunge depth
and/or dwell time. Figure 4.98- and-g- show the microstructure of Wiegion 4 (OHAZ)

top and bottom respectively. They show nodular ferrite with 6 pm grain size in the top of
region 4(OHAZ) while the ferrite grain size at the bottom of this zone w8gum. Region 4
(OHAZ) of W2 shown in Figure 4.9€- also contained a wilar ferrite microstructure but

with an averaggrain size of 10 um, also cementite was precipitated on the grain boundaries
of ferrite. The bottom of the former region as shown in figure 496 a 9 um ferrite grain
decorated by cementite. The regimst under the probe end of W1 and W2 as shown in
Figure 4.95-h- and Figure 4.96h- respectively showa similarity in microstructure whicls

a ferrite-cementite aggregate (FCA) and some islands of bainite with 15 pum prior austenite
grains. This similaty in microstructure in W1 and W2 at the probe endisignof the
close/similar amount of heat generationthat regionand thus similar temperatures range
experienced by the material in contact with that part of theisoekpected This finding
indicates that although the W1 microstructure experienced slightly lower temperature at the
shoulder and around the probe side compared to W2, the probe end for both cases (W1 and
W2) shows no evidence of a significant heat difference. Sdhreeal. 20082 Y showed
analytically that the probe end contribution in heat generation for the hybrid PCBN FSW tool
was less than 3% becausetu smaller probe end/workpiece contact area compared to other
tool parts.
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SamplesN3, W4, W5 and Whowed similarity in microstructure and thus their description
was organised in Tablel.14 Figure 4.97 shows the macrograph of W5 and the
microstructure othe regions of interest. A comparison in microstructure of these welds with
W1 and W2 are carriedub here. The microstructure at regiofuhder shoulderdf W1 and

W2 showed dainitephase with prior austenite grains larger tfanthe 120 RPM group as
reported in Table 4.14. This in turn suggestshat the peak temperatures at the
shoulder/workpieceontact region were higher in W1 and W2. This finding is in accordance
with other work[® el and 161 hjch showsthatthe heat input increases with tirecrease in
tool rotational speed. Region @robe side)top and bottom of W2also showed a
microstructure evolution with an expected temperature higher tth@ri20 RPM group
because of the higher rotational spéeadings of TC2 and TC5 in Tabded). This indicates
that in W2 the rotational speed effect was overriding the slight increase gepepth othe
120RPM group. W1 showed some similarity in microstructurethef 120RPM group
recordedin Table4.14 at region 2 top and bottom, however, 8iee of theprior austenite
grains of W1 at region 2 top was double. This similarity in microgirecdespite the higher
rotational speed of Witompared with thgroup ofsamples produced 420RPM can be
attributedto the lower plunge depthof W1 (about 0.5mmas reported iriTfable 4.6). The
plunge depthwhich exceed 11mm in 120RPM group has causadincrease in the contact
area betweethetool andthe workpiecewhich in turnproducel more heat towards the plate
thickness.The microstructurefor sampleW?7 region lunder the tool shoulder shows more
acicular ferritecomparedto W3, W4 and W5 while the probe end showed coarser ferrite
grains as shown in figure 4.99 which indicatieat more heat is produced duritige FSW

process as a result of increasing the plunge dspdfbout 0.1mm.

Figure 4.98 shows the microstructufesampleW6 for all regions of interest. Although the
rotational speed afampleW6 was the samas forW3, W4, W5 and W7, it shows some
difference n microstructurakvolution especially in the direction towards the prsioeéend.

A mix of acicular ferdie microstructure anbainitewith prior austenite grains of 3&m was
found underthe shoulder in region 1. This microstructure is similar to the one fourtlein
120RPM group This finding suppod the assertion that increasing plunge degibatly
affeds the microstructure towards the sample depth but dessn the top. Region 2 top
(Figure 4.98-b-) showed higher amount of acicular ferrite microstructure similar to that
found in W2. Compakto other cases dhe 120 RPM groupwhich showed a mix dbanite

and acicular ferrite, region 2 top of W6 sestimhaveexperienced higher temperatsenda

181



slower cooling rate and thus a microstructure of acicular ferrite was dotniRegion 2
bottom (Figure 4.98c-) showed ferrite grains (jAm) with cementiteprecipitatel at ther
grain boundariesRegion 3 (IHAZ) showed acicular ferrite in the top and a mix of acicular
ferrite and nodular ferrite in theottom. This microstructat evolution gives evidence of
higher temperature experiendeg W6 comparedo the microstructure dheother 120RPM
group which shows a mix dfainiteand FCA because of the difference in plunge depth. The
microstructure of W6 region @HAZ figure 4.98-d- and-e-) is also similar to that found in
W2, however, W6 region 3 koin (figure 4.98-e-) hasshowed some nodular ferrite in
addition to short plated cementite. Region 4 OHAZ showed ferritic grains&®fu@) with a

mix of short plated and nodular cementiténe Probe ends showed a ferritic matrix wih
short plated cenmgite (FCA) microstructure which was similar to other BM welds. It
was also similar to 20RPM group, however, sommainite was found insamplesw1 and
W2.

a
b
Regiors affected by

tool shoulder g
T

Regiors affected y o/ z

. A 4
f
>

h

Figure 4.94 Affected regions identified followingthe weld tool plunge trials. TMAZ under the shoulder
(region 1), TMAZ around the probe side (egion 2), Inner Heat Affected Zone (IHAZ ) (region 3), Outer
Heat Affected Zone (OHAZ) (region 4) and probe end. The redlotsrefer to the locationthat SEM
imageswere taken for each region (a- to -h-).
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Nodular ferrite of 5um grain size

< Prior austenite grain

Fig. 4.95 SEM micrographs of EH46 sampleW1 for all regions of interest: -a- W1 (Region 1) under
shoulder bainite with 55um prior austenite size and some acicular ferriteb- W1 (Region 2) Probe side
top region containsbainite with 40um prior austenite and some acicular ferrite.-c- W1 (Region 2) probe
side bottom region shovng fine ferrite -cementite aggregate (FCA) with some nodular ferrite of 5m grain

size.-d- W1 (Region 3) IHAZ top region showing a mixture of acicular ferrite and bainite phase with

prior austenite of 20um.-e- W1 (Region 3) IHAZ bottom region showing a oarser ferrite-cementite
aggregate (FCA), -f- W1 (Region 4) OHAZ top region contains nodular ferrite with 6pum grain size-g-
Region 4 OHAZ bottom showing a nodular ferrite phase of -8 pm grain size with cementite
precipitations at ferrite grains boundaries.-h-probe end ferrite-cementite aggregate (FCA) and some
islands of bainite in 15 yum prior austenite grains.
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Fig. 4.96 An SEM micrographs of sampleW2 (EH46) for all regions of interest.-a-W2 (Region 1) under

shoulder region contains bainite inside prior austenite grains of 80 um) and,. -b-W2 (Region 2) probe

side top mainly .,. -c-W2 (Region 2) probe side bottom contains bainite inside priorustenite grains of
20 ym and .,. -d-W2 (Region 3) IHAZ-top is mainly .,. -eW2 (Region 3) IHAZ-bottom is a matrix of
ferrite with short plated cementite. -f-W2 (Region 4) OHAZ-top, nodular ferrite microstructure with

average of 12 um grain size-g-W2 (Region 4) OHAZ-bottom, nodular ferrite microstructure with
average of 12 ym grain size-h-W2 Probe end, ferrite.cementite aggregate (FCA) and some islands of
bainite in 15 um prior austenite grains.
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Fig. 4.97. SEM Micrographs of sampleW5 (EH46) for all regions of interest.-a-W5 (Region 1) under
VKRXOGHU FRQWDLQV PL[ RI EDLQLWH LQVL GH-bSAbLRediob X prdbel QL W H
VLGH WRS FRQWDLQV PL[ RI EDLQLWH LQVLGH-cSNbI(RegioD2 wrabel QL WH
side bottom, fine ferrite grains with average of 5 um grain decorated by cementited-W5 (Region 3)
IHAZ -top, mix of bainite inside 15 um prior austenite grains and ferrite cementite aggregate.e-W5
(Region 3) IHAZ-bottom, Longitudinal ferrite matrix with a mix of longitudinal and nodular cementite . -
f-W5 (Region 4) OHAZtop, ferrite matrix with cementite precipitated on the grain boundaries, [nodular
ferrite grain measured 7-8 um]. -g-W5 (Region 4) OHAZ- bottom, ferrite grains (9 um) decorated by
cementite with some islands of pearlite-h-W5 Probe end ferritic matrix with fine (0.3 um) short plate -
like cementite

185



Fig. 4.98 SEM micrographs of EH46 W6 for all regions of interest.-a-W6 (Region 1) showing A mix of
acicular ferrite microstructure and bainite phase with prior austenite grains of (35um). -b- W6 (Region
2) top is mainly acicular ferrite -c-W6 Region 2bottom, ferrite grains (7 um) with cementite precipitate
at the grain boundaries -d-W6 Region 3 IHAZ top, acicular ferrite . -e- W6 Region 3 IHAZ bottom, mix
of acicular ferrite and nodular ferrite., -f- W6 region 4 top, ferrite grains of (#8 um) with a mix of short
plated and nodular cementite. g W6 region 4 OHAZ bottom ferrite grains of 8 um with nodular
cementite.-h-W6 probe end,ferritic matrix with short plated cementite (FCA) microstr ucture.
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Table 4.14 Microstructure of the different affected regions ofsamplesw3, W4, W5 and W7, (EH46).

Average Estimated Estimated
. temperature .
. prior range (°C) cooling rate
Region Affected Main mi Austenite 4 ! °C/s (using Di
4 ain microstructure ; . (Using Di h
No. Region grains size Martino et al Martino et al
(um) of B 2014 2014
phase assumption)"”” assumption)!”
WO03(33+2)
. 0,
Mix of bainite and acicular | o oc o 12001300C in 203OCC/sfor
Under the ferrite. (35+2) | the top surface FCA
L shoulder and 000-
More acicular ferrite in W7 WOS(40+3) 110-00-C for the and 3640°C
. bainite phase Isfor B phase
WO07(35+2)
WO03(18+1)
Top of the probe side is a mi
of bainite and acicular ferrite| W04(19+2)
2 Probe side | bottom of the probe side is 4 12001300°C 30-40°C/s
fine ferrite (45 pm) WO05(20+2)
decoratedvith cementite.
WO07(25+2)
Bainite with a coarser ferrite
IHAZ (Top) (2.5um ) and cementite (1
pum ) bands, the cementite
bands are shorter than in
3 regions 1 and 2 15+2 11001000C 20-25°Cls
IHAZ Longitudinal ferrite matrix
(bottom) | with amix of longitudinal and
nodular cementite
Ferrite matrix with cementite|
precipitated on the grain
boundaries, [nodular ferrite
grain measured-8 pm] the
4 OHAz | Microstructure inwelds tendi o oar | 1000900°C 25:30°C/s
to be ferrite grains (9 pm)
decorated by cementite with
some islands of pearlite
toward the bottom of this
region
Ferritic matrix with fine (0.3
um) short platdike 20-30°C/s for
Probe end cementite not clear 10001100°C | FCA and 340
°C/sFor B
Coarser grains in W7
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ORUH Coarser ferrite grains

Region 1 under shoulder Probe end

Figure 4.9: SEM Micrographs of sampleW7, (EH46), Region 1 underthe shoulder, the
microstructure is mainly ., and at the probe end coarser ferrite grains.

From allthe studied caseSamples WAW7 (EH46)it can be inferred that the microstructure
evolution was spatighs a function of the distance from tool radiugggions in ontact with

the FSW tool have undergonphase transformatisncommensurate with the fact that they
had experienceldigher temperatures. It is also shown from the macrographRgure 4.35
which measured the TMAZ by the IFM as reported in tableti#aé the regions affected by

the tool probe is bigger (represent about 70% from the total TMAZ and HAZ) than those
affected by the tool shoulder, thusstproposedhata FSW tool with a stationary shoulder
and slightly higher rotational speed cageneate enough heat required fdriction stir
welding. This finding will be represented and discussed in the modelling and simulation

section.

It can be noted from the microstruauevolution for allthe plunge/dwell samplesnder
studythatthe total TMAZ (regionl and region 2) has experienced phase transformation and
thusare assumed to belly austenitc during FSW This region which is also callede shear

layer is believed to experienametalflow ata minimum temperaturerhich isabove the A

of the Fe-C equilibriumphase diagranThis finding will also be represented and discussed in

the modelling and simulation section.
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4.8 SEM Imagesof FSW SamplesW8 and W10(EH46) Showing the SZ and HAZ.

The microstructurgof samplesA8 (150RPM, 50mm/minand W10 (150RPM, 100mm/min)
(EH46) steel have been examined using tBEM in order to understand the phase
transformatios that have taken place for each weldis expected that both welds have
experienced almoghe same heat generation as the rotational speed are same, however, the
cooling rate of W10 will be higher as it experienced higher tool traverse speed than in W8.
The difference in cooling rate between the two welds is cilelhen examining the
microstructureespecially in the top of the SZ as shown in figure 4.100 to figure ATIG2
top-middle of SZ of W8 and W1@reshown in figure 4.100a- and-b- respectively Welded
sample W8&howsa ferrite matrix witha mix of short plated and granulated cementite while
welded sampl&V10 consists of derrite matrix with short plated cementite and sdra@ite

which indicats that faster cooling rateas occurreth W10.

The RS and AS oivelded sampl&V8 shown in figure 4.101 low magnification and figure
4.102 higer magnification-a- and -b- respectivly shows evidence ddcicular ferrite 4o
with somebainiteinsidelargeprior austenitgrains (50 micror). There are alssome ferrite
grains (20um) and on the AS acicular ferrite with some nodular ferrite of 20 pm.
$ 0 O RW U L Rf) RS Kppdars in botlihe AS and the RS of tH&Z with morebainite
on WKH 56 7KH SJiHdickt€x& bl Rdoling ratdless than (30°C/d)°%) and high

homologous temperature

The RS and AS dhe welded samplé/10 (EH46),shown in figure 4.103 low nggification
and figure 4.104 higér magnification-a- and -b- respectively showsa mixture of acicular
ferrite with bainite with a finer microstructureon the AS. Compai to sampleW8, the
cooling rate in W10 was higher as the microstructure includes baonge andthe .5 was
absen

The probe end (weld root) glamplesw8 and W10 are shown in figure 4.16% and-b-
respectivelya microstructural examination of the weld roové8 revealedine ferrite grains
(4 um). As described earlier this is attributed to #iféects of high strain rate and slower

811941 A similar examination of the microstructure BSW

cooling rate (dynamic RXY®
sampleW10 (EH46) probe endrevealedlarger ferrite grains1Oum) with mix of nodular

ferrite and short plates of cementite.
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Figure 4.106-a- and-b- show the microstructusef the HAZ on theRS of FSWsampleWw8

and W10 respectively. 15um ferrite grains with nodular and short plated cesremdi some
island of pearlite was in the HAof W8 at RS while 12 um ferrite grains with nodular and
short plated cementite and some iskodl pearlite was in the HA of W10 at RS. The
previous work on DH3&3"® reported a similar microstructure of ferrite grains, cementite
and partially shredded pearlite as a resuthefmal historyexperiencd without the effect of
strain rate.The AS in W8 and W10 showed clear IHAZ and OHAZ which are shown in
figure 4.107 ad figure 4.108-a- and -b- respectively.The microstructure of as welded
sampleW8 IHAZ on theAS revealed20um ferrite grains with short plated cementite and
somebainite the OHAZon theAS showedl0 um ferrite grains with nodular and short plated
cemetite as shown in figure 4.10:& and-b- respectively. The absence of pearlite in the
IHAZ and OHAZ on the AS of W8,is anindicaion that a highertemperature has been
experienced at the AS compared to tHAZ and OHAZat the RSof W8. The IHAZ W10
ontheAS includal aferrite matrix with plates of cementite as shown in figure 4-898his
indicates a faster cooling rate has occurred compat@ the IHAZ on the AS of W8 as
shown in figure 4.107&-.
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-a- -b-

Figure 4.100 SEM micrographs of -a- FSW sampleW8 (EH46) showing that thetop-middle of
the SZ consists of derrite matrix with a mixture of short plated and granulated cementite.-b-
FSW sampleW10 (EH46) showing that themiddle of the SZ consists ofa ferrite matrix with
short plated cementite and soméainite phase.

B
\ lac Fac
< ral
B < oy
B /
B
-a- _b_

Figure 4.101 SEM micrographs of-a- FSW sampleW8 (EH46) SZ, RS showingacicular ferrite

with somebainite (B) inside 150 micron prior austenite and some 20n ferrite grains. -b- FSW

EH46 W8 SZ, AS showingacicular ferrite with some nodular ferrite of 20 um. Allotriomorphic
an) ferrite alsoappearsin both SZ of AS and RS.
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W8 SZ RS W8 SZ AS
-a- -b-

Figure 4.102 SEM micrographs of -a- FSW sampleW8 (EH46) SZ, RS showinghigher
magnification, acicular ferrite with some bainite (B) inside 150 micron prior austenite and some
20pm ferrite grains. -b- FSW sample W8 (EH46) SZ, AS showinghigher magnification,
acicular ferrite with some nodular ferrite of 20 um.A O O R W U L R B ReuriBekid afso present
in both SZ of AS and RS.

-a- -b-

Figure 4.103 SEM micrographs of-a- FSW sampleW10 (EH46) SZ, RS showing a mixture of
acicular ferrite with bainite (B) phase -b- FSW sampleW10 (EH46) SZ, AS shows a nixture of
acicular ferrite with bainite B.
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rac rac

-a- -b-

Figure 4.104 SEM micrographs showing-a-FSW sample W10 (EH46) SZ, RS showing at
higher magnification, a mixture of acicular ferrite with bainite (B) phase -b- FSW sampleW10
(EH46) Sz, AS showing, at higher magnification, a mixture of acicular ferrite with bainite (B) .

-a- -b-

Figure 4.105 SEM micrographs showing-a- FSW sampleW8 (EH46) probe end showshe weld
nugget and TMAZ. The weldnuggetconsists of fine ferrite grains (4 um) due to the effects of
high strain rate and slower cooling rate (dynamic RX)the region affected by tookotation
TMAZ shows larger ferrite grains. -b- FSW sample W10 (EH46)probe endshows10um ferrite
grains with a mixture of nodular ferrite (dark phase)and short plate cementitg(bright phase).
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Figure 4.108 SEM micrographs showing-a- FSW sampleW8 (EH46) HAZ , RS shows
15um ferrite grains with nodular and short plated cementite and some island of pearliteb-
FSW sampleW10 (EH46) HAZ , RS shows12 pum ferrite grains (dark phase)with nodular and
short plated cementite(bright phase) and some island of pearlite.

A
Ferrite Ferrite
K

-a- -b-

Figure 4.107 SEM micrographs showing-a- FSW sampleW8 (EH46) IHAZ , AS shows
20um ferrite grains (dark phase)with short plated cementite(bright phase) and somebainite
(B). -b- FSW sample W8 (EH46) OHAZ , AS 10um showsferrite grains (dark phase)with
nodular and short plated cementite(bright phase).
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Figure 4.18: SEM micrographs showing-a-FSW sampleW10 (EH46) IHAZ , AS showsferrite
matrix with plates of cementite.-b- FSW sampleW10 (EH46) OHAZ , AS shows10um ferrite
grains with nodular cementite.
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4.9 SEM images of the Effect of at Treatment on the Prior Austenite Grain Size of
DH36 and EH46Steel Simples

Figure 4.109 and 4.110 show SEM images of the microstructure of DH3&H#E heat
treated samples in a temperature range of 06045F°C and 10 min holding timéollowed

by oil quenching The increase in temperature in general has led to an increase in the Prior
Austenite Grains Siz¢PAGS). Figure 4.111 and Figure 4.11Bows the relationship
betweenPAGSand temperature for the heat treated samples at holding times of 1min and 10
mins respectively. DH36 shows a greater increase in the PMi&R temperaturancrease

than the EH46 steel grade. This can be attributed tlotber percentage of alloying elements
exist in DH36 compared to EH46 grade (chemical composition are shown in table 2.5 and
table 2.6). Ti is a very effective element, when considering grain size control, due to its
affinity for carbon and nitrogen. Ti rddy forms Ti (CN) which acts to pin austenite grain
boundaries and therefore impedes high temperature austenite grain §t0#tH°. Figure

4.111 and figure 4.112 show how the prior austenite grain size are increased significantly
once a temperate of 1300°C is exceeded which indicates that most of grain boundary
pinning precipitates responsible for grain refining have either coarsened beyond the critical
diameter for grain boundary pinning or been taken into solution. The effects of micro
alloyed elements on the PAhave been studied by Karmakar et al. 28%%in which Ti

and Nb were identified as the most effective elements for pinning austenite grains during
heating. The author reported that grain growth of austenite can occur whemfrerdture
exceeds 115%C as a result of the start of-Wib coarsening. However, abnormal grain growth

in austenite was reported to occur after reaching a temperature ofQ 40k to higher
coarsening of Ti element. Gong et al. 264 reported a reattion in the pinning force of

Ti-Nb steel after reaching a temperature of 1ZD@&s a result of coarsening /dissolving of

Ti-Nb rich precipitatesin austenite.

196



-a- 85um prior austenite grains -b- 250um prior austenite grains

-c- 600um prior austenite grains -d- 2000pum prior austenite grains

-e- 2000um prior austenite grains

Figure 4.109 SEM micrograph imagesshowing prior austenite grain sizeof grade DH36 steel
when heat treatedwith different peak temperatures.-a- (1130°C), 85um prior austenite average
grain size,-b-1300°C, 250um prior austenite average grain sizec- 1400°C, 600um prior
austenite average grain sized- 1450°C for 4min holding time, 2000um prior austenite average
grain size,-e- 1450C and 10 min holding timg 200Qum prior austenite average grain size.
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-a- 90um prior austenite grains -b- 10Qum averageprior austenite grains

-c- 110um prior austenite grains -d-400um prior austenite grains

Figure 4.110 SEM micrograph images showng prior austenite grain sizeof grade EH46 steel
when heattreated with different peak temperaturesand a 10min holding time.-a- (1000C),
90um prior austenite average grain size;b- 1130C, 100 um prior austenite average grain size,
-c- 1250°C, 110um prior austenite average grain sized- 1400C, 400um prior austenite average
grain size,
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-e-700um prior austenite grains -f-1000um average prior austenite grains

Figure 4.110cont.: SEM images showng prior austenite grain sizeof grade EH46 steelwhen
heattreated with different peak temperaturesand 10min holding time -e- 1450C and 10 min
holding time, 700um prior austenite average grain size-f- 1450°C for 15 min holding time,

1000um prior austenite average grain size.
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Figure 4.111: The effect of temperature on prior austenite grain sizéor heat treated samples of
DH36 and EH46steelin the temperature range 1000C-1450°C for DH36 and 1000C-1500°C
for EH46 with a holding time of 1min.
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Figure 4.112 The effect of temperature on prior austenite grain sizéor heat treated samples of
grade DH36 and EH46 steel in the temperature range 100C-1450°C for DH36 and 1000°C-
1500°C for EH46 with a holding time of 10mins.
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4.10 TiN Precipitatesin As-ReceivedEH46 Steel.

Ti as analloying element in thgradeEH46 steelis usually found a3i or alloyedwith other
elements such as Nb as shown in figures 4.82, 4.113 and 4.114. During the FSW process the
material in the SZ will experience high temperatures and also high strain rates which can
cause a phase change in the PM microstructure and also in eleroemtposition of
precipitates/segregates. The effect of strain rate was not included in the heat treatments used
to simulate phase change and elemental precipitation/segregation as the maximum
temperature on Gleeble simulator hot compression test willeroted 110 and the

current heat treatments reach up to1¥DMHowever, it is expected that strain rate will affect

the incubation time of phase transformation and elemental precipitation/segregation. Previous
work carried out on steel including heat treatments and strain rate (such as hot compression,
rolling and F3V) has shown that the phase changes and elemental precipitation occur faster
when the process includes strain rate in addition to he@Hfg® H4H 1421 14319 ga4] Failla

et all"® studied the effect of deformation on the phase transformafiferrite and bainite of
HSLA-65 during the FSW process and found ttret phase transformation occurs faster
when deformation is increased. This was attributed to the reduction in austenite grain size
during the FSW process. The incubation time for phecipitation of Nb(C, N) has also
studied by Zhu and Qilt*?! who found that an increase in strain resultec ttecrease in
incubation time. The precipitation time was reduced from 6000 sec to 3548 sec with the
casting speed increasing from 0.9m/min 204m/min whereas, the temperature of

precipitation was constafit?.
4.10.1TiN Precipitates in theHeat Treated EH46 Steel &mples

Samples which have been heat treated at 130did not show evidence of TiN precipitates
under the SEM investigatioithis may be due to the fact that, for the chemical composition,
the TiN precipitation process may not occur at temperatures below°1008". Other
samples which experienced higher temperatures (tharf@pbave shown different sizes of

Ti precipitates including TiN as shown in SEM images and EDS spec#&sishown irfigure
4.115 tofigure 4.117. Generally speaking, heating to 2€3@ith different cooling rates has
resulted in precipitation of Ti witbtherelements including Al, Nb, S, O, V, and Psimown

in figure 4.115. The current work only deals with TiN precipitates so other Ti precipitates
will not be discussed batwork has been carried out can be foun&qHe# 16511166l and [167]

Samples heated at 12@0(Figure 4.116) shows Ti/NNitrides precipitates with an average

201



size of 100nm whereas; heating to 14D®as resulted in coarser precipitates forming of 0.5
1um TiN as shown in Figure 4.117. The samples shown in Figure 4.115 to Figure 4.117 were
quenched in hot oil (3C€/sec). Thiscooling rate is expected to produce an acicular ferrite
microstructure similar to #t in FSW samples as shown in Figure 4.1TDusually has a
strong affinity to form nitrides, oxides and even sulphides before forming caft5fd&8%. it

is known that TiNprecipitaterequires a low amount of Ti in the steel matrix (less than

0.025wt%) and also a low carbon content otherwise Ti (C,N) will be more dorfit{aht”.

4.10.2The Effects of theCooling Rate on TiN Particle Size Found in the Heat Treated
Samples of EH46 Steel.

Figure 4.119-a to -d- show SEM images of TiN precipitates heat treated at °Cl@dd

held at this temperature for 3@c followed by cooling to produce four differeablingrates,

oil quench, hot oil quenclair cool and furnace cooled. Samples were then examined on the
SEM to showthe effect of cooling rate on TiN precipitate size. It was found that the TiN
particle size increases significantly when the cooling rate decreases, especially when cooling
inside he furnace. It imlsoshown that TiN can precipitate even at a fast cooling rate such as
oil quenching as shown in Figure 148. Recent work carried out on low carbon steel (0.12
0.14%C) with a Ti content between 0.008613% Y showed that cubic N can
precipitate at very high temperatures (14T)0and the size of the precipitate was controlled

by the cooling rate. It has also been shown that TiN cubic precipitates can be formed even at
fast cooling rates (water quenching) but with a smaller sidettzat the peak temperature was

the driver for the precipitation of TiN in these circumstan¢és.

Figure 4.120a and-b- shows the relationship between the cooling rate and the average TiN
particle size for two temperatures (1260and 1408C) andtwo holding times (10 seconds

and 30 seconds). The slower cooling rate means that the TiN precipitates could form over a
longer period of time at a higher temperature thus increasing coarsening of the precipitation
[68] Increasing the holding time to 3@csat 1408C with a very slow cooling rate (cooling
inside furnace) has resulted in a coarsening of TiN particles to reach a sizes&{oueas

shown in figure 4.119d- and figure 4.120b-. The faster cooling rate can lead to larger
undercooling and hlger supersaturating of solute for precipitation and thus a larger driving
force, so more fine particles will form at lower temperatures (insufficient diffusion time with

increasing cooling rate so less Ti precipitates). Figure 4.121 shows the frequégrafyT({#b
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particles sizes when heating4® 1250°C for 10sec;b- 1400°C for 10sec;c- 1250°C for

30sec andd- 1400°C for 30sec. TiN particle size increasegh the increag in peak
temperature, the frequency of large pari@eso increases when soaking time increases due
to the samples experiencirgghigh temperaturéor more time . The above discussion about
TiN formation during heat treatments can be helpful in estimating peak temperature and
cooling rate of the FSW jointsf EH46 steel and thus can help in estimating the suitable
rotational and traverse speeds of the tool which can give the best welding conditions without
the need for using TCs or a thermal imaging camera.

4.10.3TiN precipitates in FSW of EH46 Steel &imples.

The SEM images of FSWamplesN'8 (EH46) and W10 show precipitation of TiN in the top

of the SZ with average size 6f6 um and0.5 um in the steady state period as shown in
figure 4.122-a , -b-, -c- and-d- respectively. The TiN particle size has eaded 1um in the
plunge period (the start of welding where the tool is mogabut not moving) as shown in
Figure 4.123a and-b- low and high magnification respectively. In this figure there are eight
TiN particles (size is 0.7um to 1.5um) inside a 1@ ferrite grain. This coarsening of TiN
particles can béhe result of higher temperatures and slower cooling rates, more discussion

about the precipitation size and cooling rate is in the following section.

The study of the plunge/dwell period for gradel4b steel, samples W1 to W7 have also
been examined for TiN precipitates. Figure 4.124and-b- shows TiN precipitatepresent

in samples W2 and Wi&spectively at region 1 under the tool shoulder (see figure 4.94). An
average particle size &7 pum in W2 and0.5 um in W3 has been measured. Figure 4.125
shows TiN particles present in sample W6, which have an average $Zepwh detected
under the tool shoulder (region 1). The frequency and TiN particle size are shown in figure
4.126-a Samplew8 and W10 aneb- sampleW1l to W7 plunge/dwelirial. The average size

of TiN particles are calculated and listed in table 4.15.
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4.10.4Comparison of the TiN Precipitates in FSW andHeat Treated Samples

From figure 4.128a and-b-,which shows theelationship between the average size of TiN
precipitates and the cooling rate compared to water, it is showrhehdteat treatment at
1250°C followed by a hot oil quenching resulted in TiN precipitates with an average size of
0.2-0.5 ym (soaking time x80sec) which coincides with the average size and frequency of
precipitate found in sample W1(#EH46) (Figure 4.122-c- and -d-). Sample W8(EH46)

shows coarser TiN particles with an average size of 0.6um which suggests a slower cooling
rate tharthe sample W1(QEH46). This, in turn, is supported by the fact that the tool traverse
speed for W8 was 50% slower than for WIBe ooling rate can b the range of 18C/s-

30°C/s according to the implemented heat treatments with a minimum peak temperature of
1250°C. The ferrite grain shown in Figure 4.123, with average grainafiZ@ um, contains

eight large cubic precipitates of Tinith a size range from 0.7um to 1.5 um. The large size

of these precepitates indicate that the material has been exposed to a very high temperature
(may have reached 1480), the cooling rate was also slow enough to form these precipitates
and expected to be lessanh 10 C/s. It is, however, unlikly these large precipetates can play
any useful role in pinning the austenite grain during heating (see figure 4.111 and figure
4.112). The reduction in pinning forces due to temperature increase higher thag 9260
reported by Gong et al. 2048* and also by Karmaker et al. 2024 where the austenite
grains have experienced coarsenning resulted freMbTg@issolving. The coarse ferrite grain

at the probe end of W10 during the plunge period shown in figure Wwh2® exceeds 10um

can be attributed to the inability of the larger precipitates to exert a pinning force on the grain
boundaries.The high temperature generated during welding will have the effect of slowing
down the cooling rate, allowing precipitate aligion ,as well asprecipitate growth all of

which will result in austenite grain growtlas seen in figure 4.123.

With regards to samples W1 to WEH46) the shouldeprobe region shows evidence of
precipitation of TiN particles, as shown in figu4el24 and figure 4.125. Table 4.15 shows
the average size of TiN particles of W1 to W7 at the shoyldsve region(shown
previously in figure 4.3p SampleW1 and W2(EH46) shows bigger average size of TiN
particles (0.60.7 pum) thansamplesw3-W7 (0.5um) as the result of higher tool rotational
speed (20(RPM) of W1W2 compare tahe other weled jointswhich have a lower tool
rotational speed (12BPM). The higher toofotationalspeed hasesulted in ahigher peak
temperature and thusslower coding rate is expected which in turn can cause TiN particle

coarsening as discussed previously. The temperature of W1 and W2 at the ghalldes
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expected to have exceeded 1260but not to have reached 14 according to the heat
treatments resultshown in figure 4.120a and -b-. SampleW3 to W7 (EH46) peak
temperatures are expected to have reached °@%th a cooling rate range of 2Q/s-30
°Cls.

Figure 4.127 shows TiN particle at region 2 under the tool probampleWw2 (EH46) with

avera@ size of 0.35um. This decrease in TiN particle size f@ormum to 0.35 um can be
attributed to a lower peak temperatures under the probe (region 2) compared to the region
under the shoulder (region 1). This finding is in agreement with previous G&tR>"

which showed that heat generation in FSW process is spatial (i.e. the maximum temperature

is always at the tool/workpiece contact region TMAZ and it decrease towards the HAZ).

-a- -b-

Figure 4113 SEM micrograph image for thegrade EH46 steelas receivedmaterial showing -a-
Ti, V and Nb rich precipitates and -b- very small Ti-Nb rich precipitates.
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Figure 4.114 SEM-EDS high magnification ofas receivedgrade EH46 steelshowing Ti spectra.

4.10.1TiN precipitates in the heat treated samples

-a- -b-

Figure 4.115 Grade EH46 steel,heattr eated at 1130°C for 1min, hot Oil quenched,-a-SEM
micrograph image,-b-EDS spectra

-a -b-

Figure 4.116 Grade EH46 steelheattreated to 1240C for 1min, hot oil quenched,-a-SEM
image,-b- EDS spectra
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-a- -b-

Figure 4.117 Grade EH46 stee| heattreated to 1400°C for 1min, oil quenched -a-SEM image, -
b-EDS spectra

O TN

<—TiN

Figure 4.118 Grade EH46 steelheattreated to 1240°C for 1min followed by oil quenching. TiN
particles sizesrange for 90 to300nm.
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4.10.2The Effects of the cooling rate on TiN particle size

TiN

TiN

Figure 4.119 SEM images of a heat treated samples of EH4#8 (1400°C) for 30 sedfollowed by
quenching at four different cooling rates. -a- oil Q, -b-hot oil Q, -c- air cooling, -d- cooling inside
furnace.
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Figure 4.121: Frequency Distribution (%) of the TiN particle size (um) observed in the heat
treated samples with hot oil quenchinga- 125CFC for 10 sec-b- 1400°C for 10 se¢-c- 1250°C
for 30 sec and-d- 1400°C for 30 sec.
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-a- -b-

TiN
TiN
-C- -d-

Figure 4.122 SEM microsgraphs of: -a- and -b- TiN particles in FSW sample W8 (EH46)
(150RPM, 50mm/min), average size is 600nrand -c- and -d- TiN particles in FSW sampleW10
(EH46) (150RPM, 50mm/min), average size i800nm.
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-a- -b-

Figure 4.123: SEM micrographs of sampleW10 (EH46) (plunge/dwell period) taken at the
probe-end, -a-low and -b- high Magnifications, showinga significant number of TiN precipitates
(size is 0.71.5um).

TiN

Om

-a- -b-

Figure 4.124: SEM micrographs examining region lunder the tool shoulder during the plunge
/dwell period (EH46) -a- Sample W2 average of 0.7um TiN particles-b- Sample W3, average
of 0.5um TiN particles.

212



0 O
O

Fig. 4.125: SEM micrograph of sample W6(EH46) (plunge/dwell period) underthe shoulder,
average of 0.5um TiN patrticles.
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Figure 4.126: The Frequency Distribution (%) of the TiN particle size (um) observed ira- FSW
sampleW8 and sampleW10 (EH46), -b- FSW samplesW1toW7 (EH46) (Plunge/Dwell case)

Table 4.15: TiN average particle size of EH46 W1 to W7 at the should@robe region

Weld No. W1 W2 W3 w4 W5 W6 W7
TiN average particle | & 0.7 0.5 05 05 0.5 0.5
size pm
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Figure 4.127: SEM micrograph of sampleW2 (EH46) (plunge/dwell casg under the probe.
AverageTiN particles size0.35um.

To conclude, the technique of estimating the peak temperature and cooling rate of a FSW
based upon the size and distribution of TiN precipitates can be regeasna valid ad

inexpensivaltemative to other techniques such as using TCs or a thermal imaging camera.
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4.11 Segregation/Precipitation Analysis using SEMEDS of DH36 and EH46 Heat
Treated Samples in theTemperature Range of 1408C to 1500C.

The microstructure of th®M of DH36steelconsists oferrite grains withanaverage size of
15pum and elongated bands of pearlite as shown in figure-&7&nd-b-. Ti and Nbrich
particleswere foundon a nanescale size either asTa, Nb or as a compound with each other
(Figure 4.76 and figer4.77). MnS is present as stringers in the microstructure, aghdnS

or as a compound with Ca and Al as shown in figure 4.78 to figure 4.80. Grade EH46 steel
parent materiglmicrostructure also consists of ferrite grains with average size of 20flm wi
shorter but wider bands of pearlite compkie@ DH36 grade as shown in figure 4.84 and-

b-. Nanascale sized alloying elements such as Ti and Nb are shown in figure 4.82 to 4.84. Ca,
which has a strong affinity to form sulphides and oxides, wasdfasa compound of
calcium aluminates (Ca®l,03) and also calciurmanganessulphide (MnSCaS) as shown

in figure 4.85 and 4.86 respectively. The melting point of (@d&Ds) is in the range of
1450-1850°C depending on the amount (Wt%) of CaO compounk AisO; M2, MnS

melts at 1600°C'®* however, the melting point is lower when it forms compounds with
other elements such as Ca andAl. Hence, it is expected that some melting/softening of
the CaGAIl,0O; and also MnSCaSwill occur when the temperature exceeds 1400°C.

It is recognised that the samples heat treatments arequolibrium. The samples are heated
between 1 to 10min which is insufficient time for the whole sample to reach the same
temperature. The heatingnieerature is designed to simulate the -equailibrium surface

temperature conditions that a FSW sample might experience.
4.11.1 Heat treatments of DH36 and EH46teelgrades at 1400°C

Heat treatments of DH36 steel up to a temperature of 1400°C for 1hawdd by a hot oil
guench showed significant segregation of, rnand Nb at prior austenite graitoundary
(PAGB) as shown in figure 4.128 and figure 4.129. This type of segregation can affect
negatively the mechanical properties of the wdlpints. The segregation of MnS, and its
detrimental effects on hot tensile fracture was studied by Santillana et al.”ﬁhl’ﬂhey
found that segregation of MnS ocsat a temperature range up to 1440°C which in turn had
significantly reduced the tensile strengihthe samples under study. Heat treatments of
DH36 steel at 1400°C for I@inutes hae caused segregation of MNSRAGB and within

the PAG. Some other elements suchAgR€, and P are also identified with Mr& shown in
figure 4.130 and figure 4.131. It is also shown that the segregated elemamisblogyhas
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been converted from platide to a spherical shape when the holding time increased from 1

to 10 minutes.

Grade EH46steelheated to 1400°C for 1mirhewed no significant segregation of MnS or
alumina, however, the % of P in these segregates has increased slightly as shown in figure
4.132. Extennhg the holding time to 1@nins has causedegregation obther elements such

as Ti and Nb with Al compoundss shown in figure 4.134 and figure 4.135.

4.11.2 Heat treatments of DH36 and EH4&teelat 1450°C

Figure 4.136 shows the microstructure of DH36 sample heat treated at 1450°C for 1min
followed by hot oil quenching. It shows that significant segregaifoxin, S, Al and O has
occurred and was associated with acicular ferrite formation. Figure 4.136 sbgregabn

which contains Mn, Si, Al and O within and at the boundary of PAG when the holding time
was prolonged to 4mim. In this stage sulphur hagesi to disappear and is replaced by Si.
The mechanism of Mn, Si, Al and O segregation will be discussed separately later in this
section. Figure 4.138 shows SHBDS mapping of a Mn, Si, Al and O spinel compound,
which containa high percentage of O ai®@l. Extending the holding time from 4 min to 10

min did not change the elemental segregation of Mn, Si, Al and O, some regions shows the

presence of Ca and S elements among the compound as shown in figure 4.139.

The microstructure of grade EH46 steel headted at 1450°C for 1min followed by hot oil
guenching is shown in Figure 4.140. This image shows segregation of Mn, S, Al and Nb to
PAG boundaries whereas figure 4.141 shows segregation of Nb, P and S to PAG boundaries.
Heating the samples of EH46 stdel 1450°C for 4min has caused different types of
elemental segregation as listed in table 4.17. MnS has joined with other elements including Ti,
V, Nb, Mn, P and O whereas sulphur has joined mainly with Nb. The different types of
elemental segregation asaown in SEM images at higher magnification in figure 4.4542

to -I-. Increasing the holding time to 10min at 1450°C has caused the coalescence of Si into
Mn compounds and also more sulphide forming such as NbS and CaS as reported in table
4.17 andasshown in figure 4.144. Mn, Si, Al and O spinel has been formed and completed
when the holding time increase to 15min as shown in the-EBEM mapping in figure 4.145

and in the SEM images of figure 4.146 and figure 4.147. In these figures the segregation of
Mn, Si, Al and O spinel occawithin and at the boundary die PAG.
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4.11.3 Heat treatmentsof DH36 and EH46steelgradesat 1500°C

Heating samples of DH36 steel to 1500°C for only 1 minute has caused segregation,of a Mn
Si, Al and O spinel in the regions near the sample surface to a depth of 1.14 mm as shown in
figure 4.148. A small amount of Nb is present with the spinel at regions away from the outer
surface of the sample as shown in figure 4.149. Figure 4.150 shbigkeat magnification
imageof Mn, Si, Al and O spinel which takes a spherical shape. The size of the spinel in all
previous figures varies from less than 1um to 20 um. Phosphorus sulphide is also segregated
to the boundary of PAG as shown in figure 4.360which give an indication about the
separation of sulphur from MnS and subsequent reformation with other elements such as P
and Nb.

Grade EH46 also showed segregation and precipitation to a Mn, Si, Al and O spinel as shown
in the SEMEDS spot analysisgoint and ID andalso mapping in figure 4.151 and figure
4.152 respectively.

It is evident from the previous results and discussion that the segregation of spinel elements
of Mn, Si, Al and O only occurs at temperatures equal or exceedingC4%@s ako worth
highlighting that a holding time of 1min at 15in both steel grades was enough for Mn,

Al, Si and O spinel segregation at the sample surface and thus it is expected that the time
required for segregation is decredseth increasing temperater It is also expected that the

high strain rate which exists in the FSW process will also reduce the time required for

elemental segregation/precipitatias shown by previous woé! 140 [141] [142] [143]and [144]
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4.11.4 Segregation/Precipitation Analysis using SENEDS to ldentify Elemental
Segregation in FSW Samples of DH36 Steel at High Tool Speeds (550RPM,
400mm/min) (Samplesw6 and W8).

A microstructural examination of two FSWsdmplesw6 and W8(DH36)) which were
produced using high tool speeds (550RPM, 400mm/min) revealed the existence of a
significant volume fraction of a Mn, Si, Al and O spinel in the microstructure of the SZ as
shown in figure 4.153 to figure 4.162. Zn was also found associatédtingt spinel as
revealed by the SENEDS spot analysis and also elemental mapping technigues as shown in
figure 4.156 and figure 4.157.

The Zn present in the spinel“2phase particle will have originated from the galvanised
surface of the DH36 steel. Ahoussawi et al. 201%7%! suggested from CFD modelling that

the maximum peak temperature in FSW of DH36 steel is localised at the tool/workpiece top
contact surface on the advancing trailing side and it can reach close to the melting point of
steel when té tool speed exceeds 500 RPM. The melting and boiling temperatures of Zn are
420°C and 1907C respectively. The welding peak temperature especially at the
tool/workpiece contact region is expected to be higher thamétizng temperature of Zn and

thus tre possibility of Zn present in the stirred zone (SZ) should be low. Beak et al*#h10
explained the existence of Zn in the stirred zone as a resihe &iSWtool effect, whereby

Zn will melt and evaporate during FSW but because there is no waydoescape outside

the tool/workpiece contact region it will trap and explode into the SZ. In this tthesis
mechanism to coalesce Zn with other elemental segregatisaniplesw6 and W8 FSW

DH36 steelis proposed as follow: (a) The centrifugal foréeen FSW tool pusesthe steel
including the Zn coated layer at the tool/workpiece contact surface to the advancing trailing
side during the FSW process. (b) Heat generated during the FSW process results in a peak
temperature at the advancitrgiling sice which exceeds 1480. (c) at a cooling rate in the
range of 1eB80°C/sec, segregation of the Mn, Si, Al and O spinel including Zn occurs as
shown previously by heat treatments for the peak temperature and cooling rate required for
segregation (section BL2 and5.11.3. (d) The segregated elements are moved from the top
surface of advancingailing side and distributed downward into the SZ under the effect of
tool rotatioral and traverse speeds. This finding is in agreement with Arbegast et af*2003
who showed that material during FSW experiences upward flow into the shoulder and then

downward flow into the extrusion zone around the tool.
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The difference in the shape of the segregated elements following the FSW process when
compared to those follang the heat treatments is as a result of the themachanical effect

of the tool on the material during stirring. Figure 4.153 to figure 4.161 show a deformed
longitudinal shape of the spinel which has a larger size than is shown in the heat treated
sampes. The increase in spinel size in FSW samples may be a result of joining small spinel's
together under the effect of stirring. It is also shown that other elements such as Ca and P
appear in the spinel in some locations of the SZ as in figure 4.155usudpalso found to

exist in the spinel as shown in figure 4.156 and figure 4.162. This can give aniamiibat

the SZ has experienced localised heating including a higher peak temperature which reaches
or exceeds 145 and which can cause completegregation of the spinel whereas some

locations in the Shaveexperienced lower temperatures.

4.11.5 Experimental Heat Treatments to help understand the Segregation/Precipitation

Process.

In an effort to understand the formation of the complex spinel of Mn, Si, Al and O which
have been identified in the FSW joints of DH3&mplesW6 and W8 and in the heat
treatments of unwelded samples of DH36 and EH46, a series of heat treatments veete carr
at 1450C with holding times of between 1 min and 15 minutes. The temperature diC1450
was chosen because it showed the lower limit of elemental segregation and below this limit
no segregation of Mn, Si, Al and O is likely to occur as mentioned irnélé treatments
previous sections. The purpose of varying the soak time in the furnace was to establish
knowledge ofthe segregation progress with increasing time. Following heat treatment all the
samples were quenched in hot oil which gives a cooling oétapproximately 3C/sec.
Following oil quenching, all samples were sectioned, polished and etched in preparation for
microscopic examination of the microstructure. The results of the microstructural
examination of the segregation steps are presenfiglines 4.163 to figure 4.16& and-b-

and the final step of segregation is shown in figure 4.168.

It can be seen in figure 4.16& and-b- (1 min and 2min soaking time respectively) that
segregation appears to be starting with the coalescing 8fG&% with AJOs-CaO to form a
complex compound as in figure 4.16% which is an example of the chemical composition

of the predominate second phase particles in the matrix after 3 minutes soak time. The

segregation appears to advance with time by mi@ments joining the complex compound
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such as Si, Nb and P as shown in figure 44644 min soaking time). During this stage
separation of sulphides from the main compound occurs including the formatithpbige
particles which are rich mainly witliobiumandsulptur. Other elements such as Ti, P and V
are also found to join with the niobium sulphide as shown in figure-&6&nd -b- and

figure 4.166-a-. Calcium sulphide, as shown in figure 4.166 exists once the soaking time

is increased t& min. During the period of increasing the soaking time up to 10 minutes the
separation of sulphur from the complex compound is almost completed leaving the Mn, Si,
Al and O with some other elements such as Ti and Nb as shown in figure-&.56id -b-.

The final spinel compound with increasing holding time to 15 min elementally consists of Mn,
Si, Al and O as shown in 4.168.

This elemental segregation is expected to have a detrimental effects on the final welding
joint' mechanical properties as thesens@ts can be a source of microcracks and residual
stressesAlso the main matrix of steel has lost the benefit of uniform elemental distribution
which was mainly added tilne steel during manufacturing in order to imprahe physical
properties. The effeof elemental precipitation/segregation on the mechanical properties will

be discussed in the defect section.
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1. SEM-EDS of DH36 heat treated samples for 1min at 1400 and oil quencled

Figure 4.128 SEM-EDS mapping of DH36steelheat treatedfor 1 min at 1400C, oil quenched
showing precipitation/segregation of Mn, S and Nlat the prior austenite grain boundary
(PAGB).
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Figure 4.129 SEM-EDS mapping of DH36steelheat treated at 1400C for 1 min and quenched
showing precipitation/segregation of Mn, S and Nlat prior austenite grain boundary (PAGB).
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2. SEM-EDS of DH36steel sampleheat treatedat 1400C for 10min and oil quenched

Figure 130 SEM-EDS Point and ID of DH36steelheat treated at 1406C for 10 mins and oil
guenched showing precipitation/segregation of different types of elements- Mn, S, CaandO. -
b- Mn, S and P.-c- Mn, Ca, Al and O.
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Figure 4.131 SEM-EDS Point and ID of DH36steel sampleneat treated at 1400C for 10 mins
and oil guenched showing precipitation/segregation of elements mainly Mn, S and Al.
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3. SEM-EDS of EH46steelsamplesheat treatedat 1400C for 1min and oil quenched.

Figure 4.132 SEM-EDS Point and ID of EH46 heat treated at 140%C for 1 min and oil
guenched showing precipitation/segregation ofAl, S and Prich particles .
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4. SEM-EDS of EH46steelsamplesheat treatedat 1400°C for 10min and oil quenched

Figure 133 Possibly dumina-Cas precipitation in the EH46 heat treated at 1408C for 10min
and oil quenched

Figure 4.134: Ti, Nb and Al precipitation in the EH46 heat treated at 1400C for 10min and oil
quenched

Figure 4.135 SEM-EDS showsTi, S and Al precipitation in the EH46 heat treated at 1400C
for 10min and oil quenched
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5. SEM-EDS of DH36steelsamplesheat treatedat 1450C for 1min and oil qguenched.

Figure 4.136 SEM image of DH36steelheat treated at 1456C for 1 min and oil quenched
showing precipitation/segregation of Mn, Al, S and O elementss identified by EDS

6. SEM-EDS of DH36steelsamplesheat treatedat 1450C for 4min and oil qguenched.

-a- -b-

Figure 4.137 SEM images-a- low and -b- high magnification of DH36 steelheat treated at
1450C for 4 mins and hot oil quenched showing precipitation/segregation of M, Al, Si and O
elementsas identified by EDS
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Figure 4.138 SEM-EDS mapping of DH36steelheat treated at 1456C for 4 mins and oil
guenched showing Mn, Si, Al and O segregation.
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7. SEM-EDS of DH36 steelsamplesheat treatedat 1450C for 10mins and oil quenched.

Figure 4.139 SEM-EDS of DH36steelsamplesheat treatedat 1450C for 10mins and oil
quenched showing the composition of the precipitatesare mainly Mn, Si, Aland O. Caand S
are alsopresentin some regions
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8. SEM-EDS of EH46steelsamplesheat treatedat 1450C for 1min and oil quenched.

Figure 4.140 SEM images of EH46steelheat treatedat 145FC for 1min and oil quenched,EDS
shows the precipitates are rich idvin, S, Al, Nb.

Figure 4.141 SEM images low and high magnification of EH4&teelheat treatedat 1450°C for
1min and oil quenched EDs analysis revealed that the segregation at prior austenite grain
boundariesconsistsof Nb, P and S
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9. SEM-EDS of EH46steelsamplesheat treatedat 1450C for 4min and oil quenched.
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Figure 4.142 -a- to -I- Show dfferent types of elemenal segregation/precipitationas identified
by EDSincluding (Mn, P, V, S, Al, O, Si, Ti and Ca), samples are EH4€teelheatedat 1450C
for 4minsfollowed by oil quenching.
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10.SEM-EDS of EH46 steel sampledeat treatedat 1450C for 10min and oil quenched.

Figure 4.143 SEM-EDS of EH46 steelsamplesheat treatedat 1450C for 10mins and oil
quenched showing segregatiorprecipitation of Mn, V, Ti and Nb rich particles.

Figure 4.144 SEM-EDS of EH46 steel sampledeat treatedat 145FC for 10min and oil
guenched showing segregatiorprecipitation of Mn, Ti, Al, Siand O rich particles.
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11.SEM-EDS of EH46steel sampledeat treatedat 1450C for 15min and oil quenched.

Figure 4.145 EDS mapping EH46steel heat treated atl450C for 15min and oil quenched
showingthe segregatiorprecipitation of Mn, Si, Al and O rich particles.
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Figure 4.1468 SEM of EH46 steel sampledeat treatedat 1450C for 15min and oil quenched
showing segregation/precipitation oMn, Si, Al and O rich particles asidentified by EDS.

Mn, Si Al and O

—

l\\ 7

Mn, Si Al and O

Figure 4.147 SEM high magnification of EH46 steel sampleseat treatedat 1450C for 15min
and oil quenched, showing segregation/precipitation oMn, Si, Al and O rich particles as

identified by EDS.
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12.SEM and EDS of DH36steel sampleseat treatedat 1500C for 1min and oil quenched,
showing precipitation of Mn, Si, Al and O patrticles.

-a- -b-

Figure 4.148 SEM (-a- low and -b- high magnification) of DH36 steelsamples heat treatedat
1500°C for 1min and oil quenched, showing precipitation of Mn, Si, Al and Orich particles as
identified by EDS.

Figure 4.149 SEM-EDS of DH36steelsample heat treatedat 1500C for 1min and oil quenched,
showing segregation/precipitation oMn, Si, Al and O rich particles segregation.Region is 1mm
away from the outer sample surface.
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PAGB

-a- -b-

Figure 4.150 DH36 steelsample heat treatedat 1500C for 1min and oil quenched,-a- SEM
(high magnification) shows Mn, Si, Al and Ospinel segregation,-b- P and S segregatioras
identified by EDS.

13.SEM and EDS of EH46steelsamplesheat treatedat 1500C for 1min and oil quencted,
showingMn, Si, Al and O segregation.

Figure 4.151 SEM-EDS of EH46steelsample heat treatecat 1500C for 1min and oil quenched,
showing segregation/precipitationMn, Si, Al and O rich particles. .
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Figure 4.152 EDS mapping of EH46steelsample heat treatedat 1500C for 1min and oil
guenched, showing segregation/precipitationMn, Si, Al and O rich particles.
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Table 4.16: Heat treatments of DH36 steel grade from 140C-1500°C

Heating

Temperature Holding Time Elemental L ocation of
F‘)’C (minutes) SegregationPrecipitation Segregation
1400 1 Mn, S, Nb At austenlte_gralns

boundaries
Mn, S, Caand O Within austenite
Mn, S, Ca, P and O grains and at
1400 10 Mn, S, Ca Aland O austenite grains
Mn, S and Al boundaries
Within austenite
grains and at
1450 1 Mn, Al, S and O austenite grains
boundaries
Mainly Mn, Al, Si and O W'tgiz ausiente
1450 4 Mn, S, Ca Al and O grains :
austenite grains
boundaries
Mainly Mn, Al, Si and O W'tgi?] ausiene
1450 10 Mn, S, Ca Al and O grains :
austenite grains
boundaries
Within austenite
1500 1 Mainly Mn, Al, Siand O grains and at

austenite grains
boundaries
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Table 4.17: Heat treatments of EH46 steel grade from 140{C-1500°C

Tem?i?gtrlﬁe oc H ?Irg:gg t‘(l;;;ne Elemental SegregationPrecipitation Iéggggg%r;ic?;
Within austenite grains
1400 1 Ca, SAland O and at austenite graing
boundaries
Ti, Nb and Al
1400 10 Al, Ca,Sand O Within austenite grains
Ti, Sand Al
Mainly Mn, Al, S and Nb
Nb, P and S } At austenite grains
1450 1 Nb, S boundaries
S,AlLLO } within austenite grains
Al, O, Si, Ti, Mn
Nb ,S
Mn, P
Mn, Al, Si, S and Ti
P, Mn, O, Al
Nb, V, S
Ti,Nb, Al, O
Al, Nb, O
Al, Si, Ca, O, S Within austenite grains
1450 4 S,P,Mn, Ti at austenite grains
Nb, S, Ti boundaries
P,Mn, O
Nb, S, P, Si Al
Nb, P
P,V
Mn, S, V, Nb
Nb, S, V, Ti
Mn, Ti, Al, Siand O
Ca, S
Nb ,S
Mn, P
Mn, Al, Si, Sand Ti
P, Mn, O, Al
Nb, V, S
Ti,Nb, Al, O
Al, Nb, O Within austenite grains
1450 10 Al, Si,Ca, O, S and ataustenite grains
S,P,MnTi boundaris
Nb, S, Ti
P, Mn, O
Nb, S, P, Si Al
Nb, P
P,V
Mn, S, V, Nb
Nb, S, V, Ti
Mainly Mn, Al, Siand O
Al, O, Mn, Ti, Si
Mn, S, Nb, Si, P, O Within austenite grains
1450 15 P, S, Mn, V, Nb and at austenite graing
Nb, S boundaries
C,P,S,V,Mn, Nb
C,P,Mn,V
1500 . Mainly Mn, Al, Si and O Within austenite grains

and at austenite grains
boundaries
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14.FSW sampledrom samplesW6 and W8 (DH36) weldedat high tool speeds (550RPM, 400
mm/min)

Mn, Si, Al, O and Zn

Mn, Si, Al and O
@

Mn, Si, Al and O

Figure 4.153 SEM imagestaken atlow and high magnification of FSW ofwW6 (DH36) showing
elemental segregatiofprecipitation of Mn, Si, Al, O and Znrich particles as identified by EDS.

<
Mn, Si, Al, O and Zn

Figure 4.154 SEM image high magnification of FSW ofsampleW8 (DH36) shows elemental
segregatiorprecipitation of Mn, Si, Al, O and Znrich particles as identified by EDS.
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Figure 4.155 SEM-EDS at high magnification of FSW ofsampleW6 (DH36) showelemental
segregatiorprecipitation of Mn, Si, Al, O and Carich particles as identified by EDS.

Figure 4.156 SEM-EDS showng elemengal segregation of Mn O, Si, Al and Zn in the SZ ofthe
high tool speedwelded sampleN6 (DH36).

Figure 4.157 EDS mapping of Znin the elementalsegregationof the SZ ofsampleW6 (DH36)
as identified by EDS
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Figure 4.158 SEM-EDS shows elemental segregation of Mn, O and Si in the SZ of FS3&mple
W6 (DH36) weldedat high tool speeds ().

Figure 4.159 SEM-EDS shows elemental segregatifprecipitation of Mn, O and Si in the SZ of
FSW sampleW8 (DH36) weldedat high tool speeds ().

Mn, Si, Al and O}~

/

Mn, Siand O 7

Figure 4.160 SEM image at the SZ of FSWsampléN 8 (DH36) showing elemental segregatioh
precipitation of Mn, Si, Al and O as identified by EDS

244



Mn, Si, Al, O and Zn

Click here to enter text.

Figure 4.161 SEM-EDS showing alarge (300 um X 20um)precipitate consisting ofMn, O, Si,
Al and Zn in the SZ of a high tool speedweld, W6, (DH36.

Figure 4.162 SEM-EDS showng segregationprecipitation of Al O, Ca and S in the SZ
of a high tool speed weld V8 (DH36).
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15. Understanding the Mechanismof Segregationby heating samples of EH46 at 145Q and
changingthe soakingtime.

X Alumina-CaO and MnS-Cas reaction

,Ca

-a- -b-

Figure 4.163 -a- SEM micrograph showing Alumina-CaO and MnS-CasS reactionheating to
1450C, holding time 1min, oil quenching.-b- Alumina-CaO and MnS-Cas reactionheating to
1450°C, holding time 2min, oil quenching.

,Ca ,Ca
,Ca

-a- -b-

Figure 4.164 The effect of soaking time at temperature on the development of precipitates
(chemical composition, size and morphology) in the microstructurea- SEM micrograph
showing Alumina-CaO-MnS-Cas reaction Heating to 1450C, holding time 3min, oil quench.-
b-Alumina-CaO-MnS-CasS reaction with joining other elements such aSi, Nb and P when
heating to 1456C, holding time 4min, oil quenching.
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X Sulphides formation

-a- -b-

Figure 4.165 -a- SEM microgrpah showing the developmenof Nb Sulphide and Ti sulphide
heating to 1450C, holding time 4mins, oil guenching., -b- Forming Nb, P Sulphide andNb, P,
Ti and V sulphide, heatingto 1450C, holding time 4min, oil quenching.

CaS | —7

-a- -b-

Figure 4.166 -a- SEM micrograph showing the development oNb, P and V sulphidesheating
to 1450C, holding time 4min, oil quench, -b- Development of calcium sulphide heating to
1450C, holding time 5mins,oil quench.
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-a- -b-

Figure 4.167 SEM micrograph showing the early stage development ofn, Si, Al and
O rich precipitate which also contains small amount®f other elements such as Ti and Nka-
low and -b- high magnificationsimages Heattreated to 1450C, holding time 10mirs, oil
quenching.

Figure 4.168 Formation of Mn, Si, Al and O rich precipitates as identified by EDS
heating to 1450C, holding time 15minand oil guenching.
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4.12 Wear of Friction Stir Welding Tool.

4.12.1 Tool Wear in FSW sample W6 and W8 DH36) at High Tool Rotational/Traverse
Speeds

SEM-EDS of FSWsampleswW6 and W8(DH36) steel joints (550RPM, 400mm/min) in

figure 4.169 to figure 4.171 show different sizes of BN particles in the SZ. Tool wear is
expected to be a result of the parent materials resistance to the-theghanical process

that is friction stir welding. Althogh the tool torque ofampleW6 and W8 (table 4.1) was

lower than of W9 (table 4.2), W9 did not show significant presence of BN patrticles in the
microstructure (as revealed by-rdy diffraction figure 4.54 and figure 4.55 and also as
shown in SEM images fosection 4.6). The WRe binder softenind®! as a result of
temperature increase coming from the increase in tool rotational speed is highly likely to be
the interpretation of the higher PCBN tool weasamplesNV/6 and W8 than in W9. Also the

higher trarerse speed of the FSW tool in W6 and W8 accompanied with higher temperature
generation can exacerbate the tool wear, leading to disastrous damage of the tool. The top
surface of the SZ as shown in figure 4.171 showed the maximum presence of BN particles.
This result is in agreement with the published work of the authStén which they found

from modelling the FSW of DH36 that maximum temperature can approach the melting point
of DH36 steel (145%) when applying tool speeds of 550RPM/400mm/min-25Re
hardness was found in previous work to reduce by about 50% when the temperature increases

from room temperature to 14%D*!,
4.12.2 Tool Wear in FSW samplesW1-W7 (EH46) Plunge/DwellExperiment.

Figure 4.172 to figure 4.178 are SEM images (low and high magnificatisgnaoplesw1-

W7 respectivelyfrom theplunge/dwellexperiment. The images are taken from gieulder

probe regiorandshowthe different sizes and amounts of BN particigesentBN particles

sizes were detected between-0%pm and the percentage (%) of BN was calculgfétand
reported in table 4.18. Depending on the welding conditions and the calculated results of
TMAZ size and plunge depth mentioned in table 4.6, the ledéml percentage (%) of BN
particles has varied as shown in table 4.38mpleW6 (EH46) showed the maximum
percentage (%) of BN particles in the shoulpesbe region as a result of maximum plunge
depth and TMAZ sizeSamplesn3, W4, W5 and W7 showed thewest % of BN particles

which can be attributed to the low tool rotational speed and also low plunge Saptple

W2 also showed a higpercentageof BN in the shouldeprobe region compared to W1
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which can be a result of the higher plunge depth detéact that the same tool rotational
speeds were applied. BN percentage in W2 was also higher than W3, W4, W5 and W7 which
have almost the same plunge deptW2. This finding can be attributed to the higher tool
rotational speed of WR200RPM)which inturn can cause an increase in the temperature at

the tool/workpiece contact region and thus high softening of tiReWinder is expected.

Figure 4.179-a and-b- are SEM images of the probe side bottom (redidoottom) of
samplesW2 and W6 respectiyg which show significant amounts of BN patrticles;
particularly in W6 and less in W2. The higher plunge depth imvVd@be the reasofor this

increase in tool wear.

It can be concluded from the above discussion that increasing the plunge depth isea@lssocia
with higher increase in tool wear as a result of increasing the contact surface area and thus the
temperature in the tool/workpiece contact region. Increasing the tool rotational speed also
increases the PCBN tool wear under the shoulder as a resginpérature increase and

binder softening as shown in figure 4.18.

4.12.3 Tool Wear in FSW Sample W8 and W10 (EH46) during Steady State Welding
Conditions.

Figure 4.181 is an SEM image with high magnification which shows a 13 pm BN patrticle in
the SZ ofthe FSW sampleW8; the binder of WRe was also detected by SHEDS and is

shown in the image. Softening of the binder accompanied by mechanical action (tool
rotational/traverse speeds) can be the reason for separation of the BN particles from the
PCBN FSWitool which is then followed by those released particles becoming attached and
entrapped in the SZ microstructure of the workpiece during the FSW process. Figure 4.182
and figure 4.183 show the SEEDS spot analysis of BN particles in a FSW of sample W8 at
the top surface of the SZ and at the probe end respectively. Figure 4.184 and figure 4.185
show the SEMEDS of BN of FSWsampleW 10 at the top surface of the SZ and at the probe
end respectively. More BN particles were showsampleW10 at the top and bmm of the

SZ rather than isampleW8 which is the result of increasing the tool traverse speed from
50mm/min to 100mm/min. More SEM images of the top surface of SZ and in the probe end
of samplew8 and W10 are shown in figure 4.186 to figure 4.189 mspdy. Figure 4.188

a shows a significant amount of BN particles at the top surface of the S@ngileW10

until 250um depth whereas, figure 4.188 is a higher magnification SEM image of the SZ
which shows BN particles. The middle of the SZsaimpe W8 and W10 did not show
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significant presence of BN as shown in figure 4.187and figure 4.189a respectively
whereas BN at the probe end of both welds is clearly evident in figure 4418id figure
4.189-b-. The significant existence of BN the top and bottom of the SZ but less in the
middle of the SZ can be attributed to the fact that the tool edges (top and bottom) are the most
vulnerable locations with regards to wear as a result of experiencing higher temperatures or
higher shear stresal-Moussawi et al. 201%™ showed by simulation that the tool shoulder
periphery experiences the maximum peak temperature at the advaading side and the
maximum shear stress was on the leadetgeating side. They also showed that at higher
traverse speed, the maximum value of shear stress was at the shoulder periphery and probe
end. This can be noticed in figure 4.190 where BN particles are found at the probe end of
sampleW10 as a result of higher traverse speed. Table 4.19 shows the ealqpdatentage

(%) of BN in 1mnf at the middle top of SZ and at the probe endashpleWw8 and W10.

Wear at the tool shoulder periphery in W10 is about 3 times that in W8 whereas, at the probe

endit is goproximately double.

|. SEM-EDS W6 and W8 (DH36)

Figure 4.169 SEM-EDS showing8-12um BN particles in the SZ of FSWsampleW6 (DH36),
(550RPM, 400mm/min).
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Figure 4.17Q SEM-EDS showing10um BN particles inthe SZ of FSWsample W8 DH36) ,
(550RPM, 400mm/mir).

Figure 4.171 SEM imageat the top ofthe SZ of sampleW6 (DH36) () which clearly showsthe
existence of BNparticles.

Il. SEM images ofFSW samplesW1-W7 (EH46) Plunge/Dwell Experiment to reveal BN

-a- -b-

Figure 4.172 SEM images ofsample W1 (EH46) at plunge/dwell stageshowing BN particles
(dark spots)ranging from 0.5 pm -13pm. -a- low magnification and -b-high magnification.
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a -b-

Figure 4.173 SEM images ofsampleW2 (EH46) () at plunge/dwellstageshowing BN particles
(dark spots) ranging from 0.5 pm -13um. -a-low magnification and -b-high magnification.

a -b-

Figure 4.174 SEM images ofsampleW3 (EH46) () at plunge/dwellstageshowing BN particles
(dark spots) ranging from 0.5 um-13um. -a-low magnification and -b-high magnification.
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a -b-

Figure 4.175 SEM images ofsampleW4 (EH46) () at plunge/dwellstageshowing BN particles
(dark spots) ranging from 0.5 pm -13um. -a-low magnification and -b-high magnification.

a b-

Figure 4.176 SEM images ofsampleW5 (EH46) () at plunge/dwellstageshowing BN particles
(dark spots) ranging from 0.5 pm -13um. -a-low magnification and -b-high magnification.
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a -b-

Figure 4.177. SEM images ofsampleW6 (EH46) () at plunge/dwellstageshowing BN particles
(dark spots)ranging from 0.5 pm -13pm. -a-low magnification and-b-high magnification.

a -b-

Figure 4.178 SEM images ofsampleW7 (EH46) () at plunge/dwellstageshowing BN particles
(dark spots) ranging from from 0.5 um-13um. -a-low magnification and-b-high magnification.
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a b-

Figure 4179 SEM images of samples W2 and Wa&H46) at Plunge/dwellperiod, Probe side
bottom (region-2 bottom), -a-W2 and -b-W6.

Figure 4.18Q SEM higher magnification micrograph of sample W2 EH46) at Plunge/dwell
stageunder the tool shoulder (region-1).
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Table 4.18: BN percentage(%) in samples W1 to W7 EH46) plunge/dwell stageat
shoulder/probe side region, the scanned area is 1Mim

Weld No. w1 W2 W3 W4 W5 W6 W7

% BN 14 2.8 0.65 0.7 0.9 3.3 1.2

lll. SampleW8-W10 (EH46) steady statewelding conditions.

Figure 4.181 BN particle in the top of the SZ of FSWsampleW8 (EH46)

Figure 4.182 SEM-EDS showingBN particles with different sizes at the top othe SZ of FSW
sampleW8 (EH46).

257




Figure 4.183 SEM -EDS showing a smalD.5 um BN patrticle at the probe end of FSWsample
W8 (EH46).

W-Re \
BN [~

Figure 4.184 Top surface of SZ (steady state) full of different sizes of BN particle in the (EH46
W10)
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Figure 4.185 SEM microgrpah of BN particle in the SZ at the probe end region of FSWsample
W10 (EH46).

-a- -b-

Figure 4.186 Top centre of SZ ofsampleW8 (EH46) (steady state) showingBN particles, -a-
low magnification and -b- high magnification etched.
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W8 Probe end
-a- _b_

Figure 4.187 SEM microgrpah of sampleW8 (EH46) (steady state}a- The middle of SZ (no
BN particles), microstructure is mainly acicular ferrite, b- Probe end SZ (BN particles are
preseni), microstructure is mainly granular ferrite and some short plated cementite.

BN\

-a- -b-

Figure 4.188 SEM micrograph of the top middle centre ofthe SZ of sample W10 (EH46]steady
state) heavily populated with BN particles , -a- low magnification (un-etched) and-b- high
magnification (etched.
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a -b-

Figure 4.189 SEM micrograph of sampleW10 (EH46) (steady state)}a- The middle of SZ (no
BN particles), microstructure is mainly acicular ferrite, -b- Probe end(BN patrticles are presen),
microstructure is mainly granular ferrite and cementite.

\

. —BNY

Figure 4.190 High magnification SEM imagesampleW10 (EH46) (steady state)at probe end
showing evidenceof BN particles.

Table 4.19: BN percentage(%) in samples W8 and W10EH46) steady state athe middle top of
the SZ and at the probe endThe scanned area is 1mfm

Weld No.and | W8top SZ | W8 probe end| W10top SZ | W10 probe end
region
BN% 1.1 1.3 4.4 2.8

261



4.13 Defectd~ound in Friction Stir Welding of Steel

As described in the results secti&Gi8W sampleW9 (DH36) showeda microcrack of 2 P
width (Figure 4.192a and-b-) when the toohadtravelled a distance 3&mm in the plate
weld line just beforechievingsteady state. Figure 4.192 compared curves of feed rate with
the distance travelled by the FSW tool just before the start of steady state welsiamgpdé

W9 (DH36) with sampleW6 and W8(DH36). The fact that there wassufficient heat
coming fromthe low tool rotational speed and the sudden increase in traverse speed has
caused a lackf material flowin the critical position of the microcrack in sample W9 (DH36
which in turn resulted in crack initiatiohe crack is initiated from the top surface of the
weld toward the steady state of the SZ depth. This type of defect will weaken tlee it

and thus poor mechanical properties are expe&anhpléV6 and W8 sampleshave shown
different types of microcracks created inside the SZ in the directicdheofvelding line
betweerthe plungeandsteady state regiass shown inigure 4.193-a and-b- respectively.
Despite the higher rotational speed of the tool (500RPM) compasampleW9, the higher
traverse speed (400mm/min) seamsverridethe effect of theotational speed. The lack
material flow due to low heat inpw&ppears to be the man reason for these defects as

reportedn previouswork 73 11071114]

Figure 4.194 showsampleW8 (DH36) macrograph scanned lilge IFM technique.Two

types of defects have been detected includingld rootdefectat the weld joint bottom and

a kissing-bond defecbn the AS of the weld. The first macro crack (weld rdefec) which
appears from the bottom of the plate with a length of 2 mm towards the §wn in figure
4.195-a can be attributed to the ladk material flow as a result of Higiraverse speed. This

type of defectvas investigated previously by Stevenson ef4iwhere it was identified as

weld root flaw attributed to insufficient tool plunge depth or a deviation of the toolifsom
centreline. As this type of defestasfound along all the weld line, it is unlikely that the tool
deviation was the main cause for the defect here. This macro crack may be due to the lack of
velocity and plasticity under the probe end which causes a stagnant zone formation as
demonstratetty CFD modelling[m]. The material in this region will be vulnerable to crack
formation under the normal plunge force, so any uneven surface or sharp edge will act as a
stress concentration point lakelledin figure 4.195&-.

The second crack on the AS s#mplew8 (DH36) at the weld root as shown in figure 4.195

-b- can be classified as"&issingbond' which is materialin close contact but which has a

lack of chemical and mechanical bonding. This type of defect is difficuttetatify by using
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the nontdestructive tests such as ultrasound and thussnedsk investigated carefully using
optical or SEManalysisof a polishedand etched samplavhich is clearly not a noen
destructive technigueDepending on thesize of kissing bond defecit can affectthe
mechanical properties of the weld joints especially the fatigue streffjth

Figure 4.196a and-b- showa non-metallic layer of (Fe, Mn, Si, Al and @ identified by
SEM-EDSbetween the SZ and HAZ samplew6 and W8 (DH36at -a plunge perid with

10pum width andb- atthe steady state period withwidth of 1.3um. Tis type of defect can

be caused byhigher tool rotational speed whidlesults in the parent material reaching a
temperaturevhich is close tahe local meltingooint of the pareinmetal causing elemental
segregatiofprecipitation(see section 4.11M is proposed thahe toot centrifugal forcesact

to push these elements towards the edge of the SZ and thus they deposited in the region
between the SZ and HAZ.

Void onthe AS ofFSWsampleW10 (EH46) hasbeen found at 9.8mm distance from the top
surface of the weld joint between the SZ and HAZ as shown in figure 4.197. Figurea.198
shows SEM image of the void which has a diameter of about 258mgh percentage of

BN partides whichhave separated from the PCBN FSW tool were also found near and
around the void as shown in figure 4.188 The void defect is likely thave resulted from a
lack of material stirringcaused byhigh tool traverse speed. Schmidt and Hattel 2685
included the formation of the void in modelling the FSW by establishing the dwell and weld
periods. They interpreted the formation of the void at the lower advancing trailing side of the
probe/workpiece interface as a lamkcontact between the tool and matrix interface because
of the high traverse tool speed, whereas, Toumpis et. al.[302&lained the formation of
voids experimentally; they showed that the interruption in the surrounding pasisel to a
minor cavity caused by nometallic inclusions. Failla 2009% related the void defect
formation to the FSW tool travel speditheincreag in travel speedvas found tacauserapid
cooling of the material before #hregion becomes filled with stirred material leadingthe

void formation.

Figure 4.199-a and -b- shows SEM image including TiN and Al, P, S precipitates
respectively in the SZ microstructure of F®ampleWw6 (DH36) as identified by SEMEDS
technique.This weld also showed a microcraakich initiated from a cuboidTiN particle

and also AlP, andS. These elemental precipitations especially TilkhanSZ microstructure

are usually the result of high peak temperatur@hich exceed 1200C as discussed in
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section 5.10 (TiN precipitate). Defects resdt from precipitation of TiIN are known as
cleavage cracks which can reduce the mechanical propefties weldssuch as théatigue
and impact resistancé™®®. Orlando et al. 2013'"* showedby the aid ofan optical
microscope andn SEM that cubid TiN particles can cause voids during the tensile test of IF
steels. They interpreted thigpe ofdefect as a fragmentation of weak particles coming from
stresses generated from TIN particles corners. An extensive stadgerning the

Sl which

microphysical process @feavage fracture in steel can be found€hen and Cab
focus on steps of crack initiation, nucleation and propagation under internal residual stresses
caused by TiN precipitation. Figure 4.268 and -b- show microcracks caused by TiN
particles (exceeds 1um) in FSWampleW10 (EH46) SZ at steady state aadH36 sample

heat treated to 1300 with slow cooling (cooling inside furnace) respectively. Figure 4.201
shows elemental segregation of Mn, Si, Al and O in the SZ of BSkWpleW6 (DH36)

which can alsoact as a stress concentration and microcrack initiation site as discussed

previously in the elemental segregation section.

Mechanical properties of FSW joints are expected to decrease with the existence of the above
mentioned defectdAs discussed earlier in section 5.4 (Mechanical Tests), samples of tensile
test including FSWsampleW6 (DH36) failed outside the welded region which means that
weld tensile strengthis still accepable despite the presence of microcracks coming from
precipitation. The tensile strength is also increased to 580MPadomple W9 (DH36)
compare to the strength of parent metal (475 MPa) as a result of microstructure refinement
as discussed in section 5.6 (SEM FSW DH38pwever, amples oDH36 W6 werefatigue

tesed andshowed a decrease in fatigue resistance comdpar®H36 W9 as a result of
defectswithin the SZ of the weled joints. Microcracks coming from unsuitable welding
parameters and also from the elemental precipitation especiallgahMétertanly played the

main role in this reduction in fatigue resistance. It is recommended to reduce the peak
temperature of welding this type of steel by reducing the tool rotational speed below 500
RPM in order to avoid elemental precipitatisegregation
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-a- -b-

Figure 4.191 SEM image of amicro crack initiated from the top surface of FSWsampleW1
(DH36) betweenthe steady state and thglunge regionsof the weld -a- low magnification, -b-
high magnification. The sample wasectionedin the direction of the weld line.
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Distance traveled in plate mm

Feed rate mm/min

Figure 4.192 Feed rate and the distance travelled byhe tool in the plate just beforethe steady
stateregion.
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Microcrack

-a- -b-

Figure 4.193 SEM images of nicrocracks inside the SZ-a- betweenthe plunge-steady sate
regions of FSWsample W6 DH36), -b- between plungesteady state regions of FSVgampleW8
(DH36). The sample wasectionedin the direction of the weldng line.

2mm
Weld root <+— Kissing bond

Figure 4.194 Weld root and kissing bonddefectsin 6mm FSW sampleW8 (DH36).

Weld root

v
\

uneven surface

-a- -b-
Figure 4.195 SEM imagesof the first and secondypes of newdefectsfound in sampleW8
(DH36) 6mm shownin Fig. 4 -a- Weld root, -b- kissing bond.
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HAZ
HAZ

SZ
SZ

-a- -b-

Figure 4.196 SEM image of a ron-metallic layer of (Fe, Mn, Si, Al and O)between the SZ and
HAZ found in sampleW6 (DH36), -a- 10um at the plunge periad, -b- 1.3umin steady state
period.

4mm

Figure 4.197 An IFM image of avoid found in sampleW10 (EH46) (steady state)on the AS.
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BN Particles
\\c,\E‘;’-——v

-a- -b-

Figure 4.198 SEM images showing adrge numberof BN particles found near the void at AS,
sampleW10 (EH46) steel (steady state)

&“’&
9
‘o
&\0
TiN
-a -b-

Figure 4.199:SEM imageof the SZ ofsampleW6 (DH36) showing: -a- microcrack caused by
TiN particle, -b-Microcrack caused by Al P, S, rich precipitates.
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Figure 4.200 SEM images show microcracks caused by TiN precipitatg§gxceednhg 1um) -a-
FSW sample W10 EH46) SZin the steady stateregion, -b- Unwelded DH36 steelsample heat
treated to 1300C with slow cooling (cooling inside furnace).

Figure 4.201 SEM image of ron-metallic inclusion of Mn, Si, Al and O found in high FSW tool
speeds of the SZ ocdampleW6 (DH36).
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4.14 CFD Modelling Discussion
4.14.1 Mesh refinement

Figure 4.202 and Figure 4.203 show the peak temperature variations with reference to mesh
refinement (fully sticking conditions) for sample WPH36), and sample WZEH46),
respectively. 1,300,460 tetrelements were adequate to provide temperature stability of
DH36 W2, while 3,487,632 tetra elements was the limit of element refinement for B246

which resulted in a temperature difference of less thd@ between the two iterations. The
mesh refinemat study in modelling the FSW is very important in order to show the

independence of analysis on the mesh.

4.14.2 Material Properties of the Grade DH36 and EH46Steels as aFunction of
Temperature.

As mentioned in section 3.4.9, the material thermal ptgseof steel including thermal
conductivity and specific heat have been represented as a function of temperature. Figure
4.204 shows the variation of thermal conductivity of the workpiece in the contact region with
the FSW tool at low speed@H36 W2 (200RPM, 100 mm/min) an@®H36 W6 high speeds
(550RPM, 400 mm/min). Thermal conductivity decreases sharply in the contact region with
the tool and especially on the AS. In samiple36 W2 the affected area of the workpiece by

the thermemechanical action of th®ol is wider than irDH36 W6 due to the lower traverse
speed. The specific heat of the workpiece in the contact region with the tool also changes
especially at high tool speeds as shown in figure 4.205. As seen with the thermal conductivity,
a wider regon is affected by the tool thermmechanical action when the tool traverse speed

is slow as iIMH36 W2.

The tool thermal conductivity and specific heat of the hybrid FSW tool was constant with

temperature during the CFD analysis.
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4.14.3 FSW Model Resuts for 6mm thick Grade DH36 Steel

The results of modelling the FSW process including torque model, sticking/slipping model
and fully sticking model are presented in this section. The Fully sticking model has shown
better results in terms of preditg the peak temperature and asymmetry especially at high
tool speeds, thus it will be investigated extensivelyak temperatures for samplekli36 W2

and W6 using the process parameters from the actual welding process but two different models have
been comparedith the fully sticking model. These others models stieking/slipping model

and torque modeind will be discussed.
4.14.3.1Torque Model

Contours of temperature distribution between the tool and workpiece for samples W2 and W6
are shown in figure 406 -a and-b- respectively. Peaks temperatures of £G3@&W2) and
1202°C (W6) were obtained under the tool shoulder. The HARKB6 W2 is wider than in

DH36 W6 due to the lower traverse speed in W2 and the asymmetry is high in the case of
high tool sped as more material is affected by the themexhanical action of FSW tol!!

(152 Calculated temperatures of this model are highly dependent on the value of average
torque recorded by the PowerStir FSW machine. The error arises with increasirgfitostu

in the recorded torque as mentioned in section 4.1 (FSW grapdshown inthe FSW
graphs of figure 4.1 to figure 4.12. The caustthe fluctuation hae also been outlined in
section 2.10 (Modelling the FSW process)

4.14.3.2Sticking/Slipping Model

Contours of temperature distribution between the tool and workpieb¢ldé W2 and W6

are shown in figure 4.20-& and-b- respectively. Peaks temperatures of PG10N2) and
1250°C (W6) were obtained at the tool surface. Temperatures in the woekpieV6 were

lower than the tool surface due to the effect of relaxation in plastic flow and the decrease in
the coefficient of friction valu&™®. As in the torque model, the HAZ in W2 is wider than in

W6 due to lower traverse speed and the asymnietnigh in the case of high tool speed as

more material is affected by the thesmmechanical action of FSW to§ 152,
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4.14.3.3CFD Model- Fully Sticking Discussion

1. Torque result: In this model the torque is calculated under the shoulder dabthes it is

found by Long et al®” that the torque from the shoulder represents the major part of the
total torque which, in turn, comes mainly from the viscous and local pressure forces. Table
4.20 gives the values for the maximum temperature angdeavbtained through the proposed
numerical model for the 8 weld cases. Table 4.20 shows that the values for numerically
calculated torque are within the range of the torque experimemahsurecby the FSW
machine. Given that very limited numbers ofa8nples were welded using just six rotational

and traverse speed variations; a clear relationship cannot be established between the tool
speeds and the torque. However, comparing two sets of data presented in Table 4.20 (Wland
W2 and W4 through W8) show ththe torque decreases with an increase in tool rotational
speed at a constant traverse speed. This result is in accordance with the results fdund in
for welding aluminium alloys. They have found, through simulation validated by
experimental data, than increase itool rotating speed deeases the torque until reaching a
relatively constant limit that is subject to only slight change with increasing tool rotational
speed. They argued that the torque depends on the contact shear stress betweleanithe to
workpiece and thus by increasing the tool rotational speed, the temperature of the welded
region increases, causing a decrease in the contact shear stress and thus the torque. The
relationship between torque and flow shear stress is describedaitioacd.2”. Atharifar et.

al. ™" also reported a decrease in torque with increasing tool rotational speed and decreasing
traverse speed as a result of a low viscosity field resulting from an accumulation in thermal
energy. From this discussion, & expected that torque increases with increasing traverse
speed at a constant tool rotational speed. However, the welds provided for the current study
did not include constant tool rotational speeds with different traverse speeds but a previous
study on F8V of stainless steel has reported sat¢brque increasé’”.. The axial and lateral

forces in this work will not be discussed here because of the complexity and also due to the
fact that the FSW machine was "position" controlled which means the todiixgdsat a
constant vertical distance frothe workpiece irrespective of the forces acting on theltdol

Table 4.20 includes three experimental welding cases with the same rotational&ravers
speeds (W6, W7 and W8) but shows different axial/lateraeforThe CFD model can only

give constant axial/lateral forces for fixed rotational and traverse speeds.
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2 Temperatures of the workpiece:Figure 4.208 gives the CFD modelled temperature
contours for the welding conditions studied for sample86 W1 through W8. W6 through

W8 are presented in one image; they are repeated welds with the same welding rotational and
traverse speeds but with different axial and lateral forces. For all cases shown in Figure 4.208
the predicted temperature is very high arouredttol but the contour expands just after the
contact region. This suggests that heat is moving slowly through the material because of the
low thermal conductivity. They also reveal that the contours of temperature tend to be more
compressed with high welty speed as shown for W4, W5 and WB. This can lead to a

faster cooling rate than those with a slow traverse speed.

Figure 4.209 shows the CFD graphs of temperature distribution between the leading and
trailing sides of W1 to W6 of DH36 grade along thp plate surface. The difference in peak
temperatures between leading and trailing sides increase as the tool speeds increase (as in W5
and W6) whereas in low tool speeds the difference is slight (as in W1 and W2). The cooling
rates oDH36 W1 to W6 are Bown in Figure 4.210; the time in this chart has been calculated

by dividing the distance travelled along the workpiece distance by the tool traverse speed.
Temperaturdime curves o0DH36 W2 and W6 are examples of low and high welding speeds
which were ecorded by TCs fixed at the bottom of the plate during steadyvetédeng and

have been compared with the CFD results and showed a good agreement as shown in Figure
4.211 and 4.212 respectively. The Clpiedictedpeak temperatures at the bottom of the
plates show slightly higher values than those recorded by the TCs. This difference in peak
temperature at the bottom of the plate may come from the assumption for the heat convection
coefficient value in the CFD model which needs more experimental worktitoaés the

exact value of this coefficient. The curves of temperatateme show thatdespite the high

tool rotationaltool speed of sampéeeDH36W6 and W5 which were expected to generate a
higher temperature in the tool/workpiece interface, the cgpolte was higher because of the
higher traverse speed comparedamplesN1 and W2.

It is also shown in Figure 4.208K36 W1 and W2)which experiencetbw welding speeds

the temperature profile is almost distributed symmetrically around the tookrattuwever,

for welds with intermediate and high tool speeds (Figur@®&w3, W4 and W6) the
maximum temperature was under the shoulder interface between the advancing side and the
trailing edge but closer to the advancing side. This is the maximum raim@ewhich can be
expected in this location due to the material flow conditions around the tool which will be

discussed later in the material flow section. Similar to this finding, Fehrenbacher&t! al.
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developed a measurement system for FSW of ialum alloys and measured the
temperature of the interfackbetween the tool and the plate experimentally using
thermocouples and found that the maximum temperature was at the shoulder interface in the
advancingtrailing side closer to the advancing sidethef welds. Micallef et. al*™ by using

CFD modelling and experimental validation, found that the maximum temperature occurs on
WKH DGYDQFLQJ VLGH DQG WRZDUGV WKH UHDU RI WKH
temperature occurs in the pin region &k tleading edge of the tool. Lower plastic
deformation dueo the lower viscosity at the front of the tool surface has been given as a
reason for this minimum temperature. Darvazi et*®4l, through numerical modelling, found

that the maximum temperatiin FSW of stainless steel 304L was in the back half of the
shoulder region and towards the advancing side. They also found that there was more
asymmetry in temperature under the shoulder compared to the regions away from it.
Moreover, Atharifar et. af**” showed numerically and experimentally (using thermocouple
readings) that the maximum temperature in FSW of aluminium was at the advancing side.
This was attributed to the high relativeelocity at the advancing side causing more
viscoplastic materiathearing and consequently the higher heat generation through plastic

deformation and viscous heating.

As shown in Figure 4.208 the maximum temperature (under the shoulder) of 988°C and
1076°C with wide contours were observed Bii36 W1 and W2, respectilye Welds with

higher tool speedsdDH36 W5 and W6-8) show a higher peak temperature of 1364°C and
1436°C respectively because of the high tool rotational speed but they have narrow contours
and high temperatures towards the probe sides and probe endidtep&ratures obDH36

W1 to W6 have been recorded in Table 4.20 and it can be shown that maximum peak
temperatures have exceeded P00@hen the tool rotational speeds reached 500 RPM which
can be shown in the case of high tool speeds WaB6 W5 and W6) The temperature of

the FSW process has approachiegmelting point at the advancirtgailing side in W6 with

a rotational speed of 550RPM. This result coincides with the metallographic examination of
samples W6 and W8 (figure 4.153 to figure 4.179) Wwiibow elemental segregation of Mn,

Si, Al and O which have been validated by heat treatmens airad showed that similar
segregation only occsiwhen heating to a temperature B§50°C (figure 4.136 to figure
4.152)

The higher peak temperatures &stad at high tool rotational speg@H36 W6)which are

close to the melting point of the parent material in a very small area localised on the
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advancingtrailing side is mainly coming from applying fully sticking conditions which
caused high deformatioand material flow. Local melting may be expected at lower tool
rotational speeds if the thermal conductivity of the workpiece is low as is the case when
welding 304 stainless ste™. The predicted peak temperature modelld CFD is
expected to be logr in the case of applying the sticking/slipping conditioffs

To present the temperature distribution at the shoulder/plate interface, Figure 4.213 illustrates
the temperature contours for the 6 welding conditions undertaken in this work, the
temper&ure colour bar are unified in one bar to enhance the contrast. It is shown that the
asymmetry between advancing and retreating sides increasée a®ld traverse speed
increases; as shown PH36 W4, W5 and W6. However, it is expected to observe a small
Heat Affected Zones (HAZ) for these samples with higher tool traverse speeds. Low welding
speeds (Figure 4.213 W1, W2 and W3.) showed a wider HAZ. Figure 4.214 shows the graphs
of temperature distribution between AS and RS obtained from figure 4.2&3symmetry

is high between AS and RS for high tool speeds while the HAZ size of low traverse speeds as
in W1 and W2 is bigger than the higher traverse speeds group. Micallef8traported the

same effects of welding speed on the size of HAZ forstiree type and thickness of steel
grade. Similarly, they found that the asymmetry between advancing and retreating sides of
the welds was increased for the higher welding speeds (here iW®/dnd W68). Thiswas
attributed to more material being pushe GHU WKH VKRXOGHUfV SHULSKHU\
From the CFD result, it is worth noting that samples produced with high welding speeds
(W6-8) can reach temperatures close to the melting point in a small local region at the
advancingtrailing side (Figire 4208 W6-W8). The evidence of localized melting at the same
advancingtrailing side has been reportpceviously™® 78 for welding Aluminium alloys.
Colegrove and Shercliff®® found that maimum temperature calculated from CFD
modelling of alunmium at 90mm/min and 500 RPM is exceeding the melting point. However,
they suggested that in actual welds this temperature would be lower due to two reasons;
firstly in the actual weld, slip between the tool and the workpiece can occur reducing the heat
input and consequently avoiding melting. Secondly, the material softens considerably at high

temperatures near the solidus which reduces the heat generation and hence, the temperature.

Comparing the maximum temperature Bi36 W3 and W5 (as shown in Figes 4.213) it is
evident that although their ratio of rotational to the traverse speed is nearly the same (in Table
4.20: 1.2 and 1.25, respectively), the maximum temperature reachieel advancingrailing

side is quite different; 1130°C and 1364°C (1KQshd 1737K), respectively. This suggests
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that increasing tool rotational speed has a profound effect on heat production compared to the

tool traverse speed.

SamplesW3 and W4 (Figure 4.208 and Table 4.20) show that the maximum peak
temperature of botlwelds is nearly equal [1130°C and 1143°C respectively] despite the
slight increase in tool rotational speed and the high increase in tool traverse speed of W4. The
stirred material at the proklend of both welds has also shown the same peak temperatures,
figure 4.215. This means that for these welds the ineneasol rotational speed from 300 to

325 RPM can give nearly the same maximum temperature despite the increase in traverse
speed in W4 which led to a faster cooling rate and hence lower heat ihputonsequently,
resulted in a smaller HAZ as expected. Figure 4.215 shows that for higher rotational speeds
welds the probe end has experienced higher temperature Da8&W5 and W6, however
increasing the tool traverse speed can causenperature p toward the probe end as in

the case of W4 compatéo W2. Colegrove and Sherclif! also reported the same effect;

that changing the tool rotational speed has a significant effect on the peak tempardture

the increase in traverse speédsdeceasd the size of HAZ.

Modelledtemperature contours of the longitudinal cross section of the tool for allwases

study shown in Figuret.213 are circular and tend to bend towards the tool shank. The tool
collar acts as an insulator because of itg thermal conductivity, so most of the heat was
partitioned between the PCBWRe and the shank from one side and the workpiece from
another side. The Shank loses heat mainly by convection coming from the cooling system as
previously described. From the d¢oars of temperatures in Fig. 4.213, it can be confirmed
that heat is mainly transferred by conduction through the tool parts unlike the workpiece in
which heat can also be transferred by the material flow.
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3. Comparison of Fully Sticking Model Results with Torque and Sticking/Slipping
Models

The results of the predicted peak temperatures for sample DR3Nd W6 using the fully
sticking CFD model have been compared to the torque model and sticking/slipping model as
shown in Table 5.1. Low toolotational and traverse speeds saimpleW2 (200RPM,
100mm/min) have shown similar peak temperatures (6% maximum difference), however,
results of high tool speeds of W6 (550RPM, 400mm/min) showed more significant
differences especially in the fully stickingase (16% maximum difference). The fully
sticking model includes material rotation at speeds equal to FSW tool rotational speed, thus
more heat is expestito be generatd. This is in contrast to the sticking/slipping model as the
value of heat generateahd material relative velocitis controlled by the sticking/slipping
parameter (eq. 3.35The coefficient of friction has shown a significant decrease in the case
of high tool rotational speed of 550 RPM as showed in figure 3.16 which in turn caused a
relaxation in the heat generation at high rotational speeds of the FSW tool. In the torque
model, it is proposed that the error cesfrom the fluctuation irthe average value of input
torque as discussed in torque model section. The result of peak tempetahigh tool
speeds (550RPM, 400mm/min) with fully sticking conditions has shown agreement with
experimental results which have been represented by elemental segregation of Mn, Si, Al
and O found inDH36 W6 and W8 samples (figure 4.153 to figure 4)17Blemental
segregation as methodof estimating peak temperature has been supported by experimental
heat treatments which have shown that temperatures of@4&0more are required to
produce the Mn, Si, Al and Elemental segregation, as shown in fegd.136 to figure 4.152.

Table 5.1 Comparison of peaks temperatures of sample W2 and W6 DH36 using three different modelling

assumptions.
Weld No. Temperature®C | W2 | W6
Model Assumptio °C °C
Torque Model 1034 | 1202
Sticking/Slipping Model 1010| 1250
Fully Sticking Model 1076 | 1436
Max % Difference 6% | 16%

277



5. Correlation between Fully Sticking CFDModel and Experimental Results

Figure 4.216 and figure 4.217 compared the stirred zone and HAZ obtained from modelling
with a sectioned, polished and etched macrograph ofitheal welds that were used to
produce the modeDH36 W2 and W6. It is shown that the width of the HAZ is located in
temperatures range between (1:233F3 K) 10001100°C but not below (1173 K) 900°C
(region located between contours 13 and 14 in W2 andouss 12 and 14 in W6
respectively). There is no specific rule to calculate the size of this zone as a function of tool
speeds; hence the shape of SZ is not easy to determine from numerical CFD simulation. In
previous work®! the SZ geometry was studieding CFD to understand how it varies with

the operating conditions dbol traverse and rotational speeds. The relative velocity was
considered to represent the transition between stir and no stir. However, the exact value of
velocity of stir is not give. In the current model the whole stirred and heat affected zones are
compared with the temperature contour as shown in figure 4.216 and 4.217 for the steady
state case dDH36 W2 and W6 respectively. It is evident that HAZ is located in the range of
contaur No.13 and No.14 in W2 and contour No.12 and No.14 in W6 where the minimum
temperature reaches about 927°C which is above thdraksition zone of the FE
equilibrium phasediagram™’®. The difference between the computer generateshaped
contour ad the experimental macrograpln be attributed to the difference in plunge depth
which was also reported by Micallef et &. The suggested interpretation is that the
difference due to the variation in plunge depth along the welding line can resigjhificant
variation in temperature profile. The experimental recordings of the welding parameters
included the plunge forces and plunge depth provided by the TWI for FSW of 6 and 8 mm
plates of DH36 and also 14.8mm EH46 steel grades [TWI g&fhsof DH36 and EH46

steel graddigure 4.1 to figure 4.27showed many cases in which there was a drop in the
plunge force (DH36N9 figure 4.14 and the drop in temperature in ENY8 figure 4.26)

when the plunge depth drops by parts of a millimetre. Micalledlef61] suggested that the
variation in the plunge depth is mainly caused by the change of plunge force due to
uncontrolled factors such as alternating thicknesses of the workpiece. Wand'&. ato
observed similar variations in geometry of SZ dméhe changes in the plunge depth during
their welding experiments. The current model reveals an asymmetry in the temperature
profile for all cases studiedspecially for high welding speedBK36 W4, W5 and W6). In

CFD modelling of FSW of DH36 steel, billef et al.®¥ reported a certain level of

temperature asymmetry for higlvelding speed; however, they have not reported any
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localised region in which the temperature can reach to near the solidus temperature under
high tool speeds similar tdH36 W6 as their model was based on a sticking/slipping
assumption. On the other hand, Long ef’dlreported reaching a melting temperature in 2D

CFD modelling of aluminiumlbbys FS welded at very high tool rotational speeds exceeding
500 RPM. They argued, ungj the FSW experimental graphs; that the reduction in torque
when increasing the tool rotational speed was due to a drop in the flow stress. One of the
reasons behind this drop in the flow stress is thought to be an increase in the temperature and
reachingthe melting point in some localised regions. They have also argued that this local
melting can lead to an intermittently lubricated contact condition between the tool and the

workpiece.

The current fully sticking assumption in modelling the FSW protess agreement with
previous work which can be found f§*"". There is also previous work which was carried

out on modelling the FSW process using different assumptions of heat generation but the
authors argued that in experimetie temperature dfFSW is higher than calculated when
considering CFD FSW modelling in sté®. Also Colegrove et af’”! suggested extending

the hot compression tests to a high strain rate and a temperature near the solidus in order to
incorporate the behaviour of masrduring the FSW process.

Comparison with other models, the current CFD result is in good agreement with the results
obtained by Toumpis et &F for low tool speedH36 W1 (close to or above 1000°C) for

the same steel grade, thickness and rotativaadrse speeds. However, the distribution of
temperature in the SZ shows some difference. This might be due to the different geometry
and viscosity ranges applied. The maximum temperature obtainedit36 W5 1364°C is

higher than their results 1250°Q fine same welding condition. Moreover, the distribution of
temperature between the advancing and retreating side was also different as here it shows
more asymmetry than in their model. This difference in temperature value and distribution is

certainly reated to the assumptions of sticking/slipping.
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6. CFD Modelled Surface Temperature of the Tool

Figure 4.218 shows the temperature distribution around the PCBN tool surfaces for the
different welding conditions odDH36 W1 to W6. It is shown from the CFEesults that the
PCBNWRe part of the tool experiencesrange of temperatures on the surface during
welding; a lower temperature on the leadiereating side of the tool and higher
temperature at the advancitrgiling side. The lowest temperature svan the probe end
region at the front of the tool; this was also reported by Micallef f*alwhere itwas
interpreted as an effect @ high viscosity value. The material at the front of the tool
experiences lower plastic deformation because of itjeeh viscosity while the material at

the trailing side experiences higher plastic deformation because of the effect of tool rotation
which pushes the material to the back of the tool. Elbanhawy Bf ’ateported the same
variation in temperature arodrthe tool surface. As a comparison with the low rotational
welding speed, the tool surfaces in the high welding speeds showed less temperature
differences between leading and trailing edges due to the short period of time of each
complete rotation and asthe lowest difference in viscosity between leading and trailing

sides as will be discussed in the viscosity section.

It is expected that the tool surfaces under the welding conditioi3H86 W3 and W4 will
experience possible wear on the AS due taéi softening and thermmaechanical action
[l23124 The wear on the tool surface is highly likely to occur at the AS under the conditions

of welding sample®H36 W5 and W6 as a result of the high temperature experienced.

Figure 4.219 shows that maxiim temperature in sampl@H36 W6 is located in the shear

layer just outside the tool shoulder periphery. This is contrary to previous models which
suggest thathe maximum temperature is always under the tool shoulder. The interpretation
for this findingis that as material is heated and pushed around the tool; it reaches a maximum
value of strain rate that enables it to gain higher temperature as will be discussed in strain rate

and velocity section.
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7. Strain Tate andVelocity at the ToolMWorkpiece I nterface.

Figure 4.220 shows numerically calculated strain rate contours in the SZ for the 6 different
DH36 FSWconditions studiedW1 through We8). It shows that strain rate increases with
increasing tool speeds and that this is more dominant in thewslghing speeds (W4, W5

and W68). Similarly, Fairchild et. al[°° reported an increase in the strain rate with
increasing welding speeds. The maximum value of strain for low welding speeds (W1 and
W2) is in the periphery under the tool shoulder; thibesause of the maximum relative
velocity existing in this region as shown in Figure 4.221. However, with increésohg
rotational and traverse speed, the maximum value of strain rate was in the shear layer just
outside the tool periphery. It should bedad that there is a difference in strain rate values
between the advancing and retreating sides especially for the high traverse speeds (W4, W5,
W6-8). This difference in strain rate values may have resulted from an increased difference in
the relative vocity between the advancing and retreating sides of the tool. It is shown that
strain rate can reach to a value of 10b@sthe tool shoulder periphery especially for high

tool speeds (W5 and W6) as a result of fully sticking conditions. The strainalaies for
modelling the same steel grade and welding conditions were reported with lower values when
the slipping conditions appear during the pro¢g85s Figure 4.221 shows the distribution of
relative velocity in the contact surface of the tool/wmeke interface for the studied cases.

For the low and mediurtool rotational/traversspeed the materialvelocity distribution is

nearly symmetrical. The lowest value of relative velocity can be fatitite probe end as a

result of lower stirring fromtte tool probe end. The asymmetry in relative velocity which is
PDLQO\ FRPLQJ IURP WKH YDULDWLRQ LQ WKH WHUP 38VLQ
contributor to the asymmetry in the temperature, viscosity, and strain rate. This asymmetry
consequetty affects the mechanism of heat generation. Figures 4.220 and 4.221 also show
that the difference between advancing and retreating sides in strain rate and velocity fields for
all studied cases near the probe end is small and thus can almost preguoeetrical SZ at

that location. This is in agreement with Nandan et al. [55] where they argued that this is due
to the rapid recirculation of plastic material which itself results in the local temperature
distribution not varying significantly at the proleed. Comparing Figure 4.222H36 W1

through W6 shows that velocity is more sensitive to tool rotational speed where increasing

tool rotational speed resulted in an increased relative velocity.
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8. Local PressureDistribution between AS and RS:

It is noticed from Figure 4.222 that there is a difference in local pressure values between the
advancing and retreating sides which increagih increasing tool speeds. The retreating
side showed a drop in pressure which can causensolidation defec¢t®®. This type of

defect was reported in the retreating side as a result of insufficient internal pressure which in
turn results in a drop in the forging forces which are required to keep material consolidation
(189 The current mdel suggests that more defects can be created in the weld where there is a
greater difference in local pressure between advancing and retreating sides. The differences
in local pressure increased with increasing traverse speed even when the tool refadieda

was increasing as shown in Figure 4.222, W4, W5 and W6. So it is expected that more
defects can be found in the high traversing welds even with increasing the tool rotational
speeds. For W4, W5 and W6 the local pressure contours also showedieasigohange in

the end of probe side at the AS, this inhomogeneity in pressure at that location can increase
the possibility of void or crack initiation. The pressure change in this specific location can be
the results of higher traversing speed whiciyncause a lack of material flow as will be
discussed in the material flow section. Nandan et*@lfound that there is a significant
difference in pressure at the lower portion of the workpiece due to the low temperature and
strain rate which causeshagher flow stress and thus a higher pressure required to fulfil the
material flow, this interesting result needs more investigation. W1 and W2 ahowre
homogeneous pressure distribution betw#enadvancing and retreating sides, so defect
formation 5 expected to be less likely. In all cases it is noticed that pressure is increasing
with tool rotation and traverse speeds. The higher pressure shown in the advancing side rather
than the retreating side is the results of formatiora stagnant zone whtic needs more

pressure to achieve material flow.

Figure 4.223 shows the local pressure distribution in the tool/workpiece interface surface of
W5 where the pressure in front of the tool is higher than in the trailing edge. The difference
in pressure valuebetween the leading and trailing edges is very high towards the tool
periphery. Morisada et. ! interpreted the high pressure value in front of the tool shoulder

rather than the shoulder back as the results of tool traversing.
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9. CFD Modelling of Material Flow around the Tool.

The material flow for two cases of welding is represented in this section. It is noted from
Figure 4.224, W2 and W6 which are case studies of low and high welding speeds
respectively, that material is flowing around the toghvan asymmetric shape especially for

the high welding traverse speed. The flow is deflected at the retreating side in the direction of
rotation. Previous experimental work by Schmidt et*8icarried out on aluminium showed

the same type of materitibw, where marker foils of copper flowed around the tool, broken
into pieces then reverted around the retreating side in the same direction of rotation. Morisada
et. al.®¥ used a W tracer with the aid of anR&y transmission system to monitor the
mateial flow during FSW of aluminiunfAl050) and low carbon steel. They found that in Al

the W tracer can rotate many times around the probe, whereas, in steel the tracer moved along
the rotating probe, passed through the retreating side and stopped atkiloé thee probe.

They also found that the tracer velocity in steel was smaller than those of Al as steel is more
resistance to material flow. They reported that the shape of the stirred zone in steel was
changed because of the formation of a stagnant anribe AS. Because of the relatively

high deformation resistance behaviour of steel, they suggested a low tool rotational speed to
achieve a uniform flow zone and optimal FSW conditions. In Figure 4.225, W2 and W6, the
maximum flow was noted at the peripheof the tool shoulder of low and high welding
speeds respectively and the flow decreases towards the probe end. Figures 4.224 and 4.225
show that the material adjacent to the tool periphery (shear layer) is highly affected by the
tool rotation; so it gaed velocity. The shear layer rotation means that this region
experienced plastic deformation, a high strain rate, high temperature and thus low viscosity.
This region forms, together with the main stirred zone, the final shape of the SZ. It is worth
noting that the size of the shear layer increases with increasing tool rotational speed.
Fig.4.225 W2 shows less thickness of shear layer compare to W6 due to the lower tool
rotational speed. The shear layer size is larger around the shoulder but decreasssthewa
probe. As mentioned previously in the discussion of velocity and strain rate section that there
is a stagnant zone that can cause defects. From Figure 4.225 it is shown that this region is
located between the stream lines that show a rotation wtiffew reversal and the adjacent
stream lines that show a reversal in flow on the AS. This region showed the minimum value
of velocity around the tool ranged from 0.06@4 m/s for W6. The stagnant region, as
mapped in 3D shown in Figure 4.225 for samy6, extends approximately from the mid

thickness of the workpiece to the shoulder of the tool. The previous WBHE®Y has
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reported the presence of wormhole defects in the same region of interest and they found that
the occurrence of this defectieased as traverse speed increased due to inadequate material
flow. Morisada et. al®? also suggested that the formation of a stagnant zone can lead to a
defect in the SZ and that uniform material flow for steel is only achieved at low traverse
speed.They interpreted the formation of a stagnant zone on the advancing side as being
caused by a low heat input due to high traverse speed. For low traverse speed welds (Figure
4.225 W2) it is shown that the flow is nearly symmetrical and the stagnant zioméesd,

this in turn caused nearly symmetrical velocity, strain rate and temperature fields and
therefore created fewer defects. To demonstrate the importance of material flow as a main
source of heating in FSW process, the heat transfer by convectitattdy conduction
represented bthe Peclet numberR) is calculated as follows:

T Yo &

2AL -

(5.1)

U is the characteristic velocity = 0.685 m/s for \86(see Figure 10 W6), ;s the
characteistic length which represent the shear layer thickness takentfreinfinite Focus
Microscope (IFM) experiments and = 0.001m as averagePeéis equal to 56.1which
indicates that material flow plays a major role in heat transfer during the FSW pofcess
steel especially under the tool shoulder. The importance of material flow in heat transfer
during the FSW process was also reporteft“h for modelling aluminium AA50834131

and they found th&enumber was still high even when the thermal condiigtis very high.
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10. Estimating the SZDimensionsfrom Viscosity Changes.

It is shown from Figure 4.226, W1 through W6 that viscosity decreases with increasing tool
rotational speed, this decrease can encourage the layers of the materidhob with the

tool to rotate with a specific velocity. The high values of viscosity just after this region will
prevent material from moving due to the lack of plastic flow and thus defining the limits of
the SZ. It is also worth noting that the calculatuperature around the tool was not enough

to markedly decrease the viscosity and allow the material to flow. The strain rate is probably
playing a significant role in decreasing the value of viscosity. Viscosity is inversely
proportional to strain ratend temperature, so considering the CFD results of temperature and
strain rate which show a decrease in temperature and strain rate towards the probe end, it is
expected that viscosity will show an increase towards the probe end and this is the main
reasorfor the \:shaped geometry around the contact region. Nandan et. al®2a@ported

the same viscosity increase towards the probe end. It can also be shown that increasing the
traverse speed in W4 caused an increase in viscosity modelled at the pdeobetsim as
compare to W3 which shows a lower value of viscosity although the tool rotational speed was

lower. This can be attributed to less heat input towards the prabe samplew4.

From the viscosity, strain rate, velocity and temperature cgntotan be inferred that the

tool shoulder and probe side play the most important role in generating the heat required for
welding, whereas, the probe end plays an insignificant role in stirring the material in contact.
It is also shown from Figure 4.226at the most affected zone by stirring is between the
shoulder and probe side due to the combination of these two parts of the tool. Figure 4.227
and figure 4.228 show a comparison between the CFD viscosity profile results and the
macrograph of the SZ @nked by the red line) cdfamplesw2 and W6 respectively which
shows an acceptable representation of the SZ with some slight differences which may be
caused by variation in plunge depth as discussed previously. Figure 4.229 shows a top view
of the local vscosity for the SZ asamplew2 and W6 low and high tool speeds respectively.
From Figure 4.227 and figure 4.229 it can be confirmed that the value of viscosity in which
material can flow for all cases under study ranges from 55@8x16 Pa.s. The cuoff
viscosity value is 9.8xf@Pa.s which is in good agreement with the previous work carried out

on steel extrusioli®.
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11.CFD Modelling of the Shear Stress on theSurface of theTool.

The maximum shear stress predicted by the CFD model for lownaddim welding speeds

(W1, W2, W3 and W4) as shown in Figure 4.230 is associated with the leading edge of the
tool towards the retreating side; which coincides with the prediction for the minimum
temperature on the tool (see Figure 4.218). The reasdhisois that the tool surface on the
leading edge is in contact with higher degrees of viscosity than the trailing edge as shown in
Figure 4.229 sampleW2. High tool rotational speedss in sample®V5 and W6 show a

nearly symmetrical shear stress disttibn on the tool shoulder periphery. For constant
traverse speeds (W4, W5, and W6) the model predicts that the shear stress will decrease with
increasing tool rotational speed because of the associated increase in temperature. The model
further predicts tht the probe sides is subjected to a higher shear stress at lower tool
rotational speed, as shown for W1 and W2 in Figure 4.230 because it experiences lower
temperatures and higher viscosity (as shown in Figure 4.218 and Figure 4.226 respectively).
The moeal for sampleW4 predicts an increase in shear stress at the shoulder periphery and
probe side leading edge compared to W3 because of the higher traverse speed. From the
previous discussion, it is recommended to increase the tool rotational speed aasedéee
traverse speed in order to reduce the tool wear especially at the probe side and shoulder

periphery.

Experimentally, sectioned, polished and etched FSW samples of high tool rotational speeds
W6 and W8 have shown a significant volume fraction of @&ixticles especially at the top
surface of the SZ as shown in figure 4.169 and figure 4.170. Whereas sample W2 shows only
very slight presence of BN in the SZ microstructure despite the higher shear stress (figure
4.230). This mean that the increaseamperature can be assumed the main reason for tool

wear as it causes a softening of theRe bindef**1231124]
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I. Mesh refinement and temperature output.
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Figure 4.202 Variations in peak temperature results with referenceto the number of elements
(mesh refinement) offor sample W2, 6mm, DH36 steel
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Figure 4.203 Variation in peak temperature results withreference tothe number of elements
(mesh refinement) ofsampleW2, 14.8mm EH46.
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Il. CFD predictions for the variations in thermal conductivity and specific heatat the
tool/workpiece contact regionof 6mm DH36 steel.

AS AS

W2 W6

Figure 4.204 Thermal conductivity (W/m.°C) contours of PCBN tool and DH36 plate (W2 at
200RPM, 100mm/min and (W6 at 550RPM, 40@nm/min), thermal conductivity of DH36 plate
decreass during the FSW process according to equatio3.64

AS AS

w2 W6

Figure 4.205 Specific heat(J/Kg.°C) contours of PCBN tool and DH36 plate for sample W2 at
200RPM, 100mm/min andsampleW6 at 550RPM, 400mm/min The thermal conductivity of
DH36 platevariesas a function of temperatureduring the FSW process according to equatiaos
3.65 and 3.66
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[1l. FSW Model Resultfor DH36 Steel

A. Temperature Distribution using theTorque Model

AS AS

-a- W2 200RPM, 100mm/min -b-W6 550RPM, 400mm/min

Figure 4.208 Temperature (°C) contour distribution between thetool and workpiece (torque
model). a slowtool speed DH36 W2), b- high tool speed (DH36 W6).

B. Temperature Distri bution using the Sticking/Slipping Model

AS AS

-a- -b-

Figure 4.207 Temperature (°C) contour distribution between thetool and workpiece
(sticking/slipping model). a- slow tool speed DH36 W2), b- high tool speedsDH36 W6).
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C. CFD Model Fully Sticking Assumption

1. Tool Torque

The calculated torque from the CFD model

Table 4.20: Predicted values for the maximum temperature and torque obtained by the
proposed numeical model for 8 welded samples with different rotational and traverse speeds.

Calculated

qul Traverse | Rotationall Maximum CED Calculated Avgrage
Weld | rotational calculated ) CFD tool | experimental
speed Traverse Spindle
No. speed (mm/min) ratio temperature Toraue Torque tool torque
(RPM) (°C) d (N.m) (N.m)
(N.m)

w1 160 100 1.6 938 290 110 117
W2 200 100 2 1076 250 95 105
W3 300 250 1.2 1150 234 89 90
w4 325 400 0.81 1170 270 104 94
w4 500 400 1.25 1364 210 80 77

W6 550 400 1.38 1436 200 76 62

W7 550 400 1.38 1436 200 76 68

w8 550 400 1.38 1436 200 76 64
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2. Temperature distribution in the tool workpiece interface

AS AS

leading leading

w1l w2
AS AS

leading leading

W3 W4
AS AS
leading leading
W5 W6-W08

Figure 4.208 Top view of contours of temperature (°C) for 6 different welding conditions
(sampesDH36 W1 to W8) (CFD Fluent).
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Figure 4.209 CFD results show the temperature distribution between the leadingrailing sides

at the top of SZ ofwelded sampleDH36 W1 to W6.
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Figure 4.210 CFD results show thetemperature-time curvestoward the trailing side at the top
of SZ ofwelded sampleDH36 W1 to W6.
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Figure 4.211 Temperature-time curve for sample DH36 W2, comparison of thermocouples data
and CFD, modelprediction. A distance of 100 mm staring from the platdottom centre towards
the welding line was divided by the welding velocity in order to represent the time (60 sec).
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Figure 4.212 Temperature-time curve for sample DH36 W8, comparison of thermocouples data
and CFD, modelprediction. A distance of 100 rm staring from the plate bottom centre towards
the welding line was divided by the welding velocity in order to represent the time (15 sec).
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W3 w4
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Figure 4.213 Side view, perpendicular to the welding direction, contours of temperature (°C)
for 6 different welding conditions (samplesDH36 W1 to W6) (CFD FLUENT ). The cantor bar
has been unified for better comparison.
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Figure 4.214 CFD results show the émperature distribution between theAS-RS at the top of
SZ for samplesDH36 W1-W6.
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Figure 4.215 CFD results show he temperature distribution in the tool probe and plate bottom
for samplesDH36 W1-W6.

295



3mm

Figure 4.216 Comparing the numerical temperature contours (K) and the experimental
steady statewelding conditions for sampleW1 (DH36) macrograph adapted from!©*?>%!
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3mr_r]
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Figure 4.217 Comparing the numerical temperature contours (K) and the experimental
steady statewelding conditionsmacrograph (IFM) of sampleDH36 W6.
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6. CFD Model Resultof the Surface Temperature of the Tool:

Trailing Trailing
/ Shoulder
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Figure 4.218 The temperature (°C) contours around the PCBN tool surfaces for six different
welding conditions; (samplesDH36 W1 to W6-8)
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Figure 4.219 Temperature (°C) distribution on the tool surface and shear layer (TMAZ) for
samplesDH36 W6-8 showing the maximum temperature for high speed welds (550RPM).

7. Strain rate and velocity in the tool/workpiece interface:

AS AS

w1 W2

AS AS

W3 W4

Max strain rate in the shear layer

AS / \ AS

W5 W6

Figure 4.220Q The distribution of strain rate (s™) in the contact surface of the tool/workpiece for
the 6 different studied conditionssamplesDH36 W1 through to W6-8.
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Figure 4.221 The distribution of relative velocity (m/s) between the tool/workpiece interfaces
for the 6 different studied conditionssamplesDH36 W1 through W6.
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8. Local Pressure distribution:

AS AS
W1 W2
AS AS
W3 W4
AS AS
W5 W6

Figure 4.222 The distribution of local pressure (Pa) betweeithe advancing and retreating sides.

Trailing

AS

Figure 4.223 The CFD modelledlocal pressure (Pa) distribution béween the leading and
trailing side of the tool surfacefor sampleWs5.
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9. CFD Model of the Material Flow around the FSW Tool.

Retreating side Retreating side
Trailing Trailing
Shear layer Shear |
£~ (/ear ayer
Limited
stagnant zone Stagnant zone
Advancing side \
Advancing side
aW2 b-W6

Figure 4.224 Material flow path lines in and around the tool/workpiece contact regiona-
sampleW2 and -b- sampleWs5 (3D top view).

AN

Shear layer Shear layer
Stagnant zone
AS

AS

& b-
W2 W6

Figure 4.225 The material flow coloured by local velocity (m/sY3D Advancing-Retreating
sides) for-a-low tool speedssampleDH36 W2 and -b-high tool speeddor sample DH36 W6.
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10. Estimating the size of theSZ based upon modelled changes in viscosity.

AS AS
W1 W2
AS AS
W3 W4
AS AS
W5 W6-8

Figure 4.2268 CFD model results showing theé/iscosity (Pa.s) distribution around the
tool/workpiece for welds DH36 W1 - W6 -W8.

Figure 4.227 Comparison of CFD viscositycontours with IFM macrograph for sample DH36

W2, macrograph adapted from©* P5%!

6mm
haz—"" N haz

AS 3mm ¢

Figure 4.228 Comparison of CFD viscosity contours with IFM macrograph for sample
DH36 W6.
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Fig. 4.229 Local values of viscaity (Pa.s) on the top surface of the SZ foia- low tool speeds
sampleW2 and -b-high tool speedsampleWe6.
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11. Shear stress on the surface of the tool

Trailing Trailing

Thermemechanical tool war is possible.
Max. shear stress in probe sides and

shoulder periphery because of lqw
temperatures and high viscosjty
AS AS

150MPa 100MPa
MPa
180MPa
W1 W2
Trailing Trailing
Thermemechanical
tool wear is possible
AS AS
Thermemechanical tool wear is
likely to happenMax. shear stress
400 MPa in shouldeperiphery
/ because of high traverse speed\
Trailing
W3 w4
Trailing
Thermemechanical
/ tool wear is possible
tool periphery
AS AS
W5 W6

Figure 4.230: Predicted shear stress (Pa) contours on the tool surfadeH36 W1-W6)
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4.14.4 FSW Tool Optimisation.

A suggested method for solving the issue of local melting and elemental segregation at high
tool speedshas been presented in this work. Figure 4.231 shows the 6mm DH36 CFD
modelling results of temperature, viscosity and strain rate when rotating only the probe (i.e.
the shoulder is stationary) at 950PM with traverse speed of 400mm/min. The predicted
peaktemperature of 1148 has been achieved; the stir zone size is also adequate. Even at

such a high rotational speed, the predicted temperature did not reach melting point.

A suggestion for tool optimisation by changing the size of probe can achieve hggter
generation and a larger SZ without the need for using very high tool rotational speed. In a
study carriecout by the authors'’®, a probe of 5.8mm length with 12mm diameter at the
shoulder base has been adopted when modelling FSW of 304 staiekdsshich has a low
thermal conductivity (16 W/m.K) and thus issues of localised melting are present when
welding with high rotational speeds. Figure 4.232 shows the results of CFD modelling for
temperature, strain rate, velocity and viscosity costairthe SZ after using the optimised

tool probe with a stationary shoulder. The CFD model predicts that a tool rotational speed of
550 RPM, and traverse speed of 400mm/min is enough to generate adequate temperature
during FSW.

AS

Temperature distributiofC

AS AS

Viscosity Pa.s Stran Rate 1/s

Figure 4.231 Stationary shoulder with probe speeds 0950RPM, 400mm/min
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x Tool Optimisation (stationary shoulder with increasing probe sizel'"®

AS AS

a-Temperature distribution °C b-Strain rate s*

c-Velocity m/s d-Viscosity Pa.s

Figure 4.232 The results of CFDmodelling for temperature °C, strain rate s*, velocity m/s and
viscosity Pa.s athe probe/workpiece interfaceafter the optimisation study on the FSWhtool,
Tool speeds 550RPM/400mm/min. Material is 304 stainless stebhe shoulder of the tool is

stationary 17,
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4.14.5 Results' Discussion of CFD Modelling Grade EH46

4.14.5.1Dwell Period: The EH46 steel plunge/dwellexperimenthas also been simulated
with two sets of tool rotational speeds which are 120 RPM and 200 RPM with fully sticking
conditions and a constant plunge depth of 12mm.

1. Temperature: The top view of the temperature contours of RIEEM and 200 RPM dwell
cases are shown in figure 4.233. As the plunge/dpreltess doesrot incluck tool traverse
speed, totally symmetrical temperature contours are found in the tool/workpiece contact
region. Maximum peak temperatures were found undertdlol shoulder, the HAZ size
increases with increasing tool rotational speed due to the increase in -thechanical

action of the tool. Figure 4.234 shows the temperature contours of the tool and workpiece.
Note that the temperature decreases towamlpldite bottom. This decrease in temperature
coincides with previous work which showed that the maximum temperature is mainly
generated from the tool shoulder, whereas, the probe side contribution is less and the probe
end contribution in heat generatiom almost insignificant® PY. Figure 4.235 shows the
temperature distribution around the tool, CFD results are compared with the maximum peak
temperaturemeasured fronTC2 and TC5 osampledV1-W7 (see figure 3.11 and table 4.4).
TCs reading from sanhgs W1 and W2 show a difference between the CFD model results of
approximately80°C which can be attributed to the difference in plunge depth. The heat
convection coefficient value which has been assigned at the plate bottom to compensate the
backing plateand the anvil in the CFD analysis can introduce an error. TC reaftorg
samplesw3-W7 showed less difference (about°G) from the CFD resultsThe HAZ in

Figure 4.235 has been determined between the SZ and a peak temperatut€ 8f90bhe

width of HAZ estimated from the CFD model at the top surficethe 120 RPM group is
determined equal to 3.5mm whereastfer200 RPM group the length of HAZ was 4mm as
shown in figure 4.235. This finding is in good agreement with IFM measurenfmnts
samplesW1-W2 which are listed in table 4.6; the slight differences in HAZ width can be
attributed to the difference in plunge def5th
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2. Velocity and Strain Rate atthe Tool/\W orkpiece Contact Region

Figure 4.236 shows the relative velocity distributiorihie workpiece which comes from the
material affected by the tool rotation. The velocity reaches its maximum value at the tool
shoulder periphery and decreases towards the mothand its value tends to vanish at the
probe end. The material velocity ihet contact region increases with the increasing tool
rotational speed. 0.237 m/s was the maximum value of relative velocity at 120 RPM whereas
the relative velocity has increased to 0.396 m/s when the tool rotational speed increased to
200 RPM.

Strain ragé has shown similar behaviour to velocity with maximum values of 700 1/s at the
tool periphery (figure 4.237). Strain rate contours also tend to be wider when tool rotational
speed is increaddrom 120 RPM to 200 RPM due to the fact that more materiabbas
affected by the tool thermmechanical action, this result is in agreement with the findings
found inB4 178 The strain rate also shows a decrease towards the workpiece bottom and its

values tendto vanish at the probe end centre as showrgurdi 4.237.
3. Viscosity of the Workpiece at thel ool\Workpiece Contact Region

Viscosity contours for 120 RPM and 200 RPM plunge/dwell times are shown in figure 4.238.
The shear layer size increases with the increase in tool rotational speed, due ¢b ttreg fa
more heat will be generated in the material in contact with the FSW tool; this in turn will
encourage material layers to rotate with a specific velocity. Viscosity values show a
significant decrease under the tool shoulder, the region betweereshaund probe shows

the maximum TMAZ size as a result of the thermechanical combination between the
shoulder and the probe side. This finding coincides with thert&@dsurements from sample
W1-W7 as all the macrographs show that the TMAZ at the shopldée is the most
affected by the thermmechanical action of the tool. The probe end did not show a
significant decrease in the value of viscosity that can enable the material in contact to rotate
despite the high temperature which reached to AD@figure 4.234). This can be attributed

to the low values of strain rate at the probe end as the viscosity is inversely proportional to its
value. The experiments using the IFM as shown in figure 4.40 for EH48VWtoincide

with the CFD findings in figure 438; all the macrographs have shown that at the probe end
the material is only experiencing heating without stirring. Theoffutalue of viscosity after

which no material flow occurs is equal to 9.6 ¥ P@.s which is in agreement with previous

work on seel extrusior®!.
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4. Tool Surface Temperature and Shear Stress

Temperature distribution on the tool surface as shown in figure 4.239 for 120 RPM and 200
RPM are symmetrical with maximum temperatures located at the tool shoulder periphery.
The temperat@r decreases towards the probe side and it reaches the minimum value at the
probe end. Binder softening is highly expected in the high rotational tool speeds of 200 RPM
especially at the tool shoulder periphery which in turn can cause, with the aid ofhicatha

action, significant tool wedr’23 241,

Shear stress on the tool surface as shown in figure 4.240 for 120 RPM and 200 RPM is
symmetrical with the maximum shear stress located at the bottom of the probe side. Shear
stress increases as rotatibgspeed decrease as a result of the higher viscosity in contact with
the FSW tool. The bottom of the probe side of 120 RPM (regibottom assigned biphe

letter -c- as shown in figure 4.94) has shown the maximum shear stress value and thus tool
wear at hat locationis expected. The microstructure as shown in the SEM image in figure
4.179-b- of the probe side bottom of the sample welded from EH46 steel (120 RPM W6) is
supporting the finding of the CFD regarding the tool wear as a result of inéneakear

stress. Shear stress is also high at the tool shoulder periphery of the 1ZaRpland also

probe side bottom of 200 RPM welded samples as shown in figure 4.240.

The high temperature at the tool shoulder of the 200 RPM group and high sheatdtress

tool shoulder periphery of 120 RPM sample can significantly cause wear on the tool surface.
Experiments including SEM images of EHd&mplesN1-W7 are supporting the findings of

the CFD model as shown in Figure 4.171 to 4.178 where BN particlgzresent in the
region of shouldeprobe as a result of the combination of binder softening and shear stress

increasing at the FSW tool surface.
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4.14.5.2Modelling FSW of Grade EH46 at Steady Stat&Velding Conditions.

The temperature distribution oH&6 steel in two welds which were produced as a case study
for low and high traverse tool speeds of 50mm/min (W8) and 100mm/min (W10) with
constant tool rotational speed of 1B®M is shown in figure 4.243A similar temperature
distribution as inthe DH36 steady stateveld is found in the EH46 steady state CFD results
where the maximum temperatures in both W8 and W10 are under the tool shSaldpte

W10 has shown more asymmetry in temperature distribution as a result of increasing the
traverse speed. Me material is pushed towards the advantrading side which showed

the maximum peak temperature as discussed earlier in the section of temperature distribution
of DH36 and also as demonstrated by previous work carried out on simulating the FSW
processi®l 1471 and 1521 This finding coincides with the experiments of SEM images (the
microstructure evolution shown in figure 4.100 to 4.105) wisammpleW8 shows more
asymmetry between AS and RS. Peak temperatures in both welds are nearly equaloés the t
rotational speeds in both welds are equal. This suggests that tool rotational speed is the main
source of heat generation in FSW whereas; the traverse speed is mainly controlling the
cooling rate”®. The temperature distribution between the leadimdjteailing sides as shown

in figure 4.242 has also shown similar behaviour to DH36 CFD results shown in figure 4.209.
The temperature profile contracts at the leading edge and expands at the trailing edge. Figure
4.243 shows the cooling rate of EHd&mpesW8 and W10. There is a faster cooling rate in
W10 due to higher tool traverse speed. The microstraiatwrolution of W8 and W10 in the

SZ (figure 4.100 to figure 4.105) as discussed previously coincides with the CFD results
where the W8 microstructurd KRZV DO ORW UL Rp RtthS KrioF alisiduite lgkalihs

with less bainite (Bpresent

Figure 4.244 shows the temperature contours of transverse cross sections of the workpiece
and the tool for samples W8 and W10. Both welds show asymmetrydretive AS and RS.

The HAZ in W10 is smaller than in W8 due to the higher tool traverse $pPE8H. Figure

4.245 shows the temperature distribution between the AS and RS of W8 and W10. TCs
average reading on the AD at the steady state period have sfmydagreement with only a

slight difference in peak temperature from the CFD results.

The strain rate distribution showed a slight difference between samples W8 and W10 due to
the same value of tool rotational speed being used. However greater asymasetound in

sample W10 as a result of the increase in tool traverse speed. Viscosity contours as shown in
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figure 4.247showsa slight difference between W8 and W10, and a wider SZ in W8 than
W10 as a result ad slower tool traverse speed. This was akown in the IFM macrograph
measurements (table 4.8) where the total SZ for W8 was bigger by“18ramW10. This

was the result of more material stirring by the tool rotational speed at lower tool traverse

speed.

Figure 4.248 shows the shear stresy (Rstribution on the FSW tool surface for samples W8
and W10. The shear stress is high at the probe side and probe end for both welds. The SEM
EDS images taken from the probe end of W8 and W10 shown in figure 4.183 and figure
4.185 respectively show tlexistence of BN particles inside the microstructure of the stirred
material. An increase in the surface shear stress was found on the retesating side of

W10 as a result of higher traverse speed. This finding is in agreement with the SEM images
of the top surface of the SZ of W10 shown in figure 4.188 where many BN particles are
present inside the microstructure as a result of the higher thesobanical effect between

the tool and the workpiece.
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A. CFD model resultsfor EH46 steelduring the dwell stage.

120RPM 200RPM

Figure 4.233 Temperature (°C) contours at the top surface of EH46 plateduring the
dwell stage120RPM and 200RPM

120RPM 200RPM

Figure 4.234 Transverse section shows the temperatur@C) contour of the PCBN tool
and the plateduring the dwell stagefor two tool rotational speeds 120RPMand 200RPM
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Figure 4.235 CFD results show the émperature distribution along the top centre of the FSW
for grade EH46 steel duringthe dwell stage 120RPM and 200RPM
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120RPM 200RPM

Figure 4.236 Transwersesection shows the velocity contowr(m/s)in the tool/workpiece
contact regionat the dwell stagefor a tool rotational speedof 120RPM and 200RPM.

120RPM 200RPM

Figure 4.237 Transverse section shows the strain rate contoukd/s)in the
tool/workpiece contact regon at the dwell stagefor a tool rotational speedof 120RPM and
200RPM.

TMAZ (Shear layer) TMAZ (Shear layer)
e Y A N

\ The cutoff value /

/ T

120RPM 200RPM

Figure 4.238 Transverse section shows the viscosity contoufBa.s)in the
tool/workpiece contact region at the dwelktagefor a tool rotational speedof 120RPM and
200RPM.

314



Tool wearis possiblalue
to binder softening
accompanied by
mechanical action
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Figure 4.239 FSW tool surfacetemperature at 120RPM and 200RPM (dwell stage.
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Figure 4.24Q Tool surface shear stresgPa) for tool rotational speedsof 120RPM and
200RPM (during dwell stage
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B. CFD Model Resultsfor EH46 steel gteady stat¢ samplesWw8 and W10,

Trailing

w8

AS

Trailing

w10

AS

Figure 4.241 CFD modelled £mperature (°C) contours at the top surface of EH46 platefor
sampleswW8 and W10under steady statewelding conditions
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e CFD EH46 W8 === CFD EH46 W10

Figure 4.242 The CFD modelledtemperature distribution between the leading and trailing
sidesfor sampleswW8 and W10 FSW of 14.8mm EH46 steel.
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Figure 4.243 The CFD modelled ooling rate for samplesw8 and W10 FSW of 14.8mm EH46
steel at the weld centre.
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w8 W10

Figure 4.244 Transverseview shows theCFD modelledtemperature (°C) contour of the PCBN
tool and the EH46 steelplate for samplesW8 and W10.
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Figure 4.245 The thermo-coupled measuredemperature distribution between AS and RS of
samplesw8 and W10 FSW of 14.8mm EH46 steel.
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Figure 4.246 CFD modelled transverse vievs show the strain rate contour(1/s)of the platefor
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EH46 samplesw8 and W10 at the contact region with the tool.
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Figure 4.247 Transverse view shows th€FD modelledviscosity contour(Pa.s)of the platefor
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EH46 samplesw8 and W10 at the contact region with the tool.
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5. Summary of Discussion

The following sectionsummariseshe discussion based dhe resultsof this research which
can be used to assess whether the objective at the beginning of the research were met.

£7)

Y

£7)

Y

Y

Ya

71

The tensile mchanical propertiesf the FSW joints when compared to the parent
materialhave been improve&ampleWw6 andW9 DH36haverecorded an increase in
tensile strength from 570MPa to 590 MPa. All samplasge failed outside the SZ
under tensile testing

The microstructure imll welded samples for the twsieel grades (DH36 and EH46)
showed a phase transformation from ferrite and bands of pearlite to different phases
includinga mix of bainite .,in the top and middle of SZ to fine grains of ferrite and
plates of cementite at tiveeld root.

Alloying elements found in thparent metasuch as Ti, NbSi andcompounds such
as MnS andalumina haveundergone segregatioprécipitation/ during the FSW
process. Atemperatures exceed 1280 TiN cubic precipitates were found, whereas,
at temperaturgequal or exceedg 1450°C a Mn, Si, Al and O spinelas observed
Theevidence oprecipitation of TiN and the segregationao$pinel ofMn, Si, Al and

O ha been employedor the first timeto seek to identifythe peak temperatwse
occurringduringthe FSW process

PCBN tool wear has been found to increaséool rotational speed increasehich
generategreatetheat and lead® W-Re binder softening. Tool wearasfound to be
very high atthe tool shoulder periphery and #ie probe end as a result of higher
shear stress than in threst of the FSW PCBNtool. Welding with medium tool
rotationalspeedst whichthe temperaturdoes noexceed 1256C is recommended.
Defects in FSW were found to be associated with unsuitable welding parameters.
Sudden increase in tool traverse speed from plunge to steadywstiaieg has
resulted inmicro-crack initiationin DH36 sampleW9. High tool traversespeed was
also found to eate a void at the AS of the weld joint as a resuttoair materiaflow.
The most appropriatesurface contacassumptionto model the FSW process was
found to bethe"fully sticking" contactcorditions.

The emperature at the advancitrgiling sideof the weldwas found to approach the
melting point when using high tool rotational spe&dich exceed 500RPM. The
assumption ofa fully sticking surface conditiorpredicted the temperatureghich
coincidedwith the formation ofMn, Si, Al and O spinel Wich only occurred when
the peak temperature exceedd 1400 °C. The CFD nodel resultwas also in
agreement with thexperimentatool wear findingsThe PCBN tool wear was high
when welding thetsel gradeDH36 samplesW6 and W8 a result of high thermo
mechanical action of the tool on the workpie€be suggestion of tool optimisation
by using a stationary shoulder antheger diameter probe caraddressthe issues of
local melting of low thermal conductivity alloysuch as teel) especiallywhen the
tool speeds increase.
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6. Conclusion

Theresearch detailed in thteesishasinvestigated the friction stir welding procefss two
grades of steeDH36 and EH46The researcthasincluded assessment of tHeESW joints
microstructureand mechanical properties, precipitation/segregationalbdying elements,
PCBN tool wearand welding defects CFD modelling of the process in terms of peak
temperature torque strain rate, viscosity and tool shear stréss been investigated
extensively The following conclusions have bedrawn after assessment ttfie literature,
completion ofCFD based numericanalysis andaboratory baseéxperimeral work The
conclusionsinclude aswelded mechanical properties, elemental precipitaegregation,
effects of welding parameters such as tool rotational/traverse speeds and plunge depth on
weld joint quality peak temperature, tool weand welding defects The result fom
laboratory based experimental work is compared with the predictions createthé&oesults
of CFD mathematicaimodelling.

Mechanical Properties.

1. There has beemamprovement in the tensile strength aswelded FSW joints
when compared to the wmelded parent material.ensile strength of FSW DH36
has increased to 580MPa compa@&60MPa of the PMI'he hardness thestir
zoneof the aswelded joint has also increased compared with the parent material

as a result of microstructural refinement.

2. The tensile strength and fatigue resistancef aswelded FSW jointswere
consistentlyhigher inthe joints made dbw tool speed$200RPM, 100mm/min)
compare to joints made athigh tool speed¢550RPM, 400mm/min) This is

becausgoints made at low tool speeds produced defect free joints.
Microstructural Analysis

3. Microstrucural examination of the welded joints following FSW revealed tinat t
ferrite and bands of pearlite in tparent materiabf DH36 and EH46 steel grades
had undergongphase transformatiowhich resultedn amicrostructure consisting
of amix of bainiteandacicularferrite in the top and middle ddZ asa result of
the high temperaturesxperienced whiclexceel the Az temperatureon the FeC

equilibrium phase diagram.
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4. For both DH36 and EH46 W% fine grains of ferrite and plates of cementite were
found at the weld root as a resultdyihamicrecrystallization

5. The mcrostructural elemental segregationthe 6mm thick DH36samplesW6
and W8was foundto havea detrimental impact on the mechanicabperties
(especially the fatigue resistance) of the welded joifitee average cycles to
failure of welded joints produced &iw tool speeds (200RPM, 100mm/min) were
642,935.5 whereas ftine high tool speeds samplgésvas 115.078.

6. It has been shown &l the peak temperature experienced by the parent material
during the FSW process can be estimated by microstructural examination of TiN
precipitation. Estimation of the peak temperature experienced by the parent
material during the FSW process fromicrodructural examination of TiN
precipitates represemtan alternative to using T€or thermal imaging camera
techniques whiclmaygive errors during recording temperatures

7. The heat treatment trials have shown that at temperatures exceedirf,1450

elemental segregation of Mn, Si, Al and O spinel occurs.

Effects of Changes of FSWrocess Parameters.

8. FSW was foundo bevery sensitive to plunge depth variatspismall changes,
parts of a millimetre, of plunge depth has a significant impact on the heat
generation during the FSW process and thus leare an effecon the weld
guality.

9. It was found that increasing tiSW toolplunge depth has a positive impact on
the weld joints quality includinfewer defectssuch as voids

10. High tool rotational speed (excerd 500 RPM) during the FSW process of 6mm
DH36 grade can result in local meltiren the advancingrailing side. The
existence of Mn, Al, Si and O elemental segregation which also include Za in th
microstructure of DH3&ampledV6 and W8 giveanindication thathe material
in the tool/workpiece interface has experienttegkolidus temperature.

11.PCBN FSW tool wear has been found to increase with increasing tool rotational
speed as a result ¥f-Re binder softenindue to the generation of excessive heat

The SZ top and weld roobf the FSW joints are the regionswhich have the
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highest volume fraction oBN particleswhen examinednicrostructurally This
indicates thatthe shouldemeripheryandprobe endf the tool are theegions that
aremost prone to wear.

12.Increasing the plunge depihcreases toolvear as a result of increasing the
surface contact area and thus the temperature in the tool/workpiece contact region.

13.Increasing tool traversgpeed increasdool wear especially at the tool periphery
due to the increase in the value of shear stress on the tool surface.

14.High tool traverse spesds in DH36samplesW6 and W8 and in EH48ample
W10 were found toresultin weld defects such as g, weld root defect and
kissing bondsThe lack in material flow during the FSW process was the main
cause of these defects.

15.The mcro-crack defectn the plungesteadystateregionwasfound to initiate as a
result of the lack of matial flow whenusing unsuitablyapidtool traverse speed

16. Defects caused byiN elemental precipitation havasobeen found in the FSW
joints microstructure. These types of defects were the result of high welding
temperature caused by the use of excessively highratational speed. The
resulting high temperature has caused in the precipitatidi\o€uboid particles
which in turn can lead to stress concentrations and the subsequent initiation of

microcracks.

Conclusion from CFD Modelling.

17.The CFD mathematical ndel hasrevealed astagnantzone formed at high tool
traverse speeddt is concluded thathe lackof material flow as a result dhe
stagnantzone formations the main reasofor voids weld root defect and kissing
bonds defectsThe CFD resultagree withthe experimental workesults interms
of weld defect formation.

18.The Fully sticking modelwas found to benore suitable for modelling the FSW
process of steethan the sticking/slipping and/or torque modekbs it gives
acceptableesultsfor the calculation othe peak temperatur¢he SZ size,the
HAZ size thetool torque andhe material flowcharacteristics

19.The calculatedemperaturen theadvancingtrailing sideusing the fully sticking

assumptiorwas found to approach the meltipgint of the parentnaterial when
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using high tool rotational speedexceethg 500 RPM which showed good
agreement witlexperimental work in tergof elemental precipitation/segregation.

20.CFD Model result vere also in agreement with the tool wear findings where
DH36 samplesW6 and W8 showed significant wear as a result of the high
thermemechanical actiofhigh values of shear stress) the toolsurfaceon the
workpiece.

21.The suggestion of tool optimisation loging awelding tool stationary shoulder
and a bigger size prolend(as carried out in the CFD modehn solve the issues
of local melting of low thermal conductivity alloys especially whengheed of
the toolincreass.

22.The current project findingsay bring the commercialisation of FSW of steel a
step closer because thaytroduced new technique®r measuring the peak
temperature and estimating timaximumtool rotational speed thabesnot caug
the segregation ad Mn, Si, Al and O spinel. The Bate which can be found in
previous work about the assumption of heat generation during FSW process
including sticking/slipping has been discussed extensivetiiis projectand the
fully sticking assumption has been found to be more suitable in modétiéng

FSW process of steel.
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7. Further Work

After assessment of theesults of thework carried out during thisesearch projectthe

following suggestions for further work can be made:

X Heat treatments in this work habeen carried out without including the effect of
strain rateon the time of phase transformation and elemental precipitation/segregation
On the Gleeble simulator the maximum peak temperattinescan be achieved are
below 1106C and the current heat treatmentsravén a temperature range that can
reach to 1500C. A suggested techniquie appendix Bhas beemroposed omow to

simulate the FSVWgrocesswhichincludeshigh peak temperatures ahigh strain rate.

X Modelling the FSW was based artulerian steady sta@mulation which cannot be
used to simulatene residual stresséisatcan be found in the weld joint as a result of
local heating and cooling associated with the FSW prode$sture project would
ebeto developthe modelto includethe transienttemperatures as a function of time

and location in ader to calculate theesultingresidual stresses.

X To carry out FSW using an optimised tool which inckidstationary shouldehe
provided samples have been welded by uaiR€BN toolasdescribed in this project.
It hasbeenreported to TWI Company about the issues of elemental segregation which
may happen when tool rotational speed increasea specific limit. Carrying out
welding withanoptimised FSW tool including a stationary shoulder and bigger probe
is advisable.lt is anticipated thathts can produce sound wsldt higher tool

rotational/traverse speed usiagheaper PCBN FSW tool.
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8. Appendix A
User Defined Function (UDF)

#include "udf.h"
1- Calculating the viscosity

DEFINE_PROPERTY (viscosity, c, t)
{

real Tref = 1473;
real Q = 450000;
real R=8.31;

real visco;

real temp = fabs(C_T(c, t));

real strainrate = fabs (C_STRAIN_RATE_MAG(c, t));

/[ Strain rate
real strainrate = sqrt(1/3*((C_DUDX(c, t)*(C_DUDX(c, t) + C_DUDX(c, t)) + C_DUDY(c, t)*
(C_DUDY(c, t) + C_DVDX(c, t)) + C_DUDZ(c, t)*(C_DUDZ(c, t) + C_DWDX(c, 1))) + (C_DVDX(c,
t)* (C_DVDX(c, t) + C_DUDY(c, t)) + C_DVDY(c, t)* (C_DVDY(c, t) + C_DVDY(c, t)) +
C_DVDZ(c, t)*(C_DVDZ(c, t) + C_DWDY(c, t))) + (C_DWDX(c, t)*(C_DWDX(c, t) + C_DUDZ(c, 1))
+ C_DWDY(c, t)* (C_DWDY(c, t) + C_DVDZ(c, t))

+ C_DWDZ(c, t)*(C_DWDZ(c, t) + C_DWDZ(c, 1)))));

real arreniuos = exp(( (1/temp) - (1/Tref))*Q/R);
real n = (0.2 +3.966¢€ - 4*temp);

real consistency = 500000000 - 327000 * temp;
if (strainrate <= 0)

visco = 3e9;
else

visco = (consistency*pow(strainrate, n - 1)*arreniuos);

/I, 1/(0.2 +3.966e - 4*temp))))) / (3 * (strainrate));
[lprintf("consistency:%g/n", consistency);

[lprintf("viscoosity:%d \'n", visco);
[lprintf("strainrate:%g \ n", strainrate);
[lprintf("Arrenious:%g \' n", arreniuos);
lprintf("temperature:%g \ n", temp);

Il printf("viscoosity:%g \'n", visco);
[Ivisco = strainrate;

Ilprintf("zener:%g \ n", zener);

lprintf("n:%g \'n", n);
return  visco;
[lprintf("viscoosity:%g \'n", visco);
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2. Thermal Coductivity

DEFINE_PROPERTY (kimproved,c,t)

{
real kic;
real temp =C_T(c,t);
ktc = 23.16+51.96*exp( - 2.03*temp*0.001);
return  Kktc;
}
3.Sticking  / Slipping heat flux at tool shoulder

DEFINE_PROFILE(Frictional_heat_flux,thread,index)

{

real x[ND_NDJ;
#define omega0 21
#define Rmax 0.012
#define deltao 0.37
#define  muef 0.4
real mue;

real omegaV;

real temp;

real sticking;

real theta;

real R;

real pressure;

real yielstress;

real area = 0.001499;
real axialforce = 57500;

face tf;
begin_f_loop(f,thread)
{

F_CENTROID(x,fthread);
temp=F_T(f,thread);
if (temp <= 1000)

yielstress = (162.45 - 0.0159*temp)*1000000;
else
{
yielstress = (483.67 - 0.3526*temp) * 1000000;
}

theta= -atan2(x[0], x[2]);

R = sqrt((x[2] * x[2]) + (x[0] * x[0]));

omegaV = omega0*R / Rmax;

sticking =1 - exp(-1*omegaV*R / (deltao*om  egaO*Rmax));
mue = muef*exp( - 1 * sticking*omegaV*R);

pressure = axialforce / area;

F_PROFILE(f, thread, index) = ((sticking)*R*omegaO*(yielstress)+(1
sticking)*mue*omega0*R*(pressure))*1000;

Ilprintf("heat flux shoulder:%g/n", F_PROFILE(f, thread, index));
[lprintf("sticking:%g/n", sticking);

end_f_loop(f,thread)

[lprintf("sticking:%g \ n", sticking);
llprintf("R:%g  \n", R);
[lprintf("friction coeffecient:%g \'n", mue);

lprintf("Temperature:%g \' n", temp);
llprintf("omega:%g  \ n", omegaV);
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/lprintf("yielstress shoulder:%g/n", yielstress);

}

4.Sticking / Slipping heat flux at tool probe
DEFINE_PROFILE(Frictional_heat_flux_probe, thread, index)

{
real Xx[ND_ND];
#define omega0 21

#define deltao 0.37
#define  muef 0.4
real mue;
real omegaV,
real temp;
real sticking;
real theta;
real R;
real Rma= 0.005;
real area = 0.0003732;
real axialforce = 57500;
real pressure;
real yielstress;
face tf;
begin_f_loop(f, thread)

F_CENTROID(x, f, thread);
temp = F_T(f, thread);
if (temp <= 1000)

yielstress = (162.45 - 0.0159*temp) * 1000000;
else
{

yielstress = (483.67 - 0.3526*temp) * 1000000;
}

theta= -atan2(x[0], x[2]);
R = sqrt((x[2] * x[2]) + (x[0] * x[0]));
omegaV = omega0*R / Rma;

sticking =1 - exp(-1*omegaV*R / (deltao *omegaO*Rmax));

mue = muef*exp( -1 * sticking*omegaV*R);

pressure = axialforce / area,;

F_PROFILE(f, thread, index) = ((sticking)*R*omegaO*(yielstress) +
sticking*mue*omegaO*R*(pressure))*1000;

[lprintf("heat flux probe:%g/n", F_PROFILE(f, thread,
[lprintf("pressure:%g/n", pressure);
llprintf("yielstress:%g/n", yielstress);

}
end_f_loop(f, thread)

[lprintf("sticking:%g \ n", sticking);
llprintf("R:%g  \n", R);
[printf("friction coeffecient:%g \' n", mue);

lprintf("Temperature:%g \n", temp);
llprintf("omega:%g  \n", omegaV);
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5. Representing Shoulder velocities in (X, y and z directions)
DEFINE_PROFILE(horizontal_velocity_sh, thread, index)

{
real Xx[ND_ND];
#define omega 21
#define Rmax 0.012
#define deltao 0.37
real omegaV;
llreal temp;
real sticking;
real theta;
real R;
face tf;
begin_f_loop(f, thread)

F_CENTROID(x, f, thread);
theta= -atan2(x[0], x[2]);
R = sqrt((x[2] * x[2]) +(x[0] * X[0]));
omegaV = omega*R / Rmax;
sticking =1 - exp(-1l*omegaV*R/( deltao*omega*Rmax));
F_PROFILE(f, thread, index) =(1 - sticking)*omega*R*sin(theta);
/IF_PROFILE(f, thread, index) = omega*R*sin(theta);

}
end_f_loop(f, thread)
[printf("sticking:%g \ n", sticking);
lprintf("R:%g \n", R);
}

DEFINE_PROFILHé&teral_velocity_sh, thread, index)

{
real Xx[ND_ND];
#define omega 21
#define Rmax 0.012
#define deltao 0.37
real omegaV;
/Ireal temp;
real sticking;
real theta,;
real R;
face tf;
begin_f_loop(f, thread)
{

F_CENTROID(x, f, thread);

theta= -atan2(x[0], x[2]);

R = sqrt((x[2] * x[2]) + (x[0] * x[0]));

omegaV = omega*R / Rmax;

sticking=1 -exp(-1*omegaV*R / (deltao*omega*Rmax));
F_PROFILE(f, thread, index) = (1 - sticking)*omega*R*cos(theta);
//[F_PROFILE(f, thread, index) = omega*R*cos(t heta);

}
end_f_loop(f, thread)
}

DEFINE_PROFILE(normal_velocity_sh, thread, index)

{
real Xx[ND_ND];
#define omega 21
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#define Rmax 0.012
#define deltao 0.37
#define pitch 2
real omegaV;
real R;
face tf;
begin_f_loop(f, thread)

F_CENTROID(x, f, thread);

R = sqrt((x[2] * x[2]) + (x[0] * x[0]));

omegaV = omega*R / Rmax;

/IF_PROFILE(f, thread, index) = pitch*omegaV*R/(2*3.14);

F_PROFILE(f, thread, index) = - 1* pitch*omega*R / (2 * 3.14);
[lprintf("normal -velocity -shoulder:%g \ n", F_PROFIL E(f, thread, index));

}
end_f_loop(f, thread)
}

6. Representing Probe- side velocities in (X, y and z directions)

DEFINE_PROFILE(horizontal_velocity_probside, thread, index)

{
real x[ND_NDJ;
#define omega 21
#define Rp 0.005
#define deltao 0.37
real omegaV,
/Ireal temp;
real sticking;
real theta;
real R;
face_tf;
begin_f_loop(f, thread)
{
F_CENTROID(x, f, thread);
theta= -atan2(x[0], x[2]);
R = sqrt((x[2] * x[2]) + (x[0] * x[0]));
omegaV = omega*R / Rp;
sticking =1 - exp(-1* omegaV*R / (deltao*omega*Rmax));
F_PROFILE(f, thread, index) = (1 - sticking)*omega*R*sin(theta);
/IF_PROFILE(f, thread, index) = omega*R*sin(theta);
[lprintf("horizontal - velocity:%g \n", F_PROFILE(f, thread, index));

}
end_f_loop(f, thread)

}

DEFINE_PROFILE(lateral_velocity_probeside, thread, index)

{
real Xx[ND_NDJ;
#define omega 21
#define Rp 0.005
#define deltao 0.37
real omegaV;
/Ireal temp;
real sticking;
real theta;
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real R;
face tf;
begin_f _loop(f, thread)

F_CENTROID(x, f, thread);

theta= -atan2(x[0], x[2]);

R = sqrt((x[2] * x[2]) + (x[0] * x[0]));

omegaV = omega*R / Rp;

sticking =1 - exp(-1*omegaV*R / (deltao*omega*Rmax));

F_PROFILE(f, thread, index) = (1 - sticking)*omega*R*cos(theta);

/[F_PROFILE(f, thr  ead, index) = omega*R*cos(theta);

[lprintf("lateral -velocity:%g \n", F_PROFILE(f, thread, index));

}
end_f_loop(f, thread)

}

DEFINE_PROFILE(normal_velocity probeside, thread, index)

{

#define
#define
#define
#define

real Xx[ND_NDJ;

omega 21

Rp 0.005

delta 00.37

pitch 2
real omegaV;
real R;
face_tf;
begin_f_loop(f, thread)
{

F_CENTROID(x, f, thread);

R = sqrt((x[2] * x[2]) + (x[0] * x[0]));

omegaV = omega*R / Rp;

/IF_PROFILE(f, thread, index) = pitch*omegaV*R / (2 * 3.14);
F_PROFILE(, thread, index) = - 1*pitch*omega*R / (2 * 3.14);

[lprintf("normal -velocity - probe:%g\ n", F_PROFILE(f, thread, index));

}
end_f_loop(f, thread)
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