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Abstract A 3-D computational fluid dynamics (CFD) model Keywords Friction stir welding (FSW) Computational fluid
was developed to simulate the friction stir welding of 6-mndynamics (CFD) DH36 - Weld defects
plates of DH36 steel in an Eulerian steady-state framework.
The viscosity of steel plate was represented as a non-
Newtonian fluid using a flow stress function. The PCBN-WRE€L Introduction
hybrid tool was modelled in a fully sticking condition with the
cooling system effectively represented as a negative heat fliction stir welding (FSW) is a solid state joining method in
The model predicted the temperature distribution in the stirraghich the base metals do not melt. Its advantages compared to
zone (SZ) for six welding speeds including low, intermediate ancbnventional welding methods include producing welds with
high welding speeds. The results showed higher asymmetry liigher integrity, minimum induced distortion and low residual
temperature for high welding speeds. Thermocouple data for thgess. FSW is used largely faluminium alloys, but recent
high welding speed sample showed good agreement with tbevelopments have focused on higher temperature parent mate-
CFD model result. The CFD model results were also validatedhls such as steel. Modelling of friction stir welding, particularly
and compared against previous work carried out on the sarfer high-temperature alloys, is a challenge due to the cost and
steel grade. The CFD model also predicted defects such esmplexity of the analysis. It is a process that includes material
wormholes and voids which occurred mainly on the advancinfiow, phase change, stickinligping and complex heat exchange
side and are originated due to tlbeal pressure distribution between the tool and workpiece. A review of numerical analysis
between the advancing and retreating sides. These defects wefr&SW is available in1] He et al. Many studies have been
found to be mainly coming from the lack in material flow whichcarried out on FSW modelling ofuminium alloys; however,
resulted from a stagnant zone formation especially at high treSW modelling of steel is still limited. Nandan et Lsed a 3-
verse speeds. Shear stress on the tool surface was found toDmumerical analysis to simuldieat transfer and material flow
crease with increasing tdchverse speed. To productsaund  of mild steel during FSW. In their work, the viscosity was calcu-
weld, the model showed that the welding speed should remdauted from previous extrusion work where the range in which
between 100 and 350 mm/min. Moreover, to prevent local melsteel can experience flow was rated from 0.1 to 9.9 MPa.s. Heat
ing, the maximum tod$ rotational speed should not exceedwas mainly generated from viscose dissipation and frictional
550 RPM. sliding in the contact region between the tool and the workpiece
and was controlled by a spatidtking-sliding parameter based
on the tool radius. There has also been extensive work done on
« M. A-moussawi modelling of DH36 mild steel carried by Toumpis et &]. [n
b1045691@my.shu.ac.uk their model, the viscoplastic tieo-mechanical behaviour was
characterised experimentally by a hot compression test. They
established a 3D thermo-fluid model to simulate the material
) flow, strain-rate and temperature distribution. Micallef etl. [
TWI, Rotherham, UK carried out work on CFD modelling and calculating the heat flux
Coventry University, Coventry, UK of FSW DH36 6-mm plates by assuming full sticking conditions
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at the tool shoulder/workpiece and that the heat is generated ByExperimental method

plastic deformation and shearing. The effects of different welding

conditions including slow, intermediate and fast rotational tre2.1 Materials

verse FSW speeds on stir zone (SZ) size and heat generated

was studied. They found that the total heat generation for variolisght samples of friction-stir welded DH36 steel plate
welding conditions can be correlated with the tools radial angiith dimensions of 500 x 400 x 6 mm (in length, width
angular location. It is apparent that previous models are insuftnd thickness, respectively) were provided by The
cient to predict defects such as wormholes and voids which avéelding Institute (TWI). The sample had been welded
cavities or cracks below the weld surface caused by abnormading a hybrid Poly Crystalline Boron Nitride (PCBN)-
material flow during welding. These defects severely weaken tW¢Re tool using high rotational welding speed of 550
mechanical properties of the welded joibisDefects are found RPM and a traverse speed of 400 mm/min. Three thermo-
in FSW of DH36 steel especially at high welding speétis [ couples had been fixed at the plate bottom in the steady-
They are also associated with fractures in both ter§ilend  state region of the weld as shown in Fig. The chemical
fatigue tests performed on DH36 steel plate8][ These defect- composition of the DH36 steel used for this study is given
related failures highlight the need for the ability to predict thén Table 1. This information is provided by the manufac-
formation of sound welds using numerical modelling. There iturer, Masteel UK Ltd. Furthermore the thermal properties
also limited work on the FSW of steel to predict the stir zone (SAspecific heat and thermal conductivity) of DH36, adopted
and high asymmetry between advancing and retreating sidieem previous work carried out on low carbon manganese
especially for high welding speeds. Few people have succeedséel, are given as a function of temperature as follows
in predicting the size, shape and position of the SZ using numgs]:

ical analysis. Micallef et al4] tried to predict the SZ by deter- _—

mining the velocity of stirring which can represent the transitio 74 23:16p 51:96. 208771000 ap
between stir and no stir. However, because there is no certain

value of the stirring velocity, this method can contain many elCP ¥4 6892 p 46:2:e*"57=1%0  for T < 700°C &p
rors. The present work models the FSW of DH36 steel by

implementing a coupled thermo-mechanical flow analysis in &P ¥ 207.9p 2944:"47T=1%0  for T > 700°C &8P
research Computational Fluid Dynamic CFD code ANSYS ., 7850Kg=n® b
FLUENT. It uses a steady-state analysis with a Eulerian frame-

work in which the tool/workpiece interfaces are in the fully stick-

ing condition. In the model rotational and traverse speeds weneherek, Co and are thermal conductivity, the specific heat
effectively applied and the torque on the tool shoulder was moand density, respectively.

itored. The temperature field, relative velocity, strain-rate, shear The diameter of tool shoulder (made of PCBN-WRe)
stress on the tool surface, material flow and pressure distributiand the pin base were 25 and 10 mm, respectively with
were determined by solving the 3D energy, momentum and cotire pin base length of 5.7 mm. The tool shank was made
servation of mass equations. The model aims mainly to predisf tungsten carbide (WC) and both shoulder and shank
the SZ and also the suitable rotational and traverse speedswere surrounded by a collar made of Ni-Cr as shown in
quired to obtain sound weld joints. The model is validated byrig.1b. The thermal properties for the PCBN hybrid tool
comparing the temperature results with thermocouples readirg® given in Table [10, 11].

of a FSW sample prepared and welded at rotational and traverseThe eight sets of welding parameters used to produce the
speeds of 550 RPM and 400 mm/min, respectivelywelds that were provided by TWI are given in Takl@hese
Metallographic examination was also carried out on the samplalues were taken directly from the TWI-FSW welding ma-
taken in order to compare the actual width of the heat-affectethine and were used to compare with the data produced form
zone (HAZ) and stir zone with the CFD model predictions.  the CFD model.

ﬂ; .

Fig. 1 aPlate (W8) showing
thermocouples location adjacent
to the weldb The PCBN FSW
Tool and equivalent CAD model

PCBN-WRe

Collar
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Table 1 Chemical composition
of DH36 steel provided by Cc Si Mn P S Al Nb \Y Ti Cu Cr Ni Mo

Masteel UK Ltd

0.16 015 12 001 0.005 0.043 0.02 0.002 0.001 0.029 0.015 0.014 0.002

2.2 The geometry used to model the tooling and workpiece Atharifar et al. 1 2] showed experimentally that sticking con-
ditions are closer to the real contact situation between the tool
Due to the complexity associated with modelling the frictiorand workpiece. Cox et allf] carried out a CFD model on
stir welding tool with a threaded pin, a conical shape with & SW and assumed pure sticking conditions at the
smooth pin surface (without threads) was used. The designeabl/workpiece contact area. In the current model the connec-
area for the tool without threads had to be equal to the actu@n between the tool and the plate was achieved by treating
area with threads; therefore, the exact surface area of the ttlid domain geometry as a single part. The interior material of
was measured using the infinite focus microscope (IFM), anithe plate was allowed to move by assigning an inlet velocity at
these dimensions were used to model the tool in FEMbne side. The other side of the plate was assigned with zero
Figure 1b shows the designed tool used for the modellingonstant pressure to ensure there was no reverse flow at that
versus the actual tool. The calculated surface area of the t@idle [L7]. All plate walls were assumed to move with the same
using the infinite focus microscopy (IFM) technique, were aspeed of the interior (no slip conditions) with zero shear stress
follows: Ashouider= 1499.2 mm, Aprobe_side= 373.2 mn3,  atthe walls. The normal velocity of the top and bottom of the
Aprobe_end 50.3 mm. plate was constrained to prevent outflow. Frictional heating
The plate was designated as a disc centred on the toshs not included due to fully sticking conditions.
rotational axis (Eulerian frame work) with a 200 mm diameter
and 6 mm thickness. This is because the heat affected regiaterial of the workpiece and tool Material properties of
in FSW is very small compared to the whole length of thesteel plate represented as a function of temperature, as well as
workpiece B, 12-14]. The tool and the plate were consideredthe hybrid PCBN tool parts (including the collar and shank)
in the fully sticking condition. To make the model more ro-with their properties were included.
bust, a thermal convection coefficient with high values (3000
2000 W/nt.K) was applied on the bottom surface of the platevieshing of the modelThe mesh quality was very high to
instead of representing the backing plate and the ajvil [ deliver low skewness, low aspect ratio and high orthogonality.
Moreover, very fine tetrahedral mesh was used in the
tool/plate contact surface to capture the high changes in ve-
3 The mathematical model locity, temperature, strain rate and other changing characteris-
tics of the physical properties of steel (Fib).
In the current model, the following assumptions were made:
Cooling system of the toolThe cooling system for the tool
Material flow The mass flow was considered to be for a nonparts was included and was represented as a negative heat
Newtonian viscoplastic material (laminar flow) whose valueflux. In previous work, on the same materials (workpiece of
of viscosity were assumed to vary between a minimum andH36 and PCBN tool)J] the cooling system was implement-
maximum experimental value, taken from a previous FSW¥d under heat convection conditions on the side of the shank
study of mild steelq]. The viscosity varied with strain rate by applying a heat convection coefficient. Given that the max-
and temperature. The heat generated in the contact region visim temperature on the tool cannot be measured with high
mainly from viscous heating. The viscous dissipation (hegirecision, the calculated value of heat convection coefficient
generated by the mechanical action) is also included. will not be accurate. Hence, using a negative heat flux on the
tool surface seems to be more convenient. The loss of heat
Framework A Eulerian framework was applied and the toolfrom the workpiece was represented by the application of a
was considered to be unddully sticking conditiori as  heat transfer coefficient on the top and bottom walls of the
shown in Fig.2a. Previous work by Schmidt et aL§ and  workpiece.

Table 2 Thermal properties of

the PCBN tool 10, 11] Tool part k (W.m™K %) Cp(IKg “K %) (Kg.m %) Ref.
Shoulder (PCBN-WRe) 120 750 3480
Shank (WC) 92 500 14,900 :
Collar 11 440 8900 -

@ Springer
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Table 3 Eight welding

conditions provided by TWland ~Weld  Tool Traverse  Rotational/  average average Axial force lateral
used in the CFD analysis No. rotational speed Traverse spindle tool (average) force
speed RPM  mm/min speeds Torque N.m Torque KN (average)
N.m KN

w1 160 100 16 308 117 54.47 6.99
w2 200 100 2 278 105 57.55 12.8
W3 300 250 12 237 90 59.9 19.39
w4 325 400 0.8125 247 94 64 20.88
W5 500 400 1.25 202 77 53.33 16.52
W6 550 400 1.375 163 62 62.5 13.94
W7 550 400 1.375 179 68 59 12.8
w8 550 400 1.375 168 64 58.69 134

Rotational speed of the tooTool rotational speed (rad/s) was 3.1 The governing equations

effectively applied in the contact region between the tool and

the workpiece. This gave the material in the contact regiofihe continuity equation for incompressible material can be
asymmetry from the advancing to the retreating side as thepresented ag]

material flows from the inlet to the outlet (F&g). The values

for torque under the shoulder were monitored during the soM 1,0 &b
lution; the stability of torque after many numbers of iteration is X

a sign of solution convergence. Convergence in FLUENT also Ui-iS the velocity of plastic flow inindex notation fior 1, 2
occurs once the velocity and continuity residual fall belownd 3 which representing the Cartesian coordinate of x,y and z
0.001 and energy residual below 10A pressure-velocity esSpectively.

coupling algorithm was used to solve the energy and the flow

equations (solving the continuity and momentum equations in

a coupled manner) to effectively cover the non-linear physicﬁt- Heat transfer and plastic flow equationThe temperature
model [L7]. Gravitational forces were neglected here due t@nd velocity field were solved assuming steady-state behav-
the very high viscous effect of the materis#]] Some of the iour. The plastic flow in a three-dimensional Cartesian coor-
mention assumptions have been used in previous publicatiofiiates system can be represented by the momentum conser-
for the authors]g] to model the same grade of steel with two Vation equation in index notation withandj = 1, 2 and 3,
differences -a- fully sticking conditions so the material veloct€Presenting x, y and z, respectivety [

ity is equal to tool rotational speed -b-heat generated is totally

from viscose heating instead of frictional and plastic heat i ,, _pp L U b U U &b
source. X Xj X Xi Xj X1

shank negative heat flux

Top, convec on heat

transfer coe cient= 10
collar, convec on heat

transfer coe cient= 100
W/m2K

Pressure outlet

((\\

Velocity Inlet

bo om, convec on heat transfer
coe cient= 2000 W/m2.K

(a) (b)

Fig. 2 aGeometry and boundary conditiobsTraverse section showing the mesh

@ Springer



Int J Adv Manuf Technol

where, p, U and are density, pressure, welding velocity, between the tool and workpiece. The heat generated in this

and Non-Newtonian viscosity, respectively. Viscosity is detemodel is based on viscosity dissipation and the material flow

mined using the flow stressg and the effective strain rate due to the tool rotation forming shear layers. The viscous

0 bas follows: heating (( 2u)) was assumed to be the main source of heat
generation in this worlQu,=heat generated due to plastic de-

d7P  formation away from the interface. Some distance away from
the tool-workpiece interface, the material experiences plastic

The flow stress in a perfectly plastic model, proposed bgeformation due to tool rotation which has an impact on the
Sheppard and Wright.§] is: adjacent material. This deformation produces insignificant
" heat (less than 5%2] so it will be neglected in this work.

1
7!

3

> IH:N:

1 z
¢ ¥a=—sinh? =2 38p , _ ,
Ai 3.2 Parent material movement and associated velocity

n, Ai, , are material constants. Previous work on C-MmA specified node in the simulation, shown in Fiy.is as-
steel showed that the parameter A can be written as a functisomed in which as the tool rotates and the material moves

of carbon percentage (%C) as folla®: [ through the mesh, the node is transferred from location 1 to
2 where its parametric coordinates can be represented as fol-
A Y2 1:8X1P p L74xX1EPIC P 6:5 x 1PIAC B P ows:
andn are temperature dependents and can be represenied, U t p récoss , bcos ; B d6b
as: X Yarsind , Psind 1 B7p
¥41:07p 1:7 x10 T 2:81x10 'T? alop
nv40:2p 3:966x10 4T alip And by deriving the coordinate equations (Egand17),

] ) the velocities (u and v) in x and z directions can be obtained as
Z, is the Zener-Hollomon parameter which represents ﬂﬁO]:

temperature compensated effective strain ratg:as [

h i w9 YU rosin alsp
Qe In dt
1 : <1 1 si
ZnYa cexp RT Vs Al sinh ¢ alzp U, X L VAT cos s9
Qeis the activation energR is the gas constant. The ef-  Due to representing of the pin without threads in the current
fective strain rate can be represented as: simulation and also the material sticking conditions in the
r contact region, the vertical velocity (Y-direction) was negligi-
ty, E 0 a13p  ble and the velocity magnitude is represented as:
3
p q
2 2 2 2 i 2
ij- is the strain tensor and can be represented as: V¥ Wb wiYa @r Usin B U &P
1 uj
i3 %P a
X; j X
Retrea ng side
0,
B. Heat equationHere, the Eulerian algorithm is used in 2
which the FSW tool is represented as solid whereas the work- —— p
piece material is represented as liquid and flows through thg — !
mesh usually in steady-state solutiani9 : % U > :\ \ z
> J
Cp uTh¥% & TP Coww Th Qb Q as g —
_

where parameters are as follows= material density,
C, = specific heaty, = velocity in the X-direction,
T = temperature andt is the thermal conductivity. Advancing side

u=Viscosityu = material velocityQ; = Source term which  Fig. 3 The material flow around the tool in FSW (steady state), material
is mainly coming from the heat generated in the interfaca moved from point 1 to point 2

@ Springer
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A previous model depending on sticking/sliding has intool and they found that the heat partitioned to the tool is less

cluded the vertical drag of the materib8]. than calculated from EG2. Therefore, in the present simula-
tion the tool was represented in the geometry to estimate the
3.3 Boundary conditions heat fraction numerically. Heat removed from the tool during

the FSW process due to the cooling system can be calculated

The temperature of the workpiece was set at room temperatdfgm the following Eq. 23):
;255 °C). The heat loss from the tool-workpiece can be divide@coOling vamc, T o3

wherem s the flow rate of the coolant (in L/min for liquid and
A. Heat partition between the tool and the workpiecdool ~ m%h for gas). T is the difference between inlet and outlet
parts are expected to gain heat more than the workpiece duriogolant temperature. Tableshows the various coolants types
FSW due to the low thermal conductivity of DH36 steel (ador the shank and collar parts of the tool with their associated
received from the manufacturer =&5 W/m.K) comparedto characteristics. The calculated heat has been divided on the
the tool types (PCBN) which is about three times that of steeéxposed area and then represented on the tool part as a nega-
The partition of heat between tool and workpiece has besive heat flux.

calculated by other researchezsq1] as follows: Using a range of flow rates may dramatically affect the
q values of outlet temperature and in turn the heat flux values.
Jwe K Cp wp However, in the current work, an average value was calculated
f ¥ YVag 4 ®IP  and used.

&
ka WPp kcp TL

where WP and TL denote the workpiece and the tool;fandB- Heatlosses from the workpiece top surfacko define the

erated heat respectively. So the heat transfer at t#pd the workpiece and the surroundings (away from the shoul-
tool/shoulder interface was determined as follow: der), convection and radiation in heat transfer can be consid-
ered which can be represented 3k: [
[ k C
KL oo %4 AL 0 pop AYahdT TH T4 T ®4p
z
kCpypb kG

whereT, is the room temperature (25 °C)is the emissivity

The heat fraction transferring into the workpiece, f, wa f the plage S“rfgce;'s the S.tefan—BoItzm.ann constant
ﬁ.67 x 10°W m “K %), and h is the convection coefficient

estimated between 0.4 and 0.45 for welding using a tungst

based tool and workpieces of mild or stainless steel 304 L. m =K. !n the current model the.rad|at|on equation was
However, for welding PCBN tool with a cooling system as inneglec’[ed as it willadd more complexity to the case. As a first

this work, Eq22 cannot accurately represent the heat fractioﬁ‘ppro_x'matlon the radiation effect vyas acc"f“.m odated by in-
between the tool and the workpiece. The reasons being welpasing the value of heat convection coefficient around the
the PCBN tool is a hybrid tool which consists of four di1’“ferenttOOI [4]

materials with different thermal properties. Also the presence

of the cooling system and gas shield will affect this heat fracz-heat loss from the workpiece bottom surfac&he lower

tion. Subrata and Phanirdgld] showed that Eq22 is only  surface of the plate is in contact with the steel backing plates
valid when the tool and plate are considered as an infinite he@tsually mild and @ steel grades) and the anvil. Previous
sink with no effects of heat flow from the air boundary of theworkers pP4] have suggested representing the influence of

Table 4 The various coolants types for shank and collar parts of the tool with associated characté}istics [

Coolant Flow raten Specific  Inlet Coolant Outlet Coolant Average Tool Surface Area Average heat
heat Cp Temperature (°C) Temperature (°C) heat (W) exposed to fluid (mA)  flux (W/mn?)

50% Ethanol glygol 5.3-13.3 L/min 3.41 15 17 602 4720 0.217
+50%distil water KJ/Kg.
O,
C
Air 5.7 m’h 1.2 15-20 106-125 142.5 2760.67 0.0688
KJ/n,
°C

@ Springer
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backing plates by a convection heat condition with highevalidated by experimental data, that an increase in rotating
coefficient of heat transfer values, ranging from 500 t@peed decreases the torque until reaching a relatively constant
2000 W/nt.K. The exact value of the heat coefficient appliedimit that is subject to only slight change with increasing tool
on the bottom surface is not accurately known and the datatational speed. They argued that the torque depends on the
related for this simulation is limited. However, adapting theeontact shear stress between the tool and workpiece, and thus
value of 2000 W.n?.K * was found to give a reasonable by increasing the tool rotational speed, the temperature of the
distribution of temperature at the plate bottom. All governingvelded region increased, causing a decrease in the contact
equations and boundary conditions were carried out in Flueshear stress and thus the torque. The relationship between
software which is capable of solving the 3D equations oforque and flow shear stress is described in Zxq[25].
velocity and momentum. Atharifar et al. 12] also reported a decrease in torque with
increasing tool rotational speed and decreasing travers speed
as a result of a low viscosity field resulting from an accumu-
4 Results and discussion lation in the_rmal energy. Fr_om thi; discussion, it is expected
that torque increases with increasing traverse speed at a con-
In allimages, the advancing side of the weld is on the left hargfant tol rotational speed. However, the welds provided for
side. the current study did not include constant tool rotational
speeds with different traverse speeds but a previous study on
FSW of stainless steel has reported such torque incéggse [
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
In this model, the torque is calculated under the shoulder of thes\n/ machine waositiori controlled which means the tool
tool as itis found by Long et al2f] that the torque from the a5 fixed at a constant vertical distance from the workpiece
shoulder repres'ents the major part of the total torque which, ifespective of the forces acting on the tcgjl [fable3 in-
turn, comes mainly from the viscous and local pressure force§,,des three experimental welding cases with the same

TableS gives the values for the maximum temperature anghiasional/travers speeds (W6, W7 and W8) but shows differ-
torque obtained through the proposed numerical model for they: axial/lateral forces. The CED modelling can only give

8 weld cases. Comparing TabtesndS shows that the values .,nstant axial/lateral forces for fixed rotational and traverse

for numerically calculated torque are within the range of thgpeeds. The relationship between torque and shear flow stress
torque experimentally calculated by the FSW machine mens shown in eq25:

tioned in Table3. Given that very limited numbers of eight
samples were welded using just six rotational and traverse
speed variations; a clear relationship cannot be established
between the welding speed and the torque. However, compar-
ing two sets of data presented in Tab®/1and W2 and W4
through W8) show that the torque decreases with an increasaere is the flow shear stress PM,, is the tool torque

in tool rotational speed at a constant traverse speed. This regitm), VOl.oniactiS the tool/workpieace contact volume3][m

is in accordance with the results found &%b|[for welding The tool torque is calculated from the spindle motor torque
aluminium alloys. They have found, through simulationmeasured experimentally from the PwerStir FSW machine

4.1 Torque

tool

_— 5P
VOlcontact

Table 5 Predicted values for the

maximum temperature and torque Weld  Tool Traverse Rotational/  Maximum Calculated CFD Calculated
obtained by the proposed No. rotational speed traverse calculated Spindle Torque  CFD tool
numerical model for eight welded speed (mm/min)  ratio temperature (°C) (N.m) Torque (N.m)
samples with different rotational (RPM)
and traverse speeds

w1 160 100 1.6 938 290 110

W2 200 100 2 1090 250 95

W3 300 250 1.2 1150 234 89

w4 325 400 0.81 1170 270 104

w4 500 400 1.25 1370 210 80

W6 550 400 1.38 1440 200 76

W7 550 400 1.38 1440 200 76

w8 550 400 1.38 1440 200 76

@ Springer
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and multiplied by the transfer ratio of conveyor as in the folthe material because of the low thermal conductivity.
lowing eq. R7 p467]: They also reveal that the contours of temperature tend to
be more compressed with high welding speed as shown
for W4, W5 and W6-W8. This can lead to a faster cooling
rate than those with a slow traverse speed. Thermal cycles
of W2 and W6 as examples of low and high welding
speeds are shown in Fi§. Time in these curves was
calculated by dividing the travelling distance by the trav-
4.2 Temperatures of the workpiece elling speed, the travelling distance was monitored from
the tool shoulder periphery towards the trailing direction.
Figure 4 gives the temperature contours for the weldingrhese curves of cooling rate state that despite the high
conditions studied for samples W1 through W8. Weétool rotational speed of sample W6 which was expected
through W8 are presented in one image; they are repeattxl generate a higher temperature in the tool/workpiece
welds with the same welding rotational and traversénterface, the cooling rate was higher because of the
speeds but with different axial and lateral forces. For ahigher traverse speed compared with W2. It is shown in
cases shown in Figt, the temperature is very high around Fig. 4 (W1 and W2) that using low welding speeds the
the tool but the contour expands just after the contademperature profile is almost distributed symmetrically
region. This suggests that heat is moving slowly througlround the tool radius. However, for welds with

Mool ¥4 TRCM spindle fo 245 =]

whereMgpingie iS the motor spindle torque N.m, TRC is the
transfer ratio of conveyor which is equal to 0.38.

Fig. 4 Top view of contours of
temperature (°C) for 6 different
welding conditions (samples W1
to W8) (Ansys Fluent)

Advancing

leading

2 v4 am % I 4 s 8N 7B 814 01 G807

[ DA i
w2

leading
o as ws  m  am sms e e e 00 i
_ - ; o
leading leading
EE T N A T R I 7w am a ew  Ta se s oM oo i s
[ i [
W5 W6-WO08
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Fig. 5 Cooling rate of W2 and 1200 1600
W6, CFD results measured from
the tool shoulder periphery (, 1000 1400
towards the trailing direction 800 \ © 1200
2 £ 1000
2 AN 5 ~
g 600 \ g 800 ™~
= ~
§ 400 g E 600 =
2 ~ = 400
00 ——
0 200
0 5 10 15 20 25 30 35 40 45 5Q 0
me sec 01234586 7 8 910111213
me sec

W2 200RPM/100mm/min, cooling rate ZJsec W6 550RPM/400mm/min, cooling rate @5sec

intermediate and high tool speeds (Figsw3, W4 and 986 °C and (1349 K) 1076 °C with wide contours was
W6) the maximum temperature was under the shoulderbserved for W1 and W2, respectively. Welds with higher
interface between the advancing side and the trailing edgeelding speeds (W5, W8) show a higher temperature of
but closer to the advancing side. This is the maximunfl637 K) 1364 °C and (1709 K) 1436 °C respectively
temperature which can be expected in this location dueecause of the high tool rotational speed but they have
to the material flow condition around the tool which will narrow contours and high temperatures towards the probe
be discussed later in the material flow section. Similar tgides and probe end. The result from the thermocouple
this finding, Fehrenbacher et akg developed a mea- temperature measured at the plate bottom of W8 are
surement system for FSW of aluminium alloys and meashown in Fig.7 and are in good agreement with the
sured the temperature of thaterface between the tool CFD results. A peak temperature of 910 °C was recorded
and the plate experimentally using thermocouples anily thermocouples at the plate bottom, while 1030 °C was
found that the maximum temperature was at the shouldéne results of the CFD mobeThis difference in peak
interface in the advancing-trailing side closer to the adtemperature at the plate bottom may come from the as-
vancing side of the welds. Micallef et all][by using sumption of heat convection coefficient value in the CFD
CFD modelling and experimental validation, found thatmodel which needs more experimental work to estimate
the maximum temperaturecaurs on the advancing side the exact value of this coefficient. Asymmetry between
and towards the rear of the shouldesurface while the advancing and retreating sides is increased as traverse
minimum temperature occurs in the pin region at the leadspeed increase as shown in Fg.W4,W5 and W6.

ing edge of the tool. Lower plastic deformation due to théHowever, it is expected to observe a smaller Heat
lower viscosity at the front of the tool surface has beedffected Zones (HAZ) for thee samples with higher tool
given as a reason for this minimum temperature. Darvatiaverse speeds. Low welding speeds (Bigvl, W2 and

et al. 1], through numerical modelling, found that the W3.) showed a wider HAZ. Micallef et al][reported the
maximum temperature in FSW of stainless steel 304 kame effects of welding speed on the size of HAZ for the
was in the back half of the shoulder region and towardsame type and thickness of steel grade. Similarly, they
the advancing side. They also found that there was mofeund that the asymmetry between advancing and
asymmetry in temperature under the shoulder compared tetreating sides of the welds was increased for the higher
the regions away from it. Moreover, Atharifar et dl2]] welding speeds (here in W4,W5 and ¥8§. This is at-
proved numerically and experimentally (using thermocoutributed to more material being pushed under the shoul-
ple readings) that the maximum temperature in FSW aders periphery at the advancing side. From the CFD re-
aluminium was at the advancing side. This was attributegult, it is worth noting that samples produced with high
to the high relative velocity at the advancing side causingielding speeds (W) can reach temperatures close to
more viscoplastic material shearing and consequently thbe melting point in a small local region at the advancing-
higher heat generation through plastic deformation anttailing side (Fig.4 W6-W8). The evidence of localised
viscous heating. To present the temperature distributiomelting at the same advangttrailing side has been re-
at the shoulder/plate interface, Fgyillustrates the tem- ported in R8] and also in 9] for welding aluminium
perature contours for the six welding conditions undertakalloys. Colegrove and Sherclif8(] found that maximum

en in this work, the temperature colour bar are unified inemperature calculated from CFD modelling of aluminium
one bar to enhance the contrast. As shown in Ejgg at 90 mm/min and 500 RPM is exceeding the melting
maximum temperature (under the shoulder) of (1259 Kpoint. However, they suggested that in actual welds this
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Fig. 6 Side view, perpendicular
to the welding direction, contours
of temperature (°C) for six
different welding conditions
(samples W1 to W6) (Ansys
Fluent)
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temperature would be lower due to two reasons; firstly ipresent model suggests a higher temperature for high
the actual weld, slip between the tool and the workpieceelding speeds close to the melting point in a very small
can occur reducing the heat input and consequentigrea localised in the advancitrgiling side. This assump-
avoiding melting. Secondly, the material softens considetion is mainly coming from applying full sticking condi-
ably at high temperatures near the solidus which reducéi®ns which cause high deformation and material flow.
the heat generation and hence, the temperature. Thecal melting is expected at lower tool rotational speeds

Fig. 7 Thermal cycle of W8,
comparison of thermocouples
data and CFD, model. A distance
of 100 mm staring from the plate
bottom centre towards the
welding line was divided by the
welding velocity in order to
represent the time (15 s)
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if the thermal conductivity of the workpiece is low as isstir and no stir. However, the exact value of velocity of stir
the case when welding 304 stainless std&].[The peak is not given. In the current model, the whole stirred and heat-
temperature is expected to be lower in the case of applgffected zones are compared with the temperature contour as
ing the sticking/slipping conditiond §]. shown in Fig 8 for the steady-state case and it is evident that
Comparing the maximum temperature for W3 and W5 (ablAZ is located in the range of contour No.12 and No.14
shown in Fig.6), it is evident that although their ratio of where the minimum temperature exceeds 1211 K (938 °C)
rotational to the traverse speed is nearly the same (gontour which is above the Aransition zone of the Fe-C
Table3: 1.2 and 1.25, respectively), the maximum temperaequilibrium diagram32]. The difference between the com-
ture reached at the advancing-trailing side is quite differenuter generated V-shaped contour and the experimental
1130 and 1364 °C (1403 and 1737 K), respectively. This sugnacrograph was also reported by Micallef et4}].the sug-
gests that increasing tool rotational speed has a profound gksted interpretation is that the difference might be due to the
fect on heat production compared to the traverse speecariation in plunge depth along the welding line which can
Moreover, comparing W3 with W4 (Fig) shows that the result in significant variation in temperature profile. The ex-
maximum peak temperature of both is nearly equal (113perimental recordings of the welding parameters included the
and 1143 °C (1403 and 1416 K), respectively); however, mglunge forces and plunge depth provided by the TWI for FSW
terial at the probe-side experienced a lower temperature in V886- and 8-mm plates of DH36 [TWI FSW data of DH36 steel
because of less tool rotational speed. This means that for thegade] showed many cases in which there was a drop in the
welds, increasing tool rotational speed from 300 to 325 RPMIunge force when the plunge depth drops by parts of a
can give nearly the same maximum temperature despite tillimetre. Micallef et al. 4] suggested that the variation in
increase in traverse speed in W4 which led to a faster coolinlge plunge depth is mainly caused by the change of plunge
rate and hence less heat input. This, consequently, resulted ifoece due to uncontrolled factors such as alternating thick-
smaller temperature distribution in the tool/workpiece depthesses of the workpiece. Wang et glso observed similar
and thus a smaller HAZ is expected. Colegrove and Shercliffariations in geometry of SZ due to the changes in the plunge
[30] also reported the same effect; that changing the tool ralepth during their welding experiments. The current model
tational speed has a more significant effect on the peak temeveals an asymmetry in the temperature profile for all cases
perature than a change in traverse speeds and the HAZ deddied especially for high welding speeds (W4, W5 and W6).
crease with the increase in traverse speed. Temperature cbm€FD modelling of FSW of DH36 steel, Micallef et &] [
tours of the longitudinal cross section of the tool for all caseseported a certain level of temperature asymmetry for high
studied shown in Fig5 are circular and tend to bend towardsspeed welding; however, they have not reported any localised
the tool shank. The tool collar acts as an insulator becausereigion in which the temperature can reach to near the solidus
its low thermal conductivity, so most of the heat wasemperature under high welding speed. On the other hand,
partitioned between the PCBN-WRe and shank from one sideong et al. P5] reported reaching a melting temperature in
and the workpiece from another side. The Shank loses helD>-CFD modelling of aluminium alloys FS welded at very
mainly by convection coming from the cooling system asigh tool rotational speeds exceeding 500 RPM. They argued,
previously described. From the contours of temperatures irsing the experimental charts that the reduction in torque
Fig. 6, it can be confirmed that heat is mainly transferred byvhen increasing the tool rotational speed was due to a drop
conduction through the tool parts unlike the workpiece inn the flow stress. One of the reasons behind this drop in the

which heat is transferred by the material flow. flow stress is thought to be an increase in the temperature and
reaching the melting point in some localised regions. They

4.3 Comparison of CFD result with experimental have also argued that this local melting can lead to an inter-

and other work mittently lubricated contact condition between the tool and the

workpiece. Comparison with other model, the current CFD
Figure8 compares the stirred zone and HAZ obtained fronmmesult of the estimate of maximum temperature for W2
modelling with the experimental macrograph of W8. It is1349 K (1076 °C) is in good agreement with the results ob-
shown that the width of the HAZ is varied in the range oftained by Toumpis et al3] (close to or above 1000 °C) for the
temperatures between (121373 K) 10061100 °C but not same steel grade, thickness and welding speed.
below (1173 K) 900 °C. There is no specific rule to calculate However, the distribution of temperature in the SZ is different.
the size of this zone as a function of tool speeds; hence thdis might be due to the different geometry and viscosity ranges
shape of SZ is not easy to determine from numerical CFRpplied. The maximum temperature obtained from W5 1637 K
simulation. In a previous work] the SZ geometry was stud- (1364 °C) is higher than their results 1523 K (1250 °C) for the
ied using CFD to understand how it varies with the operatingame welding condition. Moreover, the distribution of tempera-
conditions of traverse and tool rotational speeds. The relativere between the advancing and retreating side is also different as
velocity was considered to represent the transition betwedere it shows more asymmetry than in their model.
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4.4 Surface temperature of the tool Fairchild et al. 34] reported an increase in the strain rate with
increasing welding speeds. The maximum value of strain for
Figure9 shows the temperature distribution around the PCBNow welding speeds (W1 and W2) is in the periphery under the
tool surfaces for the different welding conditions of W1 totool shoulder; this is because of the maximum relative velocity
WS6. It is shown from the CFD results that the PCBN-WReexisting in this region as shown in Fig§. However, with
part of the tool experiences different temperatures on the simecreasing rotational and traverse speed, the maximum value
face during welding; a lower temperature on the leadingsf strain rate was in the shear layer just outside the tool pe-
retreating side of the tool and higher temperature at thdphery. It should be added that there is a difference in strain
advancing-trailing side. The lowest temperature is on theate values between the advancing and retreating sides espe-
probe end region at the front of the tool. This was also reportegdally for the high traverse speeds (W4, W5, A6 This
by Micallef et al. fi] where it was interpreted as a viscosity difference in strain rate values may have resulted from an
effect. The material at the front of the tool experiences lowencreased difference in the relative velocity between the ad-
plastic deformation because of the higher viscosity while theancing and retreating sides of the tool. It is shown that strain
material at the trailing side experiences higher plastic deforate can reach to a value of 1000at the tool shoulder pe-
mation because of the effect of tool rotation which pushes thighery especially for high tool speeds (W5 and W6) as a
material to the back of the tool. Elbanhawy et2] feported  result of fully sticking conditions. The strain rate values for
the same variation in temperature around the tool surface. Asreodelling the same steel grade and welding conditions were
comparison with the low rotational welding speed, the tooteported with lower values when the slipping conditions ap-
surfaces in the high welding speeds showed less temperatpear during the proceskq. Figure12 shows the distribution
differences between leading and trailing edges due to the shoftrelative velocity in the contact surface of the tool/workpiece
period of time of each complete rotation and also the lowestterface for the studied cases. For the low and medium
difference in viscosity between leading and trailing side awelding speed the strain rate distribution is nearly symmetri-
will be discussed in the viscosity section. Figlifeshows cal. The lowest value of strain rate can be found in the probe
that maximum temperature in W6 is located in the shear layend as a result of lower relative velocity. The asymmetry in
just outside the tool shoulder periphery. This is contrary teelative velocity which is mainly coming from the variation in
previous models which suggest that maximum temperatutbe ternf'Usin ” described in EqR0 and shown in Figl2is
is always under the tool shoulder. The interpretation for thighe main contributor to the asymmetry in the temperature,
finding is that as material is heated and pushed around théscosity and strain rate. This asymmetry consequently affects
tool; it reaches a maximum value of strain rate that enablestite mechanism of heat generation. Figuresnd 12 also
to gain higher temperature as will be discussed in strain raghow that the difference between advancing and retreating
and velocity section, later. sides in strain rate and velocity fields for all studied cases near
the probe end is small and thus can almost produce symmet-
4.5 Strain rate and velocity in the tool/workpiece interface rical SZ at that location. This is in agreement with Nandan
et al. P] where they argued that this is due to the rapid recir-
Figurell shows numerically calculated strain rate contours iulation of plastic material which itself results in the local
the SZ for the 6 different friction stir welding conditions stud-temperature distribution not varying significantly at the probe
ied W1 through We8. It shows that strain rate increases withend. Comparing Figl2 W1 through W6 shows that velocity
increasing tool speeds and that this is more dominant in thie more sensitive to tool rotational speed where increasing tool
high welding speeds (W4, W5 and W&). Similarly, rotational speed resulted in an increased relative velocity.
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Fig. 9 The temperature (°C) Trailing
contours around the PCBN tool

surfaces for six different welding

conditions; (W1 to W&8)

Advancing
w1
Trailing
Advancing
W3
Trailing
Advancing
W5

4.6 Local pressure distribution

Trailing
Advancing
w2
Trailing
Advancing
w4
Trailing
Advancing
W6-8

pressure increased with increasing traverse speed even when
the tool rotational speed was increasing as shown inlBjg.

It is noticed from Fig13 that there is a difference in local W4, W5 and W6. So it is expected that more defects can be
pressure values between the advancing and retreating sidesnd in the high traversing welds even with increasing the

and the difference is increased with increasing tool speedsol rotational speeds. For W4, W5 and W6 the local pressure
The retreating side showed a drop in pressure which can cawstours also showed a significant change in the end of probe
a consolidation defec3§]. This type of defect was reported in side at the advancing side, this inhomogeneity in pressure at
the retreating side as a result of insufficient internal pressutieat location can increase the possibility of void or crack ini-

which in turn results in a drop in the forging forces which ardiation. The pressure change in this specific location can be the

required to keep the material consolidati®g.[ The current

results of higher traversing speed which may cause a lack of

model suggests that more defects can be created in the weldterial flow as will be discussed in material flow section.
where there is a greater difference in local pressure betweliandan et al.35] found that there is a big difference in pres-
advancing and retreating sides. The differences in localre at the lower portion of the workpiece due to the low
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Traiing difference in pressure values between leading and trailing
edges is very high towards the tool periphery. Morisada
Advancing-trailing et al. B6] interpreted the high pressure value in front of the
— Tool's shoulder ~ t0Ol shoulder rather than the shoulder back as the results of
Shear laye!

& periphery tool traversing.

Advancing .
4.7 Parent material flow around the tool

Itis noted from Figl5, W2 and W6 as study cases of low and
high welding speeds respectively that material flows around
the tool with asymmetric circular shape especially for the high
welding traverse speed. The flow is deflected at the retreating

Fig. 10 temperature (°C) distribution on the tool surface and shear Iay(§1Jde in the direction of rotation. Previous experimental work

(TMAZ) for samples W88 showing the maximum temperature for high By Schmidt et al.37] carried out on aluminium showed the
speed welds (550RPM) same results of material flow, where marker foils of copper

flowed around the tool, broken into pieces then reverted

temperature and strain rate which cause a higher flow stresound the retreating side in the same direction of rotation.
and thus a higher pressure required to fulfil the material flovMorisada et al.38] used a W tracer with the aid of an XR
This interesting result needs more investigation. W1 and Wansmission system to monitor the material flow during FSW
show more homogeneous pressure distribution between agi-aluminium AI050 and low carbon steel. They found that in
vancing and retreating sides, so defect formation is expect@d the W tracer can rotate many times around the probe,
to be less. In all cases it is noticed that pressure is increasingereas, in steel the tracer moved along the rotating probe,
with tool rotation and traverse speeds. The higher pressupassed through the retreating side and stopped at the back of
shown in the advancing side rather than the retreating sidettse probe. They also found that the tracer velocity in steel was
the results of formation of stagnant zone which needs moggnaller than those of Al as steel is more resistance to material
pressure to achieve material flow. flow. They reported that the shape of the stirred zone in steel

Figure 14 shows the local pressure distribution in thewas changed because of the formation of a stagnant zone at
tool/workpiece interface surface of W5 where the pressure the advancing side. Because of the relatively high deformation
front of the tool is higher #n in the trailing edge. The resistance behaviour of steel, they suggested a low tool

Fig. 11 The distribution of strain ~ Advancing Advancing
rate (s?) in the contact surface of

the tool/workpiece for the 6

different studied conditions W1

through Wé8

w1 w2
W3 W4
Max strain rate in the shear layer
v N
W5 W6
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Fig. 12 The distribution of Advancing Advancing

relative velocity (m/s) between

the tool/workpiece interfaces for

the six different studied

conditions W1 through W
w1 W2
W3 w4
W5 W6

rotational speed to achieve a uniform flow zone and optimaheans that this region experienced plastic deformation, a high
FSW conditions. In Figl6, W2 and W6, the maximum flow strain rate, high temperature and thus low viscosity. This re-
was noted at the periphery of the tool shoulder of low and higgion forms together with the main stirred zone the final shape
welding speeds, respectively. The flow is decreased towardé the SZ. It is worth noting that the size of the shear layer
the probe end. Figurd$ and16 show that the material adja- increases with increasing tool rotational speed. Figbik&/'2
centto the tool periphery (shear layer) is highly affected by thehows less thickness of shear layer compare to W6 due to
tool rotation so it gained velocity. The shear layer rotatioower tool rotational speed. The shear layer size is larger

Fig. 13 The distribution of local Advancing Advancing
pressure (Pa) between advancing
and retreating sides

wi W2
w3 w4
W5 W6
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Trailing and the stagnant zone is limited, this in turn caused nearly

symmetrical velocity, strain rate and temperature fields and
therefore created fewer defects. To demonstrate the impor-
tance of material flow as a main source of heating in FSW

process, the heat transfer by convection to that by conduction
represented by PecletflRumber is calculated as followd:

UcCpLe
k

Advancing

PeVa &7

U, is the characteristic velocity = 0.685 m/s for ¥8§see

Fig. 10W8), L. is the characteristic length which represent the

shear layer thickness taken from infinite focus microscope

IFM experiments and =0.01 m as average. So Pe will be equal
Fig._ 14 The local pressure (Pa) distribution between the leading angh 561 which indicates that material flow plays a major role in
trailing side of tool surface of W5 heat transfer during the FSW process of steel especially under

the tool shoulder. The importance of material flow in heat
around the shoulder but decrease towards the probe. As mMeNsfer during the FSW process was also reportedi [

tioned previously in the discussion of velocity and strain rat?0 modelling aluminium AA5083-H131 and they found that

section that there is a stagnant zone that can cause awormi]g € umber was still high even when the thermal conductivity
defects. From Figl5, it is shown that this region is located is very high

between the stream lines that show a rotation without flow
reversal and the adjacent stream lines that show a reversal in

flow on the advancing side. This region showed the minimurd.8 Estimating the SZ from viscosity change

value of velocity around the tool ranged from 0.0d24 m/s

for W6. The stagnant region as mapped in 3D shown ift is shown from Figl7, W1 through W6 that viscosity de-

Fig. 16, W6 is approximately from the mid thickness of thecreases with increasing tool rotational speed, this decrease can
workpiece to the shoulder of the tool. The previous worlencourage the layers of the material in contact with the tool to
found in 2, 5, 22] reported the wormhole defect in the samerotate with a specific velocity. The high values of viscosity just
region of interest and they found that the occurrence of thisfter this region will prevent material from moving due to the
defect increased as traverse speed increased due to inadeglaateof plastic flow and thus defining the limits of the SZ. Itis
material flow. Morisada et al3§] also suggested that the also worth noting that the calculated temperature around the
formation of a stagnant zone can lead to a defect in the Sdol was not enough to markedly decrease the viscosity and
and that uniform material flow for steel is only achieved at lovallow the material to flow. The strain rate is probably playing a
traverse speed. They interpreted the formation of a stagnasignificant role in decreasing the value of viscosity. Viscosity
zone on the advancing side as being caused by a low haatinversely proportional to strain rate and temperature, so
input due to high traverse speed. For low traverse speed welttsnsidering the CFD results of temperature and strain rate
(Fig. 15W?2) it is shown that the flow is nearly symmetrical which show a decrease in temperature and strain rate towards

Retreating side Retreating side
Trailing Trailing
Shear layer Shear laver
<« Pl ay
Limited

stagnant zone Stagnant zone
Advancing side \

Advancing side

(@)w2 (b)we
Fig. 15 Material flow path lines in and around the tool/workpiece contact regid® andb W5 (3D top view)

@ Springer



Int J Adv Manuf Technol

Shear layer KShear layer
Stagnant zone
Advancing side

Advancing side

W2 W6

Fig. 16 The material flow coloured by local velocity (m/s) &ohigh welding speeds armlow welding speeds (3D advancing-retreating sides)

Fig. 17 Viscosity (Pa.s) Advancing side Advancing side
distribution around the
tool/workpiece
w1 W2
W3 w4
W5 W6-8

the probe end, it is expected that viscosity will show an intemperature contour, it can be inferred that the tool shoulder
crease towards the probe end and this is the main reason &ord probe side play the most important role in generating the
the V-shaped geometry around the contact region. Nandé&eat required for welding, whereas, the probe end plays an
et al. 2007 2] reported the same viscosity increase towardsgsignificant role in stirring the material in contact. It is also
the probe end. It can also be shown that increasing the travest®wn from Fig17 that the most affected zone by stirring is
speed in W4 caused an increase in viscosity at the probe sidetween the shoulder and probe side due to the combination of
bottom as compare to W3 which shows a lower value ofhese two parts of the tool. Figui® shows a comparison
viscosity although the tool rotational speed was lower. Thibetween the CFD viscosity profile results and the macrograph
can be attributed to the less heat input towards the probe @fi the SZ (marked by the red line) of W8 which shows an
W4. From the viscosity, strain rate and velocity andacceptable representation of the SZ with some slight

SZ

Fig. 18 Comparison of CFD
viscosity-macrograph of W8

A
\ 4

6mm
Haz— S\ Az

3mm ¢
>
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Fig. 19 Local values of viscosity Trailing Trailing
(Pa.s) on the top surface of the SZ
for low and high welding speeds
(W2 and W6), respectively
Advancin
Advancing g
W2 W6

differences which may be caused by variation in plunge depthcal viscosity for the SZ of W2 and W6 low and high welding
as discussed previously. Figut8 shows a top view of the speeds respectively. From Fi$igand19, it can be confirmed

Fig. 20 Predicted shear stress Trailing Trailing

(Pa) contours on the tool surface ) )
(W1-W6) Max. shear stress in probe sides and

shoulder periphery because of low

/ temperatures and high viscosi\

) 150MPa 100MPa
Advancing Advancing
300MPa
200MPa
W1 w2
Trailing Trailing
Advancing Advancing
Max. shear stress 400 MPa in
/shoulder periphery because of hi
traverse speed
w3 w4
Trailing Trailing
Advancing Advancing
W5 W6
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that the value of viscosity in which material can flow for all The CFD model predicts that strain rate increases with

cases under study is ranged from 55,000 to 9.8 P&%. The  increasing tool rotational speed; it also showed an increase
cutoff viscosity value is 9.8 x £a.s which is in good agree- with increasing traverse speed.

ment with the previous work carried out on steel extruslpn[  Local pressure between the tool and the workpiece was
asymmetrical between the advancing and retreating sides,
the difference in pressure value increases with increasing tra-
verse speed.

The maximum shear stress predicted by the model for low and Itis propo_sed that t.h € Increase in pressure difference be-
tween the adjacent regions especially near the probe end could

medium welding speeds (W1, W2, W3 and W4) as shown ”P)e the cause of weld defects. High traverse speed may create a

Fig. 20is associated with the leading edge of the tool towards o
: S L ; - Stagnant zone which in turn can become a source of defects
the retreating side; which coincides with the prediction for the

. Such as wormholes as results of the lack in material flowing.
minimum temperature on the tool (see Fig.The reason for 9

o . o o The shape and dimensions of the stirred zone has been
this is the tool surface leading edge is in contact with higher _. . . ) .
. . - . .~ estimated effectively from the viscosity contours in the CFD
degrees of viscosity than the trailing edge as shown irlBig.

. . model. The SZ size increased with the increase in tool rota-
W2. ngh tool rotational spgeds V.VS and W6 show a nearl¥ional speed. This was because of a decrease in viscosity
symmetrical shear stress distribution on the tool shoulder p\(/av_hich in turn encourages steel layers to rotate

riphery. For. constant traverse speeds.(W4, WS, anq W6)’ the Viscosity increases with increasing traverse speed especial-
model predicts that the shear stress will decrease with increas.

. : . . ey on the probe side.
ing tool rotational speed because of the associated increas N tool shoulder surface experiences high shear stress at
temperature. The model further predicts that the probe sideﬁ is tool rotational speeds

; . . low
subjected to a higher shear stress at lower tool rotationa . . .
: . . The shear stress on the leading-retreating side was greater
speed, as shown for W1 and W2 in R2f.because it experi- . o .
. . . . than on the advancing-trailing side because of the temperature
ences lower temperatures and higher viscosity @and

. . . . . difference which was lower at the leading-retreating side.
Fig. 17, respectively). W4 predicts an increase in shear stress . . .
The tool probe sides experience the maximum shear stress

at the shoulder periphery and probe side leading edge com

. t lower tool rotational speeds. The shear stress was also in-
pared to W3 because of the higher traverse speed. From the L .
. . o . créased with increasing the weld traverse speed (e.g. W4).
previous discussion, it is recommended to increase the tool

rotational speed and decrease the traverse speed in order to

reduce the tool wear especially at the probe side and shouldiknowledgements The authors would like to thank the TWI compa-
ny for providing samples and data of FSW DH36 steel. The author also

4.9 Shear stress on the surface of the tool

periphery. thanks the ministry of higher education/lraq for funding the study. The
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CFD modelling.

5 Conclusion Open AccessThis article is distributed under the terms of the Creative

Commons Attribution 4.0 International License (http://
é:reativecommons.orgllicenses/by/4.0/), which permits unrestricted use,
) distribution, and reproduction in any medium, provided you give appro-
concluded: priate credit to the original author(s) and the source, provide a link to the
CFD modelling of FSW of DH36 steel shows that the max€reative Commons license, and indicate if changes were made.
imum temperatures for low and medium welding speeds are
located under the tool shoulder.
For high rotational speeds (with traverse speed of 400 mrReferences
min) W5 and W6, higher temperatures existed in the shear
layer just out the tool shoulder periphery. 1. Xiaocong H, Fengshou G, Andrew B (2014) A review of numerical
The prediction from the CFD model indicates that com-  analysis of friction stir welding. Prog Mater Sci 656
pared to tool traverse speed, tool rotational speed plays a sig- Nandan R, Roy GG, Lienert TJ, Debroy T (2007) Three-
nificant role in generating heat in the tool/workpiece interface. dimensional heat and material flow during friction stir welding of

. . L mild steel. Acta Mater 55(3):88895
On the other hand, increasing traverse speed can significantly Toumpis Al, Gallawi A, Arbaoui L, Poletz N (2014) Thermo-

cause an increase in the cooling rate. mechanical deformation behaviour of DH36 steel during friction
The model predicts that the FSW tool has experienced a stir welding by experimentalalidation andmodelling. Sci
range of temperatures across its surface during FSW, a maxi- 'echnol Weld Join 19(8):65863 _
mum temperature on the advancing-trailing side and a lowef Micallef D, Camilleri D, Toumpis A, Galloway A, & Arbaoui L
. . . . (2015) Local heat generation and material flow in friction stir
temperature on the leading-retreating side. The minimumtem-  ye|ding of mild steel assemblies. J Materials: Design and

perature was found at the probe end. Applications, 0(0)(0), 417

From the preceding discussion, the following can b

@ Springer



Int J Adv Manuf Technol

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Enkhsaikhan B, Edward C (2009) Detecting wormholes in frictior22.

stir welds from welding feedback data, Midwest instruction and
computing symposium. South Dakota, USA

Toumpis A, Gallawi A, Cater S, McPherson N (2014) Developmeng3.

of a process envelope for friction stir welding of DH36 stesebtep
change. Mater Des 62:645

Stevenson R, Toumpis A, Galloway A (2015) Defect tolerance o024

friction stir welds in DH36 steel. Material and design 87401
Toumpis Al, Gallawi A, Molter L, Polezhayeva H (2015)
Systematic investigation of the fatigue performance of a friction
stir welded low alloy steel. Mater Des 80:31@8 2
Lenard J, Pietrzyk M, Cser L (1999) Mathematical and physical
simulation of the properties of hot rolled products. Elsevier,
Amsterdam, pp-410 26
Megastir (2013) Friction Stir Welding of high melting temperature
materials .Online resource

Endo R, Shima M, Susa M (2010) Thermal-conductivity measuré?’:

ments and predictions for NCr solid solution alloys. Int J
Thermophys 31:1992003

Atharifar H, Lin D, Kovacevic R (2009) Numerical and experimen-28
tal investigations on the loads carried by the tool during friction stir
welding. J Mater Eng Perform 18(4):33%0

Jacquin D, de Meester B, Simar A, Deloison D, Montheillet F,
Desrayaud C (2011) A simple Eulerian thermomechanical modeg0
ing of friction stir welding. J Mater Process Technol 211 (1657
Grujicic M, Arakere G, Yalavarth HV, He CF, Yen C-F, Cheeseman
BA (2010) Modeling of AA5083 material-microstructure evolution 31
during butt friction-stir welding. J Mater Eng Perform 19(5):672
684

Schmidt H (2004) Hattel J and wert J,2004, an analytical model for

the heat generation in friction stir welding. Modelling Simul Mater -

Sci Eng 12:143157

Cox C, Lammlein D, Strauss A, Cook G (2010) Modeling the33_

control of an elevated tool temperature and the affects on axial force
during friction stir welding. Mater Manuf Process 25: 12782

Hasan AF, Bennett CJ, Shipway PH (2015) A numerical compariz4.

son of the flow behaviour in friction stir welding (FSW) using
unworn and worn tool geometries. Mater Des 87:10846
Al-moussawi M, Smith AJ, Young A, Cater S and Faraji M (2016)

An advanced numerical model of friction stir welding of DH36 35,

steel, 11th Int. Symp. FSW, TWI Granta Park Cambridge, UK
Cho H, Kimd D, Hong S, Jeong Y, Lee K, Cho Y, Kang S, Han H

(2015) Three-dimensional numerical model considering phasgg.

transformation in friction stir welding of steel. Metall Mater Trans
A 46A:604G-6051
Arora A, Nandan R, Reynold AP, DebRoya T (2009) Torque, pow-

er requirement and stir zone geometry in friction stir welding37.

through modelling and experiments. Scr Mater 60(3)L63

Darvazi AR, Iranmanesh M (2014) Thermal modeling of friction38.

stir welding of stainless steel 304 L. Int J Adv Manuf Technol#5(9
12):12991307

@ Springer

29.

Pal S, Phaniraj MP (2015) Determination of heat partition between
tool and workpiece during FSW of SS304 using 3D CFD model-
ling. J Mater Process Technol 222:2886

Bergman TL, Incropera FP, DeWitt David P, Lavine AS (2011)
Fundamentals of heat and mass transfer, 7th E edn. John Wiley
and sons, USA

Khandkar MZH, Khan JA, Reynolds AP (2003) Prediction of tem-
perature distribution and thermal history during friction stir
welding: input torque based model. Sci Technol Weld Join 8(3):
165-174

Long T, Tang W, Reynolds AP (2007) Process response parameter
relationships in aluminium alloy friction stir welds. Sci Technol
Weld Join 12(4):314317

Elbanhawy A, Chevallier E, Domin K (2013) Numerical investiga-
tion of friction stir welding ofhigh temperature materials.
NAFEMS world congress, Salzburg

Besharati-Givi MK and Asadi P (2014) Advances in friction-stir
welding and processing, a volume in woodhead publishing series
in welding and other joining technologies, ScienceDirect
Fehrenbacher A, Schmale JR, Zinn MR, Pfefferkorn FE (2014)
Measurement of tool-workpiece Interface temperature distribution
in friction stir welding. J Manuf Sci Eng 136(2):21009

Yang KY, Dong H, Kou S (2008) Liquation tendency and liquid-
film formation in friction stir spot welding. Weld J 87:2€21
Colegrove P, Shercliff (2005) 3-dimensional CFD modelling of
flow round a threaded friction stir welding tool profile, H. J Mater
Process Technol 169:32827

Smith AJ, AL-Moussawi M, Young AE, Cater S and Faraji M
(2016). Modelling of friction stir welding of 304 stainless steel.
In: European Simulation and Modelling Conference, Univ. of Las
Palmas, 26-28th October 2016

Leonard ES (1999) Light microscopy of carbon steel, ASM
International ©, USA

Wang H, Colegrove PA, dos Santos J (2013) Hybrid modelling of
7449-T7 aluminium alloy friction stir welded joints. Sci Technol
Weld Join 18:14#153

Fairchild D, Kumar A , Ford S, Nissley N (2009) Research
concerning the friction stir welding of linepipe steels, Trends in
welding research, Proceedjs of the 8th International
Conference, pp3#B80

Nandan R, Lienert TJ, Debroy T (2008) Toward reliable calcula-
tions of heat and plastic flow during friction stir welding of Ti-6Al-

4V alloy. Int J Mat Res 99(4):43444

Morisada Y, Fujii H, Kawahito Y, Nakata K, Tanaka M (2011)
2011, three-dimensional visualization of material flow during fric-
tion stir welding by two pairs of X-ray transmission systems. Scr
Mater 65:10851088

Schmidt HNB, Dickerson TL, Hattel JH (2006) Material flow in
butt friction stir welds in AA2024-T3. Acta Mater 54:119209
Morisada Y et al (2014) Three-dimensional visualization of material
flow during friction stir welding of steel and aluminum. J Mater Eng
Perform 23(11):41431147



