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Abstra
t

Fri
tion Stir Welding (FSW) pro
ess is a solid-state joining pro
ess during whi
h mate-

rials to be joined are not melted. As a 
onsequen
e, the heat-a�e
ted zone is smaller and

the quality of the weld is better with respe
t to more 
lassi
al welding pro
esses. Be
ause of

extremely high strains in the neighbourhood of the tool, 
lassi
al numeri
al simulation te
h-

niques have to be extended in order to tra
k the 
orre
t material deformations. The Arbitrary

Lagrangian Eulerian (ALE) formulation is used to preserve a good mesh quality throughout

the 
omputation. With this formulation the mesh displa
ement is independent from the ma-

terial displa
ement. Moreover, some advan
ed numeri
al te
hniques su
h as remeshing or a

spe
ial 
omputation of transition interfa
e is needed to take into a

ount non-
ylindri
al tools.

During the FSW pro
ess, the behaviour of the material in the neighbourhood of the tool is at

the interfa
e between solid me
hani
s and �uid me
hani
s. Consequently, a numeri
al model

of the FSW pro
ess based on a solid formulation is 
ompared to another one based on a �uid

formulation. It is shown that these two formulations essentially deliver the same results in

terms of pressures and temperatures.

Keywords: Fri
tion Stir Welding (FSW), Finite Element Method, Remeshing, Arbitrary

Lagrangian Eulerian (ALE) formalism

1 Introdu
tion and state of the art in FSW

Fri
tion Stir Welding (FSW) is a new method of welding in solid state, 
reated and patented

by The Welding Institute (TWI) in 1991 [1℄. In FSW a 
ylindri
al, shouldered tool with a

pro�led probe, also 
alled pin, is rotated and slowly plunged into the joint line between two
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pie
es of sheet or plate material, whi
h are butted together. The parts have to be 
lamped

onto a ba
king bar in a manner that prevents the abutting joint fa
es from being for
ed apart.

On
e the probe has been 
ompletely inserted, it is moved with a small tilt angle in the welding

dire
tion. The shoulder applies a pressure on the material to 
onstrain the plasti
ised material

around the probe tool. Due to the advan
ing and rotating e�e
t of the probe and shoulder of

the tool along the seam, an advan
ing side and a retreating side are formed and the softened

and heated material �ows around the probe to its ba
kside where the material is 
onsolidated

to 
reate a high-quality solid-state weld (see �gure 1). The maximum temperature rea
hed is

of the order of 80% of the melting temperature. Despite the simpli
ity of the pro
edure, the

me
hanisms behind the pro
ess and the material �ow around the probe tool are very 
omplex.

The material is extruded around the rotating tool and a vortex �ow �eld near the probe due

to the downward �ow is indu
ed by the probe thread. The pro
ess 
an be regarded as a solid

phase keyhole welding te
hnique sin
e a hole to a

ommodate the probe is generated, then

�lled during the welding sequen
e. The material �ow depends on welding pro
ess parameters,

su
h as welding and rotation speed, pressure, et
., and on the 
hara
teristi
s of the tools, su
h

as materials, design, et
.

pin

shoulder

welded
zone

advancing
side

retreating
side

(a) General view

pinshoulder

(b) View of the tool

Figure 1: S
heme of the FSW pro
ess.

The �rst appli
ations of FSW have been in aluminium fabri
ations. Aluminium alloys that

are di�
ult to weld using 
onventional welding te
hniques, are su

essfully welded using FSW.

The weld quality is ex
ellent, with none of the porosity that 
an arise in fusion welding, and

the me
hani
al properties are at least as good as the best a
hievable by fusion welding. Being

a solid-state welding pro
ess, the stru
ture in the weld nugget is free of solidifying segregation,

being suitable for welding of 
omposite materials. The pro
ess is environmentally friendly,

be
ause no fumes or spatter are generated, and there is no ar
 glare or re�e
ted laser beams

with whi
h to 
ontend. Another major advantage is that, by avoiding the 
reation of a

molten pool whi
h shrinks signi�
antly on re-solidi�
ation, the distortion after welding and

the residual stresses are low. With regard to joint �t up, the pro
ess 
an a

ommodate a gap

of up to 10% of the material thi
kness without impairing the quality of the resulting weld.

As far as the rate of pro
essing is 
on
erned, for materials of 2 mm thi
kness, welding speeds

of up to 2 m/min 
an be a
hieved, and for 5 mm thi
kness up to 0.75 m/min. Re
ent tool
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developments are 
on�dently expe
ted to improve on these �gures.

Fri
tion stir welding has been used to weld all wrought aluminium alloys, a
ross the AA-

2xxx, AA-5xxx, AA-6xxx and AA-7xxx series of alloys, some of whi
h are bordering on

being 
lassed as virtually unweldable by fusion welding te
hniques. The pro
ess 
an also

weld dissimilar aluminium alloys, whereas fusion welding may result in the alloying elements

from the di�erent alloys intera
ting to form deleterious intermetalli
s through pre
ipitation

during solidi�
ation from the molten weld pool. Fri
tion stir welding 
an also make hybrid


omponents by joining dissimilar materials su
h as aluminium and magnesium alloys. The

thi
knesses of AA-6082-T6 that have so far been welded have ranged from 1.2 mm to 50 mm in

a single pass, to more than 75 mm when welding from both sides. Welds have also been made

in pressure die 
ast aluminium material without any problems from po
kets of entrapped high

pressure gas, whi
h would violently disrupt a molten weld pool en
ountering them.

The original appli
ation for fri
tion stir welding was the welding of long lengths of material

in the aerospa
e, shipbuilding and railway industries. Examples in
lude large fuel tanks and

other 
ontainers for spa
e laun
h vehi
les, 
argo de
ks for high-speed ferries, and roofs for

railway 
arriages. FSW is used already in routine, as well as in 
riti
al appli
ations, for

the joining of stru
tural 
omponents made of aluminium and its alloys. Indeed, it has been


onvin
ingly demonstrated that the pro
ess results in strong and du
tile joints, sometimes

in systems whi
h have proved di�
ult using 
onventional welding te
hniques. The pro
ess is

most suitable for 
omponents whi
h are �at and long (plates and sheets) but 
an be adapted

for pipes, hollow se
tions and positional welding.

The 
omputational modelling of FSW pro
esses is a 
omplex task and it has been a resear
h

topi
 of in
reasing interest in 
omputational me
hani
s during the last de
ades.

Thermal models for the numeri
al simulation of FSW pro
esses were used by M
Clure et

al. (1998) [2℄, Colegrove et al. (2000) [3℄, and Khandkar and Khan (2001,2003) [4, 5℄.

Bendzsak et al. (2000) [6, 7℄ used the Eulerian 
ode Stir3D to model the �ow around a

FSW tool, in
luding the tool thread and tilt angle in the tool geometry and obtaining 
omplex

�ow patterns. The temperature e�e
ts on the vis
osity were negle
ted.

Dong et al. (2001) [8℄ developed a simpli�ed model for the numeri
al simulation of FSW

pro
esses, taking into a

ount both the fri
tion heating and plasti
 work in the modelling of

the heat �ow phenomena, predi
ting the development of a plasti
 strain around the weld zone

in the initial stage of welding. However, they did not 
onsider the longitudinal movement of

the tool.

Xu et al. (2001) [9℄ and Xu and Deng (2003) [10℄ developed a 3D �nite element pro-


edure to simulate the FSW pro
ess using the 
ommer
ial Finite Element Method (FEM)

software ABAQUS, fo
using on the velo
ity �eld, the material �ow 
hara
teristi
s and the

equivalent plasti
 strain distribution. The authors used an Arbitrary Lagrangian-Eulerian

(ALE) formulation with adaptive meshing and 
onsider large elasto-plasti
 deformations and

temperature-dependent material properties. However, the authors did not perform a fully


oupled thermo-me
hani
al simulation, superimposing the temperature map obtained from

the experiments as a pres
ribed temperature �eld to perform the me
hani
al analysis. The

numeri
al results were 
ompared to experimental data available, showing a reasonable good


orrelation between the equivalent plasti
 strain distributions and the distribution of the mi-


rostru
ture zones in the weld.

Ulysse (2002) [11℄ presented a fully 
oupled 3D FEM vis
o-plasti
 model for FSW of thi
k

aluminium plates using the 
ommer
ial FEM 
ode FIDAP. The author investigated the e�e
t

of tool speeds on the pro
ess parameters. It was found that a higher translational speed

leads to a higher welding for
e, while in
reasing the rotation speed has the opposite e�e
t.
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Reasonable agreement between the predi
ted and the measured temperature was obtained and

the dis
repan
ies were explained by an inadequate representation of the 
onstitutive behaviour

of the material for the wide ranges of strain-rate, temperatures and strains typi
ally found

during FSW.

Askari et al. (2003) [12℄ used the CTH hydro
ode 
oupled to an adve
tion-di�usion solver

for the energy balan
e equation. The CTH 
ode, developed by Sandia National Laboratories,

uses the �nite volume method to dis
retize the domain. The elasti
 response was taken into

a

ount in this 
ase. The results proved en
ouraging with respe
t to gaining an understanding

of the material �ow around the tool. However, simpli�ed fri
tion 
onditions were used.

Chen and Kova
evi
 (2003) [13℄ developed a 3D FEM model to study the thermal history

and thermo-me
hani
al phenomena in the butt-welding of aluminium alloy AA-6061-T6 using

the 
ommer
ial FEM 
ode ANSYS. Their model in
orporated the me
hani
al rea
tion be-

tween the tool and the weld material. Experiments were 
ondu
ted and an X-ray di�ra
tion

te
hnique was used to measure the residual stress in the welded plate. The welding tool (i.e.

the shoulder and pin) in the FEM model was modeled as a heat sour
e, with the nodes moved

forward at ea
h 
omputational time step. This simple model severely limited the a

ura
y of

the stress and for
e predi
tions.

Colegrove et al. (2000, 2004) [3, 14℄ used the 
ommer
ial Computational Fluid Dynami
s

(CFD) software FLUENT for a 2D and 3D numeri
al investigation on the in�uen
e of pin

geometry during FSW, 
omparing di�erent pin shapes in terms of material �ow and welding

for
es on the basis of both a sti
k and a slip boundary 
ondition at the tool/work-pie
e

interfa
e. In spite of the good obtained results, the a

ura
y of the analysis was limited by

the assumption of isothermal 
onditions. Seidel and Reynolds (2003) [15℄ also used the CFD


ommer
ial software FLUENT to model the 2D steady-state �ow around a 
ylindri
al tool.

S
hmidt and Hattel (2004) [16℄ presented the development of a 3D fully 
oupled thermo-

me
hani
al �nite element model in ABAQUS/Expli
it using the ALE formulation. The �exi-

bility of the FSW ma
hine was taken into a

ount by 
onne
ting the rigid tool to a spring. The

work-pie
e was modelled as a 
ylindri
al volume with inlet and outlet boundary 
onditions.

A rigid ba
k-plate was used. The 
onta
t for
es were modelled using a Coulomb fri
tion law,

and the surfa
e was allowed to separate. Heat generated by fri
tion and plasti
 deformation

was 
onsidered. The simulation modelled the dwell and weld phases of the pro
ess.

An ALE formulation for the numeri
al simulation of FSW pro
esses was also used by Zhao

(2005) [17℄, by Guerdoux (2007) [18℄ and Assidi et al. (2010) [19℄.

Nikiforakis (2005) [20℄ used a �nite di�eren
e method to model the FSW pro
ess. Despite

the fa
t that he was only presenting 2D results, the model proposed had the advantage of

minimizing the 
alibration of model parameters, taking into a

ount a maximum of physi
al

e�e
ts. A transient and fully 
oupled thermo-�uid analysis was performed. The rotation of

the tool was handled through the use of the overlapping grid method. A rigid-vis
oplasti


material law was used and sti
king 
onta
t at the tool work pie
e interfa
e was assumed.

Hen
e, heating was due to plasti
 deformation only.

Heurtier et al. (2006) [21℄ used a 3D semi-analyti
al 
oupled thermome
hani
al FE model

to simulate FSW pro
esses. The model uses an analyti
al velo
ity �eld and 
onsiders heat

input from the tool shoulder and plasti
 strain of the bulk material. Traje
tories, tempera-

ture, strain, strain rate �elds and mi
ro-hardness in various weld zones were 
omputed and


ompared to experimental results obtained on an AA 2024-T351 alloy FSW joint.

Bu�a et al. (2006) [22℄ using the 
ommer
ial �nite element software DEFORM-3D, pro-

posed a 3D Lagrangian, impli
it, 
oupled thermo-me
hani
al numeri
al model for the sim-

ulation of FSW pro
esses, using a rigid-vis
oplasti
 material des
ription and a 
ontinuum

assumption for the weld seam. The proposed model is able to predi
t the e�e
t of pro
ess
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parameters on pro
ess variables, su
h as the temperature, strain and strain rate �elds, as well

as material �ow and for
es. A reasonable good agreement between the numeri
ally predi
ted

results, on for
es and temperature distribution, and experimental data was obtained. The

authors found that the temperature distribution about the weld line is nearly symmetri
 be-


ause the heat generation during FSW is dominated by rotating speed of the tool, whi
h is

mu
h higher than the advan
ing speed. On the other hand, the material �ow in the weld zone

is non-symmetri
ally distributed about the weld line be
ause the material �ow during FSW

is mainly 
ontrolled by both advan
ing and rotating speeds.

De Vuyst et al. (2004-2006) [23, 24, 25, 26℄ used the 
oupled thermo-me
hani
al �nite ele-

ment 
ode MORFEO to simulate the �ow around simpli�ed tool geometries for FSW pro
ess.

The rotation and advan
ing speed of the tool were modelled using pres
ribed velo
ity �elds.

An attempt to 
onsider features asso
iated to the geometri
al details of the probe and shoul-

der, whi
h had not been dis
retized in the �nite element model in order to avoid very large

meshes, was taken into a

ount using additional spe
ial velo
ity boundary 
onditions. In spite

of that, a mesh of roughly 250,000 nodes and almost 1.5 million of linear tetrahedral elements

was used. A Norton-Ho� rigid-vis
oplasti
 
onstitutive equation was 
onsidered, with aver-

aged values of the 
onsisten
y and strain rate sensitivity 
onstitutive parameters determined

from hot torsion tests performed over a range of temperatures and strain rates. The 
om-

puted streamlines were 
ompared with the �ow visualization experimental results obtained

using 
opper marker material sheets inserted transversally or longitudinally to the weld line.

The simulation results 
orrelated well when 
ompared to markers inserted transversely to the

welding dire
tion. However, when 
ompared to a marker inserted along the weld 
entreline

only qualitative results 
ould be obtained. The 
orrelation may be improved by modelling the

e�e
tive weld thi
kness of the experiment, using a more realisti
 material model, for example,

by in
orporating a yield stress or temperature dependent properties, re�ne velo
ity boundary


onditions or further re�ning the mesh in spe
i�
 zones, su
h as for instan
e, under the probe.

The authors 
on
luded that it is essential to take into a

ount the e�e
ts of the probe thread

and shoulder thread in order to get realisti
 �ow �elds.

Sher
li� et al. (2005) [27℄ developed mi
rostru
tural models for fri
tion stir welding of

2000 series aluminium alloys.

López et al. (2008) [28℄ and Agelet de Sara
ibar et al. (2013) [29℄ developed numeri
al

algorithms to optimize material model and FSW pro
ess parameters using neural networks.

They proposed a new model for the dissolution of pre
ipitates in fully hardened aluminium

alloys and they optimized the master 
urve and the e�e
tive a
tivation energy. Furthermore,

they developed an algorithm to optimize the advan
ing and rotation speed, taking as weld

quality 
riteria the minimization of the maximum hardness drop at the transversal se
tion

under the pin.

Santiago et al. (2010) [30℄ developed a simpli�ed 
omputational model taking into a

ount

the real geometry of the tool, i.e. the probe thread, and using an ALE formulation. They


onsidered also a simpli�ed fri
tion model to take into a

ount di�erent slip/sti
k 
onditions

at the pin shoulder/work-pie
e interfa
e.

Agelet de Sara
ibar et al. (2010) [31, 32℄, Agelet de Sara
ibar et al. (2011) [33℄, Chiumenti

et al. (2013) [34℄, and Dialami et al. (2013) [35℄ used a sub-grid s
ale �nite element stabilized

mixed velo
ity/pressure/ temperature formulation for 
oupled thermo-rigid-plasti
 models,

using Eulerian and Arbitrary Lagrangian Eulerian (ALE) formalisms, for the numeri
al sim-

ulation of Fri
tion Stir Welding (FSW) pro
esses. They used ASGS and OSGS methods and

quasi-stati
 sub-grid s
ales, negle
ting the sub-grid s
ale pressure and using the �nite element


omponent of the velo
ity in the 
onve
tive term of the energy balan
e equation.

Chiumenti et al. (2013) [34℄, Dialami et al. (2013) [35℄, and Chiumenti et al. (2013) [36℄
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developed an apropos kinemati
 framework for the numeri
al simulation of FSW pro
esses.

They 
onsidered a 
ombination of ALE, Eulerian and Lagrangian des
riptions at di�erent

zones of the 
omputational domain and they proposed an e�
ient 
oupling strategy. Within

this approa
h, a Lagrangian formulation was used for the pin, an ALE formulation was used

at the stir zone of the work-pie
e, and an Eulerian formulation was used in the remaining

part of the work-pie
e. The stir zone was de�ned as a 
ir
ular domain 
lose to the pin. The

�nite element mesh in the stir zone was rotating atta
hed to the pin. The resulting apropos

kinemati
 setting e�
iently permitted to treat arbitrary pin geometries and fa
ilitates the

appli
ation of boundary 
onditions. The formulation was implemented in an enhan
ed version

of the �nite element 
ode COMET [37℄ developed by the authors at the International Centre

for Numeri
al Methods in Engineering (CIMNE).

Chiumenti et al. (2013) [36℄ used a novel stress-a

urate FE te
hnology for highly non-

linear analysis with in
ompressibility 
onstraints typi
ally found in the numeri
al simulation of

FSW pro
esses. They used a mixed linear pie
e-wise interpolation for displa
ement, pressure

and stress �elds, respe
tively, resulting in an enhan
ed stress �eld approximation whi
h enables

for stress a

urate results in nonlinear 
omputational me
hani
s.

This paper presents and 
ompares two di�erent numeri
al models of the FSW pro
ess,

in the general 
ase of a non-
ylindri
al pin. The �rst model is based on a solid approa
h

written in terms of nodal positions and nodal temperatures. The se
ond model of FSW

pro
ess is based on a �uid approa
h written in terms of the velo
ity, the pressure and the

temperature �elds. Both models use advan
ed numeri
al te
hniques su
h as remeshing and

the ALE formulation.

2 2D Numeri
al modelling of FSW pro
ess

The FSW pro
ess is modelled in two dimensions under the plane strain hypothesis. To model

this welding pro
ess, the displa
ement of the tool is split into an advan
ing movement (a
tually

assigned to the work-pie
es but, in the opposite dire
tion) and a rotation (imposed to the tool).

In other words, the 
entre of the pin is �xed and a 
onstant velo
ity is imposed to the

plates (see �gure 2(a)). The tool is des
ribed by a 
lassi
al Lagrangian mesh. Then, in relation

with the distan
e to the 
entre of the tool, three zones of the plates are identi�ed. In the


losest zone around the pin, the material is submitted to extremely high strains. This region

is 
alled the thermo-me
hani
ally a�e
ted zone (TMAZ). Due to high deformations, the use of

a Lagrangian formalism would lead very qui
kly to mesh entanglement. Thus, in this region,

the ALE formulation is employed. On top of this, the ALE formulation allows the model to

take into a

ount non-
ir
ular pin shapes. In this zone, the mesh has the same rotational

speed as the pin (red region in �gure 2(b)). In the furthest zone from the tool, the grey zone

in �gure 2(b), the Eulerian formulation is used. Thus in this region, the mesh is �xed. The

ring 
onne
ting region 1 and region 3 is a transition zone (white region numbered 2 in �gure

2(b)). In su
h a model, the quality of the mesh does not 
hange during the simulation ex
ept

in the transition zone. So, to over
ome this problem, two di�erent numeri
al te
hniques are

proposed (see se
tion 2.2.2).
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pin shoulder

welded
zone

advancing
side

retreating
side

(a) S
heme of the FSW model. A rotation is imposed to

the pin (blue arrow) while the advan
ing velo
ity of the

pin is repla
ed by a velo
ity imposed to the plates in the

opposite dire
tion (red arrows).

3 2
1

(b) The di�erent zones of the mo-

del: ALE formulation is used on

the red region (1), the transition

zone 
orresponds to the white re-

gion (2), and the Eulerian formu-

lation is applied on the grey region

(3)

Figure 2: Des
ription of the FSW model

2.1 Thermome
hani
al formulation

The numeri
al models presented here are based on the �nite element method. In this paper,

two numeri
al formulations are 
ompared. The �rst one is based on a solid me
hani
s ap-

proa
h. It is written in terms of nodal positions and temperatures. The se
ond one is based

on a �uid me
hani
s approa
h. The equilibrium is written as a fun
tion of nodal velo
ities,

pressures and temperatures.

Solid approa
h In the solid approa
h, the �nite element used are linear quadrilaterals.

The position and temperature �elds are 
omputed at ea
h node of the elements. The stresses

and the internal variables are 
omputed at ea
h quadrature point of the element (4 Gauss

points). To over
ome the lo
king phenomenon, the pressure is 
onsidered 
onstant over the

element and 
omputed only at a 
entral quadrature point. The thermome
hani
al equations

are split into a me
hani
al part and a thermal part. At ea
h time step, the me
hani
al

equations are �rst solved using a 
onstant temperature �eld. This temperature �eld is the

one obtained at the latest in
rement. Then, the thermal equations are solved on the frozen

resulting geometri
al 
on�guration that has just been obtained.

Fluid approa
h The �uid approa
h is based on a stabilized mixed linear temperature-

velo
ity-pressure �nite element formulation. This formulation is stabilized adopting the Or-

thogonal Sub-Grid S
ale method (OSS) [38, 39, 40℄ to solve both the pressure instability

indu
ed by the in
ompressibility 
onstraint and the instabilities 
oming from the 
onve
tive

term. A triangular mesh is used for the domain dis
retization. The velo
ity, the pressure and
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temperature �elds are 
omputed at ea
h node of the element. The deviatori
 stresses and the

other internal variables are 
omputed at ea
h quadrature point of the element. Finally, the


oupled thermo-me
hani
al problem is solved by means of a staggered time-mar
hing s
heme

where the thermal and me
hani
al sub-problems are solved sequentially, within the framework

of the 
lassi
al fra
tional step methods [41, 42℄. This approa
h is exposed in more detail in

[35, 34, 38, 40℄.

2.2 Numeri
al simulation strategy

2.2.1 Arbitrary Lagrangian Eulerian formulation

In region 1 and region 3 in �gure 2(b) the ALE formulation is used. Indeed, the Eulerian

formulation (used in the region 3) is a parti
ular 
ase of the ALE formulation. In the ALE

formalism, unlike in the Lagrangian 
ase whi
h is 
ommonly used in Solid Me
hani
s, the

mesh no longer follows the material motion [35, 34, 43, 44, 45℄. Consequently, a new grid


oordinate system R~χ is de�ned and the 
onservation laws able to des
ribe the FSW pro
ess

are rewritten in terms of the new 
oordinates
~χ:

Mass:

∂ρ

∂t

∣∣∣∣
~χ

+ ~c. ~∇ρ+ ρ ~∇.~v = 0 (1)

Momentum:

ρ

(
∂~v

∂t

∣∣∣∣
~χ

+ (~c. ~∇)~v

)
= ~∇.σ + ρ~b (2)

Energy:

ρCp

(
∂T

∂t

∣∣∣∣
~χ

+ ~c. ~∇T

)
= Dmech − ~∇.~q (3)

where ρ and Cp are the mass density and the spe
i�
 heat 
apa
ity, σ is the Cau
hy stress

tensor,

~b is the spe
i�
 body for
es, T is the temperature, Dmech is the plasti
 dissipation rate

per unit of volume. The heat �ux,
~q, is de�ned a

ording to the isotropi
 Fourier's law as:

~q = −k ~∇T (4)

The 
onve
tive velo
ity
~c = ~v − ~v∗

is the di�eren
e between the material velo
ity
~v and the

mesh velo
ity

~v∗
. Both the stress tensor, σ, and the strain rate tensor, D, are split into

volumetri
 and deviatori
 parts:

σ = pI + S (5)

D =
1

3
DvolI + D̂ (6)

where p and S are the pressure and the stress deviator, respe
tively. Similarly, Dvol =
tr(D) and D̂ = dev(D) are the volumetri
 and the deviatori
 parts of the strain-rate tensor,

respe
tively.

The thermal boundary 
onditions are de�ned in terms of the heat �ux that �ows through

the boundaries by heat 
onve
tion and radiation. They are expressed by Newton and radiation

laws, respe
tively, as:

qconv = hconv(T − Tenv) (7)

qrad = σ0ε(T
4 − T 4

env) (8)
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where hconv is the heat transfer 
oe�
ient by 
onve
tion, σ0 is the Stefan-Boltzmann 
onstant

and ε is the emissivity fa
tor. Finally, Tenv is the surrounding environment temperature.

The ALE formulations used in the two approa
hes are di�erent.

Solid approa
h The ALE formulation used in the solid approa
h is des
ribed in more

details in [43, 44, 45℄. To simplify the solution pro
edure and remain 
ompetitive against

Lagrangian models, the system of ALE equations (equations 1 to 3) is solved using an operator-

split pro
edure. First, for ea
h time step, the 
lassi
al Lagrangian thermome
hani
ally 
oupled

formalism is used. During this Lagrangian step the mesh sti
ks to the material (

~v∗ = ~v, ~c = ~0)

until an equilibrated Lagrangian 
on�guration is iteratively obtained. So, the weak form of

the governing equations whi
h are solved during this �rst step is de�ned over the 
urrent

integration domain Ω and its boundary ∂Ω (see equations 9 and 10). Let us assume that the

boundary ∂Ω 
an be split into ∂Ωσ and ∂Ωu, being ∂Ω = ∂Ωσ ∪ ∂Ωu su
h that tra
tions are

pres
ribed on ∂Ωσ while displa
ements are spe
i�ed on ∂Ωu, respe
tively. In a similar way,

boundary ∂Ω 
an be also split into ∂Ωq and ∂Ωθ su
h that ∂Ω = ∂Ωq ∪ ∂Ωθ, where �uxes (on

∂Ωq) and temperatures (on ∂Ωθ) are pres
ribed for the heat transfer analysis.

∫

Ω

(
ρ
d2~u

dt2
.δ~u

)
dV =

∫

Ω
(ρ~b.δ~u)dV −

∫

Ω
(σ : ~∇δ~u)dV +

∫

∂Ωσ

(~t.δ~u)dS (9)

∫

Ω

(
ρCp

dT

dt
δT

)
dV +

∫

Ω
[k ~∇T. ~∇(δT )]dV =

∫

Ω
(DmechδT ) dV −

∫

∂Ωq

[(qconv + qrad)δT ]dS

(10)

where δ~u and δT are the test fun
tions of the displa
ement and temperature �elds.

~t is

pres
ribed tra
tions on the boundary domain ∂Ωσ.

The se
ond step, also 
alled the Eulerian step, is divided into two substeps: �rst the nodes

of the mesh are relo
ated to a more suitable position, thus de�ning a new mesh with the same

topology and the mesh velo
ity

~v∗
. In the 
ase of region 1 and region 3 the position of the

relo
ated nodes is known be
ause the mesh velo
ity of these regions is imposed. Then, the

unknowns and the internal variables are transferred from the old mesh to the new one [45℄.

Fluid approa
h The ALE formulation used in the �uid model is not based on a operator-

split like in the formulation presented for the solid approa
h. In this fully 
oupled formulation

[35, 34℄, the equilibrium state is 
omputed at ea
h time in
rement without remeshing and

remapping steps. The system of equations solved in
ludes the 
onve
tive terms due to the

velo
ity of the mesh relative to the material. In the TMAZ, region 1 in �gure 2(b), the

velo
ity of the mesh is imposed and the velo
ity and the pressure of the material are dire
tly


omputed. In the 
ase of the Eulerian formulation (region 3 in �gure 2(b)), the mesh does not

move during the 
omputation. The following assumptions are 
onsidered for the numeri
al

simulation of the FSW pro
ess (more detail 
an be found in [35, 34℄):

• The �ow is assumed to be in
ompressible as the volumetri
 
hanges in
luding thermal

deformation are found to be negligible, Dvol = ~∇.~v ∼= 0.

• Therefore, the deviatori
 part of total strain rate tensor, D̂, is 
omputed as the sym-

metri
 part of the velo
ity gradient as: D̂ = dev(ε̇) = ~∇
s
~v.

• Due to the very high vis
osity of the material, the material �ow is 
hara
terized by

very low values of Reynolds number (Re�1). This is the reason why, in the balan
e of

momentum equation, the inertia term 
an be negle
ted.

9



The governing equations whi
h are used to des
ribe the thermo-me
hani
al problem able to

des
ribe the FSW pro
ess are: the mass 
onservation (equation 1), the balan
e of momentum

equation (equation 2) and the balan
e of energy equation (equation 3). Taking into a

ount

the previous assumptions, these governing equations 
an be rewritten:

Mass:

~∇.~v = 0 (11)

Momentum:

~∇.S + ~∇p+ ρ~b = 0 (12)

Energy:

ρCp

(
∂T

∂t

∣∣∣∣
~χ

+ ~c. ~∇T

)
= Dmech − ~∇.~q (13)

The weak form of these equations is de�ned over the integration domain Ω and its boundary

∂Ω (see equations 14, 15 and 18). Let us assume that the boundary ∂Ω 
an be split into ∂Ωσ

and ∂Ωv, being ∂Ω = ∂Ωσ ∪ ∂Ωv su
h that tra
tions are pres
ribed on ∂Ωσ while velo
ities

are spe
i�ed on ∂Ωv, respe
tively. In a similar way, boundary ∂Ω 
an be also split into ∂Ωq

and ∂Ωθ su
h that ∂Ω = ∂Ωq ∪ ∂Ωθ, where �uxes (on ∂Ωq) and temperatures (on ∂Ωθ) are

pres
ribed for the heat transfer analysis.

∫

Ω

[
( ~∇.~v)δp

]
dV = 0 (14)

∫

Ω
(S : ~∇

s
δ~v)dV +

∫

Ω
(p ~∇.δ~v)dV = Wmech (15)

∫

Ω

(
ρCp

[
∂T

∂t

∣∣∣∣
~χ

+ ~c. ~∇T

]
δT

)
dV +

∫

Ω
[k ~∇T. ~∇(δT )]dV = Wther (16)

where δ~v, δp and δT are the test fun
tions of the velo
ity, pressure and temperature �elds,

respe
tively while the me
hani
al and the thermal work are de�ned as:

Wmech =

∫

Ω
(ρ~b.δ~v)dV +

∫

∂Ωσ

(~t.δ~v)dS (17)

Wther =

∫

Ω
(DmechδT ) dV −

∫

∂Ωq

[(qconv + qrad)δT ]dS (18)

where

~t is pres
ribed tra
tions on the boundary domain ∂Ωσ.

2.2.2 The transition zone

Solid approa
h In the solid approa
h, the transition zone is a ring with a �nite thi
kness

(region 2 in �gure 2(b)). In this region, the evolution of the rotational speed of the mesh,

whi
h di�ers from the material velo
ity, is linearly interpolated between the ALE region

and the Eulerian zone. As the mesh distortion grows with time, a remeshing operation is

periodi
ally required. For one full rotation of the pin, the remeshing pro
ess is applied 30

times. The time interval between two su

essive remeshings is thus 
onstant.

The remeshing operation 
an be divided into two steps. First, a better-suited mesh, 
alled

the new mesh, is 
reated. In the 
ase of the transition zone, the relatively simple geometry of

this region allows an easy generation of the new quadrangular mesh.

10



Then, to 
arry on the 
omputation over this mesh, the state variables from the mesh

before remeshing, 
alled the old mesh, has to be transferred to the new one. Ea
h �eld used

to de�ne the equilibrium state is transferred independently from the other ones. The data

transfer method used in this paper is 
alled the Finite Volume Transfer Method (FVTM)

with linear re
onstru
tion of the �elds. In [46, 47℄, this transfer method is presented in more

details and the 
omparison with some of the remapping algorithms most 
ommonly used in

the literature brings to light the advantages of this method.

Fluid approa
h In the �uid model the transition zone (region 2 in �gure 2(b)) is limited

to a 
ir
le (zero thi
kness). Ea
h node of the mesh on this 
ir
le is dupli
ated. One node is

linked to the ALE region (numbered 1) and the other one to the Eulerian region (numbered 3).

The 
oupling between both regions is performed using a spe
i�
 node-to-node link approa
h.

At every mesh movement step, for a given node of the ALE region, the 
orresponding node

of the Eulerian one is found and a link between the two nodes is 
reated. Afterwards, the

boundary 
onditions and the properties of the plate nodes are 
opied to the 
orresponding

TMAZ nodes within the link. The time step 
an be 
onveniently 
hosen su
h that the two

interfa
e meshes (ALE and Eulerian) are always 
ompatible. In this 
ase the ALE mesh would

slide pre
isely from one Eulerian interfa
e node to the next one at ea
h time step.

2.2.3 Thermome
hani
al 
onstitutive model

In both models, the 
onstitutive model of the tool is thermo-rigid. So, no me
hani
al �elds

are 
omputed over this material. However, from the point of view of the thermal equations,

the tool has a 
lassi
al thermal behaviour as far as heat 
ondu
tion is 
on
erned. In addition,

the material behaviour of the plates is modelled as thermo-vis
o-plasti
 using a Norton-Ho�


onstitutive model:

S = 2µ(T )D̂

(
√
3

√
2

3
D̂ : D̂

)m(T )−1

(19)

where m and µ are the rate sensitivity and vis
osity parameters respe
tively. Both are tem-

perature dependent.

In the FSW pro
ess, the heat is mostly generated by the me
hani
al dissipation, whi
h is


omputed as a fun
tion of the plasti
 strain rate and the deviatori
 stresses as:

Dmech = γS : D̂ (20)

where γ ≈ 0.9 is the fra
tion of the total plasti
 energy 
onverted into heat.

Solid approa
h In the solid model, the value of the variation of the pressure (dp) is


omputed thanks to the variation of the volume (dV ) and the bulk modulus (K): dp = KdV .

In addition, with the solid approa
h, it is possible to repla
e the Norton-Ho� 
onstitutive

model with a thermo-elasto-vis
o-plasti
 one, see e.g. [48℄. With this kind of 
onstitutive

model, it is possible to 
ompute the residual stresses.

Fluid approa
h In the �uid model, the material is assumed to be in
ompressible and this


onstraint is in
orporated into the equations to be solved.

11



2.2.4 Thermome
hani
al 
onta
t

Solid approa
h In the solid model, a perfe
t sti
king thermome
hani
al 
onta
t is 
on-

sidered between the tool and the work-pie
e. It means that the temperature �eld and the

displa
ement �eld are 
ontinuous through the interfa
e between the tool and the work-pie
e.

Fluid approa
h The heat �ux is also produ
ed by the fri
tion between pin and the work-

pie
e. This heat �ux 
an be expressed using the Norton's fri
tion model. The heat generated

by fri
tion is split into a part absorbed by the pin (noted q
pin
frict) and another one absorbed by

the work-pie
e (noted qSZfrict):

q
pin
frict = ϑpin(~tT .∆~vT ) = ϑpina(T ) ‖∆~vT ‖q+1

(21)

qSZfrict = ϑSZ(~tT .∆~vT ) = ϑSZa(T ) ‖∆~vT ‖q+1
(22)

where the amount of heat absorbed by the pin, ϑpin
, and by the work-pie
e, ϑSZ

, depends on

the thermal di�usivity, α = k
ρCp

, of the two materials in 
onta
t as:

ϑpin =
αpin

αpin + αSZ
(23)

ϑSZ =
αSZ

αpin + αSZ
(24)

The tangential 
omponent of the tra
tion ve
tor at the 
onta
t interfa
e,

~tT , is de�ned as:

~tT = a(T ) ‖∆~vT ‖q~uT (25)

where a(T ) is the (temperature dependent) material 
onsisten
y, 0 ≤ q ≤ 1 is the strain rate

sensitivity and
~uT = ∆~vT

‖∆~vT ‖ is the tangential unit ve
tor, de�ned in terms of the relative

tangential velo
ity at the 
onta
t interfa
e,
~vT .

3 Comparison of numeri
al results based on the two

approa
hes

In this paper, the numeri
al results of the solid approa
h are 
ompared with the already

validated model based on the �uid approa
h (see [30, 34, 35, 49℄). In this example, the se
tion

of the pin is an equilateral triangle (�gures 3 and 4(a)). The mesh used with the solid model

is presented at the beginning of the 
omputation in �gure 3. The dimensions of the tool are:

• radius of the 
ir
ums
ribed 
ir
le to the pin: 3 mm.

The width of the two plates is 50 mm and the simulated length is 100 mm. The simulated

region of the plates is a square with a side of 100 mm. The 
entre of the pin is on the 
entre

of this square (see �gures 3 and 4(a)).

The most important parameters of the 
onsidered FSW pro
ess are:

• rotation speed: 40 RPM

• welding speed: 400 mm min

−1
.

The thermo-me
hani
al properties of the plates are the following:

• density: 2700 kg m

−3

12



• bulk modulus: 69 GPa (used only with the solid approa
h)

• thermo-me
hani
al Norton-Ho� law (presented in the part 2.2.3)

with µ = 100 MPa, m = 0.12,

• heat 
ondu
tivity: 120 W m

−1
K

−1

• thermal expansion 
oe�
ient: 1× 10−6
K

−1

• heat 
apa
ity: 875 J kg

−1
K

−1

The thermo-me
hani
al properties of the tool are the following:

• density: 7800 kg m

−3
;

• heat 
ondu
tivity: 43 W m

−1
K

−1
;

• heat 
apa
ity: 460 J kg

−1
K

−1
.

The total time of the simulation is 15 se
onds whi
h 
orresponds to 10 revolutions for the pin.

Figure 3: Initial quadrangular mesh (
omposed of 3237 elements) used in the solid model (global

view and zoom)

Figures 4(b), 4(
) and 4(d) show the evolution of the pressure 
omputed by the two models

at three referen
e points de�ned in �gure 4(a). Points 1 and 2 move with the mesh, be
ause

these points have the same rotational speed as the pin. On the other hand, point 3 is �xed in

spa
e. Figure 5 presents the evolution of the temperature 
omputed with the two models at

the three referen
e points. After a transient phase whi
h depends on the numeri
al strategy

adopted for ea
h approa
h, the results of both models are very similar (see �gures 4 and

5). The di�eren
e of frequen
y between the pressure at point 3 and the pressure and the

temperature at points 1 and 2 is explained by the fa
t that point 3 is �xed in spa
e while

points 1 and 2 have the same rotational velo
ity as the pin. On the one hand, the pressure at

point 3 is a�e
ted by the three 
orners of the pin. On the other hand, the frequen
y of the

pressure and the temperature at points 1 and 2 are 
ontrolled by the rotation speed of the pin.
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Figure 4: Evolution of the pressure 
omputed by the two models at the three referen
e points

Consequently, the frequen
y of the pressure at point 3 is three times higher than the frequen
y

of the pressure or the temperature at points 1 or 2. Figure 6 presents the temperature �eld

at the end of the simulation with the solid model.

4 Con
lusion and future works

The phenomena happening during the Fri
tion Stir Welding (FSW) pro
ess are at the in-

terfa
e between solid me
hani
s and �uid me
hani
s. In this paper, two di�erent methods

are presented to simulate the FSW pro
ess numeri
ally. One model is based on a solid ap-

proa
h whi
h 
omputes the position and the temperature �elds and another one is based on

a �uid approa
h written in terms of velo
ity, pressure and temperature �elds. Both mod-

els use advan
ed numeri
al te
hniques su
h as the Arbitrary Lagrangian Eulerian formalism

or remeshing operations or an advan
ed stabilization algorithm. These advan
ed numeri
al

te
hniques allow the simulation of the FSW pro
ess with non-
ir
ular tool shapes. The aim

of the paper was to 
ompare two 
omputational models based respe
tively on solid and �uid
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(b) Temperature at point 2 (rotating with the pin)
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) Temperature at point 3 (�xed in spa
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Figure 5: Evolution of the temperature 
omputed by the two models at the three referen
e points

approa
h for the solution of FSW pro
ess. Based on the authors' point of view, being able to

simulate a pro
ess using a solid model and at the same time a �uid model, is numeri
ally very

interesting and represents a further veri�
ation of the implementation in both approa
hes.

The presented example (with a triangular pin) shows that the two formulations essentially

deliver the same results. More investigations are still needed to understand the small di�er-

en
es between the two models. While the �uid model is more e�
ient from a 
omputational

point of view, the model based on the solid approa
h has the advantage that it 
an be used

to 
ompute the residual stresses (the thermo-vis
o-plasti
 
onstitutive model 
an be repla
ed

with a thermo-elasto-vis
o-plasti
 one).
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