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Abstract Friction Stir Welding (FSW) is a solid state
joining process and is handy for welding aluminum alloys.
Finite Element Method (FEM) is an important tool to
predict state variables of the process but numerical simu-
lation of FSW is highly complex due to non-linear contact
interactions between tool and work piece and interdepen-
dency of displacement and temperature. In the present
work, a three dimensional coupled thermo-mechanical
method based on Lagrangian implicit method is proposed
to study the thermal history, strain distribution and thermo-
mechanical process in butt welding of Aluminum alloy
2024 using DEFORM-3D software. Workpiece is defined
as rigid-visco plastic material and sticking condition
between tool and work piece is defined. Adaptive re-
meshing is used to tackle high mesh distortion. Effect of
tool rotational and welding speed on plastic strain is
studied and insight is given on asymmetric nature of FSW
process. Temperature distribution on the workpiece and
tool is predicted and maximum temperature is found in
workpiece top surface.
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Introduction

Friction Stir Welding (FSW) is a solid state joining
process invented by TWI England [1]. In FSW, the
temperature of the material remains below the solidus
temperature and hence the defects associated with
solidification of the material are eliminated. Also, in
FSW, a non-consumable rotating tool is plunged into the
work piece to generate heat due to friction at the
interference and plastic deformation of the material. This
heat plasticizes the material and brings it into a viscous
state; and then the tool travels along the welding line to
stir the material along the welding direction. Schematic
representation of different stages of the FSW process is
shown in Fig. 1. Heat generation between rotating tool
and work-piece is responsible for plasticizing and soft-
ening of the material, and this softened material is
subjected to extrusion by traverse speed and tool pin
rotation which leads to formation of weld nugget zone
[2, 3]. Simulation of FSW process is complex due to
highly non linear contact interaction between tool and
work piece, unknown boundary conditions and material
flow behavior during welding. Nevertheless, over the last
few years finite element analysis of FSW is under the
radar of several researchers. Some investigators [4] have
simulated the FSW process as two different boundary
value problems, first is the steady state heat transfer to
the tool and second is transient heat transfer analysis of
the workpiece. They have considered workpiece as a
symmetric body and only frictional heat had been con-
sidered. They found that 95 % of the generated heat goes
to the workpiece and only 5 % of the heat goes to the
tool. It has also been [5] modeled the FSW by consid-
ering symmetry of the process along the weld line and
developed a heat flux equation by measuring the
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Fig. 1 Schematic
representation of sequence of
FSW process a First stage:
plunging, b Second stage:
Dwelling, ¢ Third stage:
Welding. Dashed line indicates
abutting edges, while arrows
indicates the direction of tool
movement [3]

temperature in FSW through experiment by earlier
researchers. They have not considered material defor-
mation during the simulation and only sliding friction
has been considered. The researchers [6] have performed
a three dimensional Finite Element Analysis (FEA) of
thermal history in FSW by using Johnson—Cook material
and damage models in ABAQUS/Explicit. Because of
damage model, mesh near the pin was deleted and the
simulation did not have any weld nugget zone. They
have also studied the plunging and dwelling periods in
FSW. Effect of heat transfer from the backing plate on
temperature distribution was also considered. Some
investigators [7] have developed a mathematical equation
for heat generation and validated it by measuring power
through experiments. They have considered heat gener-
ation through friction (both sticking and sliding friction)
only, but neglected the heat generation by mechanical
deformation. The researchers have [8, 9] have developed
a 3D visco-plastic model of FSW to estimate tempera-
ture history and material flow and validated the same
with experimental data. They have assumed the material
as a non-Newtonian fluid and allowed the flow stress to
vary as a function of temperature and strain rate. Some
of the investigators [10, 11] have done a 3D analysis of
FSW in DEFROM 3D to predict temperature history and
strain profile during welding. They have used the flow
stress as a function of temperature, strain and strain rate.
Regression analysis was used to calculate material con-
stants. The researchers [12] have developed a fully
coupled 3D analysis to estimate temperature and strain
profiles. Material flow is also simulated for different time
intervals of the simulation. They have used arbitrary
Lagrangian and Eulerian analyses to simulate FSW in
ABAQUS/Explicit. Simple coulomb law of friction was
considered for the analysis. Some investigators have [13]
have used the solid mechanics approach to model FSW
for welding magnesium alloy. They have simulated the
thermal history. Similarly, a number of researchers have
also developed mathematical expression for heat gener-
ation in FSW due to friction either by assuming constant
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contact pressure or neglecting heat generation due to
mechanical deformation of work piece or by simplifying
the contact by using Coulomb’s law of friction. Also,
FSW is simulated by considering symmetry along the
weld line which is not true in practical situation. The
researchers [14] have considered two different frictional
boundary conditions i.e. Norton and Coulomb’s friction
law to calibrate the steady state welding forces and tool
temperatures at different location. They claim that fric-
tional boundary condition is important for the accurate
modeling of the process. The model is based on ALE
method. It has been [15] developed earlier by the several
researchers a 3D thermo-mechanical model based on
lagrangian technique. They have predicted the tempera-
ture and strain evolution that can be used for prediction
of stirred zone. They have used point tracking method to
predict material flow and found out that major material
flow takes place from the advancing side of the weld,
which lead to higher strain on the advancing side as
compared to the retreating side. The researchers [16]
have used coupled Eulerian—Lagrangian method to sim-
ulate FSW process. They have used Johnson—Cook
material model to define flow stress. They have validated
the model with the axial force and torque during
plunging phase of the process.

Weld-line symmetry, uncoupled analysis are some of
the major assumptions considered by the researchers. In
few cases, only steady state welding is considered and
plunging phase is neglected. In the present paper to sim-
ulate the FSW process from initial to steady state a 3D
coupled temperature-displacement analysis is used to
simulate FSW process with Lagrangian incremental tech-
nique. Adaptive remeshing is used to take care of mesh
integrity. Model is capable of predicting strain and tem-
perature distribution and its variation with rotational speed.
It’s a proven fact that FSW is an asymmetric process due to
variation in relative velocity in advancing and re-treating
side. Model predicts the similar nature of the process with
the help of strain distribution across the transverse direc-
tion of the weld.
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Model Description
Geometric Modeling

A 3D analysis of FSW is performed in DEFORM-3D.
Lagrangian implicit code is used along with adaptive re-
meshing technique. Fully coupled temperature-displace-
ment analysis is considered i.e. at every time increment,
temperature and displacement are calculated at each node
simultaneously. AA2024 aluminum alloy is taken as the
work piece and is modeled as rigid visco-plastic mate-
rial. Dimension of work piece is 80 mm x 60 mm
x 5 mm. Work piece is meshed with 10,339 nodes,
which forms 44,730 tetrahedral elements. Tool steel H13
is used as the tool material which is modeled as a rigid
body i.e. stress and strain are not calculated on tool but
heat transfer from work piece is considered. Since, the
yield stress of tool steel is much higher than aluminum
alloy, considering rigid tool is a valid assumption. Tool
is meshed with 9181 nodes, which form 40,247 tetra-
hedral elements. Shoulder diameter of tool is 24 mm.
Tapered cylindrical pin is used with larger diameter of
7 mm with included angle of 40° and pin height of
4.6 mm. Tool and work piece meshing is shown in
Fig. 2. Mesh window is used to refine the mesh at the
contact region to have better result and this refined mesh
window will follow the tool during tool traverse move-
ment. Boundary conditions assigned to FSW model are
bottom surface of work piece is fixed by assigning zero
velocity, with this all movements of work piece is
restricted. Rotational (Z-direction) and transverse (X-di-
rection) velocities are assigned to the tool.
Convectional heat transfer coefficient of 20 W/m?*/'C
[15] is defined between work piece-environment and tool-
environment to accommodate heat transfer between them.
Conductive heat transfer takes place from bottom face of
workpiece to the backing plate during welding. Here,

Fig. 2 Meshing of workpiece (a)
and tool a Isometric view, b X—
Z plane

conductive heat transfer is equated with convective heat
transfer as mentioned in Eq. I, and convectional heat
transfer coefficient between bottom surface of work piece
and environment is defined as, 200 W/m%/°C. This
assumption makes the model computationally efficient, as
backing plate is no more required to be modeled.

or
k— = hAT (1)
0z
where, k is thermal conductivity, h is convective heat
transfer coefficient, T is temperature.

Finite element formulation

A rigid visco-plastic model with von-mises yield criteria is
used. FSW is a large deformation process where, the plastic
strain is much greater than elastic strain. Therefore, elastic
strain can be neglected and hence, consideration of visco-
plastic model is justified. Following stress—strain rate
relations are used in deformation zone,

3i
= —— 2
&ij 25 U ( )
G= Eogjagj (3)
. 2. .

£= gaij-s,-j 4)

where,d, &, & agj are effective stress/flow stress, effective
strain rate, strain rate components and deviatoric stress
components respectively. Finite element formulation of
rigid visco-plastic material is based on the variational
approach in which the admissible velocities, u; should
satisfy  the  conditions of  compatibility  and
incompressibility, and also the velocity boundary
conditions, which give the following functional (function
of a function) a stationary value,

(b)
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n:/E(éij)dV—/FiuidS (5)

Sk

where, F;, V, Sg, and E(ésij) are surface tractions, volume
of the workpiece, force surface and work function
respectively. A penalized form of the incompressibility is
added to remove the incompressibility constraint on
admissible velocity fields. The actual velocity field can
now be determined from the stationary value of the
variation equation, which is stated as,

om = / G0EdV + A / £y06,dV — / FoudS=0  (6)

\% v Sk

where, A and Ju; are large penalty constant and arbitrary
variation respectively. 6 and ¢, are variations in strain
rate derived from ou;.é, = §; is the volumetric strain rate
[17].

Material Model

Appropriate choice of material model is vital for accurate
solution during simulation. Material undergoes from solid
to viscous state; therefore it is necessary to define flow
stress value for a wide range of strain, strain rate and
temperature. Flow stress is defined as a function of strain,
strain rate, temperature, as given in Eq. 7. Therefore, to
define flow stress, stress—strain behavior at different strain
rates (0.3-100/s) and temperatures (20-550 °C) from
DEFORM material library is used as input to the simula-
tion, and isotropic hardening rule is considered.

G = a<s, ;, T) (7)
where, ¢ is flow stress, ¢ is strain, £ is strain rate, T is
temperature.

Thermal Model

In FSW, heat is generated due to friction and plastic
deformation of the material as mentioned in Eq. 8. In
DEFORM 3D inelastic heat fraction is defined to incor-
porate heat generated due to plastic deformation, as given
in Eq. 9.

q9=4r+4q, (8)

where, g is the heat generation during the process, g, is the
frictional heat generation, ¢, is the heat generated due to
plastic deformation of the material.

4y =10 X & 9)
where, 7 is inelastic heat fraction or amount of mechanical
work converted to heat energy and it is taken as 0.9 [10] in
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Table 1 Physical properties of material (from DEFORM manual)

Properties AA2024 Tool steel H13
Young’s modulus, N/mm? 68,900 210,000
Thermal conductivity, N/s °C 181 149

Heat capacity, N/mm? °C 243 278

Thermal expansion, pmm/mm °C 22 11.7

Poisson’s ratio 0.33 0.3

this work. Temperature distribution is dictated by Fourier
law of heat conduction equation, as stated in Eq. 10.

kV2T+q':pcpa—T (10)
ot

where, k is thermal conductivity of the material, T is

temperature in °C, p is density of the material, and c,, is

the heat capacity of the material per unit mass. Transient

heat transfer analysis is considered in this work.

Frictional Model

Contact conditions between the tool and the workpiece in
FSW is very complex and due to lack of experimental data
and evidence of actual condition, the researchers have
assumed different contact conditions. Some researchers
have assumed coulomb’s law of friction [12, 14]; whereas
some others have assumed sticking condition [10, 15]. A
few researchers [8, 9, 18] have used a friction model, which
is a function of pressure and slip rate. In the present work,
sticking boundary condition, as given in Eq. 2, is used.
This consideration is used because of the fact that yield
strength of the material is the limiting condition of contact
stress at the interface.

(11)

where, T is contact stress in MPa at the interface of the tool
and the work piece, m is shear factor, whose value is 1,
Tmax 1S the shear yield strength of the material which is
0.577 times of the yield strength of the material according
to von-Mises yield criteria. Table 1 show the various
mechanical and thermal property used during the
simulation.

T = MTpax

Results and Discussions
Temperature Profile

In FSW, certain amount of heat is required to plasticize the
material, which allows mixing of material to achieve a
good weld. Heat is generated in FSW due to plastic
deformation of material and frictional heat generated
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Fig. 3 Temperature profile in
longitudinal direction and top
surface of work piece (for
1000 rpm, and 60 mm/min
traverse speed)
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Fig. 4 Temperature distribution on FSW tool for rotational speed of

1000 rpm and 60 mm/min

between tool and work piece. The latter depends on shear
friction factor and contact area. Figure 3 shows the cal-
culated temperature distribution along the weld line and top
surface of the work piece. Maximum temperature is
obtained at the centre of the weld because rotation of the
shoulder and probe which contributes towards the highest
heat generation in this region. Moreover, the temperature
profile along the thickness attains a ‘V’ shape; this is
because shoulder larger diameter as compared to the pin,
which leads to larger heat generation on top surface as
compared to the bottom and also, convection heat transfer
between bottom of work piece and backing plate is much
higher (high convective heat transfer coefficient due to
contact pressure between them) than convection heat
transfer between top of work piece and atmosphere. This
difference of convective heat transfer coefficient leads to
higher cooling at the bottom of work piece and formation
of V shaped temperature profile.

Tool temperature distribution is important for selection
of the tool material. Tool material should be chosen such
that it should have the required strength and hot hardness.
Figure 4 shows the temperature distribution on the FSW
tool. Maximum temperature is obtained as 148 °C on the

Table 2 Validation of simulation results with experimental data

Rotational speed, Maximum temperature during Percentage
rpm FSW process error, %
Experimental Simulation,
[19], °C °C
350 257 243.7 54
950 349 358.61 2.7
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Fig. 5 Strain, mm/mm profile along y—z section for 1000 rpm and
60 mm/min
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Fig. 6 Strain, mm/mm profile along y-z section for 600 rpm and
60 mm/min

pin of the tool. Table 2 shows the experimental validation
of the model with the maximum temperature data obtained
from literature [19]. Maximum temperature obtained dur-
ing the process is compared with the simulation results and
the model is accurately able to predict it with a maximum
error of 5.4 %.

Strain Profile

Plastic deformation of material plays a vital role in material
movement and hence in formation of good weld. It also
affects the microstructure of the weld zone along with
thermal history. Therefore, it is important to study the
strain distribution to understand the deformation of the
material. Figure 4 shows the effective strain distribution in
transverse direction of the weld for a rotational speed of
1000 rpm and a traverse speed of 60 mm/min.

Figure 5 clearly depicts that strain is higher on the top
surface of the material as compared to the bottom. This is
due to the fact that rotating shoulder contributes to the
deformation of material more than the pin. Figure 6 shows
the contour plot for 600 rpm rotational speed. Maximum
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Fig. 7 Strain variations in FSW as a function of rotational speed
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Fig. 8 Effect of rotational speed on plastic strain distribution for
60 mm/min welding speed

strain value is reduced due to reduction in rotational speed
which leads to reduced deformation of the material. Fig-
ure 7 clearly indicates that strain in the Advancing Side
(AS) of the welding is higher as compared to the Retreating
Side (RS). This proves the asymmetric nature of the fric-
tion stir welding process. Higher strain on ‘AS’ as com-
pared to that of ‘RS’ is due to positive impact of rotational
and traverse velocities of the tool. Similar pattern is
obtained for 600 rpm, but the values are reduced.

Figure 8 shows the effect of rotational speed on effec-
tive strain distribution along transverse direction for
welding speed of 60 mm/min. It is clearly evident that with
increase in rotational speed, effective strain increases. This
is due to the fact that with an increase in the rotational
speed of the tool, rotation per second of the tool increases,
which in turn increases the deformation and hence
increases strain. Also, with increase in rotational speed,
width of the nugget zone increases and the same observa-
tion has been found experimentally [20].

Effect of welding speed on effective strain for a tool
rotational speed of 1000 rpm is shown in Fig. 9 in the form
of contour plot. Increase in the welding speed reduces the
effective strain. This is due to the fact that with increase in
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Fig. 9 Effect of welding speed on strain distribution for rotational
speed of 1000 rpm

welding speed, time for deformation and heating reduces,
which reduces the deformation during the process.

Conclusion

A 3D fully coupled temperature-displacement analysis is
developed based on Lagrangian implicit method to under-
stand the thermo-mechanical process of FSW process for
AA2024 aluminum alloy. Model is capable of predicting
temperature, strain, stress and other parameters which give
insight into the FSW process. Effect of rotational speed and
welding speed on plastic strain is studied. Maximum
temperature of 546 °C is attained in the nugget zone, and
the temperature profile attains a ‘V’ shape due to higher
heat generation on the top surface as compared to the
bottom. Higher strain is observed on the top surface of the
work piece as compared to the bottom surface. Deforma-
tion increases with increase in rotational speed of the tool
indicating higher strain, while it decreases with increase in
welding speed. Strain distribution forms an inverted
trapezoidal shape indicating the nugget zone of the process,
which is formed due to stirring action of the pin. Strain
distribution is not uniform which indicates asymmetrical
nature of FSW process.
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