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Abstract. Friction Stir Welding (FSW) is a welding process which is used to join materials, usually metals or
thermoplastics, together. The advantages of FSW over conventional fusion welding methods involve the
elimination of solidification cracking, liquation cracking and porosity, and the improved mechanical properties
of the weld. Despite its simple and successful application in aerospace, shipbuilding, aircraft, and automobile
industries, the inherent nature of the process is not yet fully understood. In order to design and/or optimize the
FSW process effectively, reliable numerical models have to be developed, which will simulate complex thermo-
mechanical response and friction phenomena and will verify the experimental data. In this study the plunging
phase of the FSW process is studied numerically using the finite element method. A three-dimensional fully
coupled thermal-stress finite element model has been developed in ABAQUS/Explicit, in which the arbitrary
Lagrangian Eulerian (ALE) formulation is used to simulate severe element distortion using an adaptive mesh
scheme. The simulation results include temperature profiles, force and moment of the tool, as well as plastic and
frictional dissipation energy.

1 INTRODUCTION

Friction Stir Welding, a method of solid state joining process, was invented by W. Thomas and his colleagues
of The Welding Institute (TWI), UK, in 1991. In this process, using a rotational probe of a material harder than
the workpieces to be welded, the workpiece material is plasticized and an effective transportation mechanism is
provided for the plasticized material to join the workpieces together. The process consists of three phases:
plunging, dwelling, stirring, and retraction. It starts with spinning the tool and slowly vertically plunging it into
the seam line of the two rigidly clamped parts on a backing plate, until the shoulder contacts the top surface of
workpiece to further increase the volume of the deformed material (plunging period). This period is followed by
the dwelling period in which the tool is held at a constant position relative to the workpiece but still rotating, until
the temperature reaches a certain value. After that, the tool begins a forward traverse motion along a
predetermined path, creating a fine grained recrystallized microstructure behind it (stirring period). Finally, in the
retraction period, the tool draws away from the workpieces being welded.

This process has been widely used in many industries such as space, aircraft, marine, transport and food
processing. Friction stir welding has been applied to metals with moderate melting points. Initially, FSW was
applied primarily to aluminum alloys, which could be easily welded due to their relatively low softening
temperature. Other relatively soft metals, such as copper, lead, zinc, and magnesium, have also been welded
using this method. The last can be applied also for dissimilar welds, where different materials are being welded.
The main advantages of FSW are low distortion, high quality, lower residual stresses, fewer weld defects and low
cost joints.

Despite the simplicity of the FSW method, the processes involved in it are not yet completely understood.
Modeling heat generation and heat transfer processes within FSW requires understanding several other physical
processes: material flow around the welding tool, contact pressure inflicted by the welding tool, friction
coefficient, wear, change of thermo-mechanical properties and heat transfer coefficients, etc. Although the
process has very few parameters that can be controlled, the way they affect the final weld is not clear yet.
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2 LITERATURE REVIEW
Since its development FSW has been widely analyzed, both experimentally and using analytical and/or
numerical models. The first models of the process addressed mainly the thermal response.

2.1 Analytical Models for Heat Generation
Various analytical models for the simulation of the thermal processes during FSW have been proposed. The
simplest model involves the consideration of the local heat generation, which is given by:

q=r1tor Q)

where 1 is the shear stress located at a segment of the contact interface between the tool and the shear layer, ® is
the angular velocity and r is the distance of the surface segment from the tool axis. Based on the above relation,
various expressions for the heat generated during FSW can be derived analytically. The local heat generation is
one of the most important parameters when developing a thermal model of FSW. In [1], an analytical expression
for estimating heat generation for a complex tool shape is proposed. Its distribution can be prescribed as a
thermal boundary condition in a numerical model or used in an analytical model to estimate the total heat
generation. However the above model has several limitations (e.g. it cannot be used directly to investigate the
effect of the welding speed).

2.2 Numerical Models

In order for the FS welds to be sound, not only the various parameters involved must take values within
certain limits, but also they have to be properly combined. The optimum parameter combinations for FS welds
have been obtained almost exclusively through experimental data, due to the fact that the phenomena which take
place during the FSW process are not yet completely understood. Consequently, there is a strong need for
realistic numerical simulations, which help to better understand and observe the effect of the various parameters
of the problem on the resulting temperature field or material flow, results which cannot be always measured
directly in an experiment. Concerning Al2023-T4 welds, results are presented in the studies described in the
following paragraphs.

One of the first studies to address the mechanical interaction between the tool and the welded panels in FSW
is presented in [2]. Sequentially coupled thermo-mechanical FE analyses were conducted using
ABAQUS/Standard, i.e. the temperature field was generated first and then read by the mechanical model. The
temperature results from the model were verified by experiments, which proved that the heat source model was
considered to be sufficiently accurate.

Lockwood and Reynolds in [3] have studied the local and global mechanical responses of friction stir welding
experimentally and numerically. Two-dimensional FE modeling of welded thin plates of aluminum alloy 2024-
T351 gave results which agree with experimental data, revealing nearly plane stress conditions in the plates. The
results have been corroborated by a three-dimensional FE model.

Schmidt et al. in [1] proposed a more general analytical model for heat generation based on various contact
conditions at the tool/matrix interface, namely sliding, sticking, and partial sticking condition. They concluded
that the sticking condition prevailed at the tool/matrix interface of Al2024-T3 alloy, based on experimental data
on heat generation rate and plunge force.

Schmidt & Hattel in [4] have adopted a fully coupled thermo-mechanical dynamic analysis model in
ABAQUS/Explicit, using the Arbitrary Lagrangian—Eulerian (ALE) formulation and the Johnson-Cook material
law. The model accounts for the compressibility by including the elastic response of the aluminum matrix. The
contact forces are modeled by Coulomb’s Law of friction. It was shown that heat generation is primarily caused
by plastic dissipation since the sticking condition is present at the most part of the contact interface.

Zhang et al. in [5] used a fully coupled thermo-mechanical finite element model for different thicknesses of
the welded plates. It was estimated that 54% of the total input energy is transferred to the welding plates and
85.3% can be converted to frictional heat.

In [6] a simple three-dimensional thermo-mechanical model for FSW is developed based on a combination of
fluid mechanics numerical and analytical velocity fields. In order to compute the temperature field during
welding the velocity fields are introduced in a steady state thermal calculation. In addition, they allow partial
sliding between the shoulder and the workpiece. The amount of sliding appears to be significantly influenced by
the welding conditions and physical interpretations are proposed for its evolution.

Li et al. in [7] studied several welding methods numerically, including FSW, using the ABAQUS software. A
3D model using fully sticking conditions for the tool-workpiece interface was developed to lead to better
simulation results with the help of the ALE adaptive mesh controls option in ABAQUS/Explicit package and the
map solution technique in the ABAQUS/Standard package combined with the HYPERWORKS software. The
experiments that are performed validate the feasibility and accuracy of the developed models.
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Sanjeev et al. in [8] in their paper aims at discussing the effect of the coefficient of friction on simulation
outputs. In addition, the modification required in friction model to get realistic results from Friction Stir Welding
simulations using ABAQUS software is highlighted. It was found that a coefficient of friction equal to 1.0 has to
be considered with sticking condition while using Coulomb law of friction in modeling of FSW and its variants.
Also, it was noted that the models with no slip condition and Johnson-Cook material model are capable of
predicting correct output parameters of the FWS process.

3 NUMERICAL MODELING

3.1 Introduction

The thermomechanical problem of the FSW process is modeled numerically using the finite element code
Abaqus 6.13. In the model developed, only the plunging phase is considered. An explicit integration procedure
was implemented by using Abaqus/Explicit, since it allows for a solution which is less computationally expensive
and less susceptible to errors (e.g. due to excessive element distortion, etc.).

3.2 Geometry

The model is comprised of a cylindrical welding tool with unthreaded pin and shoulder, the plates to be
welded (simulated in this study in a simplified way as a single part) and the backing plate, which serves to
support the tool and the welded plate, as shown in Figure 1. The welded workpiece and the backing plate have
dimensions 100 mm length and 50 mm width, while the thickness of the workpiece and the backing plate is 3mm
and 30mm respectively. The welding tool has a pin with diameter equal to 6mm, whereas its shoulder has
diameter 18mm. The height of the tool is 11mm, of which 2mm is the height of the pin.

The workpiece is assumed to be made of a deformable material (Al2024-T3) that has displacement and
temperature degrees of freedom. In order to avoid excessive element distortion due to large values of aspect ratio,
the last is kept equal to unity for all elements of the workpiece, the mesh of which is unbiased along all its
dimensions. The edge length of each element at the workpiece is equal to 1mm. The backing plate and the tool
have coarser meshes, since no significant deformation appears to them. The mesh of the model has 21804 nodes
and 15896 elements. The workpiece and the backing plate are discretized with C3D8RT elements, whereas the
tool is discretized with C3D6RT elements, due to its curved geometry. These element types have a coupled
temperature — displacement formulation, i.e. they have 8-node tri-linear displacement and temperature degrees of
freedom and they use reduced integration with hourglass control. The tool is modeled as a rigid body, since its
deformation is negligible compared to that of the welded workpiece plate. However, its thermal response is
maintained exactly as if it were deformable. In Figure 1 the undeformed configuration of the model used in this
study is shown.

Figure 1. Reference configuration of the model used for the numerical simulations.

3.3 Welding Parameters
The parameters that can be controlled during the FSW process are the rotational speed, the plunge rate and
the weld rate of the tool. However, since in this study the welding phase is not considered, only the two first
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parameters are taken into account. These parameters are prescribed as angular velocity and vertical displacement
at the reference point of the tool respectively.

3.4 Assumptions

FSW is a process inherently complicated; therefore, to obtain models which are both computationally
affordable and realistic, a number of simplifying assumptions have to be made. The simplifications made in this
study are the following:

a) The workpiece and the tool are assumed to have frictional sliding contact described by Coulomb’s friction
law.

b) The tool is considered to be a rigid body that has translational and rotational degrees of freedom, with a
reference point which describes only its mechanical response. This reference point controls the rigid body motion
of the tool. The temperature field inside it is independent of the reference point and can have any acceptable
distribution.

¢) The initial temperature for the workpiece, tool and backing plate is assumed to be 25°C and is defined as a
predefined field at the initial step of the analysis.

d) It is assumed that all the dissipated energy caused by friction is transformed into heat. At the tool —
workpiece interface, 60% of the above converted heat is distributed to the workpiece.

3.5 Boundary Conditions

Since a coupled thermomechanical model is considered in this study, the boundary conditions can be either
mechanical or thermal. Boundary conditions of both types are imposed to the model. Regarding the mechanical
boundary conditions, the bottom and vertical surfaces of the backing plate are constrained at all directions (x, y
and z). The same holds for the vertical surfaces on the perimeter of the workpiece. The reference point of the tool
is constrained along both horizontal directions (x and z) and a vertical downward displacement is imposed to it
with ramp amplitude (i.e. a constant velocity equal to u,). As far as the rotational degrees of freedom are
concerned, rotations with respect to x and z axes are fixed, whereas a constant angular velocity o is specified
along y direction.

Regarding the thermal boundary conditions, heat convection coefficients are specified for all the surfaces of
the model which are exposed to the air. The ambient temperature T;.; is considered to be 25°C (roughly 298 K).
The heat convection coefficient for each surface is calculated as follows:

Nu, -k
h= —t @
where Nu is the Nusselt number given by:
Nu, =0.54-Ra,"* )

The Rayleigh number Ra, is calculated by the relation:
Ra, =Pr-Gr, ®)
where P, and Gr_ are the Prandtl and Grashof numbers respectively, with the latter given by:

10-b-(T.-T, )-L®
GrL: ( sV2 |nf) (4)

In the relation (4) b is the expansion coefficient of the air, T is the temperature at the surface under
consideration, L is the characteristic length, given by either the surface-to-perimeter ratio or the volume-to-
surface ratio, and v is the kinematic viscosity of the air. The heat convection coefficient is specified as a function
of the surface temperature in tabular form.

3.6 Contact Interfaces

Similar to the nature of the boundary conditions imposed to the model, the surfaces of the various parts of the
model which come in contact can interact both mechanically and thermally. As far as the mechanical response is
concerned, at the tool-workpiece interface Coulomb friction with coefficient p equal to 0.3 and hard contact with
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separation are specified. The workpiece-backing plate interface is considered to be rough with hard contact
without separation after contact. Finite sliding formulation was used for both interfaces. For the workpiece-
backing plate interface the penalty contact formulation is used, whereas for the tool-workpiece interface the
kinematic contact formulation is used.

Regarding thermal response, at the tool-workpiece interface a pressure-dependent thermal gap conductance is
specified, ranging approximately from 500 to 7000 W/m’K. All the dissipated energy caused by friction is
assumed to be converted to heat, approximately 60% of which is distributed to the workpiece. At the workpiece-
backing plate interface a pressure-dependent thermal gap conductance is specified, ranging approximately from
1400 to 8500 W/m?K. All the dissipated energy caused by friction is assumed to be converted to heat,
approximately 57.1% of which is distributed to the workpiece.

3.7 Material Model and Properties

Aluminum alloy Al2024-T3 was chosen as the workpiece material. Its chemical composition and other
properties are shown in [9]. To simulate its behavior in the analysis, a strain hardening, strain rate hardening and
temperature softening material law is used, using the elastic-plastic Johnson-Cook material model [10], which is

given by:
o, =(A+ Be”){l+Cln[1+_iH 1—(_T_Tinf J ©)
€o T T'nf

melt — i

where o, is the yield stress, ¢ is the effective plastic strain, € is the effective plastic strain rate, €; is the

reference strain rate (typically 1.0 s%). A, B, n, C, Tmer, and m are material constants, which are listed in Table 1.
Apart from these constants, all the remaining material properties are temperature-dependent. T; is the ambient
temperature, which is considered to be 25° C in this study.

The tool and the backing plate are modeled as linear elastic, and they are given the material properties of Cr-
V-Mo steel (56NiCrMoV7) and steel 42CrMo4, respectively. The variations of the mechanical and thermal
properties of these two materials with temperature are shown in Tables 2 and 3 respectively. In case a property is
not explicitly defined in the tables, linear interpolation between neighboring values is performed.

3.8 Finite Element Techniques

In order to make the analyses faster and more efficient, two auxiliary options are used. Firstly, the Arbitrary
Lagrangian — Eulerian (ALE) adaptive meshing is used in the model developed in this study. Generally this
provides control of the mesh distortion if large deformation occurs. The analyses performed in this study involve
geometric nonlinearities and therefore the model is expected to undergo large deformations. The term ALE
implies that the analysis approach lies between Lagrangian analysis, where the node motion is identical to the
material motion, and Eulerian analysis, where the nodes remain fixed in space and the material flows through the
elements. Since the tool is modeled as a rigid body and the backing plate is not expected to exhibit large
deformations, adaptive meshing is used only for the workpiece. The adaptive meshing is set to be made after each
5 increments and each adaptive meshing includes 4 mesh sweeps for optimizing the node positions.

A 265 MPa
B 426 MPa
n 0.34
C 0.015
m 1.00
T meit 502 °C
Modulus of elasticity 73.1 GPa
Poisson ratio 0.33
Thermal expansion 2.28 x 10° K
Specific Heat Capacity 870 J/(Kg*K)
Thermal Conductivity 120 W/(m*K)
Density 2770 Kg/m®

Table 1 : Properties of workpiece material (Al2024-T3)
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Modulus of | Poisson Thermal Specific Thermal .
elasticity ratio expansion hea‘g conductivity Density
capacity

[°C] | [GPa] [-] KT | DI(Kg*K)] | [WI(m*K)] | [Kg/m®]
20 215 0.3 460 36 7800
100 12.2 x 10°
200 13x10°
300 13.3x 10°
350 38
400 198 0.3 13.7 x 10°
500 176 0.3 14.2 x 10° 550 7640
600 165 0.3 14.4 x 10° 590 7600
700 35

Table 2 : Properties of tool material (55NiCrMoV7) and their variation with temperature

Modulus of | Poisson | Thermal Specific Thermal | Density
elasticity ratio expansion heat conductivity
capacity
[’C] | [GPa] [] KT | [BI(Kg*K)] | [W/(m*K)] | [Kg/m]
-100 217 0.3 10.5 x 107 423
0 213 0.3 11.4 x 10° 456 7850
20 230 0.3 115 x 10° 461 45.1 7850
100 207 0.3 12.1x 10° 479 45.1 7850
200 199 0.3 12.7 x 10° 499 44.1 7850
300 192 0.3 13.2 x 10° 517 41.9 7850
400 184 0.3 13.6 x 10° 536 39.4 7850
500 175 0.3 14 x 10°° 558 36.9 7850
600 164 0.3 14.4 x 10° 587 34.4 7850

Table 3 : Properties of backing plate material (42CrMo4) and their variation with temperature

Additionally, mass scaling was defined in the analysis steps. In Abaqus/Explicit, the explicit central
difference method is used to integrate the equations in time, and thus the mass matrix used in the equilibrium
equations plays a crucial role in both computational efficiency and accuracy. The FSW process has a dynamic
nature, given that the workpiece material has rate-dependent properties, so the natural time scale is important. It
was found from the results of some initial trial runs that the pin contains a few very small elements due to its
geometry, which have stable time increments substantially lower than the average, leading to a very small time
increment for the whole model. To fix this, an element stable time increment was specified for the whole model,
equal to 0.001 sec, at the beginning of the step (i.e. fixed mass scaling). The elements being significantly affected
by the mass scaling are very few; the effect on the overall behavior of the model is negligible.

4 RESULTS

Four typical FSW cases were analyzed in this study, two of which are nearly identical to the cases presented
in [9]. The four cases result from combinations of two typical plunging velocities uy, and two typical rotation
speeds . For uy, two values were considered: 6mm/min and 4 mm/min and for o two values were considered:
400rpm and 447rpm. The relevant results are shown in the following sections.

4.1 Thermal Profiles

The distributions of the temperature along the system are shown in Figure 2. It is seen that for u,=6mm/min
and »=400rpm the workpiece has maximum temperature roughly 435°C, for u,=6mm/min and w=447rpm the
workpiece has maximum temperature roughly 415°C, for u,~4mm/min and ©®=400rpm the workpiece has
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maximum temperature roughly 461°C and for u,=4mm/min and ©=447rpm the workpiece has maximum
temperature around 502°C. In all cases the maximum temperature of the welded material occurs under the
shoulder of the tool, near the pin. The two first of the aforementioned cases compare well to the results presented
in [9]. Generally, it is observed that the workpiece experiences higher temperatures for lower plunging speeds
and conversely. The tool seems to have higher temperatures than the underlying workpiece in general, for all
cases examined. Concerning the temperature profile in the backing plate, the temperature shows less pronounced
variation compared to the whole model, remaining closer to the ambient temperature (25°C).

5 4
Bmm/min, 400rpm Bmmimin, 447rpm

Amrmimin, 400rpm 4mmimin, 447rpm

Figure 2. Thermal profiles of the four FSW cases studied.

4.2 Plunging Force

In Figure 3 the plunging force required for the FSW process versus time is plotted for the four cases
considered in this study. It is observed that the case with w=447rpm and u,=6mm/min requires the largest
plunging force of all cases. On the other hand, the case with ©=400rpm and u,=4mm/min requires the lowest
force. These results compare well with the plunging force presented in [9], where it was calculated to be equal to
approximately 14kN. Furthermore, it is apparent that after an initial increase, the plunging force almost stabilizes
for the time period of the plunging phase, a trend which is noted in all FSW cases considered. Finally, as it is
expected, the plunging force increases with the plunging speed.

4.3 Torque

In Figure 4 the torque required for the FSW process versus time is plotted for the four cases considered in this
study. The four cases examined show similar trends, and the variations from case to case are relatively small. It is
seen that after a time period of approximately 15 sec, the torque seems to increase. This is attributed to the fact
that at that time moment the shoulder of the tool comes in contact with the workpiece, which due to the plunging
of the pin, has moved upwards as a result of its deformation. Then, frictional forces are present in a larger radius
from the tool axis than those present at the pin-workpiece interface, and this results in the torque increase noted
in Figure 4. Moreover, it is obvious that the torque almost stabilizes for a relatively large time period during the
FSW process and always before the shoulder of the tool comes in contact with the welded material.

4.4 Plastic to frictional energy ratio

An essential aspect of the FSW process is the way the input energy from the tool is dissipated during its
conversion to heat. The proportionality each kind of heat source depends on the phase of the process and,
primarily on the temperature of the workpiece material. In Figure 5 the ratio of the energy dissipated by rate-
independent and rate-dependent plastic deformation to the energy dissipated through frictional effects is shown.
It is obvious that the ratio increases continuously during the process, meaning that the energy due to plastic
deformation increases with respect to the energy due to frictional effects. The proportion becomes higher for
welds in which the plunging speed is higher. In addition, for constant plunging speed, the weld with the higher
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angular velocity seems to have the lower proportion of the energy due to plastic deformation.

4.5 Heat generation

The heat generated during the FSW process has been calculated for the cases considered in this study. This
heat propagates either through conduction in the various parts and interfaces of the model, or through convection
to the environment, and is calculated by subtraction of the total internal strain energy of the model from the
external work performed by the tool. In Figure 6 the total heat generated is plotted versus time. It is noted that the
heat generated increases almost proportionally with time during the initial phase of the plunging process (i.e. for
the period during which the shoulder of the tool has not come in contact with the workpiece). After the contact
occurs, the slope of the curve increases, which means that the rate of heat production gets larger. Similarly to the
interpretation of the increasing torque during this time period, this is explained by the fact that the contact area of

the shoulder has larger mean radius from the tool axis than that of the pin.
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Figure 3. Plunging force during FSW process versus time for the four cases considered in this study.
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Figure 4. Torque during FSW process versus time for the four cases considered in this study.
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Figure 5. Ratio of energy coming from plastic deformation to the energy coming from friction during FSW
process versus time for the four cases considered in this study.
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Figure 6. Total heat generation during FSW process versus time for the four cases considered in this study.

5 CONCLUSIONS

In this study four indicative FSW processes are analyzed. It is shown that the plunging and rotation speeds
affect substantially the thermal profile of the system, the type of energy dissipation, and the required force and
torque. Increased rotating speed combined with low plunging speed lead to increased heat generation during the
process. Furthermore, it is shown that increased plunging speed leads to higher energy dissipated through plastic
deformation in proportion to the energy originating from frictional effects. Explicit modeling of the backing plate
and the tool allow for the more accurate calculation of the temperature distribution in the system. Thanks to this
fact, it was observed that relatively low temperatures develop in the backing plate and that the highest
temperature in the system occurs in the tool, near its interface to the welded material.
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