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Abstract: Interactions between the rotating and advancing pin-shaped tool (terminated at one
end with a circular—cylindrical shoulder) with the clamped welding plates and the associated
material and heat transport during a friction-stir welding (FSW) process are studied computa-
tionally using a fully coupled thermomechanical finite element analysis. To surmount potential
numerical problems associated with extensive mesh distortions/entanglement, an arbitrary
Lagrangian-Eulerian (ALE) formulation was used, which enabled adaptive remeshing (to
ensure the continuing presence of a high-quality mesh) while allowing full tracking of the
material-free surfaces. To demonstrate the utility of the present computational approach, the
analysis is applied to the case of FSW of AA5083 (a solid—solution strengthened and strain-
hardened/stabilized Al-Mg wrought alloy). To account for the competition between plastic
deformation-controlled strengthening and dynamic recrystallization-induced softening phe-
nomena during the FSW process, the original Johnson—-Cook strain and strain-rate hardening
and temperature-softening material strength model is modified using the available recrystalli-
zation kinetics experimental data. Lastly, the computational results obtained in the present
work are compared with their experimental counterparts available in the open literature. This
comparison revealed that general trends regarding spatial distribution and temporal evolutions
of various material-state quantities and their dependence on the FSW process parameters are
reasonably well predicted by the present computational approach.

Keywords: fully coupled thermomechanical finite element analysis, friction-stir welding,
welding plates, Lagrangian—Eulerian formulation

1 INTRODUCTION

Friction-stir welding (FSW) is a solid-state material
that is generally employed in applications in which the
original material microstructure/properties must
remain unchanged as much as possible after joining
[1-3]. In this process, as shown in Fig. 1(a), a rotating
tool moves along the contacting surfaces of two rigidly
butt-clamped plates. As seen in this figure, the tool
consists of a cylindrical pin that is threaded, at one
end, and equipped with a shoulder, at the other. Also,
during joining, the workpiece (i.e. the two clamped

*Corresponding author: Department of Mechanical Engineer-
ing, Clemson University, 241 EIB, Clemson, SC 29634, USA.
email: mica@ces.clemson.edu

plates) is generally placed on a rigid backing support.
At the same time, the shoulder is forced to make a firm
contact with the top surface of the workpiece. As the
tool (rotates and) moves along the butting surfaces,
heat is being generated at the shoulder/workpiece and,
to a lesser extent, at the pin/workpiece contact sur-
faces, as a result of the frictional energy dissipation.
This, in turn, causes an increase in temperature and
gives rise to softening of the material adjacent to these
contacting surfaces. As the tool advances along the
butting surfaces, thermally softened material in front
of the tool is (heavily) deformed, transferred (i.e.
extruded around the tool) to the region behind the tool
and compacted/forged to form a joint/weld. It should
be recognized that FSW can be used not only for butt
joining but also for lap as well as T joints.

JEM1750
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Fig.1 (a) A schematic of the friction stir welding (FSW)
process and (b) the main microstructural zones

associated with the typical FSW joint

Since its discovery in 1991 [1], FSW has established
itself as a preferred joining technique for aluminium
components and its applications for joining other
difficult-to-weld metals is gradually expanding. Cur-
rently, this joining process is being widely used in
many industrial sectors such as shipbuilding and
marine, aerospace, railway, land transportation, etc.

In comparison to the traditional fusion welding
technologies, FSW offers a number of advantages,
such as: (a) good mechanical properties in the as-
welded condition; (b) improved safety due to the
absence of toxic fumes or the spatter of molten
material; (c) no requirement for consumables such as
a filler metal or gas shield; (d) ease of process auto-
mation; (e) ability to operate in all positions (hor-
izontal, vertical, overhead, orbital, etc.), as there is
no weld pool; (f) minimal thickness under/over-
matching, which reduces the need for expensive
post-weld machining; and (g) low environmental
impact. However, some disadvantages of the FSW
process have also been identified, such as: (a) an exit
hole is left after the tool is withdrawn from the
workpiece; (b) relatively large tool press-down and
plate-clamping forces are required; (c) lower flex-
ibility of the process with respect to variable-thick-
ness and non-linear welds; and (d) often associated
with lower welding rates than conventional fusion-
welding techniques, although this shortcoming is
somewhat lessened since fewer welding passes are
required.

When analysing the FSW process, a distinction is
often made between the so-called advancing side of
the weld (the side on which the peripheral velocity of
the rotating tool coincides with the transverse velo-
city of the tool) and the retreating side (the side on
which the two velocities are aligned in the opposite
directions). It is generally recognized that the differ-
ences in the two weld sides give rise to asymmetry in
heat transfer, material flow, and weld microstructure
properties [4].

FSW normally involves complex interactions and
competition between various thermomechanical
processes such as friction—-energy dissipation, plastic
deformation and the associated heat dissipation,
material transport/flow, dynamic recrystallization,
local cooling, etc. [5-8]. Metallographic examinations
of the FSW joints typically reveal the existence of the
following four zones (Fig.1(b)): (a) an uneffected
zone, which is far enough from the weld so that
material microstructure/properties are not altered by
the joining process; (b) the heat affected zone (HAZ)
in which material microstructure/properties are
affected only by the thermal effects associated with
FSW; while this zone is normally found in the case of
fusion welds, the nature of the microstructural
changes may be different in the FSW case due to
generally lower temperatures and a more diffuse heat
source; (c) the thermomechanically affected zone
(TMAZ), which is located closer than the HAZ zone to
the butting surfaces; consequently both the thermal
and the mechanical aspects of the FSW affect the
material microstructure/properties in this zone and,
typically, the original grains are retained in this zone
although they may have undergone severe plastic
deformation; and (d) the weld nugget, which is the
innermost zone of an FSW joint. As a result of the way
the material is transported from the regions ahead of
the tool to the wake regions behind the tool, this zone
typically contains the so-called onion ring features.
The material in this region has been subjected to the
most severe conditions of plastic deformation and
high-temperature exposure and consequently con-
tains a very fine dynamically recrystallized (equiaxed
grain) microstructure.

A unique feature of the FSW process is that heat
transfer does not only take place via thermal con-
duction but also via transport of the workpiece
material adjacent to the tool from the region in front
to the region behind the advancing tool. In general
both the heat and the mass transfers depend on the
workpiece material properties, tool geometry, and
the FSW process parameters. As mentioned earlier,
mass transport is accompanied by extensive plastic
deformation and dynamic recrystallization of the
transported material. The attendant strain rates as
high as 10/s have been assessed/measured [13, 14].

Proc. IMechE Vol. 224 Part B: J. Engineering Manufacture
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The main FSW process parameters that affect both
the weld quality and the process efficiency are: (a)
rotational and transverse velocities of the tool; (b)
tool plunge depth; (c) tool tilt angle; and (d) tool
design/material. Since, in general, higher tempera-
tures are encountered in the case of higher rotational
and lower transverse tool velocities, it is critical that a
delicate balance between these two velocities is
attained: i.e. when the temperatures are not high
enough and the material has not been sufficiently
softened, the weld zone may develop various flaws/
defects arising from low ductility of the material.
Conversely, when the temperatures are too high
undesirable changes in the material microstructure/
properties may take place and possibly incipient
melting flaws may be created during joining. To
ensure that the necessary level of shoulder/work-
piece contact pressure is attained and that the tool
fully penetrates the weld, the tool plunge depth
(defined as the depth of the lowest point of the
shoulder below the surface of the welded plate) has
to be set correctly. Typically, insufficient tool plunge
depths result in low-quality welds (due to inadequate
forging of the material at the rear of the tool), while
excessive tool plunge depths lead to undermatching
of the weld thickness compared to the base material
thickness. Tool rearward tilting by 2-4 degrees has
been often found to be beneficial since it enhances
the effect of the forging process.

Over the last two decades, considerable experi-
mental research efforts have been invested towards
providing a better understanding of the FSW joining
mechanism and the accompanying evolution of the
welded material’s microstructure/properties (see, for
example, references [15] to [18]) as well as to ratio-
nalizing the effect of various FSW process parameters
on the weld quality/integrity (e.g. references [19] to
[23]). It should be recognized, however, that the
aforementioned experimental efforts were able to
only correlate the postmortem welded material’s
properties/microstructure with the FSW process
parameters and provided relatively little real-time
insight into the physics of heat/mass transfer and
microstructure evolution processes. It is hoped that
this insight can be gained by carrying out detailed
physically based computational investigations of the
FSW process. An example of such an investigation is
provided in the present manuscript.

A review of the public domain literature revealed
a number of prior research efforts dealing with
numerical investigations of the FSW process.
For example, in a series of papers, Zhang and
co-workers carried out a fairly comprehensive
semi-coupled thermomechanical finite element
investigation of the FSW process and the asso-
ciated microstructural changes [29-31] . Similarly,
a number of computational solid mechanics and

computational fluid dynamics investigations were
reported in the literature whose main objective was
to investigate the effect of various FSW process
parameters (including tool design) on the heat/
mass transport processes (e.g. references [29] to
[33]).

The main objective of the present work is to carry
out a detailed finite element computational investi-
gation of the effect of various FSW process para-
meters on the heat and mass transport of the material
and on the microstructure evolution for the case of
the AA5083 wrought aluminium alloy. While similar
investigations have been carried out by other
researchers (e.g. references [29] to [31]), an effort is
made in the present work to more accurately account
for the competition between strain hardening and
dynamic recrystallization processes in this alloy
during FSW. In other words, while previous investi-
gations recognized correctly the effect of plastic
strain, strain rate, and temperature on the material
strength, only reversible effects of the temperature
were accounted for. This shortcoming was rectified in
the present work by recognizing that, via dynamic
recrystallization, exposure of the material to high
temperatures may result in permanent micro-
structure/property changes.

The organization of the paper is as follows. In var-
ious subsections of section 2, details are provided
regarding the basic formulation of the problem, fully
coupled thermomechanical finite element analysis
and its integration, workpiece material models, the
tool/workpiece contact algorithm, and the arbitrary
Lagrangian-Eulerian adaptive meshing method. The
main results obtained in the present work are pre-
sented and discussed in section 3, while the key
conclusions resulting from the present study are
summarized in section 4.

2 COMPUTATIONAL PROCEDURE

2.1 Problem definition

As mentioned above, the main objective of the pre-
sent work is to carry out a detailed finite element
computational investigation of the FSW process.
Since the purpose of the present investigation is to
help establish the basic relationships between the key
process parameters and the joined materials flow, a
relatively simple workpiece and tool geometries are
used (see the next section). Also, since FSW is gen-
erally used for joining aluminium alloys, a proto-
typical aluminium alloy/temper AA5083-H321 is
used as the workpiece material. A fairly detailed
description of this alloy and its H321-temper condi-
tion are provided later.

JEM1750
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2.2 Geometrical and meshed models

The geometrical models for the workpiece and the
tool are shown in Figs 2(a) and (b). For simplicity, the
workpiece is considered as a single part; i.e. a perfect
clamping condition is assumed. The workpiece is
modelled as a circular solid plate with a radius of
40.0 mm and thickness of 3.0 mm. As will be clarified
later, due to the use of an arbitrary Lagrangian—
Eulerian (ALE) formulation, the circular plate dis-
played in Fig.2(a) effectively represents a circular
region surrounding the tool in an, otherwise, infi-
nitely long FSW workpiece. The plate is considered to
contain a concentric circular through-the-thickness
hole with a radius of 3.0mm. The two-part tool is
modelled using a 3.0 mm radius cylindrical pin lower
section and a 9.0 mm radius circular disc-shaped
upper shoulder section. The bottom surface of the
shoulder is not parallel with the workpiece but is
rather inclined at an angle of 80.5 degrees (with
respect to the vertical axis of the tool).

The workpiece is meshed using ~9000 first-order
eight-node reduced-integration hexahedral thermo-
mechanically coupled solid elements, while the tool
was meshed using ~2000 first-order four-node
reduced-integration rigid shell elements. Thermal
properties of the tool are modelled using one single-
node heat-capacity type of element. The meshed
models for the workpiece and the tool are shown in
Figs 3(a) and (b) respectively.

2.3 Fully coupled thermomechanical analysis

To investigate the FSW process, a fully coupled ther-
momechanical finite element analysis was utilized.
Within this analysis, the nodal degrees of freedom

Fig.2 Geometrical models with dimensions for (a) the
FSW tool and (b) the FSW workpiece

include both the nodal velocities and nodal tem-
peratures. Furthermore, solid mechanics and heat-
transfer aspects of the analysis are two-way/fully
coupled; i.e. the work of plastic deformation and that
associated with frictional sliding are considered as
heat sources within the thermal analysis, while the
effect of local temperature on the mechanical aspect
of the analysis is accounted for through the use of
temperature-dependent workpiece material proper-
ties.

At the beginning of the computational analysis, the
following (initial) conditions are employed: the tool is
assigned a fixed rotational speed in at a range of
200-400 r/min and a zero translational velocity, while
the workpiece is assumed to be stationary. Both the
tool and the workpiece are initially set to a tempera-
ture of 298 K.

During the analysis, the following boundary con-
ditions are employed: (a) the bottom of the work-
piece is constrained in the through-the-thickness
direction; (b) the tool rotation is maintained at the
same initial angular velocity; (c) a fixed contact
pressure of 70 MPa is applied over the tool shoulder/
workpiece contact interface; and (d) the workpiece is
not translated along the weldline during the first 2s.
Thereafter, tool translation along the weldline is
accomplished by applying a constant material flow
velocity in the weldline direction over the in-flow and
out-flow rim surfaces of the workpiece. Heat con-
vection thermal boundary conditions are applied
over the portions of the workpiece surfaces that
are not in contact with the tool. Typical values for

(b)

Fig.3 Meshed models for (a) the FSW tool and (b) the FSW
workpiece

Proc. IMechE Vol. 224 Part B: J. Engineering Manufacture
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the heat transfer coefficient are assigned to the
workpiece/air and to the workpiece/backing plate
interfaces.

To deal with the potential hourglassing problem
associated with the use of reduced integration ele-
ments and the incompressible nature of plastic
deformation in the workpiece material, a relaxed
hourglass stiffness method was employed.

The tool and the workpiece are allowed to interact
over their contact surfaces. Specifically, contacts
between the bottom surface of the tool shoulder and
the top surface of the workpiece as well as those
between the outer surface of the pin and the work-
piece hole were considered. Details regarding the
contact algorithm used are provided in section 2.5.

All the calculations are carried out using the com-
mercial finite element package ABAQUS/Explicit
[34].

2.4 Material models

As mentioned earlier, the FSW tool is considered to
be rigid and, hence, no mechanical properties (except
for the density) had to be specified for its material.
On the other hand, since the tool was acquiring
a portion of the heat generated as a result
of tool-workpiece interfacial slip, during the FSW
process its thermal capacity had to be specified.
Considering the fact that the tool is often made of a
hot-worked tool steel such as AISI H13, temperature-
invariant thermal properties and density of this
material were used to compute the thermal capacity
of the tool [35].

As mentioned earlier, the alloy whose FSW beha-
viour is analysed in the present work is AA5083-H321.
While often age-hardened Al alloys (e.g. AA6061-T6)
are friction-stir welded, the microstructure evolution
of these alloys during FSW is expected to be sub-
stantially more complex due to the unstable nature of
its precipitates (i.e. precipitates can undergo partial
or complete dissolution during alloy exposure to high
temperature and can reappear upon cooling in dif-
ferent morphologies and number densities, and even
precipitates with different crystal structures may
appear). AA5083 (nominal chemical composition:
4.5wt% Mg, 0.25 wt% Cr, 0.75 wt% Mn) is an Mg/Mn
solid-solution hardened alloy and, in addition, in its
H321 temper state is cold work-hardened and stabi-
lized (to obtain a needed level of ageing/over-ageing
resistance). While AlgMn precipitates are present in
this alloy, due to the aforementioned stabilizing heat
treatment, they are relatively resistant to both dis-
solution and coarsening so that the precipitate por-
tion of the material microstructure can be taken as
mainly unchanged during FSW.

For the workpiece material, both thermal and
mechanical properties had to be specified. Assuming

that the workpiece is made of an aluminium alloy
AA5083, the following temperature-invariant and
microstructure-invariant thermal properties were
used: thermal conductivity, k, =120 W/m K; specific
heat, ¢, =880J/kg K; and density, p, =2700kg/m".

The workpiece material is assumed to behave as an
isotropic linear-elastic and a strain-rate sensitive,
strain-hardenable, and (reversibly) thermally soft-
enable plastic material. In this type of material, the
mechanical response is described by the following
three relations: (a) a yield criterion, i.e. a mathema-
tical relation that defines the condition which must
be satisfied for the onset (and continuation) of plastic
deformation; (b) a flow rule, i.e. a relation that
describes the rate of change of different plastic strain
components during plastic deformation; and (c) a
constitutive law, i.e. a relation that describes how the
material strength changes as a function of the extent
of plastic deformation, the rate of deformation, and
temperature. For AA5083 analysed in the present
work, the following specific mechanical model rela-
tions were used:

2.4.1 Yield condition

The von Mises yield condition was used, according to
which the equivalent stress ¢ must be equal to the
material yield strength, o, i.e.

(3/2)a};ey;

where f is the yield function, oj; and &; denote
respectively the stress and strain components, the
superscript ’ is used to denote deviatoric quantities,
and repeated subscripts imply summation.

flal,oy) =G0y = -0y >0 (1)

2.4.2 Flow rule

The associative/normality flow rule is used in the
present work, according to which the plastic flow
takes place in the direction of the stress gradient of
the yield surface as
. df
-pl
&&= do (2)

i

where the superscript P is used to denote a plasticity-
related quantity, a raised dot denotes a time deriva-
tive and / is a proportionality constant.

2.4.3 Constitutive law

In the present work, the workpiece material yield
strength was assumed to be controlled by strain and
strain-rate hardening as well as by reversible ther-
mally activated slip-controlled thermal softening
effects. Accordingly, the Johnson-Cook strength
model [36] was used as the basis for constitutive law
in the material under investigation. This model is

JEM1750
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capable of representing the material behaviour dis-
played under large-strain, high deformation rate,
high-temperature conditions, of the type encoun-
tered in the problem of computational modelling of
the FSW process. Within the Johnson-Cook model,
the yield strength is defined as

oy = [A + B(gpl)"} [1 + C log(&" /ég‘)] [1 - T;ﬂ
(3)

where &P' is the equivalent plastic strain, &' the
equivalent plastic strain rate, 5981 a reference equiva-
lent plastic strain rate, A the zero-plastic-strain, unit-
plastic-strain-rate, room-temperature yield strength,
B the strain-hardening constant, n the strain-hard-
ening exponent, C; the strain-rate constant, m the
thermal-softening exponent, and Ty = (T— Troom)/
(Twmelt — Troom), @ room-temperature (Tyoom) based
homologous temperature while T, is the melting
temperature. All temperatures are given in Kelvin.
A summary of the Johnson-Cook strength model
parameters for AA5083 is provided in Table 1.

While in the original Johnson—-Cook strength model
the evolution of the equivalent plastic strain is
assumed to be controlled entirely by the plastic
deformation process, in the present work, plastic
strain evolution is assumed to be controlled by
competition between plastic yielding and dynamic
recrystallization. Since this represents one of the key
contributions of the present work, details regarding
the proposed modifications of the Johnson-Cook
strength model are deferred to the results in the dis-
cussion section, section 3.

2.4.4 Integration of the stress state

During loading, the stress is updated by integrating
the rate form of Hooke’s law

. .el . . pl
dij = Cyjuéy = Cijuén — Cijuéy (4)

where Cjj; is the fourth-order elastic stiffness tensor
and the total strain rate ¢ is assumed to be comprised
of its elastic, ¢, and plastic, £P!, components. At each
step during loading, the total strain rate is known
(computed from the known velocity gradient).

Tablel Johnson-Cook strength model material para-
meters for AA5083-H116

Parameter Symbol Units Value
Reference strength A MPa 167.0
Strain-hardening parameter B MPa 596.0
Strain-hardening exponent n N/A 0.551
Strain-rate coefficient C N/A 0.001
Room temperature Troom K 293

Melting temperature Trmelt K 893.0
Temperature exponent m N/A 1.0

After equation (2) is plugged into equation (4),
equations (1) to (4) constitute a set of eight equations
with eight unknowns (¢, , oy). These equations can
be readily solved/integrated using one of the
numerical integration techniques.

2.5 Tool/workpiece interactions/contact

Normal interactions between the tool and the work-
piece were accounted for using a penalty contact
algorithm. Within this algorithm, the penetration of
the surfaces into each other is resisted by linear
spring forces/contact pressures with values propor-
tional to the depth of penetration. These forces
therefore tend to pull the surfaces into an equili-
brium position with no penetration. Contact pres-
sures between two bodies are not transmitted unless
the nodes on the slave surface contact the master
surface. There is no limit to the magnitude of the
contact pressure that could be transmitted when the
surfaces are in contact. Transmission of shear stres-
ses across the contact interfaces is defined in terms of
a static and a kinetic friction coefficient and a stick/
slip critical shear stress level (the maximum value of
shear stress that can be transmitted before the con-
tacting surfaces begin to slide). In accordance with
standard practice in this field, both the static and the
kinetic friction coefficients are set to a value of 0.3.
The stick/slip critical shear stress level is defined
using a modified Coulomb friction law. Within this
law, there is an upper limit of this quantity, which is
equal to the shear strength of the softer of the two
contacting materials. Thus at each level of the pres-
sure, the stick/slip critical shear stress level is defined
as the smaller of the following two shear stress values:
(a) the softer material shear strength and (b) a pro-
duct of the friction coefficient and the contact pres-
sure. It should be recognized that both the contact
pressure and the contact shear stress are computed
as part of the complete FSW boundary-value pro-
blem.

Frictional slip/sliding at the tool/workpiece con-
tact interfaces is considered as a potential heat
source. The heat generated per unit contact surface
area per unit time, ¢, is taken to scale with the mag-
nitude of the tangential/interface shear stress, 7, and
the slip rate, ds/dt, as

q = n7(ds/dr) (5)

where 7 defines the fraction of the frictional slip
energy that is converted to heat. The heat flux, ¢, is
then partitioned between the tool and the workpiece.
In the present work, it was assumed that the heat
generated at the tool/workpiece interface is equally
partitioned between the tool and the workpiece.
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Thermomechanical finite element analysis of material evolution 7

2.6 Explicit solution of the fully coupled
thermomechanical problem

As mentioned earlier, to analyse the FSW process
computationally, a fully coupled thermomechanical
finite element analysis was employed. Within this
analysis the thermal energy conservation equation in
the form

pc,T = V(KVT) + nolyel; (6)
and a (dynamic) mechanical equilibrium equation
80'1']' 0? u . .
i = ,j=12,3 7
g Hi=p g 0] ) @)

are solved, where Y/ is a gradient/divergence opera-
tor, x is the spatial coordinate, and f denotes a body
force.

Within ABAQUS/Explicit, equation (7) is integrated
using an explicit forward difference integration
scheme as

Tioi=Ti+ At T; (8)

where subscript i refers to the time-step increment
number. The temperature rate vector, T;, is calcu-
lated at the end of the time increment i as

Tl' = C_I(Pi — Fi) (9)

where C! is the (inverse) lumped thermal capacity
matrix, P the applied source vector, and F; is the
internal thermal flux vector.

The mechanical equilibrium equation is integrated
using a central difference integration approach as

. . At + AL .
Uip12 = Ui_1)2 +%ui (10)
Wip1 = Ui+ At iy (11)

The acceleration vector at the end of the time incre-
ment i is computed as

ih =ML - T (12)

where M~ ! is the (inverse) mass matrix, L; the applied
load vector, and I; is the internal force vector.

2.7 Computational cost

Computational investigations of manufacturing/fab-
rication processes such as FSW can be very costly/
time consuming. This can particularly become an
issue in the case of explicit finite element analyses,
which are conditionally stable (i.e. these analyses
entail that the time increment used be smaller than a
critical/stable time increment). In the present fully
coupled thermomechanical analysis both the
mechanical and the thermal parts of the problem are
associated with their respective stable time incre-

ments. The overall stable time increment is then
defined as the smaller of the two.

The mechanical stable time increment is generally
defined by the condition that, within the time incre-
ment, the stress wave must not propagate a distance
longer than the minimal dimension of any finite
element in the mesh. Consequently, the mechanical
stable time increment is defined as Afnaxmech =
Imin/cq, Where [, is the smallest-element edge
length, while cq4 is the dilatational wave propagation
velocity (sound speed), which is defined as
¢4 = /E/p, where E is Young’s modulus. For alumi-
nium alloys, the sound speed, cg, is ca. 5100 m/s and
for the smallest workpiece element size used in the
present work (~0.6 mm), the stable time increment
Almaxmech 18 ~1.0X 10 “s. For a typical FSW test runs
of 20s, an explicit finite element computational
analysis would use ~2x10® time increments. Using
the computational facilities available for the present
work, this would require an estimated computational
wall time of 96 hours per single computational ana-
lysis. Since this computational cost was unacceptably
high, a mass-scaling algorithm was used. Within this
algorithm, material density is artificially increased in
order to increase the stable time increment. The use
of such a mass scaling algorithm does not alter the
amount of heat generated by dissipation of plastic
deformation work and frictional slip. Also, care was
taken to ensure that a kinetic energy over internal
energy ratio is less than 1 per cent, which is recom-
mended in order to ensure that the mechanical
portion of the solution is not altered by mass scaling.

The thermal stable time increment is generally
defined by the condition that, within the time incre-
ment, the thermal wave must not propagate a
distance longer than the minimal dimension of
any finite element in the mesh. Consequently,
the thermal stable time increment is defined as
Atmax,therm:lminzl (2a), where l;, is the smallest-
element edge length, while « is the thermal diffusiv-
ity. Using the aforementioned thermal property
values for AA5083, the thermal stable time increment
has been computed as Afpay therm 18 ~1.0x 10 %s. It
should be noted that the mass scaling algorithm used
does not affect this stable time increment and that
the modified mechanical stable time increment does
not exceed the thermal stable time increment. Con-
sequently, mass scaling does not affect the thermal
portion of the fully coupled thermomechanical
problem investigated in the present work.

2.8 Arbitrary Lagrangian-Eulerian (ARL)
formulation

As established earlier, FSW involves extensive plastic
deformation and large-scale motion of the material
from the region in front of the tool to the region
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behind the tool. Under such conditions, the pure
Lagrangian formulation in which the finite element
mesh is attached to the material and moves/deforms
with it can encounter serious numerical difficulties.
To overcome this problem, the finite element analy-
sis of the FSW process carried out in the present work
was based on the so-called arbitrary Lagrangian—
Eulerian (ALE) formulation. Within this algorithm,
adaptive remeshing is carried out during a compu-
tational run to ensure that the mesh remains of a
high quality. This approach is generally preferred
over the pure Eulerian formulation in which the
mesh remains unchanged/stationary while the
material flows through it. Since the ALE mesh has a
Lagrangian character, it can readily track material
surfaces and prevent the formation of partially filled
elements. The latter two problems are often cited as
key shortcomings of the pure Eulerian formulation.

The ALE formulation used in the present work
involved the following three main aspects:

(a) The workpiece mesh is assumed to be stationary
(i.e. of the Eulerian type) in the circumferential
direction, while in the radial and in the through-
the-thickness directions the same mesh is
allowed to follow the material (i.e. the mesh is
assumed to be of the Lagrangian type).

(b) The inflow and outflow rim surfaces of the
workpiece plate are treated as being pure
Eulerian, and thus stationary.

(c) The top and bottom workpiece plate surfaces are
treated as being of the sliding type; i.e. the mesh
is allowed to follow the material in the direction
normal to the surface but remains stationary in
the other two orthogonal directions.

3 RESULTS AND DISCUSSION

3.1 Material model modification to include the
effects of dynamic recrystallization

As mentioned earlier, the workpiece material
AA5083-H321 is modelled using a modified Johnson—
Cook strain-hardening, strain-rate-sensitive, tem-
perature-softening yield-strength model. Within the
original Johnson-Cook model of equation (3), tem-
perature provides only a reversible effect in promot-
ing plastic deformation via thermal activation of
dislocation glide and climb. Simply stated, higher
temperatures promote plastic yielding but, per se,
are not considered to (irreversibly) alter material
microstructure/properties. However, as pointed out
earlier, during FSW the workpiece material in the
weld/stir zone becomes heavily plastically deformed
and it is generally subjected to temperatures very
near, yet lower than, the material melting tempera-

ture. Under these conditions, the material tends to
undergo annealing at the same time as it is being
deformed plastically. In other words, the material in
the stir/nugget region tends to dynamically recrys-
tallize, as a result of which the material strength/
hardness (at high welding temperatures as well as at
room temperature) is lowered relative to that in the
base (H321 temper condition) material. This effect of
temperature is not accounted for in the original
Johnson—-Cook model. Rather, only the effect of high
temperatures on promoting plastic deformation via
thermal activation is taken into account.

To overcome the aforementioned deficiency of the
original Johnson—-Cook model, a modification is pro-
posed to the differential equation governing the
evolution of the equivalent plastic strain. In the
original Johnson-Cook model, this evolution was
governed by simultaneously satisfying Hooke’s law,
yield criterion, and flow rule relations (see section
2.4). In this way, only the effect of strain hardening
due to an increase in the dislocation density and the
resulting increase in the dislocation motion resis-
tance imposed by the surrounding dislocations is
taken into account. To include the effects of dynamic
recrystallization, a simple phenomenological-based
relation for the additional (negative) component in
the equivalent plastic strain rate is proposed. This
equation is based on the following physics-based
arguments:

(a) Dynamic recrystallization is a thermally activated
process and consequently the correction term in
the equivalent plastic strain evolution equation
must contain a Boltzmann probability term in
the form exp(— Q/RT), where Q is an activation
energy while R is the universal gas constant. In
other words, the dynamic recrystallization cor-
rection to the Johnson-Cook strength model
should be an Arrhenius-type function.

(b) Since the rate of recrystallization across various
alloy systems appears to scale with the dimen-
sionless absolute-zero-based homologous tem-
perature, T, (defined as the ratio of the
temperature and the melting temperature, both
temperatures expressed in K), it is convenient to
replace the Q/RT term in the Boltzmann prob-
ability relation with ¢/T;,, where g is a dimen-
sionless activation energy.

(c) Due to the fact that the rate at which material
tends to recrystallize increases as the amount of
cold work is increased, g should be a decreasing
function of the equivalent plastic strain &,.

Based on these arguments, the dynamic recrys-
tallization contribution to the evolution of the
equivalent plastic strain can be expressed as
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épl,dyn_rec = ‘éO,pLdyn_rece(_q(apl)/Th) (13)
where &ypidyn _rec 1S a dynamic recrystallization
frequency/preexponential term. An analysis of the
available experimental data pertaining to the kinetics
of recrystallization of AA5083 [37] showed that g
scales inversely with &, raised to a power of 2.9.
Based on this finding and using the curve-fitting
results for the experimental recrystallization—kinetics
data reported in reference [37], it is found that
equation (13) can be rewritten as

‘éplydyn_rec — 21.5671/<ép]2>9Th) (14>

The effect of equation (14) on modifying the
behaviour of AA5083 under simple uniaxial tensile
conditions is displayed in Figs 4(a) to (c). In Fig. 4(a),
it is seen that when Tj, is relatively low (T}, =0.3), the
effects of dynamic recrystallization are small so that
the material strain hardens. In sharp contrast, when
Ty, is relatively high (T}, =0.9), the effect of dynamic
recrystallization is dominant so that, despite exten-
sive plastic deformation, the material undergoes
pronounced strain softening (Fig. 4(b)). In Fig. 4(c), it
is seen that when the effects of strain hardening and
dynamic recrystallization are comparable, at the
intermediate values of T}, (7T;,=0.5) no significant
change in material strength takes place during plastic
deformation.

The oscillating behaviour of material strength seen
in Fig.4(c) is a result of the competition and the
interaction between strain hardening and dynamic
recrystallization induced softening processes; i.e.
softer material tends to harden at a high rate and,
when the amount of plastic strain in the workpiece
becomes sufficiently large, the rate of dynamic
recrystallization becomes high enough to bring the
strength down. This type of oscillating strength
behaviour is often a signature of the undergoing
dynamic recrystallization process.

It should be recognized that the kinetics of recrys-
tallization is generally described using the so-called
Johnson-Mehl-Avrami equation (e.g. reference [38]).
Within this equation, the volume fraction of the
material recrystallized, as a function of time, is given
by a characteristic S-shaped curve, which starts from
a non-zero annealing time (the incubation period),
increases with a higher and higher slope, and, ulti-
mately, the slope decreases as the volume fraction of
the recrystallized material approaches unity (Fig.5).
The inner steepest part of this curve generally covers
the major portion (80-90 per cent) of the range of the
recrystallized material volume-fraction. Taking this
fact into account, the simple model proposed here
assumes that the entire recrystallized material
volume-fraction versus time curve can be repre-
sented by its inner part and that this portion can be
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Fig.4 A comparison of the strength versus equivalent
plastic strain curves as predicted by the original and
the modified Johnson—-Cook strength models. The
results are obtained under the uniaxial strain rate of
0.001/s and at three different homologous tem-
peratures: (a) #=0.3; (b) #=0.9; (c) 6=0.5
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Fig.5 Experimental results [37] and the fitting curves
pertaining to the recrystallization kinetics in AA5083

linearized. The slope of this new linear function, on
the other hand, is taken to be a function of the tem-
perature and the equivalent plastic strain. Equation
(14) is then obtained by assuming that épl,dyn_rec
scales linearly with the rate of recrystallization.

To include the effects of dynamic recrystallization
of the workpiece material on the material evolution
during FSW, the modified Johnson—Cook material
model is implemented into a user material sub-
routine VUMAT.for and linked with the ABAQUS/
Explicit finite element solver. To validate the imple-
mentation of the material model, several FSW cases
were analysed. It is found that when the effects of
dynamic recrystallization are suppressed, the results
(not shown for brevity), based on the user material
model and the Johnson-Cook model (built in ABA-
QUS/Explicit) are essentially identical.

3.2 Typical computational results

In this section, examples of typical results obtained in
the fully coupled finite element investigation of the
FSW process carried out in this work are presented
and discussed. The finite element analysis used
allowed investigation of the effect of all the key FSW
process parameters on the temporal evolution and
spatial distribution of various material-related
quantities such as: temperature, stress and strain
components, equivalent plastic strain, local material
strength, material velocity, trajectory of tracer
particles that reveal temporal-dependent locations of
the associated material particles as they are passing
through the circular region surrounding the rotating
pin tool, etc. Since similar results were shown and
discussed in a series of papers by Zhang et al. [29-31],

Inflow

Transverse
Section

Fig.6 A typical nodal-velocity field associated with friction
stir welding: (a) the initial state; (b) the fully devel-
oped state; (c) a close-up of part (b); and (d) a close-
up of the transverse section of part (b)

only a few representative and unique results will be
displayed and discussed in this section.

3.2.1 Nodal velocity field

The distribution of nodal velocities at the outer sur-
faces of the workpiece at two different times (0.0 and
0.55s) is displayed in Figs 6(a) and (b). For clarity, the
tool is not shown in Figs6(a) and (b), as well as in
several other figures presented in the remainder of
this document. These figures clearly show that the
initially assigned unidirectional velocity field in the
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direction of welding quickly transforms into the
velocity field in which there is a well-defined stir
region right below the shoulder (within which the
material circles around the pin) and the remainder of
the field (within which the material tends to flow
around the stir region). A comparison of the results
displayed in Figs 6(a) and (b) clearly shows how the
region underneath the tool shoulder, which is initi-
ally unfilled, becomes filled as FSW proceeds (please
note an increase in the workpiece hole upper rim
altitude). Once the space under the shoulder is fully
filled it remains filled as the FSW process continues.
The material in this region is constantly being refre-
shed as the tool advances in the welding direction. To
reveal the character of the nodal velocity field around
the workpiece hole better, a close-up of this region is
provided in Fig. 6(c). Furthermore, to reveal the tool-
induced material stirring effect through the work-
piece thickness, a transverse section of the plate is
provided in Fig.6(d).

3.2.2 Materialltracer particle trajectories

The results displayed in Figs6(a) and (b) show the
spatial distribution and temporal evolution of the
nodal velocities. It should be noted that due to the
ALE character of the finite element analysis used in
the present work, the motion of the finite element
mesh is not completely tied to the motion of the
material. Thus the results displayed in Figs6(a) and
(b) show the velocities of the material particles,
which at that moment pass through the nodal points.
However, at different times different material parti-
cles are associated with the same nodes. To observe
material extrusion around the tool pin and its forging
at the tool wake, it is more appropriate to construct
and analyse material particle trajectories. This is
possible within ABAQUS/Explicit through the use of
so-called tracer particles, which are attached to the
material points (and not to the mesh nodal points).

An example of the prototypical results pertaining to
the trajectory of retreating-side and advancing-side
tracer particles is displayed in Figs7(a) and (b)
respectively. The tracer particles displayed in these
figures are initially located in a plane that is halfway
between the top and bottom surfaces of the work-
piece. For improved clarity, tracer particle trajec-
tories are colour coded. The results displayed in
Figs7(a) and (b) clearly revealed the following basic
aspects of the FSW process:

(a) The workpiece material at the retreating side (as
represented by the yellow and green tracer par-
ticle trajectories in Fig.7(a)), does not, for the
most part, enter the stir zone under the tool
shoulder and usually only flows around it.

(b) The material at the advancing side (as repre-
sented by the white and cyan tracer particle

trajectories in Fig. 7(b)), which is initially close to
the butting surfaces, passes over to the retreating
side and is co-stirred with some of the retreating-
side material to form the welded joint.

(c) The advancing-side material further away from
the initial butting surfaces remains on the
advancing side and either enters the stir region
on the advancing side or flows around it.

3.2.3 Temperature field

A typical spatial distribution of temperature in the
workpiece during FSW is displayed in Figs8(a) and
(b). The results displayed in Figs 8(a) and (b) refer to
the temperature distributions over the medial long-
itudinal and medial transverse sections respectively.
Simple examination of the results displayed in these
figures and of the results obtained in the present
work (but not shown for brevity) reveals that:

(a) Depending on the FSW process conditions such
as tool contact pressure, tool rotational and
translational speeds, temperatures in a range
between 350 and 450 °C are obtained.

(b) The highest temperatures are always found in the
workpiece material right below the tool shoulder
and the temperatures progressively decrease
from this region as a function of the distance in
the radial and through-the-thickness directions.

(c) As the tool rotational speed and contact pressure
are increased, higher temperatures are observed
and temperature differences between the top and
bottom surfaces of the workpiece are reduced.

[ ol |

b .Ret'_r;_aatiné-____ do

___Advéncing éi_dé .

| Inflow T\ ——\

Fig.7 (a) Retreating-side and (b) advancing-side tracer
particle typical trajectories
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Fig.8 Typical temperature distribution over one-half of
the workpiece obtained by cutting along (a) the
longitudinal and (b), (c) transverse directions:
maximum (red) =400 °C; minimum (blue) =25°C

(d) By computing the energies dissipated via the
plastic deformation process and those dissipated
through frictional sliding at the tool/workpiece
interfaces, it is found that plastic deformation
typically contributes around 30 per cent to the
overall heat generation and that this contribution
increases slowly with an increase in the transla-
tional velocity of the tool.

3.2.4 Equivalent plastic strain field

A typical spatial distribution of equivalent plastic
strain in the workpiece during FSW is displayed in
Figs9(a) and (b). The results displayed in Figs9(a)
and (b) refer to the equivalent plastic strain dis-
tributions over the medial longitudinal and medial
transverse sections respectively. Simple examination
of the results displayed in these figures and of the
results obtained in the present work (but not shown
for brevity) reveals that:

In-flow

S~

Fig.9 Typical equivalent plastic strain distribution over

(a)

(b)

(©

one-half of the workpiece obtained by cutting along
(a) the longitudinal and (b) transverse directions:
maximum (red) = 120; minimum (blue) =0

Depending on the FSW process conditions, such
as tool contact pressure, tool rotational and
translational speeds, equivalent plastic strains in
a range between 100 and 150 are observed. This
range of equivalent plastic strains is in general
agreement with the ones previously reported by
Zhang and co-workers (e.g. references [17] and
[27] to [31]. It should be noted that the workpiece
material is capable of undergoing such a large
amount of plastic deformation due to the
attendant high-pressure conditions. Such high-
pressure conditions are normally not present
in standard laboratory mechanical tests (e.g.
uniaxial tension, compression, simple shear,
etc.), which are used to parameterize the
workpiece material model. Consequently, the
results obtained in these tests reflect the material
behaviour under significantly lower levels of the
plastic strain and, as is generally done, it is
assumed here that the established material
model identification can be extrapolated into the
extremely large equivalent plastic-strain range
encountered in the FSW process.

The highest equivalent plastic strains are always
found in the workpiece material right below the
tool shoulder and equivalent plastic strains
progressively decreased from this region as a
function of the distance in the radial and
through-the-thickness directions.

There is a highly pronounced asymmetry in the
distribution of the equivalent plastic strain rela-
tive to the initial location of the butting surfaces.
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This asymmetry is related to the aforementioned
differences in the material transport (at the
advancing and the retreating sides of the weld)
from the region ahead of the tool to the region
behind the tool.

(d) As the tool translational speed is decreased
and the tool/workpiece contact pressure is
increased, higher equivalent plastic strains are
observed and equivalent plastic strain differ-
ences between the top and bottom surfaces of
the workpiece are reduced. This finding suggests
that under these FSW process conditions the
extent of material stirring/mixing (which plays a
critical role in weld quality/joint strength) is
increased.

3.2.5 Residual stress field

It is well established that friction-stir welded
components contain significant levels of residual
stresses, both in the direction of welding (the long-
itudinal direction) and in the direction normal to it
(the transverse direction). These residual stresses are
caused by non-uniform distributions in the extent of
plastic deformations (as represented by the
equivalent plastic strains) and in the temperature in
different regions within the weld joint. Since the
presence of residual stresses can significantly affect
the structural and environmental resistance/dur-
ability of welded joints, it is critical that they are
quantified and that their magnitudes and spatial
distributions be correlated with various FSW process
parameters. While a comprehensive investigation of
the residual stress distribution as a function of the
FSW process parameters is beyond the scope of the
present work, an effort was invested here to develop
computational capabilities for such investigations.
Towards that end, the results of the FSW simulation
are imported into the implicit finite element program
ABAQUS/Standard and a quasi-static fully coupled
thermomechanical analysis is carried out. It should
be noted that ABAQUS/Explicit is not suitable for this
type of investigation since it requires prohibitively
long computational times. Within the quasi-static
fully coupled thermomechanical analysis employed,
the FSW tool is removed and the boundary condi-
tions are eliminated from the workpiece while the
temperature is progressively decreased down to room
temperature.

An example of the results pertaining to the dis-
tribution of von Mises residual stresses over a
medial longitudinal and transverse sections of the
workpiece are displayed in Figs10(a) and (b)
respectively. Simple examination of the results dis-
played in these figures and of the results obtained
in the present work (but not shown for brevity)
reveals that:

In-flow

S~

Fig.10 Typical von Mises residual stress distribution over
one-half of the workpiece obtained by cutting
along (a) the longitudinal and (b) transverse
directions: maximum (red) =50MPa; minimum
(blue) = —20 MPa

(a) Maximum longitudinal residual stresses are gen-
erally higher than their maximum transverse
counterparts by a factor of roughly two

(b) The residual stresses typically increase in mag-
nitude as the distance from the initial portion of
butting surfaces is reduced. However, in the
innermost portion of the nugget, they tend to
decrease somewhat. This is clearly related to the
effect of dynamic recrystallization, which is pre-
valent in this region.

(¢c) Both the longitudinal and transverse residual
stresses tend to increase with an increase in the
tool rotational and translational velocities.

3.3 Comparison with experimental results

The results presented in the previous section (as well
as the results obtained in the present work but not
shown) are very reasonable and in good qualitative
agreement with the general experimental obser-
vations/findings. However, if the computational
approach like the one developed here is to become an
integral part of the FSW practice and helps guide
further development and optimization of this metal
joining process, it must also demonstrate the needed
level of quantitative agreement with the experimental
results/observations. To assess the ability of the pre-
sent computational approach to account for the
experimentally measured FSW-related results, selec-
ted computational results are compared with their
experimental counterparts obtained in the work of
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Peel et al. [26]. The work carried out in reference [26]
is quite comprehensive and thorough and involves
AA5083, the aluminium alloy investigated in the
present work. While the work of Peel et al. [26] yiel-
ded numerous results, only the following two types of
these results could be directly compared with the
finite element based computational results obtained
in the present work: (a) variation of the longitudinal
and transverse (normal) residual stresses as a
function of the distance from the weldline and (b)
variation of the room temperature material strength
as a function of the distance from the weldline.

3.3.1 Residual stress distribution

A comparison between the present computed and
the experimentally measured results reported in
reference [26] pertaining to variation of the long-
itudinal and transverse residual stresses as a function
of the distance from the initial location of the butting
surfaces is displayed in Figs 11(a) and (b). Two sets of
computational results are displayed in each case, one
using the original Johnson-Cook model and the other
using the modified Johnson-Cook model. This
helped establish the extent of improvement in the
material model formulation attained in the present
work. Simple examination of the results displayed in
Figs11(a) and (b) reveals that the results obtained
using the modified Johnson-Cook model is in
significantly better agreement (than the original
Johnson-Cook-based results) with the experimental
results, making the overall computation/experiment
agreement quite good. Specifically:

(@) The residual stresses are compressive at larger
distances from the weldline at the advancing
side of the weld (the right-hand side in Figs 11(a)
and (b)).

(b) As the weldline at the advancing side is approa-
ched, the residual stresses first increase in mag-
nitude and then switch their character (i.e.
become tensile), at a distance of 15-20 mm from
the weldline (at the advancing side).

(¢) In the innermost portion of the nugget, the ten-
sile residual stresses tend to decrease somewhat.

(d) As the distance from the weldline increases
on the retreating side, the stresses gradually
decrease towards zero.

(e) The longitudinal residual stresses are generally
higher than their transverse counterparts.

3.3.2 Room-temperature material strength
distribution

A comparison between the present computed results
(as predicted by the modified and the original John-
son-Cook strength model) and the experimentally
measured results reported in reference [26] pertain-
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Fig.11 Variation of (a) the longitudinal and (b) transverse
residual stresses as a function of the distance
from the weldline. Data pertaining to the advan-
cing side of the weld joint are on the right-hand
side of the plot

ing to variation of the room temperature material
strength as a function of the distance from the initial
location of the butting surfaces is displayed in Fig. 12.
The results displayed in this figure show that, while
the quantitative agreement between the computed
and the experimental results is only fair, the present
computed analysis correctly predicts the overall
trend. This is quite encouraging considering the fact
that the original Johnson—-Cook strength model (in
which the effect of dynamic recrystallization is
neglected) incorrectly predicts that the highest room
temperature strength levels are located in the
innermost region of the nugget zone (where the
equivalent plastic strain levels are also the highest).
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Fig.12 Variation of the room-temperature material
strength as a function of the distance from
the weldline. Data pertaining to the advancing
side of the weld joint are on the right-hand side of
the plot

3.3.3 Material microstructure evolution

In the previous two sections, spatial variations within
the FSW joint, in the residual stresses, and in the
material strength were computed and compared
with their experimental counterparts obtained in
reference [26]. The material strength results were
obtained by substituting the effective (i.e. dynamic-
recrystallization modified) equivalent plastic strain in
the Johnson—-Cook strength model of equation (3).
Within this approach, contributions of various
microstructural features/processes (e.g. grain size,
dislocation density, dispersoid number density, etc.)
were lumped into a single parameter, the effective
equivalent plastic strain. In ongoing work, an effort
is made to identify and quantify separately
the contributors to material strength (primarily the
effect of grain size refinement and dislocation den-
sity-controlled strain hardening). In the approach
used, separate evolution equations are being devel-
oped for both the grain size and the dislocation den-
sity, and the standing Hall-Petch grain-size-based
strengthening [38] and Cocks, Argon, and Ashby
strain-hardening models [39] are being utilized. An
example of the preliminary results obtained in this
investigation is displayed in Fig. 13, in which variation
of the grain size as a function of the distance from the
weld centre-line are displayed. These results are
highly encouraging since they show a recrystallized
fine-grain microstructure in the nugget zone and a
somewhat coarser grain microstructure in the heat-
affected zone (HAZ), which is consistent with the

50 |
HAZ HAZ

Computational

a5}

35F

30F

25

Grain Size, microns

20 F

15F

L L L L L L
-20 -15 -10 -5 0 5 10 15 20
Lateral Distance from Weld-line, mm

Fig.13 Spatial variation of the grain size throughout the
FSW joint as obtained computationally in ongoing
work

typical findings made in the microstructural investi-
gation of the FSW joints (e.g. reference [26]).

4 CONCLUSIONS

Based on the work presented and discussed in the
present work, the following main summary remarks
and conclusions can be made:

1. A comprehensive fully coupled thermo-
mechanical finite element computational
investigation of friction stir welding (FSW) of a
prototypical solid-solution strengthened and
strain-hardened aluminium alloy (AA5083) is
carried out.

2. To model the microstructure/property evolution
of this material during the FSW process, the ori-
ginal Johnson—-Cook strength model is modified in
order to account for the effects of dynamic
recrystallization and the associated material
softening taking place in the stir zone of the
welded joint.

3. Various results obtained showed good overall
qualitative agreement with the corresponding
empirical findings/observations.

4. Limited quantitative experimental results per-
taining to the variations of the longitudinal and
transverse residual stresses with distance from
the weldline and the associated variations in
material strength are used to validate the mod-
ified Johnson-Cook finite element procedure
employed. A reasonably good agreement is
obtained between the computed and experi-
mental results, suggesting that the modelling and
simulation procedures used are adequate.
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