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*e current study performs an explicit nonlinear finite element simulation to predict temperature distribution and consequent
stresses during the friction stir welding (FSW) of AA 7075-T651 alloy. *e ABAQUS® finite element software was used to model
and analyze the process steps that involve plunging, dwelling, and traverse stages. Techniques such as Arbitrary Lagran-
gian–Eulerian (ALE) formulation, adaptivemeshing, and computational feature of mass scaling were utilized to simulate sequence
events during the friction stir welding process. *e contact between the welding tool and workpiece was modelled through
applying Coulomb’s friction model with a nonlinear friction coefficient value. Also, the model considered the effect of nonlinear
material properties as well as heat transfer conditions such as heat losses due to convection and thermal contact conductance
between the workpiece and the backing plate interface on the thermal history. To validate the computational model results, an
experimental procedure was carried out tomeasure temperature history on both sides of the specimen as well as the plunging force
throughout the whole process time. *e results obtained showed that symmetrical temperature distribution throughout the
workpiece width was distinguished, implying that the tool rotation has a minor effect on the final temperature distribution. In
addition, asymptotic V shape with high gradient temperature value in the weld nugget region after the full plunging was
distinguished. Mechanical stresses and related plastic deformations generated, while achieving the FSW samples were evaluated in
addition to the tool reaction force and heat generated to protect against tool failure.

1. Introduction

AA 7075 alloy is a heat treatable aluminum alloy that
possesses prominent mechanical properties such as func-
tional corrosion protection, maintaining of high strength
properties, flexible machinability, and lightweight functions.
*e high strength properties are usually achieved through
the precipitation of Mg2Zn and Al2CuMg phases. On that
basis, this type of 7xxx aluminum series has been used widely
in many aerospace and automotive applications, where
components should have specific properties to fulfill the
desired mechanical needs as well as being easy to be welded.
Although the aluminum high strength alloys have many
desirable mechanical properties, welding of high strength
alloys like AA 7075 alloy may pose remarkable challenges. It
is well known that welding of AA 7075 alloy using

conventional methods is usually not easy to be accomplished
without serious problems due to weld solidification crack-
ing. Later with the invention of friction stir welding (FSW)
process, most of the classical welding problems were re-
solved. Mishra and Komarasamy [1] categorized the FSW
process as the most significant achievement in the joining of
materials in the last three decades since it keeps up to 90% of
the mechanical properties of aluminum alloys. For this
reason and other versatile advantages, the FSW process
attracted considerable attention by researchers, especially for
welding high strength alloys like AA 7075. *e FSW process
has been used with aluminum as well as magnesium and
steel-based alloys for improving mechanical properties and
inducing superplasticity through grain refinement. In par-
ticular, AA 7075 alloy has been used vastly as a structural
component in many industrial applications, and, for that
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reason, many authors had carried out experimental inves-
tigations on friction stir welding of AA 7075 alloy to find out
the optimal process parameters for a sound weld. Zhang
et al. [2] probed the mechanical behaviour and micro-
structural map of high-speed FSWed AA 7075-T6 plates.
Different inspection tests were used to distinguish between
HAZ, TMAZ, and stir zones. *e study showed that using
high welding speeds of up to 3M/min may return weld with
narrower and stronger heat effective zone (HAZ). However,
the study of the thermal environment accompanying the
FSW process may reveal more information about the mi-
crostructural formation, which in turn will assist the re-
searchers in developing a more realistic image concerning
the final microstructure and boundaries of welding zones.
Chegeni and Kapranos [3] applied a simultaneous double-
sided friction stir welding technique to join AA 7075 alloy
plates. Postwelding heat treatment was carried out in the
semisolid region at a temperature of 628°C to check if the
weld zone microstructure is formed in a similar way to
those encountered in semisolid metal processing.*e study
demonstrated that the grain size was highly decreased in
the nugget zone due to excessive plastic deformation that
the material undergoes during FSW which in turn will
improve the mechanical strength of the weld zone. How-
ever, the study did not explain important quantities that
affect plastic deformation such as plastic strain and dis-
sipation energies during FSW process. To follow up, Shah
and Badheka [4] conducted an experimental study to
capture the temperature history during different phases of
AA 7075-T651 FSW process and investigate its effect on the
final microstructure. Although the study measured the
transient temperature variation around the rim of the tool
shoulder, it was challenging to have some information
about the temperature variation beneath the shoulder area
or along the weld line. Here, it should be pointed out that
most of the accomplished experimental literature within
the area of FSW of high strength aluminum alloys was
carried out using tool speed rotation of 1200–1500 rpm to
produce high joint quality without fabrication defects as
outlined in Zhang et al. [2], Chegeni and Kapranos [3], and
Abbass et al. [5]. As a joining process, the FSW was not free
of defects; the improper selection of input welding pa-
rameters showed that the friction stir welded specimen had
suffered from tunnel defects in the root of the weld line due
to both inadequate plunge depth and inappropriate stirring
of the material around the tool. In addition, other types of
defects were noticed such as microvoids and large grain
bands in which these types of defects were formed on the
retreating side of the weld line at high speed causing in-
sufficient filling in the joints. To control the probability of
having process defects, it is urgent to get more precise data
regarding the temperature distribution in the welding zone
and about the treated region since it dominates the mi-
crostructural map and precipitate distribution. *e em-
bedded thermocouples that used to measure the maximum
temperature as well as temperature history during the
friction stir welding process were usually located at some
remote locations that are away from the nugget zone. *is
indicates a fact that measuring temperature variations in

the nugget zone using the thermocouples can not be
achieved accurately. To cope with this problem, the finite
element method has been proposed as a second option
efficient method to develop the simulation models that can
predict temperature history, stresses and associated de-
formations, and material flow engaged during the FSW
process. Due to the intricacy of the FSW process, most of
the previous published numerical studies that deal with the
friction stir welding simulation used either a Pseudoheat
transfer model to simulate heat generated by friction be-
tween tool and workpiece or a two-dimensional geometry
to simplify the process simulation. Hussein [6, 7] calculated
analytically the amount of the total heat generated through
both shoulder and pin tool’s parts. *e value of the total
heat was applied as a Pseudo-heat transfer model to achieve
the analysis of the temperature distribution throughout the
whole FSW process. Soundararajan et al. [8] used ther-
momechanical finite element model with an adaptive
boundary condition to determine the temperature evolu-
tion at the shared region between the tool shoulder and
workpiece during the FSW of AA 6061-T6. Although good
convergence between experimental and numerical tem-
perature measurement was obtained, no real plunging was
demonstrated throughout the study since the tool pin
existence was ignored and heat generation due to the in-
teraction between the tool pin and workpiece was not
considered in the simulation process. Esmaily and Sho-
kuhfar [9] applied thermomechanical simulation with the
assistance of Arbitrary Lagrangian–Eulerian (ALE) tech-
nique to control excessive deformation during plunging.
*e model used decoupled simulation in which the thermal
history was first captured and then applied as a load to
calculate consequent stresses. Salloomi and Al-Sumaidae
[10] implemented a 3D finite element simulation to validate
the temperature results of Shah and Badheka [4]. Although
the finite element results were in good convergence with
the experimental results in both plunging and dwell phases,
there was some divergence in the traverse and cooling
phases. Jain et al. [11] conducted a three-dimensional
coupled thermomechanical finite element study to simulate
the FSW of AA2024-T4. *e simulation procedure in-
volved using Lagrangian incremental technique to predict
temperature, forces, and strain distribution. *e study
came out with some important conclusions; for example,
temperature distribution and plastic strain play a major
role in microstructure and grain size of the resulting welded
sample. Riahi and Nazari [12] conducted a finite element
simulation to model temperature distribution and resulting
residual stresses in friction stir welding of aluminum alloy
6061-T6. *e numerical results were in good agreement
when compared to previous experimental results. However,
the simulation process did not involve full geometry of the
welding tool in which the tool pin was ignored. El-Sayed
et al. [13] used both experimental and numerical proce-
dures to investigate FSW of AA5083-O. *e study ignored
real interaction between the tool and workpiece and
considered a heat flux model to simulate heat generated by
friction between tool and workpiece. In fact, the finite
element simulations have been useful in adjusting and
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optimizing the process parameters and tool design. Re-
cently, more advanced techniques like Lagrangian, Euler-
ian, Arbitrary Lagrangian–Eulerian (ALE), and Coupled
Eulerian–Lagrangian (CEL) have been applied with a full
description of the environment surrounding the problem
to get more precise results for the simulation of FSW
process. In the Lagrangian formulation, the geometry is
discretized into elements and nodes; this mesh will move
and distort with the distorted material, whereas in the
Eulerian formulation, the mesh remains stable and the
material is capable of flow through the prescribed region.
*e ALE method is an adaptive meshing technique that
handles some limitations of the classical Lagrangian and
Eulerian-based finite element simulations. *e method has
the ability to let the mesh within the finite element model to
move autonomously of the implied material. *is means
that the method can preserve a topologically identical mesh
throughout the analysis. Al-Badour et al. [14] implemented
a finite element CEL model to simulate void formation
during friction stir welding of Al-6061-T6. *e ultimate
value of plunging force and applied torque was in good
agreement with the experimental outcomes; however, the
axial, transverse, and crossfeed forces were overestimated
by the CEL mode. Hossfeld [15] used CEL approach to
simulate the whole FSW process of AA 5182-0. *e res-
olution reached within this study allows noticing the
formation of burr and internal voids. Meyghani et al. [16]
used nonlinear friction coefficient to model friction be-
tween the tool and workpiece during FSW of AA 6061-T6.
*e temperature distribution was captured and compared
to the experiment. Although sound correlation between
finite element and experimental maximum temperature
was achieved, the model was not extended to account for
quantities that affect the FSW process such as dissipation
energies that are responsible for the heat generation during
the process. To go further in explaining the contact issue
between the tool and workpiece, Luo et al. [17] designed a
neoteric type of friction stir weld spindle system capable of
telescoping in addition to rotation. *e study implemented
a 3D finite element simulation to study heat transfer be-
tween the newly designed spindle system and AA2024-T4
workpiece. It was concluded that the newly developed FSW
spindle could be used for welding complicated aluminum
structures such as those used in the aerospace field. Nev-
ertheless, the study and most of the finite element studies
carried out within the same topic assumed that constant
friction coefficient which is not representing the real be-
haviour since this coefficient is going to be reduced as heat
generation during process is increased.

Although many studies were conducted to model the
temperature history during the friction stir welding of AA
7075-T651 alloy using three-dimensional geometry with a
Pseudo-heat transfer model, but none of these applied ALE
approach with time-varying friction coefficient value to
simulate both thermal and mechanical actual material be-
haviours during the plunging, dwelling, and traversing steps
of the FSW process. *erefore, the mission of the current
paper is to implement an ALE explicit fully coupled ther-
momechanical analysis using ABAQUS simulator to model

the three-dimensional FSW process of AA 7075-T651. *e
model can return quantities such as temperature, stresses,
strains, and tool reaction forces in addition to the heat
generated results. Moreover, the current study demonstrates
temperature and stress evolution throughout all phases
(plunging, dwell, and traverse) of FSW process phase step by
step. To verify the simulation output, an experimental
procedure is carried out to measure temperature distribu-
tion throughout the full time of the FSW process.

2. Temperature and Force
Measurement Procedure

To implement the experimental measurement of the tem-
perature history during the friction stir welding of AA 7075-
T651 alloy, two workpiece plates were cut andmachined into
the advancing and retreating sides with the dimensions of
150× 50× 4 mm by a power cutting machine. *e contact
surfaces of the workpiece plates were polished with abrasive
papers to avoid some of the negative influences of the ox-
idation film during the welding process. *e FSW samples
were achieved using a tool having a threaded cylindrical pin
design with an outside diameter of 6.3mm.*e shoulder was
prepared with a diameter of 18mm and a concave cone
profile as an alternative to the plane surface to enclose the
material pushed off the mixing zone when the tool pin is
immersed into the workpiece through the plunging and
traversing steps. For the current experimental tests, a tool
rotation speed of 1200 rev/min and a traverse welding speed
of 2mm/s were applied.*eK–type thermocouples were used
to measure the temperature time-history of two points po-
sitioned at 15mm away from the welding main path on both
advancing and retreating sides of the welding sample. Each
thermocouple was placed in a hole of 1mm in diameter and
1mm in depth and glued using conductive thermal paste.*e
overall experimental setup was placed on a multicomponent
force dynamometer to measure the plunging force during the
FSW process. Figure 1 shows a schematic view of the welded
plates and location of thermocouples as well as the position of
the force dynamometer. A temperature sensor device of type
BTM–4208 with a compact digital (SD) card was applied to
track thermal history throughout the whole time of the FSW
process.

3. Governing Equations and
Computational Model

3.1. Governing Equations. As a joining process, friction stir
welding (FSW) involves high-speed dynamic interactions
between the welding tool and sample that compel the
process to be resolved using FE techniques other than
implicit solvers. Despite that, explicit solvers can be used to
analyze transient thermomechanical problems as well as
modelling the complex contact interaction between the
individual parts of the treated geometry. *e process is
described as a coupled thermomechanical problem and thus
an element that possesses both thermal and mechanical
degrees of freedom is accordingly applied for meshing
objectives. *e simulation analysis results such as
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temperature, stresses, and plastic strains of the AA 7075
material interacting with the welding tool were quantita-
tively calculated through using ABAQUS/EXPLICIT [18] in
conjunction with the ALE adaptive meshing technology in
addition to temperature and rate-dependent failure criteria
to implement a fully coupled explicit analysis of the AA
7075-T651 FSW process. *e governing equation for the
transient temperature distribution in the workpiece is like
the governing equation of 3D heat conduction with suitable
boundary condition, as described by Spencer [19]:

∇ Kk∇T(  + Q � ρc
zT

zt
, (1)

where Kk is thermal conductivity in W/m·°C, ρ is the density
of material kg/m3, C is specific heat in J/kg·°C, T is tem-
perature in °C, andQ is the heat applied during welding.*e
explicit forward-difference time integration algorithm used
by ABAQUS/Explicit is described by Luo et al. [17].*e total
heat generation used to achieve the goal of joining through
FSW process is composed of two main sources; these are
frictional energy dissipation and rate of plastic strain energy
dissipation. It is also important to realize that the present
study considered a high portion of the plastic work (90%)
and whole frictional work (100%) is converted to heat. *e
rate of plastic strain energy dissipation is figured out through
applying, as described by Li et al. [20]:

q
plastic

� ησ _εplastic, (2)

in which η is the portion of plastic energy dissipation, σ is the
deviatoric stress, and _εplastic is the rate of plastic straining.
*e rate of frictional energy dissipation is calculated as given
by Li et al. [20]:

q
frictional

� τ _c. (3)

Since

τ � μp, (4)

*en, (3) can be rewritten as

q
frictional

� μp _c, (5)

where τ is the frictional stress, _c is the slip rate, µ is the
friction coefficient, and p is the normal contact pressure.*e
plastic energy dissipation is considered by solving the
thermal energy balance governing equation (1). *e fric-
tional energy dissipation is put into the model by means of a
heat flux boundary condition. Heat loss due to natural
convection from the workpiece faces to the ambient was
considered and calculated through, as given by Colegrove
[21]:

qc � hf T − T∞( , (6)

where hf = convection coefficient and T∞= ambient tem-
perature. *e dominant equation that controls the me-
chanical response of the considered process is the
equilibrium equation, as given by Li et al. [20]:

ρa � ρg + div(σ). (7)

where g is the body force per unit mass, ρ is the mass
density, σ is the stress tensor, and a is the acceleration. To
solve the above-described equation, ABAQUS/Explicit uses
the central difference rule as explained by Luo et al. [17].

3.2.ComputationalModel. *eprocess and geometrical data
of the current model were chosen based on the experimental
work explained earlier in Section 2. To reduce the com-
putational time, two small plates of 60mm in length, 20mm
in width, and 4mm in thickness were considered instead of
the full dimension model. *e proposed model consists of a
deformable plate which is AA 7075-T651 and an AISI H13
rigid tool as well as a rigid backing supporting plate without
any thermal degree of freedom as explained in Figure 2. *e
geometry design of the main tool used in the finite element
model is simplified in a way that does not include the spiral
thread because this would result in exaggerated mesh dis-
tortion and no solution will be achieved. For meshing

Welding direction

�ermocouples

15mm

20mm

100mm

15
0m

m Advancing side (AS)Retreating side (RS)

Multicomponent
dynamometer

Backing supporting plate

FSW
tool

AA 7075 plates

Clamp Clamp

Figure 1: Schematic view of the welded plate and location of thermocouples and force dynamometer.
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purposes, the eight-node coupled temperature displacement
brick element (C3D8RT) was used to discretize the alu-
minum plate. *e element can compute displacement and
temperature in x-, y-, and z-directions and produce uniform
strain, in addition to using hourglass control feature
ABAQUS/EXPLICIT [18]. An element size of 0.5mm was
used to mesh the plate in both x- and y-directions, while 4
elements were used in the thickness z-direction. A total of
38,400 elements were used to mesh the workpiece while one
element of type R3D4 was used to mesh the supporting
backing plate.

In the current simulation, the aluminum material was
allowed to move autonomously of the finite element dis-
cretization; this was fulfilled through considering the whole
aluminum plate as an adaptive region. A sliding property
region in the main adaptive mesh model was characterized
to define the contact between the plate upper surface and
tool bottom surface. *is consideration enables the mesh to
keep track of the material motion in the direction parallel to
the plunging direction and at the same time stir was done
autonomously of the inherent material in the tangential
direction. Similar to the contact between the plate and tool,
the same contact algorithm used to model fully coupled
thermomechanical problems was applied to define the
contact between the bottom surface of the plate and backing
supporting plate.

Concerning material behaviour , a temperature and
strain rate-dependent material law was applied through
adopting the elastoplastic Johnson–Cook model to calcu-
late the flow stress as shown in (8), explained by Jørgensen
and Swan [22]:

σ � A + Bεn
(  1 + C ln 1 +

_ε
_ε0

   1 −
T − Troom

Tmelt − Troom
 

m

 ,

(8)

where ε and _ε are the effective plastic strain and strain rates,
respectively, _ε0 is the reference strain rate, Troom is the ref-
erence temperature, and Tmelt is the melting temperature. A,
B, n, C, and m are material constants. Table 1 shows the
model constants for AA 7075-T651, as explained by
Jørgensen and Swan [22].

*e friction between the welding tool and aluminum
workpiece was satisfied through applying Coulomb’s friction
law with a nonlinear friction value that varies with respect to

the temperature at that zone. To achieve the sliding situation,
the simulation considered an equivalent shear stress con-
dition of τmax. *e condition states that if the equivalent
shear stress value attains its maximum value, then the sliding
situation will be satisfied regardless of the value of the
contact pressure stress. *e von Mises theory was used to
calculate the maximum limit of the equivalent shear stress
through using

τmax �
σy

�
3

√ , (9)

in which σy is theMises yield stress of thematerial in contact.
Due to insufficient data about the friction coefficient of AA
7075-T651 alloy, the friction coefficient values used in [16]
for AA 6061 were adopted.*e contact between the AA 7075
plate and the backing plate was assumed to be frictionless. To
achieve realistic simulation, nonlinear, thermal, and me-
chanical material properties were considered by Mills [23].
Table 2. illustrates the material properties variation with
respect to temperature change for AA 7075 alloy.

Structural boundary conditions were applied to con-
strain the motion of the AA 7075 plate. To do so, the backing
plate that supports the AA 7075 alloy was used also to
prevent any motion in any direction; moreover, the AA 7075
plate edges that are parallel to the weld path were also fully
fixed so that no rigid body motion is permitted. *e tem-
perature surrounding the whole model was set to the en-
vironmental temperature of 20°C at the beginning of the
analysis. Convective boundary conditions were also applied
on the upper and sides surfaces of the AA 7075 plate with a
convective coefficient of hf � 10W/m2·°C. *e heat con-
duction between the bottom surface of the welded plate and
backing supporting plate was modelled through assuming a
higher value of convective coefficient (hf � 1000W/m2·°C).
*e reason behind this assumption is the high complexity in
getting precise thermal conductivity value for the gap that
exists between AA 7075 plate and backing supporting plate,
as described by Salloomi [24].

In the present simulation, both tool rotation speed
(1200 rev/min) and traverse speed (2mm/s) were applied
on the tool reference point, while the workpiece plate was
constrained at the bottom and sides. *e plunge, dwell, and
moving times in the simulations were 12.1, 0.2, and
15.2 sec, respectively. To avert instability effects caused by
the lateral motion of the welding tool at the beginning of
the moving step , the traverse welding speed was assigned
by a set of values at points in time in ABAQUS, as shown in
Figure 3. It is also worthy of mentioning that the Arbitrary
Lagrangian–Eulerian (ALE) approach was used in accor-
dance with the adaptive meshing and the mass scaling
techniques to minimize the time required to finish FSW
simulation.

Table 1: Johnson–Cook strength model constant for AA 7075-
T651.

A (MPa) B (MPa) n C m Tmelt (°C) Troom (°C)
520 420 0.52 0.001 1.61 620 25

Tool

AL 7075
plate

Backing plate

Figure 2: Configuration of the finite element model.
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4. Model Results and Discussion

4.1. 2ermal Environment Evolution. *e present finite el-
ement model has the prospect of evaluating FSW process
outcomes like temperature, stresses, plastic strain, plunge
force, and heat generation throughout the three unliked
steps of friction stir welding of AA 7075-T651 and over the
entire region of the welded structure. As we declared above,
the ABAQUS/EXPLICIT software was used to simulate
heat transfer in plunging, dwelling, and traverse steps of the
FSW process. Figure 4 shows temperature distribution at
six distinct time points over the 27.5-second process pe-
riod. To illustrate temperature distribution throughout
thickness direction, Figure 4 also displays the cross section
of the welding joint in the upper line while the bottom line
provides the top view without a welding tool. *e simu-
lation results demonstrate that when the tool pin comes
into contact with the AA 7075 plate to start penetration, the
temperature has risen to some maximum value in the zone
locally beneath the pin bottom surface, and semicircle
temperature contours propagate through the plate surface.
*e temperature keeps growing up at the same site until the
shoulder comes in contact with the AA 7075 plate; sub-
sequently, the maximum temperature skips to the corner
zone between the pin and shoulder interfacial surfaces. At
12.1 sec the contact between tool and workpiece increased
causing the temperature to grow up to its maximum value
of 599°C around the shoulder-workpiece interface; this is
due to the occurrence of complete contact between the
workpiece and the tool; in addition, the plunging force and
the torque granted to the tool were higher than the other
steps, as described by Fraser et al. [25]. Later on, the
temperature decreased slightly and tended to be more

stable in the dwell and traverse stages. It is also clear to
notice a high-temperature variation with a “V” pattern as
shown in Figure 4 on the upper surface of the AA 7075
plate; this indicates high-temperature heat flow occurrence
in the coherence layer between the tool’s shoulder and the
workpiece.

Figure 5 illustrates temperature change across plate
width at a path located at the starting position of the
plunging (section A-A). A dwelling of 0.2 sec was enough to
satisfy a case of even temperature distribution between the
leading and trailing sides of the tool. Due to the high
temperature achieved at the backside of the tool, the for-
mation of the burr behind the tool was remarkably noticed
in the plunging and dwelling phases compared to the front
side. Later, the tool moves in a traverse direction to join the
two plates together. *e process showed little variations in
temperature profile as illustrated by contour images. Also,
the force and torque applied in the traverse stage show little
degradation after dwell stage due to material softening as
explained in the next sections. As can be seen from Figure 5,
the temperature distribution between the advancing side
(AS) and the retreating side (RS) was symmetrical when
complete contact occurred at times 12.1 and 12.3 sec. *e
symmetrical distribution indicates that the tool rotation
direction has no effect on the final temperature history
across the welded specimen. *is fact agrees well with the
previously published results of Reese [26] and Li et al. [20].
Figure 6 shows the correlation between experimentally
measured and numerically predicted temperature histories
of two points located on advancing and retreating sides of
the welded specimen. *e numerically estimated tempera-
ture does not exactly match the experimentally measured
value. *e finite element model was found to be over-
estimated by 8%. *e reason behind this divergence can be
assigned to the inability of choosing accurate convection
coefficient value to model heat waste by conduction
through the supporting backing plate, as well as neglecting
heat waste from the workpiece into the stirring tool.
Further, the figure also shows a slight deviation in the place
of the maximum temperature value ; this is because the
actual experimental plunging speed was slower than the
speed applied in the simulation analysis. Here, it is im-
portant to emphasize the fact that the maximum tem-
perature during the FSW process did not exceed the
melting temperature for AA 7075-T651 which ensures the
high potential of the finite element method in achieving
accurate results for such analysis.

Table 2: Variation of thermal and mechanical properties of AA 7075.

Temperature
(°C)

*ermal conductivity
(W/m·°C)

Density (kg/
m3)

Young’s
modulus (GPa)

Poisson’s
ratio

Coefficient of thermal
expansion (1/°C)

Specific heat capacity
(J/Kg·°C)

25 130 2810 71.1 0.33 2.16E − 005 870
100 186 2800 65.2 0.33 2.34E − 005 910
200 197 2770 56.3 0.33 2.36E − 005 960
300 194 2750 38.0 0.33 2.43E − 005 980
400 196 2730 31.5 0.33 2.52E − 005 1040
500 196 2700 25.0 0.33 2.61E − 005 1100
532 193 2690 24.0 0.33 2.75E − 005 1110
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Figure 3: Traverse speed versus time.
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4.2. Mechanical Response Evolution. *e ALE model pro-
posed within this paper has the capability of predicting
stresses emanated during three phases of FSW of AA 7075-
T651 plates. Figure 7 displays the von Mises stress contours
at six distinct time points starting from the beginning of the
process and up to the end. At the first commencement of
contact between the tool and AA 7075 plate, an elevated
compressive stress of 471MPa was created directly in the
region underneath the tool pin and neighbour area; this high
value of stress is a normal result for the axial force subjected
at the start of the plunging stage as shown in Figure 7(a). As
the tool goes deeper during the plunging stage, the heat
generated at the interface region between the tool and AA
7075 workpiece increases too causing a status of local metal
softening which in turn leads the stress within the stirring

region to be reduced highly as shown in Figure 7(b). It can be
seen that at 6.05 sec the area of maximum stress jumped to
some location away from the pin-workpiece interface region
but still there was a high-stress region with cylindrical
boundaries around the tool pin as indicated by the vonMises
stress contour. However, when complete contact between
tool shoulder and AA 7075 plate occurs, an excessive
amount of heat will generate, and this makes the cylindrical
high-stress contours slide away progressively from the re-
gion of complete contact. At time 12.1 sec the high rise of
temperature in the zone beneath the tool leads to material
softening which in turnmakes it so easy to be stirred; also the
stress magnitude decreased further approaching zero
(<79MPa) as shown in Figure 7(c). During the dwell time,
the stress value in the area underneath the tool pin increased

A

A

Section A-A

RS AS

(a) (b) (c)

(d) (e) (f )

Figure 4: Transient temperature distributions on the surface and through-thickness in the workpiece at times (a) 0.9 sec, (b) 6.05 sec,
(c) 12.1 sec, (d) 12.3 sec, (e) 19.8 sec (mid-length), and (f) 27.5 sec (end of weld).
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at a steady proportion reaching almost a value of 102MPa in
the circumferential region while it remained less than
64MPa in the remote area as indicated in Figure 7(d). From
12.3 sec and ahead, the stress inside the stirring zone reached
a steady-state value and no important modifications in the
stress magnitude were observed as shown in Figures 7(e) and
7(f). *e variation of the stress value throughout the entire
process time indicates that workpiece temperature performs
a significant function in controlling the stress magnitude and
consequently in the building of a flawless weld.

As can be seen from Figure 7(f ) the stress out of the
stirring zone or region that is away from the zone of tool-
workpiece interaction increased from zero to a value within
the range of 71–460MPa.*e dimensional limitation used in
this simulation (60 mm in length and 40mm in width) was
the reason behind this stress value. On behalf of this, if the
plate temperature is reduced down to the room temperature,
a subsequent internal stress profile may be generated
through the path of welding.

It is well known that the microstructural map of the
resulting welding joint is highly affected by both temperature

profile and plastic deformation that take place during FSW
process; on this account , the current study extends its
features to include the study of the plastic strain quantity.
*e variation of the equivalent plastic strain along a path
passing through the plunging position across the specimen
width (Section A-A) is shown in Figure 8. *e figure shows
symmetrical plastic strain distribution about the joint line
during tool penetration except when full contact between the
tool shoulder and AA 7075 plate occurs in which the ad-
vancing side will preserve little higher average plastic strain
than the retreating side. *is result agrees well with the
previous results published by Buffa et al. [27]. *e highest
plastic strain value is almost near the center of the welding
line from the advance side.

4.3. Tool Reaction Force and Heat Generation. Another
important feature that the current finite element model can
predict is the tool reaction force throughout the entire time
of the FSW process. As indicated in Figure 9 the tool pin is
subjected to high reaction forces during the plunge stage.
Due to these reaction forces, the tool pin experiences high
compressive stresses, which in turn might result in the pin
collapse, especially when the mechanical strength of the tool
is not high enough to withstand externally subjected loads.
*e force analysis showed that the horizontal force com-
ponents x & y were so small compared to the transverse z-
direction component that can be neglected. As seen in
Figure 9, the reaction force begins to increase immediately
after the first onset of contact between the tool and AA 7075
workpiece and suddenly it jumps to its peak value when
complete contact between tool shoulder and workpiece takes
place. Later, the value of the force gets a gradual decrease
with fluctuations during the welding stage. *e unexpected
decay in reaction force value after 12.1 sec is due to local
material temperature increase under the tool pin. Although
the current model shows good trend correlation in force
measurement with the previous experimental published
studies by Liu et al. [28] and Lambiase et al. [29], it is
necessary to mention that it returns a little high over-
estimated force value when compared to the experimentally
measured one. *e reason behind this difference is as fol-
lows: first, the tool was considered as a rigid body which
means that high reaction forces are going to be generated
since no mechanical (elastic or plastic) deformations are
taking place. *e second reason is that the inertia force is
expected to be higher due to the simulation time speed-up.

*e heat generated due to both friction and plastic
deformation was computed through the three simulation
steps as illustrated in Figure 10. *e figure also shows that
both types of energies are increasing in a proportional way to
the time until complete contact between tool and AA 7075
workpiece takes place ; thenceforth a sudden mutation in
energy magnitude is noticed. *e generation rates for both
energies get greater after the transition area as shown in
Figure 10. As can be seen, the frictional energy is much
higher than the plastic energy; this agrees with the con-
clusion driven in former literature that states that the friction
oversees supplying most of the heat needed throughout the
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Figure 5: Temperature profile across plate width.
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Figure 7: Von Mises stress contours at six distinct time points of FSW process: (a) 0.9 sec, (b) 6.05 sec, (c) 12.1 sec, (d) 12.3 sec, (e) 19.8 sec,
and (f) 27.5 sec.
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simulation, approximately (92%) even when severe condi-
tions like complete contact and intense plastic strain had
occurred. *is fact also supports the conclusion that the
sliding condition was predominant during the contact
modeling .

5. Conclusions

*e current study implements a three-dimensional explicit
finite element analysis to evaluate temperature and stresses’
fields generated during FSW of AA 7075-T651 plates. *e
model simulated plunging, dwelling, and traverse stages
involved during the FSW process. *e study showed that
while the tool is penetrating the AA 7075 workpiece, a
high-temperature gradient began at the region underneath
the tool pin and then translated to the corner edge formed
by the shoulder and workpiece. A peak temperature of
599°C which is lower than the melting point of the AA
7075–T651 alloy was noticed as a signalizing event of solid-
state welding. *e temperature was symmetrically dis-
tributed across the plate width and the advancing side (AS)
showed a higher plastic strain value than the retreating side
(RS). *e temperature field generated due to the frictional
heat at the contact region was used to preheat the work-
piece in the dwelling stage and later the heat gradually
was stabilized during the transverse stage to develop a

quasi-steady temperature field around the tool pin. *e
study also has the ability of burring figuration when full
contact comes into existence.

Data Availability

*e data used to support the findings of this study are
available from the corresponding author upon request.
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