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The present study deals with the improvement of the Friction Stir Welding process, through the prediction of the
optimal operating conditions, necessary for welding typical Aluminum-Lithium alloy material AA2195-T8. An
optimization strategy coupled with 3D transient heat transfer computation were used to improve the FSW
process parameters such as welding velocity, tool rotation velocity, tool diameter and applied force. The optimization procedure is based on three criteria: the control of the maximum temperature during FSW; the minimization of the Heat Aﬀected Zone (HAZ) length and ﬁnally the reduction of the total welding energy. The
obtained optimal parameters have given an ideal welding temperature in the workpiece, thereby ensuring good
welding quality, gain in energy consumption and decrease both the welding time and the HAZ length.

1. Introduction
The Friction Stir Welding (FSW) process was invented in 1991 by
The Welding Institute (TWI) in UK [1]. The use of this original welding
technique was gradually extended to be applied in diﬀerent industrial
processes and domains [2], such as transportation industries as automotive, shipbuilding, railway, aeronautics [3], railway and others
[2,4]. Firstly, the FSW technique was applied for long straight welds of
aluminum panels [5]. The basic concept of the FSW process is simple
[6] and consists of using a non-consumable rotational tool with a pin
and shoulder shaped to provide required weld properties, where the
thermal energy is generated by friction among the rotating the diﬀerent
sides of the plates (Retreating Side RS and Advancing Side AS, respectively), thereby allowing the joining [7] (Fig. 1).
As well as the FSW process is applicable for several application, it
oﬀers numerous advantages [8]: no consumables; good mechanical
properties; good weld appearance and minimal thickness under/overmatching (allowing reduction of the post-weld treatment); low environmental and impact and others. Besides the diﬀerent qualities
mentioned above, the FSW process may be used to weld a wide several
materials such as aluminum, copper and polymers, which are very
diﬃcult to weld by available basic welding techniques, (Gas Tungsten

⁎

Arc Welding (GTAW), Metal Inert Gas (MIG), Metal Active Gas (MAG))
[6].
In the last decade, many researchers have examined the development of the FSW technique, purporting to enhance its tremendous
capabilities and minimize its limitations. Many theoretical, numerical
and experimental studies were devoted to the FSW process, more particularly, the heat transfer phenomena and materials ﬂow [9–11].
Nunes [12] conducted an experimental study on heat input and temperature distribution during the welding a plate of aluminum (AA 6061T6). They showed that the perpendicular distribution of temperature is
nearly isothermal under the tool shoulder. In addition, increasing the
welding pressure and tool rotation velocity enhances the maximum
value of welding temperature. Covington et al. [13] presented a review
of previous works treating the heat ﬂux problem inward of the FSW tool
during the operation between tool and workpiece. They also proved
experimentally the results obtained by Chao et al. [14]. The thermal
measurements on various alloys indicated that only 5% of the generated
heat ﬂows into the tool. The heat ﬂows obviously into the tool but also
into the workpiece where the heat amount conducted impacts the
welding quality as noted by Covington et al. [13]. Furthermore, inadequate heat generation in this process could conduct to failure the
tool-pin or the workpiece shape since the material to be weld is not soft
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Nomenclature

Qs
Q
Qpb
Qsource

Heat capacity (J. kg−1. K−1)
Energy input (J. m−1)
FSW energy input for maximum values of parameters
(J. m−1)
F
Applied force (N)
f0
Initial objective function (−)
h
Speciﬁc heat transfer coeﬃcient (W. m−2. K-1)
h∞
Heat-transfer coeﬃcient (W. m−2. K-1)
hp
Height of tool pin (m)
H
Workpiece thickness (m)
HAZ
Heat aﬀected zone (−)
TMAZ
Thermomechanical aﬀected zone (−)
BM
Base material (−)
K(ky,kx,kz) Thermal conductivity and its components
(W. m−1. K−1)
Lyi
Distance between a position yi and the tool axis (m)
niter
Number of iterations (−)
P
Pressure (Pa)
q(r)
Heat source model (W. m−2)
qs
Heat generation rate (W. m−2)
qb.los
Heat transfer between workpiece and backing plate
(W. m−2)
qc
Heat loss of the workpiece to the environment through
convection (W. m−2)
qp
Heat ﬂux on tool shoulder (W. m−2)
Qp
Pin heat generation (W)
cp(T)
E
Ex,max

r
Rs,Rp
S
T
t
T0
Tm
Tmax
Tw
UDF
uw
x
xi
X, Y, Z

Shoulder heat generation (W)
Increase of the heat content in the workpiece (W)
Heat ﬂux on pin bottom (W)
Total heat ﬂux coming from the friction between the tool
and the workpiece (W)
Radius (m)
Shoulder, pin radius (m)
Heat source term (in Eq2) (W. m−3)
Temperature (K)
Time (s)
Ambient temperature (K)
Melting temperature (K)
Maximum welding temperature (K)
Welding temperature (80% of Tm) (K)
User –deﬁned function (−)
Welding velocity (m.s−1)
Vector (−)
Vector of optimization variables (−)
Space coordinate (m)

Greek symbols
ω
ρ
β
μ
Ω1,

Rotation velocity (rpm)
Density (kg m−3)
Ratio between the pin Height and the workpiece thickness
(−)
coeﬃcient of friction (−)
Ω2, Ω3 Boundary interfaces (−)

Fig. 1. Illustration of the diﬀerent phases of the FSW process: (a) start, (b) penetrations, (c) welding and (d) ﬁnishing [7].
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enough. Thus, understanding and mastering the heat ﬂow behavior
during FSW process is necessary to achieve good weld properties. Aissani et al. [15] presented an experimental approach on FSW tool optimization. They used a triﬂute pin kind with a conical threaded geometry for aluminum alloys welding. The results conﬁrm the possibility
to obtain good weld quality by the optimized tool. The quality of the
weld has been evaluated by micro-hardness measurements and microstructure analysis. However, this optimization procedure needs much
trial and error correction to obtain the satisfactory results. The improvement of the FSW process involves essentially the minimization of
the welding energy and the enhancement of the production eﬃciency
by reducing the welding time, the manufacturing costs and decreasing
the HAZ (Heat Aﬀected Zone). For that, a fairly precise knowledge of
the temperature distribution evolution in the welded parts is required.
The thermal cycles constitute the essential data which permit to predict
the relationship between the welding conditions, the thermal energy
dissipated during the process, the mechanical properties and the microstructure of the welded joints. Experimental measurements of temperature during the welding process are limited by several diﬃculties.
First, it is impossible to perform measurements in the stir zone because
of intense plastic deformation; on the other hand the accuracy of these
measurements is limited. Finally, the identiﬁcation of thermal cycles for
a multitude of combinations of process parameters is a greatly complicated and expensive work.
Numerical simulations of friction stir welding processes, represent a
powerful tool for prediction of welding parameter and are commonly
used. Simar et al. [[16]] determined experimentally the thermal history
at positions near the weld line during the FSW process. In addition, they
have developed a numerical model based on the ﬁnite element method,
considering the eﬀect of the welding parameters such as the welding
velocity, the tool rotational velocity, the forging force and tool geometry on welding energy. The distribution of the total power among the
heat created by the friction forces and the heat generated by the plastic
deformation has been determined and a good agreement was obtained
between the numerical and experimental results. Chao et al. [14],
carried out experimental and numerical studies on the heat transfer in
the aluminum workpiece and the welding tool during the FSW process.
The studied heat transfer problem was solved using a numerical inverse
approach in combination with two experimental temperature measurements to compare the variation in heat ﬂux generation for normal
and cold welds joints. They found that most of the heat was created by
friction, i.e., about 95% of the heat was transferred into the aluminum
workpiece and only 5% ﬂows into the tool. Nandan et al. [17], conducted CFD (Computational Fluid Dynamics) study combined with experimental ones on the heat and material ﬂow during FSW of mild steel.
They considered the material as a non-Newtonian ﬂuid during the
calculation of the ﬂow streamlines using the velocity ﬁeld. Moraitis
et al. [18], have calculated using semi-analytical methods, the total
energy and the heat produced by stirring the material during the FSW
process. In addition, they proposed a 3D numerical simulation based on
ﬁnite element method to analyze the thermal histories during the
welding process. The obtained results by the thermal model were introduced into thermomechanical model to determine the residual stress
ﬁelds. At the end, they have measured experimentally the temperature
in order to validate the overall methodology. Pal and Phaniraj [19]
have developed 3D CFD model using FLUENT code to explore the heat
partition between workpiece and tool during FSW of stainless steel
plates (SS304). It was found that the heat amount transferred to the tool
is substantially less compared to that obtained by the model based on
thermo-physical properties of tool and workpieces. In recent study,
Derazkola and Simchi [20] analyzed experimentally and numerically
the thermo-mechanical behavior of the FSW of PMMA plate. Their
objective was to look for suitable conditions to attain optimal thermomechanical properties. The developed model was used to determine the
thermal proﬁle in the longitudinal and transversal directions of the
welded plates, while the temperature of the surface plate was measured

experimentally and compared with numerical results. The authors have
found that at higher heat inputs, the increased forging force within the
plastic material led to material sticking around the pin and formation of
defects; while a lower heat input does not extrude the material to form a
complete stir zone.
The numerical simulations enable us to accurately predict the
welding process and detect of potential defects. Thanks to this, it was
possible to reduce design and prototyping costs to a signiﬁcant level.
However, to attain a satisfactory result, many ﬁnite elements simulations are needed to manually alter the process parameters and then reevaluate the results, whereas this does not guarantee a global optimum.
In this sense, automated optimization procedure is not fully considered
yet. As in many process and structural designs, the combination of
numerical simulation with numerical optimization techniques cannot
be avoided. Nandan et al. [21] have used a genetic optimization algorithm (GA) to minimize the error between numerical modeling and
experiment by determining four process parameters such as the friction
coeﬃcient, the heat transfer coeﬃcient at the bottom surface parts,
quantity heat created by the viscous dissipation and the extent of
sticking. The objective function was to minimize the peak temperature
value in a given point. A reasonable agreement between the measured
and the calculated temperature values has been obtained using the
optimal parameters. Jayaraman et al. [22] used the Taguchi method to
optimize welding velocity, rotational velocity and forging force of the
FSW process for the A319 aluminum alloy. The tool rotation was found
to be the dominant factor aﬀecting tensile strength followed by the
welding velocity. A mathematical model has been developed by a
nonlinear regression analysis to determine a correlation between tensile
strength and welding process parameters. The obtained results show
that the tool rotation velocity is a dominant parameter followed by the
welding velocity. Nourani et al. [23] have applied the Taguchi Optimization method to three FSW process parameters of Aluminum Alloy
6061. They concluded that the most inﬂuential parameters on the weld
quality are the rotational velocity followed by the forging force and the
welding velocity. The obtained optimal parameters indicate decrease in
the maximum temperature value compared to the nominal value. optimization algorithms with the numerical simulation which combines
thermal, microstructural and mechanical phenomena provides an appropriate means to study the relationship between the welding conditions, microstructure evolution and mechanical properties. Zhou et al.
[24] have proposed a simpliﬁed Finite Element Model to identify the
parameters of the process which are the tool heat input rate and heat
loss through the backing welded plate, this by applying genetic optimization algorithm which was validated experimentally. The authors
showed that the identiﬁcation of the optimal FSW parameters can be
achieved automatically using their optimization procedure. In addition,
they noted that such optimization procedure can be extended to include
complex characteristics of the welding tool. Lebaal et al. [25], proposed
a 3D transient thermal model to analyze the inﬂuence and the links
among the diﬀerent parameters of the Friction Stir Processing (FSP) on
the heat transfer process. The developed model enabled to identify the
friction coeﬃcient using an optimization algorithm based on ﬁnite
element method. A good agreement was obtained among their numerical results and experimental ones.
Up to present, the optimization algorithms have not been widely
applied in the domain of FSW and relatively few works have been
published on this subject. From the optimization point of view, some
authors attempted to ﬁnd a compromise among the heat energy dissipated during the welding, the process parameters, the internal quality
and mechanical properties. It is certain that some speciﬁc optimization
methods are more suitable than others for diﬀerent types of optimization problems such as the non-linearity of the objective function,
computing time, number of optimization variables, continuity or discontinuity of the objective function, unconstraint or constraint optimization problem. Furthermore, if optimization is attempted without a
speciﬁc methodology, the solution will most likely not be optimal.
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reduction of the total welding energy.

Evolutionary algorithms, gradient based methods and approximation
approaches are among most commonly used methods for various material forming optimization problems [26–29]. Several works have to
approach the study of the eﬀects of parameterized and the optimization
with the design of experiments. However, the experimental designs
cannot accurately give the optimum settings but just the acceptable
trend and levels. For the Genetic optimization Algorithm GA, no derivatives are required, and they are less susceptible to getting at local
optima than gradient search methods. But they tend to be computationally expensive since a large number of FE simulations are often
necessary in order to ﬁnd the best solution. Gradient based approach
including SQP (Sequential Quadratic Programming) algorithm are
among one of the earlier methods used in material forming optimization in conjunction with FE simulation. As gradient information’s of the
objective function are required, calculation of the derivatives called
sensitivity analysis may be obtained by direct diﬀerentiation or the
adjoin state method. However, depending upon the problems under
consideration, the sensitivity analysis can be diﬃcult due to either the
complexity for diﬀerentiation or the discontinuity of the objective
function within the problem domain especially when black-box commercial codes are used. Due to the time-consuming computations in
genetic algorithms and the presence of the nonlinear constraints, a SQP
algorithm included diﬀerent non-linear constraint functions with differentiation of analytic formulation for the Objective function was advised. Mathematical optimization techniques have not been widely
applied to the FSW welding process and relatively few papers have been
published on this topic. Most of the works focused on optimizing two
variables maximum (welding speed, rotation speed or welding speed,
input heat ﬂux) and a single objective function (minimization of the gap
between analytical and experimental results).
In this work, an optimization strategy was proposed and combined
with a 3D computation of the transient heat transfer phenomena, allowing the improvement of the weld quality and the prediction of the
optimal operating conditions of the FSW process. An optimization
methodology was performed to improve the FSW process parameters of
typical Aluminum-Lithium alloy plate AA2195-T8. The proposed numerical procedure is based on the optimization of the spatial parameters related to the tool, i.e., the welding velocity, the tool rotation
velocity, shoulder tool radius and the applied force. This study aims to
investigate three criteria: the control of the maximum temperature
during FSW; the minimization of the HAZ length and ﬁnally the

2. Physical model
The studied model is schematized and shown in Fig. 2. The workpiece is composed from two plates to be welded by the FSW process; its
dimensions are L × W × H = 610 × 102 × 8.1 mm3. The intersection
of the workpiece with FSW tool is symbolized in the ﬁgure by a circular
red section which moves throughout the weld joint line.
When the welding process starts along the longitudinal direction x,
the heat transfer behavior in the welding tool is supposed steady. While,
in the workpiece it is assumed transient since the tool transfers the
generated heat input towards the workpiece along the joint line at any
position and any time.to ﬁnd the temperature distribution, the
Boundary Value Problem (BVP) of the heat transfer in the FSW process
concerns the determination of the input and output heat ﬂuxes through
the workpiece and the FSW tool. So, the BVP for the workpiece is shown
in Fig. 2 and 3.
During this welding process, the energy balance at any time is:

Qsource = Qtotal = Q + qb . los + qc

(1)

Where Qsource is the heat source ﬂux created by the friction action between the welding tool and the workpiece. Qtotal is the total output heat
which is the same as the heat source ﬂux deﬁned above Q in the growth
of the heat hold in the welded workpiece. qb.los is the heat lost from the
workpiece in the bottom surface to the support plate of the machine. qc
is also the heat lost from the remaining surfaces of the workpiece to the
surroundings air through convection transfer. Though the maximum
temperature achieved during the welding process rarely exceeds 500 °C
(773 K) [14] and so the radiation transfer phenomena are neglected in
the current study.
The input heat ﬂux is depended on the surfaces parameters of the
workpiece/tool, regardless of the tool position on the weld joint. Also, it
depends both on the ﬁxed operating parameters of the process and the
tool radius.
3. Mathematical model
Thermal phenomenon modeling of the FSW process is based on the
resolution of the thermal conduction equation in, the welded plates
with an appropriate heat source model. In this work, a modiﬁed heat

Fig. 2. Schematic representation of the studied physical model.
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Fig. 3. Applied heat transfer boundary conditions on the computational domain.

source model was considered, it represented the thermal ﬂux Qsource
issued from the friction of the welding tool on the plates to be assembled considering the appropriate boundaries and initial conditions.

3.3. Boundary conditions
To complete the mathematical model presented above, the
boundary conditions are speciﬁed. Since the plates to be welded were
made from the same material (aluminum alloy) and have the same
dimensions, a symmetric condition is imposed along the weld joint
(Fig. 3). The calculation will be done only on one plate#1.
As the thermal conductivity of the tool (M42 high-speed tool steel)
is small compared to the thermal conductivity of the workpiece (aluminum alloy), the heat dissipated from the welding tool represents
about 5% of the friction heat [14] and it can be neglected with respect
to the heat transferred to the workpiece. At the workpiece/tool interface, the boundary conditions were calculated considering the frictional
heat ﬂux q(r) deﬁned by the speciﬁc heat source model. At the top
surface of the workpiece and due the transient temperature proﬁle, nonuniform boundary conditions were deﬁned functions of the process
parameters.
The continuity of the heat ﬂow at the workpiece / tool interface Ω1
is described by:

3.1. Hypothesis
The consideration of some hypotheses is necessary to solve the obtained system:

• The heat transfer process was considered 3D and transient in the
entire workpiece;
• The peak temperature in the workpiece during the welding remains
•
•
•

always below the melting temperature of the studied material (Tm
below 773 K generally);
The heat exchange between the workpiece and the environment
occurs only through natural convection process with a heat coeﬃcient h∞ and the radiation eﬀect during the process is neglected;
Mechanical energy resulting from along the feed direction is neglected compared to the generated rotational power. So, the heat
due to the plastic deformation of the material by the FSW tool was
assumed to be insigniﬁcant compared to the heat generated by the
rotational friction;
It was considered that the force applied vertically by welding tool
generates a uniform pressure at the workpiece /shoulder interface;

⎛k ∂ T ⎞ = q (r ) 0≤ r ≤ RS
⎝ ∂n⎠

(3)

Where RS , is the shoulder radius and q(r) is the heat ﬂux source
(equation 10) that moves along the welding line with constant velocity
uw.

• The heat transfer at the workpiece ambient environment interface

3.2. Heat transfer equation

Ω2 is modeled by convection with an overall heat coeﬃcient
h∞ = 30W . m-2. K-1 of the ambient environment (the air) given by
many authors (Chao et al. [14], and Song and Kovacevic. [30],).

The tool moves at constant velocity uw depending the joint line.
According to the above assumptions, the thermal energy equation in the
workpiece can be written in the Lagrangian coordinates as:

∂T
= ∇ (K . ∇T ) + S
ρ (T ) cp (T )
∂t

on Ω1

⎛k ∂ T ⎞ = h∞ (T − T0)
⎝ ∂n⎠

on Ω2

(4)

• The heat transfer at the interface workpiece bottom/ lower support

(2)

Ω3 (backing table):

where ρ (T ) , cp (T ) and K (k x , k y, k z ) are the material density, the
thermal capacity and the thermal conductivity, which depend on temperature. S is the volumetric heat source into the workpiece due to the
plastic deformation of the material; it was neglected compared to the
main source of heat created by the friction of the shoulder qs and the pin
on the workpiece qp.

⎛k ∂ T ⎞ = h (T − T0)
⎝ ∂n⎠

on Ω3

(5)

• The contact between the under surface of workpiece which is ﬁxed
to a backup steel plate and the lower support of milling machine
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•

were assumed under a speciﬁc convective transfer process having a
speciﬁc heat transfer coeﬃcient h = 350W . m-2. K-1 [14].
The initial condition supposed for the calculations is:

T (x, y, z, 0) = Ti = 300 K

Qsource =

E = 60
3.4. Heat source model

The HAZ is located between the Thermo-Mechanically Aﬀected
Zone (TMAZ) and the Base Material (BM) (Fig. 4). This zone is not
constrained but is exposed to thermal cycles which can result in grains
growth. The grain in the HAZ is bigger than those of base metal because
of the high thermal conductivity of aluminum alloys. For heat treatable
aluminum alloys, the HAZ was identiﬁed as a zone experiencing temperature above 250 °C [31]. Due to the poor mechanical properties of
the HAZ, the failure usually occurs in this zone during the tensile tests.
The size of this risk zone can be determined from the distribution of
temperatures (isotherms) and the coordinates of the mesh nodes. The
region of interest is the upper surface of the workpiece where the peak
temperature value is concentrated. The HAZ is delimited on the one
hand, by the TMAZ by considering the temperature of the tool shoulder
(at y = Rs) and on the other hand by the temperature at which there is
the beginning of the micro-structural modiﬁcation until ≈ 250 °C (T≈
523 K), as in Larsen et al. [32], and Mahoney et al., [31]. The calculation equation is described as follows:

2π RS

0

(8)

RP

2π Rp

2π hp

∫ ∫ μPω 260π r 2drdθ + ∫ ∫ μPω 260π Rp2 dzdθ

Qp + Qpb =

0

0

0

0

LiHAZ = Lyi ( T= 523K)-Rs and i = 1, 3
(9)

QS =

3Qsource
r for r ≤ RS
2πRS3

π 2ωP
45

μ (RS3 − RP3)

QP + QPb =

π 2ωP
μ (Rp3 + 3RP2 hp)
45

(15)
HAZ

using the
This equation permits the calculation of the HAZ length L
position of the isotherm T = 523 K. Rs is the shoulder radius. Lyi is the
distance between the position yi corresponding to the isotherm
T = 523 K and the axis of the welding tool at the position xi of the heat
source (see Fig. 6).

where Rp and hp are the radius and the length of the tool pin (Fig. 4).
The transient three-dimensional model of the heat ﬂux Qsource created by the friction at the workpiece / welding tool interface is:

q (r ) =

(14)

3.5. Heat aﬀected zone

(7)

∫ ∫ μPω 260π r 2drdθ

Q source
uw

The total heat input is as function of several welding process parameters. For this, it was necessary to understand the eﬀect of the welding
parameters on the heat generation. Thus, the optimization of the
parameters inﬂuencing the welding quality obtained by the FSW process is an objective to be achieved in this work.

The principal thermal phenomena during the FSW process are the
production and distribution of heat on the workpiece and on the tool.
The heat created is directly linked to the contact conditions of the
workpiece / tool interfaces and the process parameters. So, there are
two main sources of energy produced by friction at the two interfaces:
the heat Qp created at the workpiece / pin interface and the heat Qs
created at the workpiece / shoulder interface. This last source of heat Qs
is the forging vertical force F at the main friction surface (shoulder/
workpiece), which generates the pressure P on that surface and due to
the rotation velocity of the tool ω (rpm). These frictional contacts depend on the surface state which is deﬁned by the friction coeﬃcient μ.
Our model is combined with Chao et al. [14], model, which assumes a
simpliﬁed tool design with horizontal shoulder surface, as it is represented in Fig. 4; with the involved heat ﬂuxes, namely the heat
generated under the shoulder Qs, at the pin side Qp and at the pin
bottom Qpb.
In this work, Qsource is the total heat source input of the model and
may be calculated as:

QS =

(13)

The energy input E during the FSW process, was obtained by dividing the total energy by the welding velocity uw (m/min):

(6)

Qsource = QS + QP + QPb

π 2ωP
μ (RS3 + 3RP2 hp)
45

(10)

4. Data setting
The aluminum alloy AA 2195-T8 is used for the FSW process. The
main reason for studying the welding of this material is its various industrial applications thanks to its lightweight and high strength.
However, this material is particularly diﬃcult to be welded by the
classical welding processes. The successful welding of the AA2195 alloy
by FSW technique will increase the use of this material. This aluminum
alloy is a solution heat treated, cold worked and then artiﬁcially aged.

(11)

(12)

Therefore, the total heat generated between the tool and the
workpiece contact zones may be written after rearrangement as follows:

Fig. 4. Generated heat distribution in a simpliﬁed FSW tool.
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The chemical composition and mechanical properties are recapitulated
in Table 1.
Thermophysical properties (thermal conductivity and heat capacity)
of working medium as functions of temperature are deﬁned in Fig. 5.
The alloy density is supposed to be constant and equal to 2700 kg/m3.
For the rest of the study, the thermal cycles results were calculated
and commented according to six positions on the workpiece deﬁned by
the points P1(L/2,5,H/4), P2(L/2,12.7,H/4), P3(L/2,25.4,H/4),
P4(xi,5,H/2), P5(xi,5,0) and P6(xi,5,-H/2), as shown in Fig. 6, where xi
(i = 1,3) corresponds to three positions along X axis with values
x1 = 305 mm, x2 = 450 mm and x3 = 575 mm. The points P1, P2 and P3
represent the locations of the thermocouples in the welded plates that
were used experimentally by Chao [14] to measure the thermal cycles
during FSW process of aluminum AA 2195-T8. These three positions
correspond to the edge of the tool pin, the edge of the tool shoulder and
at a faraway point from the tool, respectively. These points were considered to validate the used thermal Model. The points P4, P5 and P6
were used during the optimization process and represent three positions
at the edge of the pin tool located at the top, the middle and the bottom
of the plate, respectively. The axial positions xi (i = 1.3) correspond to
three locations in the time of the heat source.
To perform the numerical resolution of the problem and validate the
used thermal model, it is important to provide the needed experimental
data of the welding process which are the operating parameters and
experimental thermal cycles that were presented by the Chao et al.
[14].
The tool material is M2 tool steel which is widely used industrial
HSS. It has small and evenly distributed carbides giving high wear resistance.

(Fig. 6) are depicted in Fig. 8. The dimensions of the physical used
model are resumed on Table 2. It can be observed that the temperature
pick decreases with the increase of distance regarding the mid plan for
both experimental and numerical analysis. Basing on the good agreement among the calculated results and the experimental ones, this
proposed numerical model can be used for the prediction of temperature proﬁles and cooling rates.
It can be observed that the proﬁle exhibited by P1 (Fig. 8a) shows a
close position to the weld bead center by height temperature peak
(≈733 K) with sharp form, whereas the farthest position P3 (Fig. 8c),
produces a rounded peak of the proﬁle (≈506 K).
Those cycles’ results conﬁrm the fast temperature increase in
welded plates followed by slow cooling down. They show also a small
diﬀerence in the cooling phase between numerical and experimental
data. Actually, the used model does not take into account the coupling
with other phenomena such as the material ﬂow, mechanical deformations, radiation of the heat with the ambient environment, etc.
Nevertheless, the model used is quite precise and is suﬃcient for the
optimization of FSW process. The diﬀerence seen in Fig. 8, between
numerical and experimental data is due to uncertainties measures
(Uncertainty of thermocouple type and its measurement range AISSANI
[34]) and to existing gap between the position of the thermocouples
and the position of the numerical mesh nodes.
To reduce the manufacturing time while having a good product
quality and minimum cost, an optimization algorithm is applied to
improve the FSW process. The optimization process is based on the
minimization of the welding energy and the improvement of the production eﬃciency by reducing the welding time and decreasing the
HAZ. For this purpose, the CFD ANSYS 14.0 thermal model code is
coupled with the Sequential Quadratic Programming gradient (SQP)
optimization algorithm available in MATLAB code [35,36]. This combination allows the determination of the optimal parameters of the FSW
process, i.e., the welding velocity uw, the tool rotational velocity ω, the
tool shoulder radius Rs and the forging force F.
For the FSW process, the welding time may be calculated considering the length of weld and the used welding velocity. The welding
operation needs a supply energy which is the dominant cost component
in the welding process. The weld quality into the welding process is the
result of thermal history and it can be deﬁned by diﬀerent constraint
functions. The obtained system to be solved is deﬁned as follows:

5. Numerical procedure and validation
In this study and for the thermal analysis, transient model of heat
ﬂow with a moving heat source is used. The eﬀects of the clamping
forces on the workpiece can be neglected as they are far from the
welding tool. The calculation of the temperature ﬁelds during the FSW
process needs the resolution of the governing equations with the appropriate boundary conditions and a moving heat source by using the
CFD ANSYS 14.0 code. This resolution method has been tested and
proven in the heat transfer and ﬂuid ﬂow ﬁelds for several welding
processes [33]. Due to the symmetry of the workpiece, only the half is
modeled and analyzed by the ﬁnite volume method. To validate the
numerical procedure, the numerical results are confronted to experimental data of Chao et al., [14]. For this step, only three positions (P1,
P2, P3) are considered (Fig. 6).

Min

fi (x ) = Ex ,max
HAZ

⎧ gi (x ) = (Li − Rs ) ≤ 0 , i = 1, 2, 3
Rs
⎪
⎪
(Tw − TP 6)
Such that
g4 (x ) =
≤0
Tw
⎨
TP 4 − Tm
⎪
≤0
⎪ g5 (x ) =
Tm
⎩
⎧1.5 ≤ u w ≤ 4.5 mm /s ) ⎫
⎪ 200 ≤ ω ≤ 900 rpm
⎪
and x =
⎨500 ≤ F ≤ 26000 N
⎬
⎪ 0.010 ≤ Rs ≤ 0.020 m ⎪
⎩
⎭

5.1. Mesh sensibility
To study the mesh sensibility, various meshing conﬁguration are
compared to ﬁnd the low CPU time calculation with acceptable precision. Thus, the evolution of the maximal temperature Tmax as function
of the meshing density is represented in Fig. 7. One observes a low
discrepancy of Tmax values from the ﬁfth meshing conﬁguration (Fig. 7).
So, the choice of the mesh 5 allows both a gain in computational times
and good accuracy of the results.
The chosen mesh size consists of 400 nodes along the length (X
direction), 80 nodes along the width (Y direction) and 12 nodes along
the thickness (Z direction). Thus, 381,936 cells are obtained to perform
the numerical analysis, where the mesh in the contact zone tool/
workpiece along the joint line, was reﬁned. Time step of 0.2 s is used to
calculate the transient phase of the heat transfers.

(16)

Where fi (x ) is the objective function deﬁned by the energy input E(x),
Eq. (4). x is the vector of optimization variables x = [u, w, ω, F, Rs].
Table 1
Chemical compositions in wt. % and mechanical properties of the used material
(AA 2195-T8 alloy).
Chemical
compositions

5.2. Comparison with experimental data

Mechanical
properties

The obtained results are compared with the experimental results of
Chao at al., [14]. The evolution of the temperature at P1, P2 and P3
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Fig. 5. Temperature dependence of the thermo-physical properties of AA2195
Alloy, Chao et al., [14].
Fig. 7. Evolution of the maximum temperature as function of the meshing size.

This vector is bounded by xl = [1.5, 200, 500, 0.010] and xu = [4.5,
900, 26000, 0.020] which represent respectively the lower and upper
limits. Thus, the optimization problem is subject to these constraints:

inﬂuence of temperature on the physical properties of the materials
(welding tool and workpiece) must be signiﬁcantly reduced.

constraint functions gi(x) (for i = 1, 2, 3) controls the HAZ
• The
). This function is deﬁned to delimit the L
at which
length (L
HAZ
i

•

•

The SQP algorithm present in MATLAB code was applied to generate randomly the input data (uwi, ωi, Rsi, Fi) at step i and to calculate
the objective function fi and constraints gi,j = 1,5 (see Fig. 9). The SQP
algorithm is a stochastic program and a total of 200 simulation were
performed to determine suﬃcient statistical values. The values of the
optimized parameters, objective function, constraints and calculation
processor time are recorded at every iteration i along the calculation
process.
As shown in Fig. 9, the optimization cycle starts by suggesting initial
values of the FSW parameters (uw0, ω0, Rs0, F0) that are generally
chosen close to the experimental ones to increase the convergence of
calculations. The initial objective function f0 is then calculated in the
MATLAB program. At each optimization iteration i, the parameters of
the FSW process (uwi, ωi, Rsi, Fi) were chosen and the heat welding input
Qsource,i was determinates consequently. Qsource,i is necessary as input
data for the numerical simulation of the thermal model by CFD ANSYS
14.0 code. To ﬁt modeling needs and to customize the CFD ANSYS 14.0
code, a User-Deﬁned Function UDF (program in C++ language) is used.
The heat ﬂux Qi is deﬁned as boundary condition which varies as a
function of spatial coordinates. In addition, since the transient
boundary conditions cannot be deﬁned in CFD ANSYS 14.0, User-

HAZ
i

there is the beginning of the micro-structural modiﬁcation until Tm
≈ 523 K) [31,32]. The acceptable length at the ﬁnal stage should
not exceed Rs. The constraint function gi(x) are selected in a way
that they are negative if the length of HAZ is higher than a critical
value Rs, else they will be positive.
The constraint function g4(x) represents the condition on the temperature TP6 at the position P6. To ensure soft displacement of the
tool along the welding line, and minimum of energy consumption,
the temperature TP6 must always be greater or equal to the welding
temperature Tw and, consequently, the temperature of all the other
positions P4 and P5, become equal or higher than the welding
temperature Tw. When the condition g4(x) ≤ 0 is satisﬁed, the zone
around the position P6 will be suﬃciently pasty to permit the plates
welding.
The constraint function g5(x) represents the condition on the maximum temperature TP4 at the position P4 on the interface tool/
workpiece which must be lower than the material melting temperature Tm. To obtain a weld of good quality the material must be
kept in the pasty state during all the welding process and the

Fig. 6. Positions of the six points P1 to P6 that were considered in the study.
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Fig. 8. Comparison of the obtained numerical thermal histories to Chao et al. [14], experimental results at three positions of the workpiece: (a) P1 (L/2, 5, H/4), (b)
P2 (L/2, 12.7, H/4) and (c) P3 (L/2, 25.4, H/4).

6. Numerical results

Table 2
Operating parameters of the FSW of AA 2195-T8 alloy.
Pin radius

Shoulder
radius

Rotational
velocity

Welding
velocity

Forging
force

5mm

12.7mm

240 rpm

2.36 mm/sec

25 kN

Fig.10 shows the evolution of the objective function fi(x) and constraints for the FSW optimized problem deﬁned by the system of Eq.
(16). During the optimization process of the objective functions ﬁ, an
illustrative convergence history is represented. For the ﬁrst iteration, it
is found that the value of the objective function is signiﬁcantly upper
than the optimal one obtained at the seventh iteration. It is observed
that the objective function value decreases brusquely after the ﬁrst
iteration (reduction of 40%) probably because of the good choice of the
initial solution. The optimal solution of 1.77526 10+6 is obtained from
the fourth iteration. The variation of the objective and constraint
functions become insigniﬁcant and the optimal solution was reached
when the function tolerance fell below the limit of 10−3 and the optimization loop was stopped. It can be noted that for the initial values of
the optimization variables, the maximal values of all constraint functions g1, g2 and g3 are is not respected. However, at the ﬁrst iteration, all
the constraint functions are respected and become negative, and during
the optimization iterations the constraint function increase to decrease
the objective function value, until the iteration seven, where all constraint functions are respected and are below the zero.

Deﬁned Function (UDF) is written and implemented in CFD ANSYS 14.0
user-interface whose purpose is to apply the heat ﬂux at the top surface
of workpiece. The UDF is compiled at the runtime by an inbuilt compiler/interpreter in CFD ANSYS 14.0. The UDF loops overall the cell
faces on the top surface and is applied at each time step. In this UDF,
weld center is calculated depending on the current time. The output
results after calculation by CFD ANSYS 14.0 program and that will be
used by MATLAB program are the maximum temperature Tmax, the
temperature ﬁelds and temperature cycles at ﬁxed points. The obtained
temperature ﬁelds are used by the MATLAB code to calculate the objective function fi and constraints functions gi,j = 1,5 (Eq. 16), which is
necessary for the optimization procedure. The constraint optimization
process consists of determining the optimal welding parameters (uwi, ωi,
Rsi, Fi) which reduce the welding heat input Ex,max(objective function
fi(x)) to a minimum value and respect all imposed non-linear constraints. This cycle of optimization takes place until the stopping if the
function tolerance is lower than 10−3 Δf ≤ 10−3, or when the maximum iterations number niter = 100 is reached. Finally, the obtained
optimal values of the welding heat input and FSW parameters are stored
on the pair (f0, uw0, ω0, Rs0, F0), Fig. 9.

6.1. Optimization eﬀect on welding parameters
The results obtained at the end of the optimization procedure for
FSW of AA-2195-T8 material and initials values are summarized in
Table 2. It may be noted that for the optimal parameters the estimated
welding heat input (lower value of the objective function is lower than
that found in the initial case. That was a consequence of the reduction
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Table 3
Optimal parameters for the FSW process of Al-2195-T8 material.
Numerical value

Heat input (×106) [W]
[K]
TP1
TP2
[K]
[K]
TP3
LY1
[mm]
LY2
[mm]
LY3
[mm]
uw
[mm/s]
ω
[rpm]
F
[N]
Rs
[m]

Initial

Optimal

2.8789

1.7794

764.45
726.86
691.31
13.34
13.7070
18.9980
2.3600
240.00
25000
0.01270

649.70
624.47
600.48
6.1323
6.3727
10.094
2.9012
229.94
19854
0.01450

of the forging pressure (by reducing the force F from 25 kN to 19.8 kN
and the rotation velocity ω from 240 to ≈230 rpm. Instead, it due also
to the increase of the welding velocity from 2.36 to 2.90 mm/s which it
decreases the contact time of the tool/workpiece and so directly aﬀects
the rate of heat input ﬂux created during the welding process. On the
other hand, the variation in the other process parameters (rotation
velocity, forging force and tool diameter) between the initial and optimal case leads to a variation in the total heat ﬂux created during the
welding process (Table 3).

6.2. Optimization eﬀect on thermal cycles
The thermal histories were determined at three positions on the
workpiece near the welding line, the ﬁrst point P4 (L/2, −5, 4) is situated close to the top surface of the welded plates, the second P5 (L/2,
−5, 0) at middle height H and the last P6 (L/2, −5, −4) close to the
bottom surface as shown in Fig. 6.
The Fig. 11a–c show a comparison of the thermal cycles during the
FSW process at 03 positions on the workpiece close to the welding line
for the optimal and initial parameters. It was observed that the obtained
maximum temperatures in the 03 points for the optimized parameters
were inferior to those obtained in the initial case. These maximum
temperatures in the optimal case (red cycles) were reached more rapidly than in the initial case for all the three positions.
In the initial case, it was observed that the peak temperature values
of 764.45 K, 726.86 K and 691.31 K were reached after times of 118.6 s,
117.8 s and 117.8 s, respectively at the positions P4, P5 and P6, with a
welding velocity of 2.36 mm/s. While, the necessary times to reach the
maximum temperature values of 649.70 K, 624.47 K and 600.48 K

Fig. 9. Flowchart for identiﬁcation of the optimized FSW parameters.

Fig. 10. Evolution of the objective and constraints functions with the optimization iterations.
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Fig. 11. Thermal histories at diﬀerent positions along the workpiece thickness (a) P4 (L/2, 5, H/2), (b) P5(L/2, 5, 0) and (c) P6 (L/2, 5, -H/2).

the HAZ can be determined.
In Fig. 13, the contours of the temperature in the plane perpendicular to the welding line (plane (y, z)) during the FSW process are
shown. These contours were obtained at longitudinal positions
X = 0.305 m, X = 0.450 m, X = 0.575 m, for the optimal and initial
parameters that were indicated in Table 2. The temperature ﬁeld

respectively, at positions P4, P5 and P6, for the optimal case were the
same time and it corresponds to the value of 96.20 s at a welding velocity of 2.90 mm/s. So, the optimum thermal transfer is characterized
by reducing in heating and cooling rates, which results in a shorter
welding time with a suﬃcient welding temperature in low peak temperatures. For example, the ﬁrst point P4 has a reduction in the peak
temperature about 15%.
Fig. 12 shows a comparison of the calculated temperatures at different positions (L/2, y, H/2) in transverse direction so perpendicular to
the weld line for the optimal and initial welding parameters. It was
noticed that when moving away from the weld joint line, the maximum
temperature decreases to approach the ambient temperature of 300 K,
where the temperatures of the ﬁrst case (initial parameters) were always upper then the temperatures of optimal case, so it was less of
constraints, stress and deformation problems. Furthermore, the optimum thermal cycles allow having a good quality of weld and a narrow
region of HAZ.

6.3. Temperature contours and heat aﬀected zone
The temperature gradient has essential role in changing the microstructure of the joint, while the quality of the weld can be directly
linked to the size and the shape of the HAZ. Consequently, the temperature contours distribution on the workpiece at a time t enabled us
to determine the distance between a temperature in each point and a
speciﬁc temperature T of the FSW process [31,32], and then the size of

Fig. 12. Maximum temperature perpendicular to the weld line at positions (L/
2, y, H/2).
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Fig. 13. Temperature contours in cross sections (y, z) perpendicular to the welding line for three longitudinal positions X = 0.305 m, X = 0.450 m and X = 0.575 m.

One notes that the softened zone extends just outside the shoulder radius for the upper surface, while the width of this region decreases
towards the lower surface.
This eﬀect was most remarkable in the optimal case where the
welding speed is higher and the thermal impact during the welding
process is less than the initial case. It was also observed that for the
optimum case the length of the HAZ decreases.
From Fig. 13 and at x = 0.575 m, it can be noticed that at:

extended with time for both initial and optimal cases, we observe the
isotherms having the temperature value T = 523k diverge from the
welding line.
As may be seen in the Fig. 13, the maximum temperature distribution was observed at the upper surface of the workpiece for both
cases (initial and optimal) that was directly exposed to the heats generated by the shoulder tool. A signiﬁcant diﬀerence in the slope of the
contour lines was visible between initial and optimal cases for all
longitudinal positions. Although, for the optimal parameters of the
welding process (Table 2) a contraction is observed in the temperature
contours towards the center of the weld under the tool shoulder. On the
other hand, it is observed that the temperature in the mixing zone has
decreased from the value of 900 K to 670 K. This last temperature is
suﬃcient to ensure an easy displacement of the welding tool along the
weld line and consequently restrictions the applied loads on this one by
contributing to the best thermal softening of the welded plat material.

• Initial case, the L range is equal to 0.0300-0.0127 = 0.0173
m = 17.30 mm;
• Optimal case, it is about 0.0230-0.0145 = 0.0085 m = 8.50 mm.
HAZ

One notes that the HAZ zone has been decreased with the optimization, it decreases about 7.8 mm which corresponds to 50.87% for the
case of the highest temperatures.
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7. Conclusion
[11]

The used transient thermal model can goodly predicts the temperature and the heat generated by FSW. The numerical analysis has
shown a good correlation with the existing experimental data. This
good agreement between the computed results and the experimental
ones allows using this numerical model for the prediction of temperature proﬁles and cooling rates. The applied optimization method coupled with the ﬁnite volume method for the three- dimensional calculation of transient heat transfer problem, has been proving its ability to
predict the optimal operating conditions of the FSW technique.
The optimization process presented in this work has demonstrated
its robustness to improve the FSW process by reducing the manufacturing time while having a good product quality with a minimum
cost. The main conclusions are drawn as below:

[12]
[13]
[14]
[15]
[16]

[17]
[18]

• The optimal operating conditions allow a gain about 38% of consumed energy by FSW and a reduction of 11% in the welding time;
• Applying the optimal parameters permits until a 32% decrease in

[19]

[20]

the length of the Heat Aﬀected Zone (HAZ) at every position on the
weld line.

[21]

In optimal conditions, a reduction in the maximum temperature
about 114.7 K can be observed respect to the nominal case though the
temperature distribution at the welding plate.
As a perspective, the experimental validation of the results obtained
by the optimization process proposed in this work will be realized. The
thermal model used for optimizing the FSW parameters assumes that
the friction between the tool and the workpiece is the only source of
heat production. More complete heat generation models could be proposed to include the eﬀects of plastic deformation of the parts to be
welded. Similar studies could be carried out to consider other parameters such as the plunge depth, the plate thickness, usability and
durability of the tool, etc.

[22]

[23]

[24]

[25]
[26]

[27]
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