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Abstract
In immersed friction stir welding (FSW), the workpiece is fully immersed in the water during welding. Thermal numerical model
development of air and immersed FSW is carried out using three-dimensional heat transfer model. FSW joints were produced in
AA2014-T6 plate using different backing plates like mild steel, asbestos, and copper in both air and immersed conditions. K-type
thermocouples are used to measure the temperature profile at different locations on the workpiece during air and immersed FSW.
Commercially available software ANSYS is used to develop thermal numerical model using temperature-dependent material
properties of AA2014-T6. The coefficient of friction between a tool and plate has been considered constant throughout the
analysis for the simplification for both air and immersed conditions. Simulation results obtained both for air and immersed FSW
are in good agreement with those obtained experimentally. It is observed that diffusivity of backing plate affects the temperature
of weld region. It is also observed that higher tensile strength and microhardness attained for the joints produced using mild steel
backing plate in immersed FSW compared with other backing plates for the same weld parameters.
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1 Introduction

FSW is a solid state joining process widely used for welding
of aluminum alloys. Material does not melt during FSW
welding which averts melting-related defects. Welding
Institute (TWI, UK) invented FSW process in 1991 [1].
Many high-strength aluminum alloys of 2xxx, 6xxx, and
7xxx series are very difficult to weld because of melting as-
sociated defect, can be welded easily using FSW [2–5]. Due to
higher strength to weight ratio in the heat treatable aluminum
alloys of 2xxx series, find wide spread use in aircraft and
aerospace engineering [2, 6]. Mechanical properties of heat
treatable aluminum alloys get altered through dissolution of
the precipitates during FSW [7]. Recently, many researchers
have worked in the area of immersed FSW and obtained re-
markable improvement in mechanical properties [8–11].
Fratini et al. [8, 9] accomplished FSW of AA7075-T6 with
workpiece immersed in the flowing water. Improvement in the

mechanical properties was observed due to reduction in soft-
ening in the thermomechanically affected zone (TMAZ) area.
Liu et al. [10] compared mechanical properties of AA2219
alloys welded in air and immersed conditions. It was conclud-
ed that tensile strength of the immersed joint increased but
plasticity was deteriorated. Upadhyay and Reynolds [12] stud-
ied the thermal behaviors, torque requirement, and mechanical
properties under various thermal boundary conditions in FSW
of AA7050-T7. It was concluded that FSW of underwater
reduced probe temperature, increased torque and power con-
sumption. Also in underwater joints, decreased in grain size
and increased in cooling rate observed compared with air
FSW. Same authors investigated the effect of backing plate
diffusivity on FSW of AA6056. The result showed that the
backing plate conductivity affects the nugget zone (NZ) tem-
perature and tool torque significantly [13]. Authors also stud-
ied the effect of ceramic, titanium, steel, and aluminum as
backing plate materials on produced temperature and resulted
microstructure in FSW of 25.4-mm-thick AA6061 [4].
Murshid et al. [14] reported effect of backing plates in FSW
of AA6063-T4 in butt and lap welding using mild steel, stain-
less steel, and asbestos as backing plate materials. Zhang et al.
[15] experimentally investigated the effect of backplate diffu-
sivity on microstructure and mechanical properties of FSW
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AA2024-T3 joints. Results showed that heat input to the
workpiece decreases with increasing backing plate diffusivity.
Joint produced with copper backing plate had lowest tensile
strength due to defect formed at NZ.

Various author [16–25] used different numerical models
based on various assumptions for prediction of thermal history.
Frigaard et al. [16] were the first to introduce friction induced
model, with constant heat flux from the shoulder and ignoring
the heat input from the pin. They developed a process model for
FSW for age hardening aluminum alloy. Colegrove et al. [17]
developed a three-dimensional CFD model of flow around the
threads of the FSW tool. The primary aim was to get better
understanding of thematerial flow around the complex geometry
of the FSW tool and also to show the effect of welding speed,
rotational speed, and rake angle of the tool on peak temperature.
Ulysse [18] reported a three-dimensional finite element (FE)-
based coupled thermal and viscoplastic model to simulate metal
flow and temperature distribution in FSW process. Chen and
Kovacevic [19] used 3D model based on FE analysis to study
of the thermal history and thermo-mechanical process during
FSWof AA6061-T6. FE simulation software ANSYS was used
for the simulation of the FSW process. The heat source incorpo-
rated in the model involves the friction between the material and
the probe and the shoulder. Gok and Aydin [20] developed finite
element model for the FSW process of AZ31 magnesium alloy
using the software of DEFORM3D. Zhang et al. [21] proposed a
transient thermal model for FSW, which considered all FSW
process including plunging, first dwelling, welding, second
dwelling, and cooling. Inverse solution method was used to cal-
culate temperature-dependent friction coefficient to estimate the
heat generation rate. Zhang et al. [22] also conducted thermal
modeling of underwater FSW with a three-dimensional heat
transfer model. The vaporizing characteristics of water were an-
alyzed to fix the boundary conditions in the modeling. FSW
experiments were carried out to validate the calculated results.

The past research indicates that the temperature produced
during the FSW has a strong influence on the quality of the joint
produced. Various numerical models have been developed for
the prediction of the thermal history. Different FE software were
used for the thermal numerical modeling of FSW process.
Looking to the improved weld properties obtained in immersed
condition and having very limited knowledge base in this area, it
is decided to explore the FSWof AA2014-T6 in immersed con-
dition. It is also evident from the literature that various FSW zone
temperature can be changed by changing the backing plate ma-
terials having different diffusivity. No attempt has been made in
the past to find effect of backing plate materials on the tempera-
ture profile observed while FSW in immersed condition.
Therefore, an attempt is made as part of this research work to
find the effect of various backing plate materials, namely, mild
steel, copper, and asbestos on the temperature profile while FSW
in both air and immersed conditions experimentally as well as
numerically. Also, an attempt ismade in thiswork to establish the

effect of backing plate materials on mechanical properties of the
immersed FSW joint and same is compared with air FSW.

2 Experimental procedure

FSW experiments have been carried out on a vertical milling
machine with an indigenously designed fixture to hold the
workpiece. The chemical composition and mechanical prop-
erties of the workpiece are presented in Tables 1 and 2, respec-
tively. The plates used for welding joint preparation are 300 ×
50 × 5 mm in dimension. The tool is made of HSS with 17-
mm shoulder diameter and a threaded taper tool pin having 5-
mm mean diameter and 4.6-mm height. The threads of 0.9-
mm pitch are prepared on the taper pin. A zero tilt angle and
penetration depth of 0.3 mm have been applied to welding tool
while experimentation. The temperature data for immersed
and air FSW is measured using K-type thermocouples and
Agilent make data logger. K-type thermocouples of 1.5-mm
diameter have been inserted in the mid-thickness on advanc-
ing side at a distance of 6, 8, and 11 and 14 mm away from
joint line for measuring the temperature distribution during
welding process. The layout of the thermocouples placement
while FSWof AA2014-T6 plates is shown in Fig. 1.

Experiments have been performed with three backing
plates (mild steel, asbestos, and copper) at constant welding
100 mm/min and rotational speed of 1000 rpm in both air and
immersed FSW. The temperature profiles obtained for air and
immersed FSW using various backing plates are shown in
Figs. 2 and 3, respectively. The temperature profiles thus ob-
tained have been used to compare the temperature profiles
obtained using simulation.

3 Numerical simulation and results

The limitation of experimentation is that one cannot get temper-
ature at desired location on the plate while FSW. Also, due to

Table 1 Chemical composition (wt.%) of AA2014-T6 aluminum alloy

Cu Si Mg Mn Fe Zn Ti Cr Al

4.64 0.668 0.358 0.58 0.223 0.199 0.020 0.019 93.24

Table 2 Properties of AA2014-T4 aluminum alloy

Tensile
strength
(MPa)

Density
(kg/m3)

Thermal
conductivity
(W/m K)

Melting
point
(°C)

Vickers
hardness
(HV)

Specific
heat
(J/kg °C)

470 2800 154 638 150 880
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high cost of experimentation, a numerical model for prediction of
temperature during FSWis useful for the analysis. Commercially
available FEA software ANSYS is used for development of
thermal numerical simulation model. The validation of same
has been done with experimentally measured temperature.

3.1 Thermal numerical simulation

The main aim of thermal numerical FEmodel is to calculate the
transient thermal history generated in workpiece during FSW.
In the present study, a Poisson’s equation for the temperature
profile in the plate with the moving heat flux is solved. In the
present work, an arbitrary Lagrangian-Eulerian formulation is
used to solve the below mentioned equation. The transient

temperature T during FSW, which is the function of time t
and spatial coordinates (x, y, z), is estimated by the three-
dimensional nonlinear heat transfer (Eq. 1) [26].

∂2T
∂x2

þ ∂2T
∂y2

þ ∂2T
∂z2

þ q x; y; z; tð Þ
k

¼ 1

α
∂T
∂t

ð1Þ

If the coordinate system is fixed with moving heat source,
then mathematical formulation of moving coordinate system
will be as follows:

A new coordinate ζ is defined by

ζ ¼ x−ut ð2Þ

Fig. 1 Thermocouples placement in the weld plate in air and immersed FSW

Fig. 2 Variation of temperature
with time at 6 mm away from
weld line in air FSW
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With this definition of ζ, the new formulation of governing
equation will be as follows:

∂T ζ; y; z; tð Þ
∂t

¼ −u
∂T
∂ζ

þ ∂T
∂t

;
∂T
∂x

¼ ∂T
∂ζ

and
∂2T
∂x2

¼ ∂2T
∂ζ2

ð3Þ

∂2T
∂ζ2

þ ∂2T
∂y2

þ ∂2T
∂z2

þ q ζ; y; z; tð Þ
k

¼ 1

α
∂T
∂t

−
u
α
∂T
∂ζ

ð4Þ

Some of the assumptions that are made for the develop-
ment of thermo-numerical model are as mentioned below:

1. Workpiece material is isotropic and homogenous.
2. No melting occurs during the welding process.
3. Heat transfer from the workpiece to the clamp is

negligible.
4. Thermal boundary conditions are symmetrical across the

weld centerline.
5. Heat input and convection remain constant throughout the

welding process.

The two plates having length 300 mm, width 50 mm, and
thickness 5 mm have been considered for numerical model.
Symmetric boundary condition has been used on both side of
the weld line for reducing simulation time. Workpiece is meshed
using a brick element called SOLID70 for the analysis. This
element has a three-dimensional thermal conduction capability
and can be used for a three-dimensional, steady state, or transient
thermal analysis [27]. Element used has eight nodes with single
degree of freedom, i.e., temperature at each node. Heat flux or

convection is applied as surface load on the faces of element. The
main advantage of using this element is that it can easily replace
by equivalent structural element for the structural analysis. A
SOLID70 and SURF152 elements are used for the transient tem-
perature analysis.

3.2 Material properties

An accurate estimation of temperature is important because
the stresses and strain developed in the weld are dependent on
the temperature generated. Temperature-dependent thermal
properties of AA2014-T6 such as thermal conductivity and
specific heat are used for numerical model and same are tab-
ulated in Table 3.

3.3 Boundary conditions used for the simulation

Boundary conditions for FE model are specified as surface load
using ANSYS APDL. Radiation heat loss is neglected in the
model because the lower surface emissivity by aluminum is

Fig. 3 Variation of temperature
with time at 6 mm away from
weld line in immersed FSW

Table 3 Temperature-dependent material properties of AA2014-T6
[28]

Temperature
(°C)

Thermal
conductivity
(W/m K)

Specific
heat
(J/kg °C)

300 175 880

400 180 900

500 187 950

600 195 980
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lower. Convective heat losses to ambient temperature that oc-
curred across all free surfaces of theworkpiece are considered for
the analysis. Conduction losses that occurred through bottom
surface of workpiece to the backing plate are also considered
for the analysis. Free natural convection is assumed on the ex-
posed surfaces (the four vertical planes and the top surface),
except at the nodes where the shoulder heat input is applied.
The contact conductance at the base plate which is in the contact
with the fixture is also modeled as equivalent to a convection
boundary. Convective heat transfer coefficients for air and water
are calculated and have been taken as input on all the surfaces
expect bottom surface. To solve the heat conduction equation, a
large number of arbitrary constant needs to be determined by
specific initial and boundary conditions.

The initial boundary condition in a material for the calcu-
lation is given by

T x; y; z; tð Þ ¼ T 0 ð5Þ

T0 is the initial temperature of the workpiece and is assumed to
be atmospheric temperature. The energy balance at the work-
piece surface leads to few other boundary conditions. Specific
heat flows from the shoulder and pin to the workpiece surface
while FSW is assumed to be qs and qp, respectively. The sur-
faces other than bottom surface are exposed to the atmosphere,
where heat loss takes place due to convection only.

The heat flux boundary condition at the bottom of the
workpiece interface is given by

−k
∂T
∂n

¼ q ð6Þ

The convective boundary condition for all the surfaces of
the workpiece exposed to the air and water is given by

−k
∂T
∂n

¼ h T−T0ð Þ ð7Þ

where n is the normal direction vector of the boundary.
The natural convective coefficient for the air and immersed

FSW is calculated using procedure mentioned below. During
the early stage of present analysis, the local heat transfer co-
efficient (hx) was calculated from the local heat transfer and
the local temperature gradient as

hx ¼ qnet
T−Toð Þ ð8Þ

This analysis required a complicated nonlinear solutions
resulting in increase in computational time. Later, the overall

heat transfer coefficient (h ) is calculated as

h ¼ ∬hxdA:dt

∬dA:dt
ð9Þ

The overall heat transfer coefficient is also compared with
the analytical heat transfer coefficient calculated as [29]

h ¼ Nu� k
L

ð10Þ

Nu ¼ 0:54 Ralð Þ1=4 ð11Þ

Ral ¼ gβ ts−tað ÞL3Pr

ν2
ð12Þ

β ¼ 1

T f
ð13Þ

T f ¼ ts þ tað Þ
2

ð14Þ

All the properties are evaluated as bulk mean temperature.
The analytical values of convective heat transfer coefficient
for mild steel, asbestos, and copper as backing plates in air as
well as immersed FSW have been calculated using above
methodology. The convective heat transfer coefficients for
mild steel, asbestos, and copper backing plates in air FSW
are 11.14, 11.36, and 10.87 W/m2 °C, respectively, and in
immersed FSW, same are 278.74, 282.61, and 275.80 W/
m2 °C, respectively.

During the study, it is also observed that the overall heat

transfer coefficient (h ) was found near to analytical calculated
values. Hence, for all further analysis, the overall heat transfer
coefficient is assumed constant with value equal to analytical
heat transfer coefficient. It should be noted that the assumption
of constant heat transfer coefficient leads to great simplifica-
tion in the analysis with minimum deviation from the actual
results. Similar procedure is followed for predicting the over-
all heat transfer coefficient for the backing plate.

In most of the previous research work involving ther-
mal numerical model development of the air FSW of alu-
minum alloys, a convective heat transfer coefficients of
10–30 W/m2 °C has been considered for the surfaces ex-
posed to atmospheric air [23, 30, 31]. In this study, for air
FSW, all the surfaces of the workpiece exposed to the air,
11.14, 11.334, and 10.87 W/m2 °C have been considered
as convective heat transfer coefficients for mild steel, as-
bestos, and copper backing plates, respectively. Whereas
for the surfaces completely immersed in water, convective
heat transfer coefficients have been considered as 278.74,
282.61, and 275.80 W/m2 °C for mild steel, asbestos, and
copper backing plates, respectively. The heat loss to the
backing plate is modeled by assuming the convective co-
efficient of value 350 W/m2 °C.

3.4 Heat generation modeling

Heat produced due to friction between the workpiece and
the tool shoulder as well as the workpiece and the tool pin
has been considered for the modeling. Heat flux from the
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shoulder has been calculated considering tool geometry
and parameters used for the FSW using Eq. 15 [16]:

Qs ¼
2

3

πμPw R3
o−R

3
t

� �

R2
o−R

2
t

� � ð15Þ

Heat flux generated by the tool shoulders Qs can be calcu-
lated using Eq. 15, where N = 1000 rpm, F = 2.3 kN, v =
100 mm/min, Ro = 0.0085 m, Ri = 0.002 m, μ = 0.34, p =
10,133,048.28 Pa, and ω = 104.719 rad/s. The ratio of heat
generated by the pin Qp to shoulder Qs, 0.128, is considered
for the analysis [32]. Transient thermal analysis is used in the
present case. The material has been treated as solid. In the
numerical modeling, total 47,538 unstructured tetrahedral el-
ements have been selected. Finer mesh size has been used at
the edges of plate as well as at the interface of the tool and the
plates. An atmospheric temperature was considered as initial

temperature of the plate surfaces. Heat generation is calculated
based on full slip condition (only friction heat is considered to
determine the heat flux distribution at the tool-workpiece in-
terface). Coefficient of friction 0.34 has been fixed by com-
paring the predicted temperature data with experimentally
measured temperature data. In the thermal model, the dwell
period of 60 s has been given. As the tool is not modeled
separately, plunge in period is not given. A coordinate system
has been stimulated after each load step for the analysis. At
every load step, a set of elements in the shape of the tool has
been selected. The movement of FSW tool is considered for
the analysis by creating a circular thin surface of zero thick-
ness on the top surface of workpiece. Total heat flux Q is the
summation of Qp and Qs and same is applied on the surfaces
of the elements. Based on the welding speed of tool, time
required to travel a specific distance is calculated and that time
is inserted for the first surface of tool in the transient analysis.

Fig. 4 Simulated results of
temperature for mild steel as
backing plate in air FSW
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For rest of the surfaces, similar procedure is adopted. By doing
these, different load steps are created for individual surface of
the tool. The conduction (Eq. 5) is solved implicitly using
second-order scheme. The conversion criterion for tempera-
ture has been selected as 10–6.

3.5 Results and discussion

Transient FE thermal numerical simulation of air and im-
mersed FSW have been carried out using ANSYS.
Temperature-dependent material properties of AA 2014-T6
have been used for the simulation. The temperature profile
obtained by simulation for air FSW using mild steel backing
plate is shown in Fig. 4. Maximum temperature is found be-
low tool shoulder while air FSW using mild steel backing
plate. It is found that temperature increases with an increase
in the welding time. It is observed that the larger area of the

plate has reached high temperature due to lesser convective
heat transfer coefficient in air. In the lateral direction or along
the width of the plate, temperature is gradually decreasing.
The maximum temperature of 350.37 °C has been observed
at 6 mm away from the weld line at time t = 40 s by the
simulation. The experimentally measured temperature at the
same location is 339.50 °C. The good agreement between an
experimentally measured and the simulated temperature
shows that the developed thermal numerical model success-
fully predicts temperature in NZ within 3.5% of error. Similar
trends have been observed in measured and simulated temper-
ature obtained while using asbestos and copper as backing
plates in the air FSW. The results of the same are shown in
Figs. 5 and 6 Similarly, thermal numerical analysis are carried
out for immersed FSW using asbestos, mild steel, and copper
backing plates. Figures 7, 8, and 9 show the comparison of
simulated and experimental temperature data obtained using

Fig. 5 Simulated results of
temperature for asbestos as
backing plate in air FSW
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thermocouples. It can be concluded from the graphs that sim-
ulated and experimentally measured temperature are in good
agreement. The peak temperature obtained using FE simula-
tion differs from the peak temperature obtained experimental-
ly. This may be due to the assumptionmade for simulation that
coefficient of friction is constant throughout welding process,
while in real condition, it is found to be dynamic in nature.
The inclusion of heat generation due to plastic deformation in
the mathematical model may improve the prediction of the
temperature profile. For the simplification of the simulation,
coefficient of friction 0.34 has been considered constant
throughout the analysis for both air and immersed FSW.
However, it varies continuously with workpiece temperature
while FSW in process. In case of immersed FSW, water boils
near the tool also affects the coefficient of friction. Moreover,
the heat transfer rate near the tool also differs from the heat

transfer rate prevailing in the other parts of the workpieces.
This may be another reason for the variation in the tempera-
ture distribution obtained experimentally and by simulation.

It can be observed from Figs. 10 and 11 that the difference
in the temperature along thickness direction is very small. NZ
is found to have more depth and width in the case of air FSW
in comparison with immersed FSW due to higher temperature
experienced during air FSW. In immersed FSW, peak temper-
ature obtained is lower than that of air FSW and also temper-
ature distribution area having higher temperature is also
narrower. The temperature rise and drop with time at the weld
line (thermocouple TC1) in air FSW is gradual while in im-
mersed FSW, it is sharp. Temperature rises gradually in air
FSW as the tool advances towards the thermocouple because
of higher rate of heat transfer in the welding plate. Heat trans-
fer rate in the workpiece is lower in case of immersed FSW

Fig. 6 Simulated results of
temperature for copper as backing
plate in air FSW
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due to water cooling, and hence, temperature rise is very sharp
when tool reaches closed to the thermocouple. Another reason
for the sharp rise in temperature in immersed FSW is due to
water boiling near the tool.

Decreasing convective heat transfer coefficient of backing
plates from copper to asbestos, temperature at NZ is found to
increase both in air and immersed FSW. It is also observed that
temperature contour changes with the reduction in diffusivity
of the backing plates that is an area covered with higher tem-
perature is found to be increased. While comparing tempera-
ture profiles obtained for various backing plates, it is found
that with an increase in diffusivity of backing plate, sudden
increase and decrease in temperature have been observed.
This is due to higher heat convection through the workpiece

which results into higher cooling. Also, very sharp rise and fall
in temperature have been observed in the case of copper back-
ing plate during immersed FSW. It is due to high conductivity
of the copper plate and presence of the water above the work-
piece. The higher temperature area is very narrow in the case
of the copper backing plate compared with other backing
plates for both air and immersed FSW.

The quality of the joint obtained while using copper back-
ing plate is inferior in immersed FSW due to insufficient tem-
perature rise in the workpiece which produces the visible de-
fects in the welded workpiece. Even though narrow heat-
affected zone is advantageous from the welding point of view,
the temperature produced is not sufficient for the good weld.
Asbestos backing plate prevents the heat transfer from the

Fig. 7 Simulated results of
temperature for asbestos as
backing plate in immersed FSW
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bottom of the plate. The rise and fall of the temperature is very
gradual and time for which material remains at higher temper-
ature is also higher. Due to this, deterioration in the mechan-
ical properties of weld joint is observed. Mild steel backing
plate produces the weld without defects due to sufficient heat
generation. Also, immersed FSW with mild steel backing
plate reduces the dissolution of strengthening precipitates
and hence improves the mechanical properties of welded joint.

The tensile strength plots of the FSW joints welded using
different welding conditions are shown in Fig. 12. It can be
seen that the best tensile strength 332MPa is obtained for the
FSW joint prepared using mild steel backing plate in the

immersed FSW which is 20% higher than air FSW.
Similarly, lowest tensile strength is obtained for the air
FSW joint prepared using asbestos backing plate material.
The strength of the joint thus obtained is 50% of the BM
tensile strength. It is also observed that immersedFSW joints
obtained using the asbestos and mild steel backing plates
have higher tensile strength than air FSW joints. In case of
a copper backing plate, air FSW joint has higher tensile
strength than immersed FSW joint. This is due to high
cooling rate obtained using copper backing plate in im-
mersed condition results in the defects at pin region which
reduces the tensile strength of the joint.

Fig. 8 Simulated results of
temperature for mild steel as
backing plate in immersed FSW
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Fig. 9 Simulated results of
temperature for copper as backing
plate in immersed FSW

Fig. 10 Temperature distribution for air FSW along thickness direction for a asbestos, b mild steel, and c copper
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Hardness distribution for air and immersed FSW carried
out using various backing plates are shown in Figs. 13 and
14. Soft region has been formed at the NZ in all the joints
welded using various backing plates which is typical charac-
teristics of heat treatable aluminum alloys. Hardness profile
shows “W” shape and lowest harness located in the NZ for all
the cases. Hardness decreases from BM to TMAZ and a sud-
den rise is observed inNZ having hardness value ranging from
120 to 127 HV in air FSW. The same variation of hardness
values for the immersed FSW joint is in the range of 129 to

139 HV. An increase in hardness at NZ both in air and im-
mersed FSW shows strain hardening due to intense stirring by
the rotating pin. It is observed from the hardness plot that the
TMAZ is the weakest zone for all the FSW joints prepared
using various backing plates for both air and immersed con-
ditions. The welded joints show the drop in hardness at HAZ
and TMAZ due to dissolution and growth of precipitates. It is
evident from the Figs. 13 and 14 that the lowest hardness
values have been obtained in FSW joints prepared using cop-
per backing plate. This is due to higher cooling rates observed

Fig. 11 Temperature distribution for immersed FSW along thickness direction for a asbestos, b mild steel, and c copper backing plate

Fig. 12 Tensile strength of FSW
joints for air and immersed FSW
using various backing plates
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in copper backing plate which leads to improper material
movement in the pin region. Similarly, lower hardness values
obtained in the case of asbestos backing plate is also due to
exposure of higher temperature in the weld region. Higher

hardness values of joint have been observed while mild steel
backing plate is used in both air and immersed FSW. This is
due to a medium cooling rate while welding is in progress
results in the defect-free pin region in the welded joint.

Fig. 13 Effect of backing plates
on the hardness of air FSW joints

Fig. 14 Effect of backing plates
on the hardness of immersed
FSW joints
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Lower dissolution of strengthening precipitates leads to higher
hardness in immersed FSW compared to air FSW for all kinds
of backing plates used for this study.

4 Conclusions

In present study, thermal numerical FE model for the air and
immersed FSW has been developed using AA 2014-T6 as a
workpiece material. The effects of the backing plates on the
temperature profile and mechanical properties are also
investigated.

1. Transient FE thermal simulation is carried out using com-
mercially available FEA software ANSYS to predict the
peak temperature during FSWof AA 2014-T6 aluminum
alloy and the developed model is validated through exper-
imental results. The simulation results obtained both for
air and immersed FSW are in good agreement with those
obtained experimentally. The developed thermal numeri-
cal model successfully predicts temperature in NZ within
3.5% error. The inclusion of heat generation due to plastic
deformation in the mathematical model may improve the
prediction of the temperature profile.

2. For immersed FSW, temperature rise and drop is sharp
while for air FSW it is gradual. The immersed FSW ex-
hibits a narrower high temperature distribution area com-
pared to air FSW.

3. Studying the effect of various backing plates on micro-
structure, it is observed that diffusivity of backing plate
affects the temperature of weld region. It is found that the
plate having lower diffusivity has higher weld region
temperature.

4. It is also observed that higher tensile strength and micro-
hardness attained for the joints produced using mild steel
backing plate in immersed FSW compared with other
backing plates for same weld parameters. Maximum ten-
sile strength obtained in an immersed FSW joint is around
17% higher than maximum strength obtained by air FSW
joint. Thus, it is suggested to use immersed FSW for
obtaining the higher tensile strength of the weld joint.
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Nomenclature α, Thermal diffusivity (m2/s); t, Time (s); T, Current
temperature (°C); q, Heat flux (W); u, Welding speed (m/s); k, Thermal
conductivity (W/m K); qnet, Net heat flux in the control volume (W/m2);
T, Temperature of control volume (°C); To, Atmospheric temperature
(°C); g, Gravitational acceleration (m/s2); β, Coefficient of volume ex-
pansion (1/K); Tf, Bulk mean temperature (°C); ts, Temperature of the
surface (°C); ta, Atmospheric temperature (°C); L, Characteristic length of
the geometry (m); v, Kinematic viscosity of the fluid (m2/s); k, Thermal

conductivity (W/m K); Ral, Rayleigh number; Nu, Nusselt number; Cp,
Specific heat (kJ/kg K); ρ, Density of fluid (kg/m3);Qp, Heat generated at
pin interface (W); Qs, Heat generated at shoulder interface (W); w,
Angular velocity of the tool (rad/s); μ, Coefficient of friction; P,
Uniform pressure (Pa); Ro, Tool shoulder radius (m); Ri, Tool pin radius (m)
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