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Abstract

This study explores the thermal distribution of high-strength engineering alloys during the friction stir welding process
(FSW). Materials which are difficult to weld or are unweldable by conventional welding processes can be successfully welded
by FSW. The specific analysis and modification of the process require an understanding of the actual mechanism of the
process. Therefore, a transient, three-dimensional, thermo-mechanical finite element model (FEM) for FSW was developed.
The model calculates the temperature distribution during the welding process considering various boundary conditions such
as rotational speed, linear speed, normal pressure, tool diameter and material properties. The thermo-mechanical FEM cal-
culations consider the effects of conduction and convection heat transfer. The numerical results are successfully compared
and validated by experimental results published in the literature for aluminium alloy, titanium alloy and steel (mild and bai-
nitic) as workpiece materials. The model was found to be useful for understanding the effects of changes in different system

parameters, and for selecting the optimum welding conditions before undertaking high-cost physical testing.

Keywords Friction stir welding - Finite element model - Transient thermal model - Heat generation - Temperature

distribution

1 Introduction

Friction stir welding (FSW) is a relatively new method
which has some advantages over conventional friction weld-
ing as well as other welding techniques. The method was
invented in The Welding Institute (TWI) in 1991 for joining
aluminium alloys which are difficult to weld with conven-
tional methods. Primarily, FSW is applicable for joining low
melting point materials such as aluminium alloys, copper
and magnesium. The effects of the process parameters on
the microstructure [1-3], thermal and mechanical proper-
ties of aluminium alloys [4—7] have been studied by several
researchers. The feasibility of joining copper and dissimi-
lar materials such as aluminium and copper has also been
studied to investigate the optimum machining parameters on
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the mechanical properties of the materials [8, 9]. Recently,
several research and development studies have been conduct-
ing to explore the potential applications of FSW for harder
materials such as steel and titanium alloys [10-17].

The tools used in FSW consist of elements such as shoul-
der and pin. The shoulder is the material which generates
heat, prevents material removal and assists material move-
ment around the tool. The primary function of the pin is to
deform the material around the tool and generate heat as
a secondary function [18]. The weld strength is primarily
dependent on the shoulder diameter whereas the pin diam-
eter has a smaller effect on it [18, 19]. One of the main ele-
ments of the welding mechanism in FSW is the heat gener-
ated at the interface between workpiece and tool. According
to the heat flux, the maximum temperature which is lower
than the melting point is observed at the workpiece surface.
The increase in temperature makes the workpiece material
softer to enable the pin and shoulder to stir the workpiece
materials [11]. The temperature variation is the main param-
eter for controlling the grain growth in microstructure which
affects the mechanical properties of a welded workpiece.

Understanding the physical aspects of the FSW pro-
cess depends on combining an understanding of the joint
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formation mechanism, the influence of welding parameters
and the properties of the tool and the workpiece materials.
Heat generation results from friction and plastic deforma-
tion created by the tool and workpiece interaction under
various welding conditions. The welding parameters and
heat transfer mechanisms which affect the various micro-
structural zones obtained in FSW are shown in Fig. 1: weld
nugget, the thermomechanically affected zone (TMAZ),
the heat affected zone (HAZ) and the parent metals are the
regions defined after the process [20, 21].

Some finite element models (FEM) are applicable for
numerical modelling and a physical understanding of the
different parameters in FSW [22, 23] and also for simulat-
ing the correlation between these parameters where com-
plex boundary conditions implemented by artificial neu-
ral network (ANN) models are available in the literature
[24, 25]. Simulating FSW is a complex issue, combining
many scientific disciplines [22]. In the literature, there are
numerical models simulating the FSW process which are
primarily based on the thermal, metallurgical or mechani-
cal aspects [26].

A thermal model was developed for Sc-modified
Al-Zn-Mg-Cu alloys joined by FSW under 225, 250,
300 and 400 rpm welding conditions [27]. The thermal
model of aluminium alloys presents temperature profiles
which incorporate heat generation due to plastic defor-
mation. The predicted temperature profile for Sc-modi-
fied Al-Zn-Mg—Cu alloy is in good agreement with the
experimental data. Three-dimensional computational fluid
dynamics models (CFD) have been developed to predict
the temperature distribution via the proposed heat calcu-
lations in FSW for dissimilar aluminium alloys such as
AA2024 and AA7075 [28, 29]. Several researchers have
investigated the temperature distribution during FSW for
aluminium alloys based on thermal models with FEM [30].
Su et al. [31] investigated process parameters such as fric-
tion coefficient and slip rate which are effective inputs for
characterising heat generation at the tool/workpiece inter-
face. Medhi et al. [32] used a tribometer to understand the
variations in coefficient of friction between tool steel and
aluminium alloy as the workpiece material. The developed
FEM enabled investigation of the thermal effect under var-
ious welding conditions. Zhang et al. [33] investigated the
effect of shoulder size on temperature distribution.

Fig. 1 Microstructure in

FSW can be applied in many different contexts, such as
the aerospace, railway, marine, automotive, pipeline and
defence industries [34-36]. Recently, high-strength engi-
neering materials such as titanium alloys and bainitic steels
have become promising materials for effective welding using
FSW for a variety of engineering structures. High-strength
bainitic steels find applications in the railway, pipeline and
automotive industries and titanium alloys find applications
particularly in the aerospace and biomedical industries [13,
14, 37, 38].

Some developments in the numerical modelling of FSW
have been made by researchers for a fundamental under-
standing of the process, but the majority of the numerical
models in the literature have been used to investigate specific
individual materials such as aluminium alloys and copper in
order to understand the properties of the resulting welded
joints. In most of the published numerical modelling stud-
ies, the authors performed a limited number of experiments
to verify their theoretical findings [30, 39-42]. The experi-
mental findings of other researchers performed in different
welding conditions should, however, be used for better com-
parison and stronger verification of the theoretical findings.

In this current study, therefore, four different materials
were used for the simulation studies: mild steel, bainitic
steel, aluminium alloy and titanium alloy. A three-dimen-
sional, transient, thermomechanical model was developed to
theoretically investigate the effect of rotational speed and the
welding speed on temperature distribution. The developed
model also considers the axial pressure, the coefficient of
friction, heat generation, convection and conduction heat
transfers as a boundary condition according to the applied
welding parameters. The theoretical findings obtained from
the proposed model were validated by experimental findings
previously published [11-14] for the different engineering
alloys.

2 A thermomechanical model for the FSW
process

2.1 Model description

FSW is an efficient solid-state joining process which has

many applications in a range of industries. The process
involves frictional heating which softens the materials to be
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workpiece material after the
FSW process: A, parent metal;
B, HAZ; C, TMAZ; D, weld
nugget [20, 21]
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welded and then stirring to mix the materials by a mechani-
cal process. The main mechanism in the FSW process con-
sists of pin and shoulder as tool materials which have contact
with the sheet workpiece. The shoulder has a larger diam-
eter and is the main source of heat generated by friction.
The shoulder has another function of keeping the material
flowing around the tool. The pin has a smaller diameter and
is located below the shoulder; its main function is to mix
the sheet material to be welded. The sheet materials can be
welded using a higher rotation of the tool which increases
the heat by friction and causes plastic deformation at the
contact area. The process is complex and requires strong
thermomechanical knowledge [41]. The three-dimensional
model consisted of tool and workpiece material, a rotating
tool with a specific diameter, and the application of forward
force (see Fig. 2). Horizontal and vertical stirring move-
ments achieve material mixing along the weld line. As the
tool moves, heat is generated by the contact friction at the
shoulder and workpiece interface and plastic deformation
occurs at the stir zone. The properties of the welded materi-
als influence both the geometry of the tool and the work-
piece, and the parameters applied during the process.

After forming the three-dimensional model, the FEM
simulations started. In this study, the time-dependent (tran-
sient) thermal analysis method was selected. The thermal
and mechanical material properties of the workpiece and
the tool were entered into the simulation module of the
model. Each parameter was defined in the model for dif-
ferent materials, as explained in Sect. 3 individually. In
FEM, a hexahedral-shaped element was used for meshing
the workpiece and the tool. The mesh elements in and near
the weld are fine (high mesh density) to enhance the solu-
tion accuracy; while the elements far away from the weld
are relatively coarse (low mesh density) to save the solution

Fig.2 Schematic arrangement
of the FSW process in thin plate

Tool - Shoulder

time. Hexahedral-shaped mesh elements are consisting of
935,354 nodes and 207,256 elements for aluminium alloy
(AA 2195-T8); 543,515 nodes and 117,820 elements for
mild steel (AISI 1018); 161,353 nodes and 32,088 elements
for titanium alloy (Ti—6A1-4V); 124,916 nodes and 25,470
elements for bainitic steel plates. After meshing, boundary
conditions were entered into the model. Time-dependent
thermal heat flow in watts was applied to the shoulder and
the shoulder/workpiece interface during the process with the
specified linear welding speed on the x-axis. Convection heat
transfer was defined on the outside diameter of the shoulder
and the outer surfaces of the workpiece in contact with the
air. The welded plate is considered as a deformable body in
the model. The programme formed the mathematical model
and generated the solution according to the defined element
type, the initial conditions and the boundary conditions. In
this study, because of the complex nature of the process,
the following assumptions were made to solve the proposed
model mathematically: (1) The workpiece is homogeneous
and isotropic (2) The heat transfer to the workpiece is by
conduction (3) Heat transfer by radiation is neglected (4)
The heat transfer coefficients remained constant during the
process.

2.2 Heat generation

There was conduction heat transfer along workpiece and tool
materials with the heat generated by friction and deformation
during the process. The amount of heat conducted along the
workpiece and the tool was directly related to the quality of
the welding process. For instance, generation of insufficient
heat will lead to lower temperatures and the material will not
become soft enough at the intersection between tool and work-
piece, which might result in the deformation of the tool [11].

Workpiece

Axial Pressure

200,00 (mm)
50,00 150,00
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The main generated heat source at the interface between the
shoulder and the top of the workpiece is a function of angular
velocity (w), friction coefficient (4), normal pressure and the
shoulder diameter. Angular velocity can be expressed in terms
of rotational speed (N) at rotation per second [11, 43, 44].

Researchers have suggested various empirical equations for
determining the heat generated at the workpiece/tool interface
[11, 39, 40, 42]. The ratio of the generated heat from the pin
and the shoulder is 0.128 [39, 45]. Under the action of an axial
pressure to rotate the tool relative to the plate surface is given
in Eq. (1) [39].

Mr R
/dM = /yP(r)Zn:rzdr = %/M'PR3 D
0 0

where M is the interfacial torque, u is the friction coefficient,
R is the surface radius and P is the pressure distribution. At
the workpiece tool interface when all shearing work con-
verted into heat then the heat input per unit area and time
calculated according to Eq. (2) [23, 39, 45].

R

My
Q:/de:/wZnyPrzdr )
0

0

where Q is the heat generated in watts and w is the angular
velocity in rad/s. In Eq. (2), by substituting w=2zN; Eq. (3)
gives the relation in terms of rotational speed [39].

R

0= / 47’ uPNr*dr = ‘3-‘;:%PNR3 3)
0

Fig.3 Heat transfer model of
the workpiece in FSW

@ Springer

where N is the rotational speed and P is the axial pressure
across the interface. The energy generated from position R;_;
to R; is defined with Eq. (4) [39].

AQ = x*uPN(R - K. @)

In this current study, Egs. (3) and (4) were used for the
thermomechanical finite element analysis.

2.3 Axial pressure

The forces applied in the process are another set of param-
eters which influence the thermal and mechanical phenom-
ena. The axial, welding and transverse forces are the three
main forces affecting the process and the axial and welding
forces have the major effect on the performance of the join-
ing process. The axial pressure is dependent on axial forces,
and rotational speed, welding speed and tool shoulder diam-
eter are the most significant parameters affecting axial force
and the heat input values in the FSW process [46]. Several
empirical models have been developed to describe the axial
forces as a function of welding conditions [47].

2.4 Heat transfer model

A schematic representation of the heat transfer model of a
workpiece in the FSW process is given in Fig. 3. The energy
balance during the process is given in Eq. (5). Here, Q is
the heat flux generated from the friction between the work-
piece and the tool. Because of the existence of air around
the shoulder/workpiece interface, there is convection heat
transfer; g, is the heat loss from the upper surface of the
workpiece to the environment via convection heat transfer
and g, is the conducted heat from the bottom surface of the
workpiece which has an interface with the equipment; g is
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the heat absorbed in the workpiece during the process and
varies over time as the system has a transient nature [11].

&)

The shoulder and pin move over the workpiece along the
x-axis at a velocity of V. The three-dimensional partial dif-
ferential equation for heat conduction in the workpiece is

O0=q,+q,+q

given in Eq. (6) and expressed as follows: [39, 43]
oT oT 0 oT 0 oT 0 oT
K V—>=—<k—> 9 () + 2 (2
pe( Gy Ve ) = (kg ) + ay< yay> * az< zaz>

(0)
where T is the temperature, c is the specific heat, p is the
density, k, ky, k, are the heat conductivities along the x, y and
z directions and V, is the welding speed. The conduction and
convection heat transfer coefficients for various workpiece
materials are the other important parameters for determining
the thermomechanical properties in FSW. The initial bound-
ary condition in the system is expressed as follows:

T(x’ Y2, t) = T() (7)

where in Eq. (7), T} is the initial temperature (equal to the
ambient temperature). Because of the existence of heat flow
between tool and workpiece, the boundary conditions of the
shoulder radius are given in Eq. (8).
oT

k% =0 ®)
where n is the normal of the surface, k is the thermal conduc-
tivity coefficient and Q is the heat generated by friction and
deformation during the FSW process. In Eq. (9), outside the
tool and shoulder radius, convective heat transfer is defined
for the workpiece surfaces exposed to air. The convective
heat transfer equation is expressed as follows:

oT

ko = (T = T) ©)

where 4 is the convective heat transfer coefficient between
workpiece and air, and taken as 5 W/m? °C for FEM calcu-
lations [11].

3 Materials and experimental procedure

In this study, the experimental results of four different pub-
lished studies [11-14] were used to check the validity of
the proposed model. Chao et al. [11] used 8.13-mm-thick

Table 2 Chemical composition of AA 2195-T8 (% mass) [11]

Table 1 Thermal properties of AA 2195-T8 [11]

Temperature (°C) Thermal conductivity Specific
(W/m °C) heat (J/
kg °C)
0 85 890
50 100 930
100 110 970
150 118 1010
200 125 1050
250 130 1070
300 138 1080

aluminium alloy as the workpiece material. The AA2195-T8
plates had a density of 3 g/cm>. The yield and ultimate ten-
sile strengths were 570 MPa and 600 MPa, respectively. The
thermal and chemical properties of AA2195-T8 are given in
Tables 1 and 2, respectively [11].

The FSW experiments were conducted at 240 rpm rota-
tional speed and 3.32 mm/s linear welding speed (cold
weld). Heat input to the workpiece during the welding pro-
cess was at 1860 W. Transient heat transfers existed in both
the workpiece and the tool material. M2 tool steel that has
rectangular grooves was used as the tool and the heat flux in
the tool was a function of the dynamic friction coefficient,
the downward force acting on the workpiece, the tempera-
ture and the contact surface conditions. The welding tool
had a shoulder diameter of 25.4 mm, a pin radius of 5 mm
and a 8-mm pin length [11]. In dry conditions, the friction
coefficient between aluminium and steel ranges 0.47-0.61.
Here, it was taken as 0.61 for the FEM calculations. In the
experiment, thermocouples were installed at depths of 2 mm
and 4 mm and to the bottom of the workpiece. The locations
of the thermocouples along the y-axis were at 5, 12.7 and
25.4 mm from the weld line [11].

Nandan et al. [12] used AISI 1018 steel plates with a
density of 7860 kg/m? for their experiment. The plates were
410 mm in length, 78 mm in half-width and 6.35 mm in
thickness. The cylindrical shoulder diameter was 19 mm, the
pin radius was 3.95 mm, and the pin length was 6.22 mm.
The cylindrical pin was threaded with a pitch of 1 mm. The
chemical composition of AISI 1018 Mn steel contains 0.18%
C, 0.82% Mn, 0.011% P, 0.006% S and less than 0.01% Si.
The thermophysical property of the steel is given in Table 3.
Temperature profiles were obtained at 450 rpm rotational
speed, 0.42 mm/s welding speed and 65.9 MPa axial pres-
sures. The friction coefficient for the centre of the radial axis

Material Mn Si Fe Al Cu

Li Mg Ag Zn Zr Ti

AA2195-T8  0-0.25 0-0.12 0-0.15 91.9-949Bal. 3.74.3

0.8-1.2 0.25-0.8 0.25-06 0-0.25 0.080-0.16 0-0.1
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Table 3 Thermal properties of AISI 1018 mild steel [12]

Temperature (K) Thermal conductivity (W/ Specific

mK) heat (J/
kgK)
400 51 480
600 45 560
800 37 700
1000 28 880
1200 26 1100

Table 4 Chemical composition of Ti—-6A1-4V (% mass) [13]

Material C O N Fe Al V Y Ti

Ti-6Al-4V 0.019 0.14 0.009 0.18 6.2 3.87 <50ppm Bal

Table 5 Thermal properties of Ti-6A1-4V [13]

Temperature Thermal conductivity Temperature Specific
(°C) (W/mK) °C) heat (J/
gK)
20 6.6 20 0.580
315 10.6 425 0.670
870 0.930

of the mild steel ranges from 0.2 to 0.4; in this experiment,
it was taken as 0.4 for the FEM calculations. The experi-
mental temperature values were collected 3 mm below the
workpiece surface at distances of 4, 8 and 12 mm along the
y-axis from the weld line.

Tungsten tools with a density of 19,400 kg/m> were used
for the experiment. During the process, the heat input to
the workpiece was calculated at 2228 W and used as input
data for the FEM calculations. Heat transfer from the bot-
tom surface of the workpiece was taken as 50 W/m? K [12].

Kitamura et al. [13] used titanium alloys (Ti—-6A1-4V)
(300 mm x 35 mm X2 mm) as workpiece materials; the
chemical composition, specific heat and thermal con-
ductivity values used for the FEM calculations are given
in Tables 4 and 5. Ti-6A1-4V has a 4420 kg/m> density,
950 MPa tensile strength, 113.8 GPa elasticity modulus and
0.342 Poisson ratio.

A tungsten carbide (WC)-based alloy was used as the
tool material with a shoulder diameter of 15 mm, pin

radius of 3 mm and 1.8 mm pin length [13]. The thermal
conductivity of the tool material was 95 W/mK [48]. The
friction coefficient between titanium alloy and tungsten
carbide ranges from 0.25 to 0.42 under dry conditions [49].
In this current study, the friction coefficient was taken as
0.42 for the FEM calculations. The calculated heat inputs
for 25 mm/min linear welding speed were 698.8, 814.8,
930.8 W at 300, 350 and 400 rpm rotational speeds,
respectively. At a 1000 rpm rotational speed and 400 mm/
min linear welding speed, the calculated heat input was
2328 W. In the experiment, the temperature change during
the process was measured by the thermocouples located at
the bottom of the workpiece [13].

Ramakrishna et al. [14] investigated the weldability
of ultrafine bainitic steel plates with 3 mm thickness. A
polycrystalline cubic boron nitride (PcBN) tool was used
in their experiment with a constant transverse speed of
35 mm/min under various rotational speeds. Tool mate-
rial has a shoulder diameter of 15 mm, pin radius of 3 mm
and a pin length of 2.8 mm. Tools were tilted by 2 degrees
from the plate normal. The density and thermal conduc-
tivity of the tool were 3.8 g/cm® and 120 W/mK, respec-
tively [50-52]. The specific heat of PcBN is 700 J/kg °C
[51]. Experimental thermography analysis was conducted
between the tool/workpiece interface in various welding
conditions. The thermal conductivity and specific heat
of the workpiece material were taken as 44.5 W/mK and
0.475 J/g °C, respectively, for the finite element analysis
(FEA) calculations. Ultrafine bainitic steel has a 1370 MPa
ultimate tensile strength and its chemical composition is
given in Table 6 [14, 53].

In the literature, the friction coefficient of cubic boron
nitride and steel ranges from 0.38 to 0.5 [54]. In this cur-
rent study, the friction coefficient was taken as 0.5 for the
FEA calculations. The calculated heat inputs were 243,
303.2, 456.8 and 608.5 W at rotational speeds of 80, 100,
150 and 200 rpm, respectively. The main properties of the
workpiece materials and the boundary conditions used for
the FEA are summarised in Table 7.

4 Results and discussion

4.1 Comparison of the theoretical and experimental
results of aluminium alloy (AA2195-T8)

The developed model enabled the temperature profiles in
various regions of the workpiece material, including the

Table 6 Chemical composition

. Material C
of ultrafine bainitic steel (%

Mn Si Cr Fe Al Ti

mass) [14]

Bainitic steel 0.34

1.80 0.92 Bal. 0.015 0.032
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were the most effective parameters for temperature distri-
bution and should be entered into the model considering
environmental conditions for obtaining exact solutions for
the whole system.

4.2 Comparison of the theoretical and experimental
results of mild steel (AISI 1018)

AISI 1018 steel with a 6.35 mm thickness was welded with a
rotational speed of 450 rpm and a 25.2 mm/min linear weld
speed. The model was in good agreement with the validated
results in the literature [12] (see Fig. 5). The experimentally
obtained temperature values at distances of 4, 8 and 12 mm
from the centreline of the weld were 1180, 1160 and 880 K,
respectively, and the theoretically obtained values were
1090, 1060 and 710 K. The change rate in the temperature
distribution along the y-axis was therefore consistent with
the results of the experimental work.

4.3 Comparison of the theoretical and experimental
results of titanium alloy (Ti-6Al-4V)

Ti-6Al-4V alloys with a 2-mm thickness were joined
under various welding conditions. The experimental work
conducted for the conditions of both rotational speed and
weld speed remained constant. Figure 6 shows the FEA and
experimental results of Ref. [13]. The experimental and
theoretical findings were very consistent, especially at the
constant rotational speed of 400 rpm. At 400 rpm under
various weld speeds, namely 25, 50 and 100 mm/min, the
experimental values were 990, 970 and 965 °C, and the
theoretical values were 953, 935 and 853 °C, respectively.
The developed model was therefore highly sensitive to weld
speed. However, at lower rotational speeds such as 300 rpm,

1400

1200 T @ o —— FEA

® Experimental

1000 T

800

Temperature [K]

600 T

400 T

200 t t t t
0 20 40 60 80
Position perpendicular to weld line [mm]

Fig.5 Experimental [12] and FEA results of temperature distribution
for the mild steel along the y-axis
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the FEA result was lower than the experimental value. At
higher rotational speeds such as 1000 rpm, the FEA result
was higher than the experimental one.

In the weld line with the plastic deformation, the grains
are refined and in the TMAZ and HAZ, deformation and
continuous dynamic recrystallization processes have influ-
ence on the temperature profiles in the workpiece material
[16]. It is expected that higher rotational speed result with
larger grained weld microstructure and conversely lower
rotational speed expected to produce fine grained micro-
structures [55]. For the tested parameters of Edwards and
Ramulu’s study [55]; 400 rpm rotational speed resulted with
the largest grained weld microstructure however 200 rpm
rotational speed had the smallest grain size qualitatively
for Ti-6Al-4V as a workpiece material. Zhou et al. [56]
concluded that highest temperature obtained at the stir
zone and optimum defect free welds obtained where sig-
nificantly refined microstructure was developed in the stir
zone because of the combined effect of the dynamic recrys-
tallization and phase transformation under 400 rpm rota-
tional speed with 50 mm/min welding speed for 2-mm-thick
Ti—6Al1-4V workpiece. Similarly, in Fig. 8b at 400 rpm and
50 mm/min welding parameters, finite element model results
show the maximum temperature in the stir zone as observed
in the experimental work [56]. In Fig. 6, very consistent
results obtained for the experimental study and finite ele-
ment analysis for 400 rpm rotational speeds with various
welding speed similar like the study conducted by Zhou
et al. [56]. However, for the rotational speeds of 300 rpm,
350 rpm and 1000 rpm with the change in microstructure,
grain size and its effect on thermal properties and cooling
rates; relatively low (for 300 rpm and 350 rpm) and rela-
tively high (for 1000 rpm) peak temperatures observed at



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:4

Page9of14 4

the finite element analysis results. Thus, according to rota-
tional speed (for low and high rpm values), grain size, grain
morphology and change in physical properties in the actual
mechanism has an influence on the temperature profile. A
correlation between these parameters should be studied in
the future work for better understanding of the phenomena.
However, temperature profile calculated at the present ther-
momechanical finite element model gives useful and con-
sistent results with the experimental ones that can help to
understand the change according to temperature distribution
and to clarify optimum welding parameters.

Figures 7 and 8 show comparisons of the temperature
profiles of the FEA results under various welding condi-
tions along the y—z plane. In Fig. 7a, at 300 rpm, the maxi-
mum temperature was obtained outside the diameter of the
tool. In Fig. 7b, c, however, more homogenous temperature

| I
625,4 Max 488,9 458,7 4286
560 504 473,8 4436 413,5 My

profiles were observed, and the maximum temperatures were
obtained at the centre of the weld line. The analyses indicate
that temperature values decrease moving radially outward
from the centre of the weld line.

According to the weld direction and tool rotation, an
asymmetry exists in heat transfer and temperature distribu-
tion in the welded plates [12, 16, 57]. Advancing side is
called the half plate in which the direction of the tool rota-
tion is same as the direction of the welding and the oppo-
site is called the retreating side. In the literature results [12,
16] advancing side experience higher temperatures than
in comparison to the retreating side. For the previously
reported experimental work of FSW for Ti—-6Al1-4V alloy;
typical temperature distribution at the top of the workpiece
for advancing and retreating side measured as 546 °C and
531 °C, respectively [16, 20].

I Shoulder diameter |

5294 M‘\

777,5 Max 667,2 612,1 557
74,9 6%4,8 639,7 5845

952,5 Max 809,9 7498 689,7

900 839,9 779,8 719,7 659,6 Mi

Fig. 7 Effect of rotational speed on temperature (°C) of a Ti-6Al1-4V workpiece along the y—z plane: a 300 rpm, 25 mm/min b 350 rpm, 25 mm/

min ¢ 400 rpm, 25 mm/min

T T7T T T Shoulder diameter

952,5 Max 8099 7498 6897 |
900 @99 7798 7197 6596
[ [ |
900,73 832,49 764,24 69
934,85 Max 798,36 730,12 661,88 Min

825,79 772,21 718,63 665,05
852,57 Max 745,42 691,84 638,27 Min
| | |
1216 1145,4 1074,8 1004,2
1251,3 Max 11101 10395 968.98 Min

Fig. 8 Effect of linear welding speed on temperature (°C) of the Ti-6Al-4V workpiece along the y—z plane: a 400 rpm, 25 mm/min b 400 rpm,

50 mm/min ¢ 400 rpm, 100 mm/min d 1000 rpm, 400 mm/min
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In Fig. 7a at the top of the workpiece 625 °C and 580 °C;
in Fig. 7b 685 °C and 675 °C; in Fig. 7c 840 °C and 835 °C,
maximum temperatures obtained at the outside diameter of
the shoulder (7.5 mm apart from the weld centre) for advanc-
ing and retreating side, respectively.

In Fig. 8a, b, d, the maximum temperatures observed at
the centre of the weld line are shown. In Fig. 8c, when the
travel speed of the tool increased to 100 mm/min, the maxi-
mum temperature was obtained at the outside diameter of
the shoulder. This analysis shows that an increase in weld
speed results in changes in the temperature profiles and the
maximum temperatures occur at a location radially outward
from the centre of the weld line. With increasing welding
parameters to 1000 rpm and 400 mm/min, the workpiece
material reached 1251 °C, which is close to the melting tem-
perature of Ti—-6Al-4V, and the maximum temperature was
obtained at the centre of the weld line. Temperature distribu-
tion affects the quality of the welding process and the model
gave beneficial results for selecting the optimum welding
conditions in terms of homogenous temperature distribution
to soften the different materials.

A similar tendency has been already obtained as in Fig. 8a
as at the top of the workpiece 840 °C and 835 °C; in Fig. 8b
852 °C and 847 °C; in Fig. 8¢ 839 °C and 833 °C; in Fig. 8d
1233 °C and 1230 °C maximum temperatures obtained at the
outside diameter of the shoulder for advancing and retreating
side, respectively. As expected, advancing side experience
higher temperatures than the retreating side.

4.4 Comparison of the theoretical and experimental
results of bainitic steel

Bainitic steel plates of a 3-mm thickness were welded at a
35 mm/min weld speed and 80, 100, 150 and 200 rpm rota-
tional speeds. The experimental [14] and theoretical results
for the peak temperature were very consistent, especially
at 80 and 100 rpm rotational speeds under the same weld
speed (see Fig. 9). With an increase in the rotational speed,
the experimental values became smaller than the theoretical
ones. In the FEA stage of this study, heat input according to
friction and deformation was calculated using friction coeffi-
cient, surface radius, axial pressure and rotational speed. The
findings showed a linear increase in temperature according
to the defined dependent parameters. However, during the
actual joining process for hard and high-strength materi-
als such as bainitic steels, the temperature changes accord-
ing to friction and the stir process did not show linear and
stable characteristics. The thermography profile at the stir
zone below the interface of the experimental work showed
dramatic changes during the actual process [14]. Thus, the
theoretical values were slightly higher than the experimental
ones at 150 and 200 rpm rotational speeds, but the developed
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Fig.9 Experimental [14] and FEA results of peak temperature for
various FSW conditions of bainitic steel

model is useful for understanding the optimal welding con-
ditions for bainitic steels.

In the experimental study for ultrafine bainitic steels
(transformation induced plasticity-TRIP steels) micro-
structures were investigated at all rotational speeds across
the cross section in the cited Ref. [14]. Temperature data
collected at stir zone where the microstructure and hard-
ness vary as a function of rotational speed. In stir zone,
the retained austenite content decreased with increasing
rotational speed. Also increase in rotational speed results
with increase in hardness at the stir zone. It is stated that
higher hardness could be associated with the transforma-
tion products such as retained austenite and high dislo-
cation density [14]. Cortes et al. [58] reported the effect
of retained austenite on the thermal/electrical properties
of five advanced high-strength TRIP steels. The physical
properties of TRIP steels are influenced by the presence
and quantity of impure atoms and precipitated phases. In
steels heat is transferred via migration of free electrons.
At higher temperature regions, free electrons with higher
kinetic energy travel to lower temperature regions until
it collides with an imperfection or a phonon in the mate-
rial. Thus, any imperfection such as retained austenite
has a direct impact on thermal conductivity and electrical
resistivity that are the dominant parameters for calculation
of the temperature profiles [58]. The presented model in
this study consistent with experimental result at 80 and
100 rpm rotational speeds. Increase in rotational speed
results with increase in hardness, change in microstructure
and quantities of transformation products that leads differ-
ences in physical properties. Also ultrafine bainitic steel
have excellent combination of tensile strength, hardness
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and elongation where 1370 MPa, 750 HV and 21% elonga-
tion obtained in the 3 mm thick plates respectively [14].
These superior mechanical properties cause complex and
unstable deformation at elevated rotational speeds during
the solid-state welding process. Thus, relatively higher
peak temperatures obtained in FEA than the experimental
results for the rotational speeds i.e. 150 and 200 rpm.

Temperature profiles of a 3-mm-thick bainitic steel work-
piece at various rotational speeds along the y—z plane is seen
in Fig. 10. The peak temperatures were observed at the cen-
tre of the weld for all welding conditions. At a 35 mm/min
weld speed and 80 rpm rotational speed, the maximum tem-
perature reached 403 °C at the centre of the weld line. The
temperature gradually decreased at a distance of shoulder
radius from the weld line along the y-axis. With an increase
in rotational speed, the temperature values at the centre of
the weld line increased. The investigated maximum tem-
peratures were 433, 518 and 640 °C at 100, 150 and 200 rpm
rotational speeds, respectively.

In Fig. 10a at the top of the workpiece 398 °C and 396 °C;
in Fig. 10b 428 °C and 426 °C; in Fig. 10c 512 °C and
510 °C and; in Fig. 10d 633 °C and 630 °C maximum tem-
peratures obtained at the outside diameter of the shoulder
(7.5 mm apart from the weld centre) for advancing and
retreating side respectively. Similarly advancing side expe-
rience higher temperatures than retreating side however
relatively less difference obtained when compared with
Ti—6Al-4V alloy.

The welding parameters and the temperature results
obtained from the developed thermomechanical model of

399,25 391,24
403,25 Max

37524 |
371,24 Min

383,24
387,24

379,24

the four different materials examined in this study are sum-
marised in Table 8. The temperature mapping shows that
the peak temperatures were mainly located at the stir zones
and at the top surface of the workpiece materials. Through
the thickness of the workpiece, the temperature gradually
decreased. The highest temperature difference through thick-
ness was investigated at 6.35-mm-thick mild steel where the
calculated value was 385 °C. For the bainitic steel work-
piece, the peak temperature increased with an increase in
rotational speed, but the temperature difference through the
thickness remained constant (5 °C).

5 Conclusion

A time-dependent, three-dimensional, thermomechani-
cal model of the FSW process was developed in order to
understand the temperature profiles of various engineering
materials such as steel, aluminium alloy and titanium alloy.
The model included several primary aspects of the FSW
process such as rotational speed, shoulder diameter, linear
welding speed, axial pressure, coefficient of friction, heat
generation, and convection and conduction heat transfer. The
temperature distribution around the weld line obtained from
the developed model was compared with the experimental
values reported in the literature.

The theoretical predictions and the experimental results
showed that the maximum temperature gradients on the
y- and z-axes were located at the outside diameter of the

| Shoulderdiameterl

I a

s
411,75 40,9 |
416,17 398.5 Min

[ I
4293 420,59

433,85 Max 407,34

513,37 502,53
518,79 Max 497,11

491,69

480,85

486,27 475,43 Min

S8l.57 Min

|
606,77 593,3
600,04

[ T 1
633,71 620,24
640,44 Max 613,51

Fig. 10 Effect of rotational speed on temperature (°C) of high-strength bainitic steel workpiece along the y—z plane with a 35 mm/min weld

speed: a 80 rpm, b 100 rpm, ¢ 150 rpm, d 200 rpm
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Table 8 Temperature difference for workpiece materials under various FSW conditions

Material Thickness (mm) Shoulder diam- Rotational Travel (mm/min) Peak tempera- Temperature difference
eter (mm) speed (rpm) ture (°C) (through thickness) (°C)
Aluminium alloy 8.13 254 240 199.2 417 63
AA2195-T8
Mild steel AISI1018 6.35 19 450 25.2 828 385
Titanium alloy 2 15 300 25 625 87
Ti-6Al-4V 350 25 777 30
400 25 952 35
400 50 935 31
400 100 852 14
1000 400 1251 1
Bainitic steel 3 15 80 35 403 4
100 35 434 5
150 35 519 5
200 35 640 5

shoulder radius or at the centre of the weld line according
to the boundary conditions applied in the welding process.

Increases in rotational speed resulted in increases in peak
temperature in the workpiece. Welding speed had a signifi-
cant influence on the temperature profile. An increase in
weld speed resulted in a decrease in peak temperature. For
titanium alloys, at 400 rpm, 100 °C temperature difference
was obtained at 25 mm/min and 100 mm/min linear weld
speeds.

The location of peak temperature ranged according to
the travel and rotational speeds. The thickness of the plates
effects heat transfer and the observed temperature through
the thickness. The homogenous temperature distribution that
soften the material at stir zone, improves the weld ability of
the workpiece materials.

The developed model successfully predicted the peak
welding temperature and the temperature distributions
for different welding parameters of the FSW process. The
model was in good agreement with the experimental results
published in the literature and capable of providing good
estimates for various engineering alloys. The effects of
welding speed and tool rotational speed were individually
investigated for high-strength materials, namely titanium
alloy and bainitic steel. The model was found to be useful
for understanding the effects of changes in different system
parameters, and for selecting the optimum welding condi-
tions before undertaking high-cost physical testing.
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