
Simulation of Temperature Distribution And Heat
Generation During Dissimilar Friction Stir Welding
Of AA6061 Aluminum Alloy and Al-Mg2Si
Composite
Ebtesam Sharghi 

Amirkabir University of Technology
Ali Farzadi  (  farzadi@aut.ac.ir )

Amirkabir University of Technology

Research Article

Keywords: Modeling, CFD, Volume of fraction (VOF) method, Rotational speed, Material �ow, Thermal
cycle

Posted Date: May 6th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-465175/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at The International Journal of Advanced
Manufacturing Technology on October 11th, 2021. See the published version at
https://doi.org/10.1007/s00170-021-08175-z.

https://doi.org/10.21203/rs.3.rs-465175/v1
mailto:farzadi@aut.ac.ir
https://doi.org/10.21203/rs.3.rs-465175/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00170-021-08175-z


1 

 

Simulation of temperature distribution and heat generation 

during dissimilar friction stir welding of AA6061 aluminum alloy 

and Al-Mg2Si composite 

 

Ebtesam Sharghi, Ali Farzadi* 

 

Department of Materials and Metallurgical Engineering, Amirkabir University of Technology 

(Tehran Polytechnic), Hafez Ave, Valiasr Sq, Postcode: 15916-34311, Tehran, Iran 

 

* Corresponding Author: Assistant Professor, Department of Materials and Metallurgical 

Engineering, Amirkabir University of Technology (Tehran Polytechnic), No 350, Hafez Ave, 

Valiasr Sq, Postcode: 15916-34311, Tehran, Iran, PO Box: 15875-4413, Email: 

farzadi@aut.ac.ir, Tel: +98 21 64542928, Fax: +98 21 66967408, Mobile: +98 912 2279691. 

 

 

 

 

 

 

mailto:farzadi@aut.ac.ir


2 

 

Abstract 

During dissimilar friction stir welding (FSW) of Al-Mg2Si metal matrix composite and 

AA6061 aluminum alloy, the temperature field and heat generation were investigated 

using a 3-dimensional computational fluid dynamics (CFD) model and FLUENT 

software. The simulations were conducted for rotational speeds of 720, 920 and 1120 

rpm. The welding experiments were carried out to validate the simulation results. About 

70 per cent of the heat generates at the interface between the shoulder and the 

workpiece. The maximum temperature was predicted on the advancing side (AS). The 

difference between the peak temperatures on the AS and the retreating side (RS) was 

about 115 K. The effect of the rotational speed on the peak temperature is significant. 

The temperature distribution in the cross-sections is asymmetric, which originates from 

different material velocities on the AS and RS. The peak temperature on the RS 

develops under the top surface, while the peak temperature on the AS develops on the 

surface. 

 

Keywords: Modeling, CFD, Volume of fraction (VOF) method, Rotational speed, 

Material flow, Thermal cycle. 

 

 

1. Introduction 

In recent decades, friction stir welding (FSW), a solid-state technique, has been highly 

considered due to its advantages over fusion welding methods. This welding method is 

a green technology and has high energy efficiency. During FSW, joints are produced 

without volume melting and with no need for filler metal. Hence, there is no concern 

about chemical composition compatibility [1, 2]. This feature makes it easier to join 

dissimilar materials with multiple applications in the automotive and aerospace 

industries because of their high performance and low weight [3]. The joint of an alloy 
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and a metal matrix composite (MMC) is one kind of useful dissimilar joints. The 

potential properties such as high strength and low density can be applied using a 

dissimilar joints in the critical parts. Hence, efficiency will improve, and costs will 

reduce [4]. 

Among the MMCs, Al-Mg2Si is an ultra-light composite reinforced with the Mg2Si in-

situ phase. The mechanical properties of these composites can be improved by heat 

treatment. Because the Mg2Si intermetallic compound has low density, high melting 

temperature, and low thermal expansion coefficient, Al-Mg2Si is a proper choice to 

replace cast iron and steel in various industries such as automotive. Therefore, The Al-

Mg2Si composite is an appropriate candidate to make a dissimilar joint with aluminum 

alloys [5, 6]. A dissimilar joint between a MMC and a metal alloy using FSW can be 

adequately made because of the elimination of the fusion welding defects, e.g. 

porosities, segregations and solidification cracks [7]. 

In this process, the heat is generated using a non-consumable rotating tool. The tool 

enters the interface of the workpieces. Then, the tool rotation leads to the friction of 

materials and the flow of them. In addition to frictional heating, a part of the heat is 

produced by converting mechanical energy into thermal energy. The heat generated by 

friction and deformation is required to soften the materials. The rotation of the tool 

transfers the materials to the back of the shoulder, and this process finally causes a solid-

state joint between two base materials [8, 9]. 

The details of the heat generation and the temperature field in FSW play an essential 

role in process understanding, tool optimization, and estimation of post-welded 

structure and properties [10]. Thus, some attempts were made to study the effect of 

welding variables on the temperature field and heat generation in the FSW process of 

similar and dissimilar materials. 

Lakshminarayanan et al. [11] studied the generated heat and welding defects during the 

joining of the RDE-40 aluminum alloy. Their results showed that at lower welding 

speeds than 22 mm/min, pinhole type defects observed because of the increase in the 

heat input per weld unit length. Also, at welding speeds above 75 mm/min, tunnel 
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defects have been observed on the retreating side (RS), which results from the low heat 

input. Tang et al. [12] carried out research on the effect of the tool rotational speed on 

the temperature distribution and heat input during welding of AA6061 aluminum alloy 

using gauges of K-type thermocouples located in the different points of the workpieces. 

When the rotational speed increased from 300 to 650 rpm, the peak temperature rose 

about 40 °C and more heat produced in the welding zone. 

Mechanical heat generation, transport of heat and mass, great strain and high strain rate 

make the concept of the FSW process complex to comprehend. On the other hand, it is 

challenging to study the details experimentally. For instance, the measurement of 

temperature at the stir zone, which locates under the shoulder, is almost impossible. 

This is because of the material flow in this area, which can lead to the breaking or 

movement of thermocouples. Also, the experimental studying of material flow using 

the marker method indicates only the information of the primary and final position of 

the material [13]. Therefore, the FSW process simulation makes it easier to understand 

the heat and temperature distribution and reduces the costs and eases the optimization 

of the parameters [14]. For these reasons, researchers use simulation to study FSW in 

recent years. Nandan et al. [15] simulated the heat generation and the temperature fields 

of AA6061 aluminum alloy in FSW. They considered the contact condition as a partial 

sticking and completely sticking at the tool shoulder and pin interface, respectively. 

Their results showed that the pin generates less heat because of the smaller radius and 

the low relative speed between the pin and the workpiece. Chen et al. [16] reviewed 

thermo-mechanical analyses used for simulation of FSW. They reviewed both 

computational fluid dynamics (CFD) and computational solid mechanics (CSM). They 

believed that the mesh size should be improved to better understand heat generation and 

temperature distribution during the process. Also, Chen et al. [17] simulated FSW using 

a frictional boundary condition on the basis of the Coulomb friction model. By using 

this condition, they considered a non-uniform contact interface between tool and 

workpieces. The other study [18] explored the temperature fields and material flow in 

FSW of AA7A52 alloy. They compared the results with the results obtained from a 

model with a smooth pin and validated the simulation results with the experiment data. 
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They concluded that both smooth and threaded pin generates an identical temperature 

distribution, and the pin thread has no significant effect on the temperature fields. While 

the flow velocity, strain rate, vertical pressure, and the flow pattern of materials in the 

stir zone are maily affected by the threaded pin. Zhi et al. [19] examined the effect of 

the tool tilt angle on the material flow and heat generation using a CFD model and 

experimental tests. Their results showed when the tilt angle is 2.5 o, the heat generation 

at the workpiece interface and tool has a more dominant role, and the area with higher 

temperature expands on the advancing side (AS). Yang et al. [20] extended a three-

dimensional (3D) model to explore the heat and mass transfer during dissimilar FSW 

joint of Mg and Al alloys. Also, they used the volume of fraction (VOF) method to 

study each phase distribution. There was good accordance between the measured and 

prediction results of thermal cycles.  

Arora et al. [21] proposed a model that computes the fields of temperature, velocity and 

torque for shoulders with different diameters. The results showed that the peak 

temperature at a constant speed increases with the increasing shoulder diameter. Zhang 

et al. [22] carried out a CFD simulation, which considered an incomplete contact 

between the workpiece and tool to evaluate the material flow pattern and the heat 

generation. Their results showed that the high temperature occurs on the AS, and the 

temperature distribution is asymmetric by using the tilt tool. The frictional force and 

material stirring near the tool improve significantly, resulting in proper welds 

formation. Chen et al. [23] applied a 3D CFD model to investigate the retractable pin 

tool FSW (RPT-FSW) process. The average temperature decreases about 10 oC during 

RPT-FSW, compared with the conventional FSW. The experimental data support the 

calculated temperature distribution and the geometry of the deformed area. 

In order to study the heat generation in dissimilar joints, Kishore et al. [24] used a 2D 

model to predict the temperature fields in the joints of AA2024-AA7075 and AA6061-

AA5083 aluminum alloys using the Fluent software. They observed that the maximum 

temperature generates at the material with more hardness because of the viscous 

dissipation. The position of the materials on the retreating or advancing sides does not 

affect the peak temperature. Zhang et al. [25] presented a new thermo-mechanical CFD 
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model to explore the heat flux distribution. They concluded that there is a complex 

sticking/sliding state at the tool and workpiece interface. The maximum part of the 

frictional heat generates at the shoulder periphery. Padmanaban et al. [26] studied the 

dissimilar joint of AA7075-AA2024 aluminum alloys using a CFD model. This study 

showed that the temperature distribution is asymmetrical, and the maximum 

temperature, which decreases with increasing the welding speed, is about 80 to 90% of 

the base metal melting point. Gotawala et al. [27] analyzed the material flow and 

temperature distribution patterns during dissimilar joint of Al1050 and copper. They 

used the VOF method and found that the temperature distributes asymmetrically around 

the weld centerline. Also, the material distribution pattern was comparable with 

experimental cross-section macrographs.  

According to the above literature survey, the dissimilar joints between an alloy and a 

composite have been rarely studied. Besides, the simulation and the heat transfer in 

FSW are significant for better understanding. Therefore, the temperature fields and heat 

generation in the dissimilar joint of AA6061 aluminum alloy and Al-Mg2Si MMC were 

simulated in this study. Besides, the comparison of the simulation results with the 

experimental data is carried out. The VOF approach using the Fluent software was used 

to calculate the material distribution, which plays an essential role in heat transfer. 

 

2. Numerical modeling  

During the FSW process, the heat is produced at a constant rate; hence, the transport 

phenomena during the FSW process can be considered a steady-state problem, except 

at the beginning and the end of the process. Also, the material flow is defined as a visco-

plastic, incompressible, and non-Newtonian flow [15]. The simulation of the process is 

done using the ANSYS Fluent 16.1 commercial software, which worked based on the 

CFD and the finite volume method. The 3D geometrical model, including the 

workpieces and tool, with dimensions in mm is illustrated in Figure 1. 
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Fig. 1 Geometrical model used in simulations. The dimensions are in mm. 

 

The computational domain was divided into about 440000 non-uniform tetrahedrons. 

As shown in Figure 2, much smaller meshes are used in the workpieces below the tool 

for maximum resolution of variables due to the high variation in the temperature 

gradient and the heat generation concentration. 

 

Fig. 2 Top view of non-uniform grid system. 
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As presented in Figure 1,  Al-Mg2Si metal matrix composite is placed at the AS, and 

AA6061 aluminum alloy is considered at the RS. The material flows along the positive 

x-direction from the surface on the left-hand side (inlet) to the opposite side on the right-

hand side (outlet) with a speed equal to the welding velocity. The tool is fixed in space, 

but it rotates counter-clockwise. 

In the condition mentioned above, the conservation equations of mass, momentum, and 

energy are established as follows [14, 28]: 

𝜕𝑢𝑖𝜕𝑥𝑖 = 0                                                                                                                                       (1) 

𝜌 𝜕𝑢𝑖𝑢𝑗𝜕𝑥𝑖 = − 𝜕𝑃𝜕𝑥𝑗 + 𝜕𝜕𝑥𝑖 (𝜇 𝜕𝑢𝑗𝜕𝑥𝑖 + 𝜇 𝜕𝑥𝑖𝜕𝑥𝑗) − 𝜌𝑉 𝜕𝑢𝑗𝜕𝑥𝑗                                                                    (2) 

𝜌𝐶𝑃 𝜕(𝑢𝑖𝑇)𝜕𝑥𝑖 = −𝜌𝐶𝑃𝑉 𝜕𝑇𝜕𝑥𝑖 + 𝜕𝜕𝑥𝑖 (𝑘 𝜕𝑇𝜕𝑥𝑖) + 𝑆𝜃                                                                         (3) 

where ui is the velocity in the i direction, xi is the distance in the i=1, 2, and 3 directions, 𝜌 is the density, V is the welding speed in the negative x-direction, P is the pressure, k 

is the thermal conductivity, Cp is the specific heat, T is the temperature, and SӨ is the 

volumetric heat generation, which explained as Equation 4 [29]. 𝑆𝜃 = 𝛽𝜎𝜀 ̇                                                                                                                                (4) 

where β defines as a proportion of heat generated by mechanical deformation and is in 

the range of 0.6 to 0.8 [30], 𝜀 ̇is the strain rate, and σ is the flow stress. The equations 

are independent on the time and the simulations were conducted in the steady-state 

condition. 

The heat at the shoulder interface and the workpiece are given by the heat flux, qS, in 

Equation 5. 𝑞𝑠 = (𝜔𝑟 − 𝑉𝑠𝑖𝑛𝜃)[𝛿𝜏 + (1 − 𝛿)𝜇𝑃𝑇]                                                                     (5) 

which includes the frictional heat and the heat produced by plastic deformation. In this 

equation, ω is the rotational speed, δ is the slip coefficient, µ is the friction coefficient, 

τ is the shear yield stress, and PT is the normal pressure which determined as 12.7 MPa, 
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according to the reference [15]. The shear yield stress in Equation 5 described by 

Equation 6, where σflow is the temperature-dependent flow stress of AA6061 aluminium 

alloy and Al-Mg2Si composite [29, 30]. 𝜏 = 𝜎𝑓𝑙𝑜𝑤√3                                                                                                                         (6) 

The heat output at the normal interface of the workpieces and the pin is obtained by 

Equation 7 [26]. 𝑞𝑝 = 𝜏(𝜔𝑟 − 𝑉𝑠𝑖𝑛𝜃)                                                                                                   (7) 

The heat is lost by convection on the side and the top planes of the workpieces with a 

heat transfer coefficient of 15 w/m2K. Also, the effect of the anvil on the workpieces is 

defined by a heat transfer coefficient of 1000 w/m2K [24, 31]. 

The relative velocity at the interface of the workpieces and the shoulder are written by 

Equations 8 and 9. Also, the relative velocity at the interface of the workpieces and the 

pin periphery is described by Equations 10, 11 and 12 [32]. 𝑢𝑠 = 𝜔𝑟𝑠𝑖𝑛𝜃 − 𝑉                                                                                                         (8) 𝑣𝑠 = 𝜔𝑟𝑐𝑜𝑠𝜃                                                                                                                (9) 𝑢𝑝 = 𝜔𝑅𝑝𝑠𝑖𝑛𝜃 − 𝑉                                                                                                    (10) 𝑣𝑝 = 𝜔𝑅𝑝𝑐𝑜𝑠𝜃                                                                                                           (11) 𝑤𝑝 = ( 𝜔2𝜋)𝑅𝑝                                                                                                               (12) 

In the above equations, us, and vs are the shoulder relative velocities at the x and y 

directions, and up, vp and wp are the pin relative velocities at the x, y and z directions, 

respectively, ϴ is the angle between the welding direction and the vector from the 

desired point, Rp is the pin’s radius, and Rs is the shoulder’s radius, and the r is the radial 

distance between Rp and Rs (𝑅𝑝 ≤ 𝑟 ≤ 𝑅𝑠) [33, 34]. At all the other surfaces of the 

geometrical model, the initial velocities are set to be zero. 
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The material viscosity is an essential parameter in the simulation based on the CFD. In 

this model, the dynamic viscosity is used by Equation 13, which depends on the strain 

rate and the temperature. This equation proposed first by Sellars and Tegart [35] and 

improved by Sheppard and Wright [36]. 

𝜂 = 𝜎(𝑇,�̅̇�)3�̅̇�                                                                                                                     (13) 

In Equation 13, σ is the flow stress, T is the temperature, and 𝜀̇ ̅is the effective strain 

rate. The flow stress has been defined by the Zener-Hollomon equation as below [37]: 

𝜎(𝑇, 𝜀̇)̅ = 1𝛼 𝑙𝑛 [(𝑍𝐴)1𝑛 + [1 + (𝑍𝐴)2𝑛]12]                                                                           (14) 

where α, A and n are the constants related to the type of material, and Z is the Zener-

Hollomon parameter written by Equation 15 [37]. 𝑍 = 𝜀̇e̅xp ( 𝑄𝑅𝑇)                                                                                                           (15) 

In Equation 15, Q and R are the activation energy and gas constant, respectively. The 

constants used in the above equations and the material properties of Al-Mg2Si MMC, 

AA6061 aluminum alloy and the H13 tool steel are presented in Table 1. 

 

Table 1 Material properties and constants used in the present research  [33, 37–40]. 

Property Unit Al-Mg2Si 

composite 

AA6061 

aluminum alloy 

H13 hot 

work steel 

Thermal conductivity (W/m.K) 200.1 167 36 

Specific heat (J/kg.K) 897.6 896 460 

Density (kg/m3) 2411.3 2700 7833 

µ - 0.52 0.4 - 

n - 5.66 3.55 - 

Q (kJ/mol) 131 145 - ɑ (MPa-1) 0.045 0.045 - 

A (s-1) 5.17  ×1010 8.86  ×106 - 
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The VOF method is helpful to simulate the flow pattern of immiscible fluids during 

metallurgical processes. During FSW, the high plastic deformation and strain due to the 

rotation of the tool lead the base materials to mix together in the stir zone. The materials 

to be joined do not interpenetrate each other and just stirred. Hence, the VOF method 

can be utilized to simulate the dissimilar FSW, which involves the incompatible fluid 

flows. The base materials involved in the joint are defined as immiscible fluids or 

phases. The volume fraction of each phase can be calculated by Equation 16. ∇. (𝛼2𝜌2𝑢𝑖) = 0                                                                                                          (16) 

In Equation 16, α2 and ρ2 are the volume fraction and the density of the second phase, 

respectively [24]. 

The equations used to simulate the process have been described by the user-defined 

functions (UDF) and have been implemented in the model. The semi-implicit method 

for pressure-linked equations (SIMPLE) algorithm, the second-order upwind scheme 

and the double-precision solver have been used to solve the model. The model has been 

run for the welding velocity of 0.002 m/s and three rotational speeds of 720, 920 and 

1120 rpm to investigate the heat generation and the temperature fields. These 

parameters have been selected based on the experimental tests and previous works [4, 

36]. Also, the simulation outcomes have been evaluated with the results of experimental 

tests. 

 

3. Experimental procedure 

Al-15 wt. % Mg2Si in-situ reinforced composite and AA6061 aluminum alloy samples 

were prepared with length, width and thickness of 100, 80, and 5 mm, respectively. 

Table 2 shows the composition of the base materials. 
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Table 2 Chemical composition of the materials to be joined (wt. %). 

Alloy Mg Cr Fe Si Cu Mn Ni Zn Al 

Al-Mg2Si 9.8   0.01 0.16 5.7 0.01 0.01 0.01 0.01 Base 

AA6061 0.869 0.213 0.423 0.572 0.216 0.054 0.006 0.037 Base 

          

 

 The welding experiments were done by a tool made of H13 hot-work steel with a flat 

shoulder. The shoulder diameter was 15 mm, and the pin diameter was 5 mm. The Al-

Mg2Si composite and the AA6061 aluminum plates were placed on the AS and the RS, 

respectively. To measure the temperature during welding, holes with 2 mm diameter 

and a depth of 2 mm were drilled on the top surface of both Al-alloy and composite 

plates. The distance of the holes from the weld seam line was 40 mm (and the holes are 

in the middle of two workpieces. The tip of flexible K type thermocouples was located 

in these holes. The arrangements of the workpieces and thermocouples, as well as the 

2D sketch of the welding tool, are presented in Figure 3. 
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(a) 

 

(b) 

Fig. 3 a) Arrangement of workpieces and the thermocouples and b) two-dimensional sketch of tool used in 

the experiments and its size in mm. 

 

The thermocouples were connected to the data logger, and ten temperature data were 

recorded per second. The welding was accomplished under conditions similar to those 

used at the simulation. 

 

Composite 
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4. Results and discussion 

In Figure 4, the 3D temperature contour at the workpiece and tool are shown. This 

contour is obtained for the welding speed of 0.002 m/s and the rotational speed of 720 

rpm. The contours on the AS and the RS show the temperature changes of the Al-Mg2Si 

composite and AA6061 aluminum alloy, respectively. The material in front of the tool 

is heating; however, the material at the back of the tool, which has already exposed to 

the peak temperature, is cooling. Besides, the temperature contours are extended behind 

the tool and condensed in front of it. Therefore, the material experiences a heating rate 

higher than the cooling rate [32]. 

 

Fig. 4 Three-dimensional, steady-state contours of temperature distribution in the workpieces and tool. 

The welding speed is 0.002 m/s, and rotational speed is 720 rpm the. 

 

The temperature distribution contour on the top surface of the workpiece is shown in 

Figure 5 for the rotational speed of 720 rpm. It is evident that the contours on the AS 

experience a higher expansion, but the Al-based alloy on the RS holds the heat more, 

which can be explained based on the higher thermal conductivity of Al-Mg2Si 

composite. 

The temperature fields at the cross-section of the samples for rotational speeds of 720, 

920 and 1120 rpm are shown in Figure 6. The temperature distribution in the cross-
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sections of all samples is asymmetric, which originates from the different material 

velocities on the AS and the RS. On the AS, the welding speed and the rotational speed 

are in the same direction, while they are in the opposite direction on the RS. Because of 

this difference, the relative velocities on the AS are higher than those on the RS, leading 

to higher shear rates and peak temperatures on the AS. The presence of a higher peak 

temperature on the AS during similar FSW confirms this issue [15], [26]. Also, the 

difference in physical properties of the materials, such as thermal conductivity (Table 

1), can be the other reason for the asymmetric temperature fields. The values of the peak 

temperatures on both sides of the workpiece (AS and RS) and the rates of heat 

generation at the pin and shoulder surfaces for rotational speeds of 720, 920, and 1120 

rpm are listed in Table 3. These values show that about 70 per cent of frictional heat 

generates at the interface between the workpiece and the shoulder. The contact surface 

of the workpiece and the shoulder with an area of 628.3 mm2 is more significant than 

that of the pin and the workpiece with 157 mm2, resulting in more heat generation. 

However, the tool shoulder area is 80 per cent of the whole contact area of the workpiece 

and the tool. Hence, the tool shoulder as a heat source is expected to affect mainly the 

upper part of the workpiece adjacent to the contact surface [15]. This issue is consistent 

with the temperature contours at the surface of the workpiece on the AS (Figure 5). 

Besides, the temperature and the width of the temperature contour on the AS decrease 

from the top surface to the bottom surface of the workpiece at three rotational speeds 

(Figure 6). However, the peak temperature on the RS is lower than that on the AS, and 

it develops under the top surface of the workpiece. The difference between the location 

of the peak temperature on the AS and the RS is material flow. Despite the fact that the 

heat is generated at the shoulder contact surface on the RS, the material moving from 

the front of the tool to the RS have a lower temperature than the material moving from 

the behind the tool to the AS. This movement leads to a decrease in the temperature at 

the upper surface of the workpiece adjacent to the tool shoulder. 
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Fig. 5 Temperature contours on the top plane of the workpiece. The rotational speed is 720 rpm, and the 

welding speed is 0.002 m/s. 

 

The comparison between the peak temperatures at different rotational speeds (Table 3) 

shows that the increase in the rotational speed leads to an increase ng the peak 

temperature. On the one hand, the peak temperature increases because the relative 

velocities between the tool and the workpiece increase at the higher rotational speeds. 

Hence, more plastic deformation and more heat generation occur. On the other hand, 

the material properties, such as viscosity and material strength, decrease during 

welding, which results in less heat generated. Therefore, when the rotational speed 

increases from 720 to 1120 rpm, the temperature rises significantly. However, it should 

be noticed that the increase in peak temperature is not continuous, and the peak 

temperature in FSW remains about 90% of the base metal solidus temperature. Similar 

behaviour was reported in the literature [14, 26, 42]. 
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Fig. 6 Cross-sectional temperature contours at the x=0 for the rotational speeds of a) 720, b) 920, and c) 

1120 rpm. The welding speed is 0.002 m/s. 

 

Table 3 Comparison of the values of heat generation rate at the shoulder and pin and the peak 

temperatures at the RS and AS for three rotational speeds 

Rotational 

speed (rpm) 

AS Peak 

temperature 

(K) 

RS peak 

temperature 

(K) 

Heat generation 

rate at the 

shoulder (W) 

Heat generation 

rate at the pin 

(W) 

Per cent of the generated 

heat at the shoulder 

720 864 765 809 354 70 

920 868 767 822 365 69 

1120 887 772 1116 483 70 

 

 

The variation in the temperature along the y-axis in the cross-section of the workpiece 

is illustrated in Figure 7. The difference between the peak temperature on the AS and 

on the RS is about 115 K. The maximum temperature is located on the side of harder 
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material, which is the AS in this joint [24]. This can result from the higher friction 

coefficient of the Al-Mg2Si composite compared to the Al-based alloy. The higher 

friction coefficient on the AS allows generating more heat in Al-Mg2Si composite. Also, 

the tool rotational speed is in the direction of the welding speed on the AS and hence 

the shear rate and the generated heat increase, based on Equation 4. 

 

 

Fig. 7 Calculated values of temperature at z=0 and x=0. The rotational speed is 1120 rpm, and the 

welding speed is 0.002 m/s. 

 

The calculated temperature-time graphs on the AS and RS for rotational speeds of 720, 

920 and 1120 rpm are compared in Figure 8. The thermal cycles, which the workpiece 

experienced during welding, is mostly similar for three rotational speeds. However, the 

peak temperature for the rotational speed of 1120 rpm is higher because of the more 

stirring and the more deformation. The thermal cycle for the rotational speed of 920 

rpm overlaps with the thermal cycle of 1120 rpm on the AS, whereas on the RS the 

thermal cycle for the rotational speed of 720 rpm is consistent with the thermal cycle of 

1120 rpm. 

In order to validate the temperature distribution obtained using the calculations, the 

thermal cycles in two monitoring locations of the workpiece were evaluated during 

FSW experimentally, and the results compared with the predicted results. The 
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measuring points were located at the middle of the workpiece and 2 mm under the top 

surface on the AS and RS. The comparison of the experimental and predicted 

temperature profiles are shown in Figure 9. The results show a good agreement between 

the experimental and the predicted thermal cycles, despite a minor difference in peak 

temperatures. These differences probably emerge because of differences in the actual 

material properties and nominal properties used in the simulations. Also, the errors of 

measurements and the positioning of thermocouples can affect the experimental results. 

However, the model is credible for the prediction of the workpiece condition during and 

after FSW. 

 

   

 

Fig. 8 Calculated temperature-time graphs at the middle of the workpiece (z=0.025) for rotational speeds 

on the a) AS and b) RS. The welding speed is 0.002 m/s. 
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Fig. 9 The predicted and experimental thermal cycles comparison for the sample welded under the 

rotational speed of 1120 rpm and the welding speed of 0.002 m/s a) on the AS, b) on the RS 

 

The thermal cycles at two monitoring locations in the stir zone (z=0, y=±5 mm) and the 

heat-affected zone (z=0, y=±10 mm) on the top plane at the AS and the RS for the 

sample welded under the rotational speed of 1120 rpm and the welding speed of 0.002 

m/s are depicted in Figure 10. These cycles show the thermal histories in the given 

location of the workpiece during welding. They are calculated using the steady-state 

temperature fields (temperature-distance data) and the welding speed [41, 43].  
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As can be seen in Figure 10, the temperature increases with time rapidly and reaches a 

maximum value at the specified time. At this time, the tool is located around the 

monitoring location. The difference between the peak temperature in the SZ and the 

HAZ is about 150 K on both sides of the weld (AS and RS). The SZ that is located 

under the shoulder is affected by more heat and more heating rates because of the large 

plastic deformation and the more frictional heat produced in this zone. Following a rapid 

increase in temperature, a slighter decrease occurs because the tool as a heat source 

starts getting away from the monitoring location. For the HAZ, the same cycle is visible, 

but the heating and cooling rates are slower than the SZ because the distance of this 

zone from the heating source is more than the SZ. For instance, at the time below 10 s, 

the heating rate on the AS is about 13.4 and 8.9 K/s in the SZ and the HAZ, respectively, 

and the heating rate in the similar range of time on the RS is about 17.6 and 12.4 K/s in 

the SZ and the HAZ, respectively. Also, the cooling rate is about -10.6 and -16.8 K/s in 

the SZ and -6.4 and -10.3 K/s in the HAZ on the AS and RS, respectively. These data 

are summarised in Table 4. These results correspond to the temperature contours behind 

and in front of the tool in Figure 6. The compacted contours ahead of the tool are 

consistent with the heating rate, and the cooling rate agrees with the expanded contours 

behind the tool [15]. 

 

Table 4 Comparison between the values of heating and cooling rate in the SZ and HAZ on the AS and RS 

for the rotational speed of 1120 rpm and the welding speed of 0.002 m/s 

Side AS RS 

Zone SZ HAZ SZ HAZ 

Heating rate (K/s) 13.4 8.9 17.6 12.4 

Cooling rate (K/s) -10.6 -6.4 -16.8 -10.3 
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Fig. 10 Thermal cycles a) at the AS and b) at the RS, on the top surface of the workpiece (z=0). The 

welding speed is 0.002 m/s, and the rotational speed is 1120 rpm.  

 

The velocity contour in the cross-section and near the pin periphery (x=0.0026) for the 

sample welded by the rotational speed is 1120 rpm are presented in Figure 11. This 

figure shows that the velocity near the shoulder periphery is the maximum because of 

the maximum shoulder radius, and it is about 0.535 m/s. It is consistent with the 

relationship of the shoulder radius and the velocity in Equations 8 and 9. 
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Fig. 11 The velocity contour in the workpiece cross-section (x=0.0026). The welding speed is 0.002 m/s, 

and the rotational speed is 1120 rpm.  

 

Figure 12 depicts the calculated volume fraction fields and the experimental cross-

section macrostructures. On the calculated volume fraction results, the volume fraction 

of 0 and 1 (the area with blue and red color, respectively) can be assumed as Al-Mg2Si 

composite and AA6061 aluminum alloy. Although the maximum temperature during 

FSW remains below the melting point of the base materials, the high plastic deformation 

and strain due to the tool rotation lead to heat generation and material softening. Thus, 

the materials undergo hard work and are mixed together in the stir zone. 
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Fig. 12 Volume fraction contours of AA6061 aluminum alloy at the workpiece cross-section. The 

rotational speed is a) 720 rpm, b) 920 rpm, c) 1120 rpm. The welding speed is 0.002 m/s. 

 

More material flow and metal combinations occur near the tool pin and shoulder 

surface, like SZ and TMAZ, because the temperature is high and material softening 

occurs. Also, the viscosity is low near the tool, as is evident in Figure 13. In this location, 

the strain rate is the highest. When the viscosity magnitude reaches 106 and 107 on the 

AS and RS, no more plastic deformation occurs, and no more heat generates. As 

illustrated in Figure 12, the size and the shape of the deformed area are predictable based 

on the volume fraction simulation results. 
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Fig. 13 The viscosity magnitude at the cross-section of the workpiece (z=x=0) as a logarithm to base 10. 

The welding speed is 0.002 m/s, and the rotational speed is 1120 rpm.  

5. Conclusions 

The temperature distribution and heat generation during dissimilar friction stir welding 

(FSW) of Al-Mg2Si metal matrix composite and AA6061 aluminum alloy were 

investigated using a 3-dimensional CFD model and FLUENT software. The calculated 

and the experimental thermal cycles were in good agreement. The temperature 

distribution in the cross-sections of all samples is asymmetric, which originates from 

the different material velocities on the retreating side (RS) and the advancing side (AS). 

The maximum temperature is generated in the harder material, which is on the AS of 

the joint, and the difference in the peak temperature on the RS and the AS is about 115 

K. The peak temperature on the RS develops below the top surface. In contrast, the peak 

temperature on the AS develops on the surface of the workpiece. About 70 per cent of 

the heat generates at the contact surface of the workpiece and the shoulder. The 

temperature contours are expanded on the AS because of the higher thermal 

conductivity of Al-Mg2Si composite. With increasing the rotational speed from 720 to 

1120 rpm, the temperature increases significantly and the peak temperature in FSW 

remains about 90% of the base metal solidus temperature. 
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Figures

Figure 1

Geometrical model used in simulations. The dimensions are in mm.



Figure 2

Top view of non-uniform grid system.



Figure 3

a) Arrangement of workpieces and the thermocouples and b) two-dimensional sketch of tool used in the
experiments and its size in mm.

Figure 4



Three-dimensional, steady-state contours of temperature distribution in the workpieces and tool. The
welding speed is 0.002 m/s, and rotational speed is 720 rpm the.

Figure 5

Temperature contours on the top plane of the workpiece. The rotational speed is 720 rpm, and the
welding speed is 0.002 m/s.



Figure 6

Cross-sectional temperature contours at the x=0 for the rotational speeds of a) 720, b) 920, and c) 1120
rpm. The welding speed is 0.002 m/s.



Figure 7

Calculated values of temperature at z=0 and x=0. The rotational speed is 1120 rpm, and the welding
speed is 0.002 m/s.

Figure 8

Calculated temperature-time graphs at the middle of the workpiece (z=0.025) for rotational speeds on the
a) AS and b) RS. The welding speed is 0.002 m/s.



Figure 9

The predicted and experimental thermal cycles comparison for the sample welded under the rotational
speed of 1120 rpm and the welding speed of 0.002 m/s a) on the AS, b) on the RS

Figure 10

Thermal cycles a) at the AS and b) at the RS, on the top surface of the workpiece (z=0). The welding
speed is 0.002 m/s, and the rotational speed is 1120 rpm.

Figure 11



The velocity contour in the workpiece cross-section (x=0.0026). The welding speed is 0.002 m/s, and the
rotational speed is 1120 rpm.

Figure 12

Volume fraction contours of AA6061 aluminum alloy at the workpiece cross-section. The rotational speed
is a) 720 rpm, b) 920 rpm, c) 1120 rpm. The welding speed is 0.002 m/s.



Figure 13

The viscosity magnitude at the cross-section of the workpiece (z=x=0) as a logarithm to base 10. The
welding speed is 0.002 m/s, and the rotational speed is 1120 rpm.


