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Abstract 

In this study, time dependent heat transfer analysis of friction stir welding of AA-6061-T651 

plates has been carried out. For this purpose, the COMSOL code is utilized by which the 

domain is modeled as the rectangular aluminum plate with a moving heat source along the 

midline. Experimental structure was built in the same manner. The comparison displayed that 

the advancing condition of the heat source to account for the heat input from the tool shoulder 

yields  realistic results and thus can be a standard for parallel problems. With the help of the 

steady state model, the heat input for 1500 rpm rotation rate was calculated as 1730 Watts. The 

results of this work are going to be a reference for future research in this field. 
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Notation 

Cp Specific Heat, J/kg-oC 

CL Centreline 

E Voltage, Volts 

Exp. Experiment 

h Convective Heat Transfer Coefficient, W/m2-oC 

I Current, Amperes 

k Conductivity, W/m-oC 

L Thickness of the plates, mm 

m Mass, kg 

P Power, Watt 

qshoulder Heat generated by the shoulder, Watt 

Q Heat, Watt 

Qmachine Heat dissipated to milling machine 

Qconv. Heat dissipated by convection 

Qinput Heat given by the welding tool 

T Temperature, oC or oK 

r Radial distance, m 

t Time, s 

u’’’ Heat generation, Watt/m3 

x Lateral dimension, mm 
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y Longitudinal (advancement) dimension, mm 

Greek Symbols: 

 Thermal Diffusion Coefficient, m2/s 

 Emissivity, - 

 Phase angle, rad  

 Density, kg/m3 

 Angular Frequency, rad/s 

 Temperature Dependent Yield Strength, Pa 

Subscripts: 

inf Infinity, sufficiently far away from the domain 

net Amount left after the losses 

conv. Convection 

load Under load condition 

idle Without load condition 
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1. Introduction 

The FSW process was developed in 1991 by the Welding Institute by Thomas et al. 1 'A 

rotating pin, which is attached to a shoulder piece, is moved along the connecting line, which 

leads to local plastic deformation of the tool and the material. With this method, the welding 

zone is completely isolated from the atmosphere, which minimizes the formation of voids and 

large deformations in the welding zone. This new welding technology can be successfully used 

to connect several structural materials2-5 and is currently used extensively in the aerospace, 

automotive and shipbuilding industries.'6 

Some authors simulated the FSW process with pure thermal models.7-11 CFD models 

were also presented.12-22 In the CFD models, the authors use the Eulerian approach. With 

Euler's approach, the material flows through the network - or more precisely, the convective 

contribution due to the material flow is taken into account in the heat equation via the 

convective term. This method is also known as the "moving coordinate system" 

There are also some FSW experiments in previous work.7-9, 11, 23 These experiments were 

used either for validation purposes or to improve numerical analysis. For the FSW process, 

some authors conducted their own experiments7-9.11 and some used the experiments from 

previous work 6.24. This type of validation is used in most numerical applications so that the 

solutions have a realistic meaning. Other welding methods also used validation. In previous 

publications, numerical solutions were found for the weld pool 25, 26 and the plasma arc 27, 28 of 

gas-tungsten arc welding (GTAW) and gas-metal arc welding (GMAW). 

In our study, Comsol © 3.5.a was used to solve the heat transfer problem that occurs in 
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the FSW process of the aluminum alloy AA-6061-T651. In fact, the stationary part of the 

process is the dwell time of the welding. The first part and the last part of the welding process 

cannot be accepted as a steady state. 

 

2. Theory 

Microscopic theories such as the kinetic theory of gases and the theory of free electrons of 

metals were developed to predict conductivity through media. Continua can be classified 

according to fluctuations in thermal conductivity. A continuum is said to be homogeneous if its 

conductivity does not vary from point to point within the continuum, and heterogeneous if 

there are such variations. In addition, it can be said that the continua in which the conductivity 

is the same in all directions is isotropic, while those in which the direction change in 

conductivity is present are called anisotropic. If the Fourier law is introduced into the law of 

conservation of thermal energy, the differential form of the thermal equation can be obtained 

solely by temperature. If an isotropic continuum is considered, the following equation is 

obtained: 

/ ( )   Cp dT dt = . k T u               (1) 

where the first term represents the transient part of the energy equation, the second heat 

conduction and the third heat generation.29 This general equation can be rearranged with 

constant k (homogeneous media) at which the heat source moves: 

/ /( )      dT dt V. T 2T u Cp             (2) 

where V is the velocity vector and α is the thermal diffusion coefficient. However, for very 

slow motions such as in the current situation, V=0 in Eq. (2) which then becomes same as Eq. 
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(1). In this case, heat applied is considered to be of time dependent and spatial variation, i.e., 

Qinput= f(x,y,t) which is taken into consideration as a boundary condition. 

 

3. Experimental setup 

Two pieces of 8 mm-thick Aluminum 6061-T651 plates, both of them having the dimensions 

of 75x250 mm are welded using Friction Stir Welding method (Fig. 1). 

The two pieces consist of a 150x250 mm plate when they are welded. A H13 tool steel 

welding tool is used, which is 30 mm in diameter. The height of the welding tool is 65 mm. 

The tool is coupled to the spindle of a Milling Machine Model FU 251. A rotational speed of 

800 rpm and an advancing rate of 12.5 mm / min was used. We measured the temperatures by 

an infrared thermometer (GEO Fennel Model Firt 550). The temperature measurement nodes 

were painted with a black marker to minimize the reflections and keep the emissivity of the 

surface close to unity (=1). We measured the temperatures at every 50 mm in the advancing 

direction (y) and every 20 mm in the lateral direction (x). Therefore, every 4 minutes, 

measurements were made which correspond to a feed rate of the welding tool of 12.5 mm / min. 

The analysis is based on 5 × 7 = 35 temperature measurements at each time step, which is  a 

total of 175 measurements. We calculated the electrical input using the current (I) (11.5 A for 

loaded case, 8.3 A for idle running) and voltage measurements (V) (380V for both cases) with 

3P EICos , using a clamp multimeter, Fluke Model 374. The net input to the experimental 

range is then calculated as Pnet=Pload-Pidle is the actual heat input into the welded parts, where 

Pload and Pidle  are the electrical power inputs when the load is applied or when the machine is 

idling. 
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4. Numerical and mathematical model 

Heat transfer to and from the experimental domain is calculated using 3-D finite difference 

transient conduction (Fig. 2). 

Each unit element representing a differential volume (Fig. 3) is assumed to have 

conduction heat transfer in three dimensions with convection on the upper surface and contact 

heat loss on the lower surface. Besides a heat input applied by the welding tool is added where 

the tool is.  A heat balance is considered which accounted for the net heat input 

(Qnet=Qinput-Qmachine) where Qinput is the amount of heat added due to the friction and Qmachine is 

the heat loss to the machine body where the pieces are clamped onto the machine. 

Eq. (2) can then be reformulated into a finite difference equation in three dimensions as 

follows: 

Qleft + Qtop + Qright + Qbottom +Qconv. + Qinput + Qmachine=mCp ΔT/Δt     (3) 

Where m=ρV is the mass. Since all five terms on the left hand side are related to 2-D 

conduction and free convection to the environment of temperature Tinf, they are readily 

calculated using 

Qx=kLΔyΔT/Δx                 (4) 

Qy=kLΔxΔT/Δy                 (5) 

Qconv.= hΔyΔy (T-Tinf)               (6) 

Where L is the thickness of the pieces (L=8 mm) and x and y are the dimensions of the unit 

element, 20 mm and 50 mm, respectively. Performing the above calculations, net heat input 

into the experimental domain has been found to be 1500 W which is comparable to the net 
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electrical input of  

Pnet=Pload-Pidle= 3 (380)(11.5)(0.8)- 3 (380)(8.3)(0.8)=1685W (P= 3 EICosΦ). 

The difference of 11% can be explained as the heat loss by axial conduction through the 

welding tool into the spindle of the milling machine. 

 

4.1 Finite element modeling 

The model geometry includes three-dimensional pieces in a rectangular coordinate system; a 

tool and an aluminum plate (250  150   8 mm). The welding tool is an H13 steel 65 mm 

long, 30 mm in diameter. The attached stirring tool pin is 9 mm in diameter and 7 mm high 

(Fig. 4). 

A steady-state model which is independent of time is established. The dwell period of the 

welding process can easily be simulated by this method. In this modeling approach the welding 

tool is kept constant and the plates have to be moved in the adverse direction. The energy 

equation in the present model is solved by Thermal Pseudo Mechanical (TPM) model 

approach.11 

 

4.2 The heat generated by the shoulder 

The heat generated by the shoulder was given by Eq. (7).11 

( )/ 3shoulderq r T                 (7) 

Here, ω means the rotational speed in rad/s, r shows the radial distance from the center of the 

tool shoulder in m and σ(T) means the temperature dependent yield stress of aluminum alloy in 

Pa. 
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Temperature-dependent physical and thermal properties of of AA6061-T651 were 

reported by Atharifar et al.30 and are tabulated in Table 1. The constant thermal conductivity, 

specific heat and density of tool material are given as 42 W/(m K), 500 J/(kg K), and 7800 

kg/m3, respectively. Convective heat transfer coefficients are mentioned in section 4.4. 

 

4.3 The heat dissipated from the tool shoulder to the machine 

This heat dissipation was simulated by choosing a convective heat transfer coefficient 

according to Schmidt31 and Larsen et al..32 This convective heat transfer accounts for the heat 

dissipated to the milling machine which is approximately 10 % of the heat generated. The 

chosen coefficient at the upper part of the tool is 10.000 W/m2 K. The other boundaries of the 

tool were selected as thermally insulated. The upper part of the tool which can be seen from 

Fig. 4 where the “CW Rotation” tag was placed is so arranged that the convective heat transfer 

coefficient was taken as 10.000 W/m2 K. This is done on purpose for generating a 10 % heat 

dissipation from tool to the milling machine. By doing so the temperature distribution is 

maintained close to the experimental values. 

 

4.4 The convective heat transfer coefficient from top of the plates to the air 

Upper convective heat transfer coefficient was taken as 6 W/m2 K and lower convective heat 

transfer coefficient was taken as 200 W/m2 K. Backing plate is not included in our work like 

many researchers do. The heat transfer to the backing plate was simulated by a high convective 

heat transfer coefficient. The workpiece-backing plate contact is responsible for the majority of 

the heat loss from the workpiece during FSW and is discussed by Larsen32 in his work. Typical 
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values of heat transfer coefficients used in the literature are around 200-400. The convective 

heat transfer coefficient for upper part of the plate was mention in the same work as around 10 

6 W/m2 K. For good calibration purposes the upper coefficient was taken as 6 W/m2 K and the 

lower coefficient was taken as 200 W/m2 K. Therefore we could get temperature distribution 

close to the experimental ones. 

 

5. Results 

Fig.s 5 through 9 obtained using Matlab© show the temperature distribution as the stirring tool 

advances. Fig 10 shows the comparison of experimental field measurements with those of 

Comsol© results. Nandan20 explained the method for which the transient temperature 

distribution from the experiment can be transformed to steady state temperature distribution by 

a simple operation. Horizontal axis in the transient results which represent the time in seconds 

can easily be transformed to displacements by multiplying it by the welding velocity. By doing 

so both temperature distributions can easily be compared As can be seen from the field 

temperature measurements, heat is diffused primarily in the advancement direction and then in 

the retreating side. Same tendency can be observed in the numerical results. Fig. 11 shows the 

rotational speed dependence of heat generated during the process. The heat generated at high 

rotational speeds causes the maximum temperature at the welding zone to get higher. This 

behavior was also observed in the work of Serindağ et al..33 The temperature distributions for 

600 rpm and 1.33 mm/s welding condition is shown in Fig. 12. As mentioned earlier the peak 

temperature increases as the rotation rate is increased. But as the peak temperature approaches 

the melting temperature, the rate of increase of the temperature slows down, because the 
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friction forces diminish as the metal softens. 

 

6. Conclusion 

The modeling of the friction stir welding process was carried out by a number of researchers. 

The literature contains thermal and CFD models, thermal CSM (Computational Solid 

Mechanics) and pure thermal models. In our experimental and numerical work, we used a 

simple temperature measurement scheme and used the measured temperature data to 

temporarily analyze the welding process using the finite difference method. We also created a 

stationary finite element model to predict the heat input with increasing tool speed. The 

minimum heat input for the tool speed of 800 rpm was 1500 watts, while the maximum heat 

input from the tool speed of 1500 rpm was approximately 1730 watts. This simple 

experimental setup can help a welding engineer calibrate his finite element model and predict 

the thermal behavior of the welded plates. The introduction of this method can eliminate 

expensive and time-consuming data acquisition systems, but one must take into account the 

compromise between the simplicity and the quality of the measurements. 
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Table 1. Temperature-dependent material properties of AA 6061-T6 used in CFD model30 

 

Temperature,K Density,kg/m3 Thermal conductivity, 

W/m C 

Heat capacity, 

J/Kg C 

Yield strength, 

MPa 

273 2700 162 917 277.7 

366.3 2685 177 978 264.6 

477.4 2657 192 1028 218.6 

588.6 2630 207 1078 66.2 

700.7 2602 223 1133 17.9 

844.1 2574 253 1230 0 
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Figure 1. Experimental setup 
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Figure 2. Experimental domain 
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Figure 3. Unit element of 20x50 mm. 
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Figure 4. Computational domain 
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Figure 5. Temperature distribution t=0 min. 
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Figure 6. Temperature distribution t=4 min. 
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Figure 7. Temperature distribution t=8 min. 
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Figure 8. Temperature distribution t=12 min. 
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Figure 9. Temperature distribution t=16 min 
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Figure 10. Comparison of results. (40 mm away from the centerline on the retreating side) 
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Figure 11. The heat applied by the shoulder with changing tool rotation rate 
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Figure 12. The temperature distribution at the welding conditions 600 rpm and 1.33 mm/s 
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