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ABSTRACT: Thermo-mechanical simulations of the friction stir butt welding and friction stir spot welding processes 
were performed for AA5083-H18 sheets, utilizing commercial FVM codes which are based on the Eulerian formulation. 
For the friction stir butt welding process, the computational fluid dynamics code, STAR-CCM+, was utilized under the 
steady state condition. Temperature and strain rate histories along the material flow were calculated and simulated 
temperature distributions (profiles and peak values) were compared with experiments for verification. It was found that 
by including proper thermal properties of the backing plate (anvil) the accuracy of the simulation results increased 
significantly. For the friction stir spot welding process, the computational fluid dynamics code, STAR-CD, was utilized 
under the unsteady condition to understand the effect of pin geometry on material flow and weld strength. 
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1 INTRODUCTION  
In this report, simulations of the friction stir butt welding 
(FSBW) as well as friction stir spot welding (FSSW) 
processes were performed utilizing Eulerian 
Computational Fluid Dynamics codes, STAR-CCM+ [1] 
and STAR-CD [2]. Thermo-mechanical simulations 
were carried out for AA5083-H18 as a coupled analysis 
along with the user subroutine to define temperature 
dependent material properties. As for the FSBW case, 
the process, consisting of plunging, short dwell, long 
linear welding and retracting steps, was simplified as a 
steady state process wherein the process achieves an 
equilibrium operating temperature in a relatively short 
time [3]. As for the FSSW case, the process consists of 
plunging, short dwelling and retracting steps. Unlike the 
FSBW process, the FSSW cannot be considered as a 
steady state process wherein the whole welding process 
is conducted in a short time as well as consists of a short 
dwelling step. Simulations were directly verified for 
temperature history in the case of FSBW but indirectly 
for spot weld strength in the FSSW case. 
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2 THEORY 
In order to calculate the temperature distribution and 
plastic deformation during FSW Process, continuity and 
momentum equation as well as energy equation are 

solved with temperature dependent or temperature and 
strain rate dependent material properties. The 
constitutive law (for the mechanical strain) is assumed 
rate-insensitive and incompressible rigid-perfect Mises 
plastic using the normality rule, 
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where  and  are the rate of deformation tensor and 
the deviatoric stress tensor, and 

D S
σ , ε  and μ  are the 

Mises effective yield stress, effective strain rate and the 
viscosity. The yield stress is temperature dependent 
property and the viscosity is temperature and strain rate 
dependent property, given by eq. (2) 
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a baffle heat transfer boundary condition was applied, in 
which the relation between the heat flow rate across the 
contact boundary with an area A is given by 
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where  and  are the thermal conductivity and 
thickness, respectively, of the i-th layer comprising the 
contact boundary and R is a representative thermal 
resistance for the area A (here, the n-direction is normal 
to the boundary surface). Eq. (3) is derived under the 
condition that the heat flow rate is maintained for each 
layer comprising the contact boundary. 
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3 EXPERIMENTS 
3.1 FSBW 
FSBW was performed on AA5083-H18 sheets by using 
a CNC controlled 3-D FSW system “Hitachi GR-
3DM10T” with 11 KW spindle servomotor, as shown in 
Figure 1 [4]. 
 

   
Figure 1: CNC controlled 3-D FSW system “Hitachi GR-

3DM10T” with 11 KW spindle servomotor and 
description for the welding process. 

 
The anvil upon which the work-piece is laid for welding 
was made of a low carbon steel 1020, while the tool was 
made of tool steel H13 with the shoulder and pin 
diameters of 10 mm and 4 mm, respectively. The 
shoulder had a concave profile which acts as an escape 
volume for the material displaced by the pin, while 
preventing the material from extruding out of the sides 
of the shoulder and maintaining downward pressure. The 
pin is right-hand threaded. The pin length is slightly less 
than the thickness of work-pieces, with 1.34 mm for 
AA5083-H18 (sheet thickness of 1.64 mm). The welding 
tool was tilted at an angle of 3 degree from the normal 
direction of the work sheets towards the trailing side of 
the tool. Three welding conditions were tried out: 1,000 
rpm/100 mm/min, 1,000 rpm/300 mm/min and 1,500 
rpm/150 mm/min (=rotational/linear translational speed). 
 

          
Figure 2: Schematic illustration of thermocouple placement. 
 
As shown in Figure 2, for measuring temperature in the 
regions near the top surface, three small channels, into 
which sheathed K-type thermocouples were placed, were 
machined from the sheet bottom surface up into the sheet 
by 1.04 mm. The tip of the thermocouples was located 2 
mm, 5 mm, and 8 mm away from the weld seam line, 
respectively. All the temperature measurements were 
made on the advancing side as well as retreating side of 
welds. 

 
3.2 FSSW 
FSSW was performed on AA5083-H18 (sheet thickness 
of 1.64mm-upper one and 1.24 mm-lower one) sheets by 
using a CNC controlled 3-D Linear FSW system 
“HitSpin type GR3DC5T” with 7.5 KW spindle 
servomotor, as shown in Figure 3. 
 

      
Figure 3: CNC controlled 3-D linear FSW system ‘HitSpin 

type GR3DC5T’ and welding jig with a coupon in a 
cross-tension configuration. 

Welds were made in a cross-tension configuration with 
coupon dimensions being 150 mm x 50 mm, as shown in 
Figure 3 with the jig used for welding [5]. Since the 
purpose of this study was to evaluate the effect of tool 
geometry on static strength, the weld parameters were 
fixed as follows: the tool rotation speed was 1,500 rpm, 
while the plunge and retract speed was 20 mm/min and 
the dwell time was 2 seconds. 
Cross sectional macro- and micro-structures of welds 
were examined by using an optical microscope for 
AA5083-H18 sheet. The specimens were also tested for 
weld strength on an Instron screw driven test machine at 
a constant crosshead speed of 5mm/min. [6] 

4 SIMULATIONS 
4.1 FSBW 
The thermo-mechanical simulation of the FSBW process 
for AA5083-H18 was performed using the CFD code, 
STAR-CCM+ [1]. Dimensions of the model are shown 
in Figure 4. The work-piece is 200 mm x 600 mm x 1.64 
mm in thickness which lies on an anvil with similar 
dimensions but with the thickness of 10mm. The radii of 
the pin and the tool shoulder were 2 mm and 5 mm, 
respectively. The pin length was 1.34 mm from the tool 
shoulder edge and the plunging depth of the tool 
shoulder edge was 0.2 mm. The concavity of the 
shoulder was 10 degrees and the tool was tilted at an 
angle of 3 degrees in the trailing direction of the weld 
line. 
 

  
Figure 4: Dimensions of the thermo–mechanical model: top 

view and section view of the tool (in mm). 

The rate-insensitive and incompressible rigid-perfect 
Mises plastic property was applied for the work-piece as 
described in Section 2. Temperature dependent yield 
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stresses for AA5083-H18 were used in this work, as 
shown in Table 1. As for thermal properties, only the 
room temperature data was available for AA5083-H18 
and their temperature dependent properties were not 
available. Therefore, assumed temperature dependent 
properties were obtained from those of AA5052-H32 [7] 
by proportionally modifying the values considering the 
ratios at room temperature values of the two materials, as 
shown in Table 2. And constant thermal properties were 
implemented for anvil material with Low Carbon Steel 
1020, as shown in Table 3 [8]. 
 
Table 1: Temperature dependent yield stress 

Temp.(oC) Y.S.(MPa) 
20 440 
100 437 
200 364 
300 181 
400 61 
440 50 
540 40 
570 0 

 
Table 2: Temperature dependent thermal conductivity, specific 

heat and density of AA5083-H18 
Temp. 
(oC) 

Conductivity 
(W/moC) 

Specific Heat 
(J/KgoC) 

Density
(Kg/m3)

-20 112.5 924.1 2673.9
80 122.7 984.2 2642.7

180 131.6 1039.6 2629.4
280 142.3 1081.2 2611.5
380 152.5 1136.6 2589.3
480 159.5 1178.2 2567.0
580 177.2 1261.4 2549.2

 
Table 3: Material properties of Low Carbon Steel 1020 at 

room temperature 
Conductivity 

(W/moC) 
Specific Heat 

(J/KgoC) 
Density
(Kg/m3)

51.9 486.0 7,850.0
 
As for the heat equation, the convective heat transfer 
coefficient of 30 W/m2°C was used for the top and sides 
of the work–piece, which is typical for natural 
convection heat transfer between aluminum and air [9]. 
The baffle heat transfer boundary condition was placed 
with one layer each for the work-piece and the anvil. 
Also, the convective heat transfer coefficient of 35 
W/m2°C was used for the sides of the anvil which is 
typical for natural convection heat transfer between steel 
and air [10]. At the bottom of the anvil, the coefficient 
was assumed 200 W/m2°C. Heat transfer at the interface 
between the tool and the work-piece was also ignored 
with the vanishing temperature gradient at the boundary. 
 
4.2 FSSW 
The thermo-mechanical simulation of the FSSW process 
for AA5083-H18 was performed using the CFD code, 
STAR-CD [2]. The FSSW process consists of tool 
plunging, a short dwelling and tool retracting steps. But, 
only the 2 second dwelling step was simulated in which 
the rotating tool was plunged into the work-piece in a lap 
configuration. Two types of pins were considered: 
cylindrical and triangular pins with concaved shoulders. 
Unlike the FSBW, the FSSW was considered as an 
unsteady state process. The cylindrical and triangular 

pins both have 10 degree concave shoulders. The pin 
radius was 2.5 mm and the shoulder radius was 6 mm, 
while the pin length was 1.6 mm from the shoulder edge 
and the plunge depth of the shoulder was 0.2mm. The 
diameter of the circle inscribed by the triangular pin was 
the same as the diameter of the cylindrical pin. The 
model description and dimensions are shown in Figure 5 
with 2.88mm thickness (two work-pieces in a lab 
configuration were considered as one piece) with the 
work-piece radius of 50mm. 
 

  

 
Figure 5: Top view for cylindrical pin and triangular pin 

(upper), and model dimension (lower). 

The convective heat transfer coefficient of 30 W/m2°C 
was used for the top and sides of the work–piece [9]. At 
the bottom of the work-piece, the convective heat 
transfer coefficient was assumed to be 2,000 W/m2°C 
just below the tool considering that heat transfer between 
two contacting surfaces increases when the pressure 
between them increases under the tool [11]. For the 
remaining bottom surface, the coefficient was assumed 
200 W/m2°C. 
 
5 Results 
5.1 FSBW 
In order to verify the numerical simulation results, the 
simulated temperature peak values were compared with 
experimental results [4] that were obtained using 
thermocouples at various locations along the weld path, 
as shown in Table 4 and Figures 6~10. The simulation 
results matched very closely with experiments.  
 
Table 4: Result summaries showing experimental and 

simulation result for each case. 
 Advancing Side Retreating Side

2mm 5mm 8mm 2mm 5mm 8mm
1000rpm

100mm/min
Experiment 525 420 300 480 400 300
Simulation 525 448 276 516 427 266

1000rpm
300mm/min

Experiment 460 400 205 · · ·
Simulation 467 401 223 459 377 206

1500rpm
150mm/min

Experiment 530 450 267 · · ·
Simulation 541 444 266 535 430 257

 
(a)  (b)  (c) 

Figure 6: Computed and experimental temperature history at 
locations away from the weld center along the width on 
the advancing side 
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(a)  (b)  (c) 

Figure 7: Temperature profile at the top surface for each 
welding conditions 

 

 
(a)  (b)  (c) 

Figure 8: Temperature cross section profile near the tool for 
each welding conditions 

 

 
(a)  (b)  (c) 

Figure 9: Material flow with strain rate history for each 
welding conditions 

 

 
(a)  (b)  (c) 

Figure 10: Material flow with temperature history for (a) 
1000rpm and 100mm/min, (b) 1000rpm and 300mm/min 
and (c) 1500rpm and 150mm/min (in °C) 

 
5.2 FSSW 
Temperature profiles at the top surface as well as any 
cross section surface of sheets for the cylindrical and 
triangular pins were calculated at various moments. Also, 
material flow patterns were simulated at various 
instances. For the cylindrical pin, materials near the tool 
did not move that much along the radial direction. 
However, for the triangular pin, materials near the pin 
boundary showed significant in and out motion along the 
radial direction, since the boundary of the triangular pin 
moved in and out along the radial direction during the 
tool rotation. Note that heat generation of the cylindrical 
and triangular pins was similar, only the material flow 
pattern was different which then caused the static weld 
strength to be different. The weld strength for the 
concave triangular pin was almost twice as that of the 
concave cylindrical pin. The triangular pin geometry 
yielded higher weld strength compared to the cylindrical 
pin, since the material flow pattern affected the hook 
formation near the pin, as shown in figure 11 [6]. 
 

  
(a) cylindrical pin (1,800N)         (b)triangular pin (3,600N) 

Figure 11: Sectional macrographs in the cross-tension test 
 
6 CONCLUSIONS 
The FSBW process was solved under the steady state 
condition and simulated temperature results matched 

with experiments very closely, while nobody has 
achieved such an agreement of the numerical results with 
experiments. Above results from the simulation can be a 
good control group to study welds performances. In 
particular, the effective strain results as well as the 
temperature history of welds may play an important role 
in the decision of the grain size after welding as well as 
the AGG (abnormal grain growth) phenomenon, where 
one grain grows at a much greater rate than its 
neighbours, after PWHT (post weld heat treatment). As 
for the FSSW, simulation was conducted under the 
unsteady state condition to understand the tool geometry 
effect on weld strength. Simulated material flow pattern 
was discussed to explain the hook formation near the pin 
boundary since the hook formation is a key geometric 
characteristic of the weld strength. 
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