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Abstract 

A mathematical model for heat generation for bobbin tool friction stir welding (BT-

FSW) is proposed. The model applies on bobbin tool with Cylindrical pin to weld 

AA1050 alloy. The BT-FSW joints are welded at various travel speeds (200, 400, 600, 

800, and 1000 mm/min) and constant rotation speed of 600 rpm. In the proposed 

model, only the heat generated by friction is considered. The proposed 

mathematical model was validated with measured results. The BT-FSW heat 

generation increase with increasing bobbin rotation speed, friction coefficient, 

shoulder radius, and pin radius. On the other hand, the heat generation decrease 

with increasing bobbin tool travel speed. 

Introduction 

Bobbin tool friction stir welding (BT-FSW) is an 

innovative tool design. The name ''bobbin'' refers to 

the shape of the tool that consists of two shoulders; 

one acting on the lower and one on the upper surface 

of the welded plate, connected with a pin [1], [2]. The 

bottom shoulder replaces the backing plate used in 

conventional tool friction stir welding (CT-FSW). A BT-

FSW leads to low distortion, due to uniform heat 

generation and eliminates weld roots, and root 

defects [1]. The heat generated during FS process has 

a strong effect on the weld quality. The FSW heat 

generates from friction (sliding condition) and plastic 

deformation (sticking condition) at the interface 

surfaces between the FSW tool and workpiece [2]. 

Bastier et al [3]. reported the frictional heat is 95.6%. 

Therefore, several studies assume that, FSW heat is 

generated by frictional heat only. Since the 

development of the FS process, many articles have 

been published on CT-FSW thermal model [4]–[10]. 

and have focused on the relationship between the 

weld temperature and CT-FSW with different pin 

geometries. However, a little has been published on 

mathematical modelling of heat generated by BT-FSW 

[11].  

The aim of present study is to develop a 

mathematical model to predict the heat generated in 

BT-FSW with cylindrical pin using different process 

parameters. 

General equations of heat generation 
in BT-FSW 

The BT-FSW process is shown schematically in 

Figure 1. In general, during BT-FSW, a rotating tool 

with two shoulders moves along the workpiece 

interface. As the bobbin tool (BT) moves along the 

workpiece, heat is generated at the interface. During 

BT-FSW the total heat generated at the different 

portions Qt is the summation of heat generated (Eq. 

1) at the upper 𝑄𝑢𝑠  and lower 𝑄𝑙𝑠  shoulder surfaces 

and pin surface 𝑄𝑝𝑠 . 

𝑄𝑡 = 𝑄𝑢𝑠 + 𝑄𝑙𝑠 + 𝑄𝑝𝑠                                                     (1) 

 

 
Figure 1 schematics of BT-FSW process. 1)lower plat, 2) 

upper plat, 3) upper shoulder, 4) pin, and 5) lower 
shoulder 

 



Journal of Petroleum and Mining Engineering 20(1)2018                                                                                                                                    
 

Page|2 

In general, the FSW heat is generated through 

plastic deformation (Sticking) and friction (sliding) 

between FSW tool and workpiece[10], [12], [13]. The 

following Expression 2, 3 and 4 consider both sources 

of heat generation and their effect on each other. 

𝑄𝑢𝑠 = (1 − 𝜑𝑢𝑠)𝑄𝑢𝑠.𝑓𝑟 + 𝜑𝑢𝑠𝑄𝑢𝑠.𝑑                             (2) 

𝑄𝑙𝑠 = (1 − 𝜑𝑙𝑠)𝑄𝑙𝑠.𝑓𝑟 + 𝜑𝑙𝑠𝑄𝑙𝑠.𝑑                                 (3) 

𝑄𝑝𝑠 = (1 − 𝜑𝑝𝑠)𝑄𝑝𝑠.𝑓𝑟 + 𝜑𝑝𝑠𝑄𝑝𝑠.𝑑                             (4) 

Previous studies [14], [15] showed, 𝜑 = 0, full 

sliding condition is applied, and heat is generated by 

friction only, but if 𝜑 = 1  heat is generated by plastic 

deformation only with full sticking condition, 

according to, 𝜑𝑢𝑠 = 𝜑𝑙𝑠 = 0.2 𝑎𝑛𝑑 𝜑𝑝𝑠 = 0.1. 

The value of φ is typically very small. For example, 

P Heurtier, et al [5] estimated the value to be 0.1 and 

Schmidt [16] and C Hamilton [17] reported that, if a 

little of sticking condition occurs, the frictional shear 

stress must be equal to the yield shear stress of the 

material, so that, Eqs. 2, 3, and 4 can be rewritten as: 

𝑄𝑢𝑠 = 𝑄𝑢𝑠𝑓𝑟                                                                      (5) 

𝑄𝑙𝑠 = 𝑄𝑙𝑠𝑓𝑟                                                                        (6) 

𝑄𝑝𝑠 = 𝑄𝑝𝑠𝑓𝑟                                                                      (7) 

 

 
Figure 2 a) Schematic drawing of BT-FSW with cylindrical 

pin, b) upper or lower shoulder contact surface and c) 
cylindrical Pin contact surface. 

The general equations of friction and deformation 

heat generation at different portions of BT shown in 

Figure 3 depend on the angular velocity (ω) and the 

applied total torque (M), and  are given by [10], [13], 

[14]: 

𝑑𝑄𝑓 = 𝜔 𝑑𝑀 = 𝜔𝑅𝑑𝐹 = 𝜔𝑅𝜏𝑠𝑑𝐴                             (8) 

The heat generated by sliding is related to the 

contact shear stress [13], [18] and is given by Eq. 9: 

𝜏𝑠 = 𝜇𝑝    𝑓𝑜𝑟 𝑠𝑙𝑖𝑑𝑖𝑛𝑔 𝑐𝑜𝑛𝑑𝑖𝑡𝑜𝑛                                (9) 

From previous works [10], [14], [15], [17], [19], the 

coefficient of friction (μ) decreases with increasing 

temperature at the contact between the tool and 

workpiece interfaces and μ varies between 0.4 and 0.5 

depending on the FS parameters. However, if heat 

generation exceeds 2000 J/mm, μ is reduced to 0.45, 

and if it exceeds 3000 J/mm, μ is reduced to 0.4. The 

coefficient of friction (μ) can be calculated as: 

𝜇 = 𝜇𝑜 [1 − 𝑒
−𝛿

𝜔𝑅𝑚
𝜔𝑜𝑅𝑠]                                                 (10) 

For present work static friction coefficient 𝜇𝑜 is 

taken as 0.45, and the rotating speed 𝜔 as well as the 

rotation speed reference 𝜔𝑜  is taken as 400 rpm and 

𝑅𝑚 , 𝑅𝑠 are the pin and shoulder radii. and it is taken 

as 0.4. 

 For BT-FSW, the gap between the two shoulders 

is equivalent to the thickness of workpiece, and the 

pressure (p) acting on the BT shoulders results from 

the thermal expansion of the workpiece. When the 

BT-FSW begins the welding temperature increases 

and the thickness of workpiece increases and exerts a 

pressure in Z direction on the BT shoulders. The value 

of p increases with increasing Rs/Ts ratio until p 

reaches the temperature dependent yield stress σy.t 

of materials. Beyond this point, the value of p 

becomes equivalent to σy. The temperature 

dependence of the σy.t is presented by [20]: 

𝜎𝑦.𝑇 = 𝜎𝑦 [1 − (
𝑇1 − 𝑇𝑅

𝑇𝑚 − 𝑇𝑅
)]                                              (11) 

Heat generation for BT-FSW with 
cylindrical pin 

Heat generation by BT-FSW at shoulders 

The frictional heat generation 𝑑𝑄𝑢𝑠.𝑓 at upper 

concave and lower concave shoulder is given by: 
𝑑𝑄𝑢𝑠 = 𝜔𝑅𝜏𝑠𝑑𝜃𝑑𝑟                                                              (12) 

𝑑𝑄𝑢𝑠 =
𝜔𝑅2𝜏𝑠

cos 𝛼
𝑑𝜃𝑑𝑟                                                           (13) 

Integration of Eq.14 gives the heat generation at 

upper shoulder surface 

𝑄𝑢𝑠 = ∫ ∫
𝜔𝑅2𝜏𝑠

cos 𝛼
𝑑𝜃𝑑𝑟

𝑅𝑠

𝑅𝑝

2𝜋

0

= 2𝜋𝜔𝜏𝑠(𝑅𝑠
3 − 𝑅𝑝

3) 3 cos 𝛼⁄   (14)   

For BT-FSW, the heat generated at the lower 

shoulder is the same as heat generated at the upper 

shoulder, and is given by: 

𝑄𝑙𝑠 =  2𝜋𝜔𝜏𝑠(𝑅𝑙𝑠
3 − 𝑅𝑝

3) 3 cos 𝛼⁄                             (15) 

The sum of heat generated at both shoulders will 

be let used 𝑄2𝑠  and given by: 

𝑄2𝑠 = [
2𝜋𝜔𝜏𝑠(𝑅𝑢𝑠

3 − 𝑅𝑝
3)

3 cos 𝛼
] + [

2𝜋𝜔𝜏𝑠(𝑅𝑙𝑠
3 − 𝑅𝑝

3)

3 cos 𝛼
]     (16) 

Heat generation by BT-FSW at cylindrical pin 
surface 

The dimensions of bobbin tool and infinitesimal 

element for cylindrical pin surface are presented in Fig 

2b and Figure 3. The frictional heat generation 𝑄𝑝𝑠   at 

infinitesimal element for pin surface is given by Eq. 17. 

The integration of Eq.18 determines the heat 

generation of the pin surface. 

using Eqs. 16, and 18 the total heat generation for 

BT-FSW with concave shoulders and cylindrical pin is 

given as Eq. 19. 

Using Eq.16 and Eq.19 the heat generation for 

concave shoulders is given by Eq. 20. 

For pin, the portion of heat generation given by Eq. 

21. For BT-FSW with concave shoulder, the energy per 

unite length is given by Eq.22, and the energy per 

unite length for BT-FSW with flat shoulders is given by 

Eq. 23. 

 

𝑑𝑄𝑝𝑠 = 𝜔𝑅𝑝
2𝜏𝑠𝑑𝜃𝑑𝑧                                                    (17) 



Journal of Petroleum and Mining Engineering 20(1)2018                                                                                                                                    
 

Page|3 

𝑄𝑝𝑠 = ∫ ∫ 𝜔𝑅𝑝
2𝜏𝑠𝑑𝜃𝑑𝑧 = 2𝜋𝜔𝑙𝑝𝑅𝑝

2𝜏𝑠                   (18)
𝑙𝑝

0

2𝜋

0

 

𝑄𝑡.𝑐 = [
2𝜋𝜔𝜏𝑠(𝑅𝑢𝑠

3 − 𝑅𝑝
3)

3 cos 𝛼
] 

           + [
2𝜋𝜔𝜏𝑠(𝑅𝑙𝑠

3 − 𝑅𝑝
3)

3 cos 𝛼
] + [2𝜋𝜔𝑙𝑝𝑅𝑝

2𝜏𝑠]                (19) 

𝑝2𝑠𝑐 =
𝑄2.𝑠

𝑄𝑡.𝑐

=
[(𝑅𝑢𝑠

3 − 𝑅𝑝
3) 3 cos 𝛼⁄ ] + [(𝑅𝑙𝑠

3 − 𝑅𝑝
3) 3 cos 𝛼⁄ ]

[
(𝑅𝑢𝑠

3 − 𝑅𝑝
3)

3 cos 𝛼
] + [

(𝑅𝑙𝑠
3 − 𝑅𝑝

3)
3 cos 𝛼

] + [𝜔𝑙𝑝𝑅𝑝
2]

      (20) 

𝑝𝑝𝑠.𝑐 =
𝑄𝑝.𝑠

𝑄𝑡.𝑐

=
𝜔𝑙𝑝𝑅𝑝

2  

[
(𝑅𝑢𝑠

3 − 𝑅𝑝
3)

3 cos 𝛼
] + [

(𝑅𝑙𝑠
3 − 𝑅𝑝

3)
3 cos 𝛼

] + [𝜔𝑙𝑝𝑅𝑝
2]

                (21) 

𝑄𝐸𝑙.𝑐 =
2𝜋𝜇𝜔𝑝

𝑇𝑠
[[

(𝑅𝑢𝑠
3 − 𝑅𝑝

3)

3 cos 𝛼
] + [

(𝑅𝑙𝑠
3 − 𝑅𝑝

3)

3 cos 𝛼
]

+ [𝑙𝑝𝑅𝑝
2]]                                           (22) 

𝑄𝑡.𝑓 = [
2𝜋𝜔𝜏𝑠(𝑅𝑢𝑠

3 − 𝑅𝑝
3)

3
] + [

2𝜋𝜔𝜏𝑠(𝑅𝑙𝑠
3 − 𝑅𝑝

3)

3
]

+ [2𝜋𝜔𝑙𝑝𝑅𝑝
2𝜏𝑠]                                (23) 

Results 

Figure 3 presents the effect of BT-FSW process 

parameters on heat generation at a various rotation 

speeds from 100 to 1000 rpm and various travel 

speeds from 100 to 1000 mm/min. the heat 

generation is directly proportional to the rotation 

speed and inversely proportional to travel speed. 

However, if BT-FSW is applied with increasing rotation 

speed and decreasing travel speed, the BT-FSW heat 

generation is increased. This is because the increase 

of heat generation leads to an easier material flow 

and vice versa. 

 
Figure 3 Effect of rotation and travel speeds on BT-FSW 

heat generation. 

Figure 4 shows the effect of friction coefficient (μ) 

from zero to 0.8 on BT-FSW heat generation, at 

different process parameters (rpm and mm/min), at 

the same rotation and travel speed, the heat 

generation increases linearly with friction coefficient. 

 
Figure 4 Effect of friction coefficient (μ) on BT-FSW heat 

generation. 

Figure 5 and Figure 6 present the effects of 

shoulders and pin diameters on the BT-FSW heat 

generation respectively. From Figure 7 indicates that 

heat generation increases significantly when the 

shoulder radius increases from 0 (Pin only) to 20 mm. 

A similar trend is found in Figure 8 when the pin radius 

increases the heat generation is also increased. 

Increasing BT-FSW pin and shoulder radius increasing 

heat generation due to the increases of contact 

surface between BT and workpiece. 

 
Figure 5 Effect of BT-FSW shoulder radius on BT-FSW 

heat generation. 

 
Figure 6 Effects of BT-FSW pin radius on the heat 

generation. 
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Figure 7 shows the BT-FSW with flat shoulders and 

different angles of concave shoulders using different 

rotation speeds, the heat generation is directly 

proportional to the angle of concave shoulder, and is 

higher than with a flat shoulder, and it increases with 

increasing shoulder angle from 0 to 9o, due to the 

increase of the contact surface between shoulders 

and workpiece. 

 
Figure 7 Effect of concave shoulder angle on the total 

heat generation. 

Model validation 

Table 1 presents the BT-FSW tool description of 10 

mm thick AA1050 aluminum alloy. Figure 8 displays 

the temperature ratio Tw/Ts vs. BT-FSW heat 

generation per unit length with a nonlinear regression 

curve. The multiple correlation coefficient, R is 0.99, 

the coefficient of determination, R2 is 0.99, and the 

standard error of the estimate, Sx, is 0.002. The 

relationship between the Tw/Ts and the BT-FSW heat 

generation per unit length can be expressed by the 

following empirical Eq. 24: 
𝑇𝑤

𝑇𝑠
= [0.2715 + (2 ∗ 10−4 ∗ 𝑄𝐸𝑙) + (−2.69 ∗ 10−8

∗ 𝑄𝐸𝑙
2)]                                              (24) 

Table 1 BT-FSW tool specifications and process 
parameters. 

 

Table 2 shows the BT-FSW parameters, calculated 

heat generation per unit length for all BT portions, and 

calculated peak temperatures (Tw) compared with 

the measured temperatures during BT-FSW of 

AA1050 studied in this work. Figure 9 show the effect 

of BT travel speed at constant rotation speed on the 

heat generation using Cy pin. the model results have 

the same trend as the measured values. 

 

Figure 8 Temperature ratio vs. BT-FSW heat generation 
per unit length. 

Table 2 Measured and calculated values of BT-FSW 
process. 
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200 0.0466 3218 377 367 

400 0.0527 1817 333 330 

600 0.0580 1334 301 298 

800 0.0611 1054 279 279 

1000 0.0634 875 263 265 

 

Figure 9 Temperature of BT-FSW weld zone at various 
travel speeds using Cy pin. 

Conclusion 

A mathematical model for heat generation for BT-

FSW with cylindrical pin was developed. Based on 

present results, it could be concluded that: 

 The BT-FSW heat generation increases with the 
increase rotation speed and decreases with 
increasing travel speed. 

BT-FSW tool description 

Upper and 

Lower 

shoulder 

D = 25 mm 

Shoulder 

surface 

Concave (≈6o) and 

cavities 

Pin 

Dimensions 

Cylindrical – 10 mm Dia 

Pin profile 

“PP” 

Smooth 

Shoulder Gap 9.5 mm 
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 The BT-FSW heat generation increases with 
increase of bobbin tool dimensions such as 
shoulder and pin radius. 

 The friction coefficient, travel speed, rotation 
speed, tool dimension have strong effects on BT-
FSW heat generation. On the other hand, concave 
angle of shoulder has not effects on heat 
generation.  

 The model results are in good agreement with the 
measured values of welding temperature for 
bobbin tool with cylindrical pin. 

Nomenclature 

Qt total heat generation (W) 

𝑄𝑢𝑠 heat generated by upper shoulder, W 

𝑄𝑙𝑠  heat generated by lower shoulder, W 

𝑄𝑝 heat generated by pin, W  

fr friction 

d deformation 

φ the extent of slip between the tool and the 

workpiece 

𝜏𝑠 frictional shear stress, mm2 

𝑑𝐴 area of the infinitesimal element, mm2 

p pressure, GPa 

u friction coefficient 

𝜎𝑦  yield stress, MPa 

Tm solidification temperature. c 

Tr room temperature, c 

Rus radius of upper shoulder, mm 

Rls radius of lower shoulder, mm 

ω angular velocity 

Ts travel speed, mm/min 
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