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Abstract Computational fluid dynamic model of the friction
stir welding process was established. Forces acting on the
welding tool were computed according to the obtained pres-
sure fields. The obtained transverse force on the welding tool
can be validated by comparison of both experimental and
numerical results in published literatures. Analytical methods
for the calculation of the fatigue stresses on the welding tool
were then proposed. The analytical methods were compared
to the finite element model for validations. Results indicate
that the frictional force on the shoulder contact surface takes
the main contribution to the transverse force on the welding
tool. The maximum fatigue stress on the pin is decreased with
the increase of the rotating speed and increased with the
increase of the transverse speed.

Keywords Friction stir welding - Eulerian model - Fatigue
stress - Tool force

1 Introduction

As a solid state joining technology invented by Thomas et al.
[1], friction stir welding (FSW) has revealed its advantages
in comparison to the traditional fusion welding technolo-
gies. FSW has been quickly applied to many industries
including aerospace, ship manufacturing, train manufacturing,
etc. [2, 3].

In FSW, the rotating tool is inserted to the joining line of the
welding plates. With rotations and longitudinal movements,
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the material near the joining line can be mixed and then a tight
joint can be formed. In this process, the welding tool is the key
component for the success of the welding. Cam et al. [4, 5]
reported the microstructures of the welding zones and the
mechanical properties of the joints in various FSW processed
aluminum alloys. The effects of the pin length and diameters
on the tool forces have been studied by Sorensen et al. [6]. It
shows that the tool force in the longitudinal direction mea-
sured by dynamometer is increased with the increase of the
pin length. Kumar et al. [7] utilized the systematic experimen-
tal design method to investigate the heat input and the tool
forces in the friction stir welding of AA5083. By the use of the
measuring method based on the input electrical signatures of
the driving motors, the torque and the tool force data during
FSW were captured by Mehta et al. [§]. By the use of a
rotating component dynamometer and a finite element model,
the tool forces for different welding parameters are analyzed
by Trimble et al. [9]. Balasubramanian et al.[10] measured the
process force in FSW of AA6061-T6 by a high-frequency data
acquisition system.

Besides of the experimental methods, numerical method
can provide a detailed insight into the mechanism on tool
forces with lower research costs. Carlone et al. [11] analyzed
the influence of process parameters on microstructure and
mechanical properties in AA2024-T3 FSW by both numerical
model and experimental tests. By an adaptive remeshing
technique based on FE model, Zhang et al. [12] studied the
tool forces in three directions during friction stir welding of
AZ91. Ulysse [13] developed a 3D viscoplastic model to
simulate the butt joints of friction stir welded aluminum thick
plates. The force acting on the pin is further discussed.
DebRoy et al. [14] created a 3D heat and mass flow model,
and implemented it into a fast calculation algorithm. Then,
tool durability maps with various welding variables were
generated. By using a similar 3D heat transfer and viscoplastic
material flow model, Arora et al. [15] computed the transverse
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force and torque during friction stir welding. The computed
values were used to analyze the shear stress experienced by
the tool pin due to bending and torsion under different welding
parameters. Soundararajan et al. [16] predicted the stress at the
workpiece and backplate interface by a FE thermomechanical
model. A fully coupled thermomechanical model was devel-
oped by Zhang et al. [17] to study the material deformations
and heat generations in FSW, and then the effect of tool sizes
and shapes was investigated [18]. Assidi et al. [19] developed
a 3D FE model based on an Arbitrary Lagrangian Eulerian
(ALE) formulation, and the influences of the different friction
models on the vertical and the transverse forces were studied.

Although many useful experimental methods and interest-
ing numerical models have been used for the determination of
the tool forces, the force distribution on the tool has not been
studied in detail. Moreover, the computational methods on the
fatigue stress of the tool have not been reported. So, a Com-
putational Fluid Dynamics (CFD) model is developed in
current work for the determination of the tool forces and the
force distributions on the welding tool. The obtained forces
are compared to the experimental tests in published literatures
for validations. Then, two new analytical methods are pro-
posed for the calculations of the fatigue stress on the welding
tool. The finite element model is used to validate the proposed
analytical methods.

2 Model description

2.1 CFD model for prediction of tool force

The schematic model of the welding plate is shown in Fig. 1.
The dimension of the plate is 200%120x7 mm. The tool
geometry is shown in Fig. 2. The material of the welding
plate is AA6061-T6. The thermal and mechanical proper-
ties of AA6061-T6 are functions of temperatures, as shown

in Table 1 [20, 21].

Fig. 1 Schematic of FSW plate
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Fig. 2 Geometry of welding tool

In the CFD model, viscosity of the fluid can be obtained as
follows [22],

3E
where p is the viscosity of fluid, & is the flow stress of the
material o3 = %a : 0 [23], and Eis the equivalent strain rate
of the deformed material. In order to simplify the calculation,

the strain rate in the fluid field is calculated base on the
velocity distribution [24]:

o (1)

€= % (Vv + W) (2)

The velocity of the material at the contact surface vy is
calculated:

vy = dwr (3)

where w is the rotating speed of the tool, 7 denotes the distance
from the rotating axis, 4 is the slipping factor and set to be 0.5.
The transverse speed of the tool is represented by the velocity
inlets. The outlet is set as a pressure-free outlet. According to
literatures [16, 25], the axis force F is set to be 15 kN during
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Table 1  Thermal properties of AA6061-T6 [20, 21]

Temperature (K) Specific heat Conductivity Flow stress Poisson’s

(J/kg-K) (W/m-K) (MPa) ratio
273 917 162 277.7 0.23
366 978 177 264.6
477 1024 192 218.6
588 1078 207 66.2
700 1133 223 17.9

the calculation. At the top surface, the heat convection coef-
ficient is defined to be 100 W/m*-K.

The temperature distribution is important during FSW.
During the welding process, the heat is generated from the
shoulder and the pin contact surfaces. In current model, the
heat input is simplified as the heat flux sources on the shoulder
contact surface and the pin side and tip surfaces according to
[26]. The heat input power can be then calculated from the
work done by frictional force.

At the shoulder contact surface, the frictional force on the
area element could be defined as:

. peF
Af goulder = mln( d ,Tmax>~ds (4)

shoulder

where Sgouder 18 the area of the shoulder surface and 7, is
the maximum shear stress [23]:

Os

T max :% (5)

ds represents the area of the element and py is the friction
coefficient and can be calculated by [27, 28]:

w }"p
iy uoeXp( m Rg) (6)

where 1 is the static friction coefficient and here is taken as
0.45[29, 30]. wis the rotating speed and the reference rotation
speed wy is taken as 400 rpm. r, and R are the radii of the tool
pin and the shoulder, respectively. The heat input power on the
area element can be obtained:

w
dpP = 27Tr@dfshoulder (7)

Then, the total heat input power of the shoulder can be
calculated by the integral of Eq. (7):

Pshoulder = Jdp (8)
S

In current model, the above equation can be simplified as:

ng w
Pghoutder = Z 27r; @df shoulder <9)
i=1

where ng is the total number of area element on the shoulder
contact surface. The heat flux on the shoulder-plate contact
interface can be then obtained according to [23]:

P shoulder

oul T = 10
9 shoulde Setonler (10)

Similar to Eq. (4), the frictional force at pin side and tip
surface can be defined as:

dfpin :min(p“fp77—ma7(>'ds (11)

where p is the calculated normal pressure on the pin surface.
Then heat input power of the pin can be computed:

’1[\

w
Ppin = Z 2717’i@d/{pin (12)
i=1

where n,, is the total number of area element on the pin contact
surface. The heat flux on the pin-plate contact interface can be
then obtained according to [23]:

Pyin
q in — (13)
P Spin
where S, is the area of the pin surface.

The total heat flux at interfaces in this model is given by:

Y1otal = 9shoulder =+ qpin (14)

User defined functions compiled by C language were used
to define the material properties and heat generation in current
CFD model. Seven cases for different rotating and transverse
speeds were simulated, as shown in Fig. 3.

2.2 Analytical methods for prediction of fatigue stress

Figure 4a shows the tip force acting on the pin. The diameter
of the pin is identical to the length of the pin. So, the
Timoshenko beam theory [31] instead of the Eulerian
beam theory [32] should be applied for the calculation
of the fatigue stress on the welding tool. The tool pin can
be simplified as a cantilever in the Timoshenko beam
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Fig. 3 Welding parameters for seven cases

theory. The in-plane bending elasticity problem can be
treated as the solution to the biharmonic equation [33]:

M) oo e
%‘Fz—axzayz—‘rw—o (15)

where ¢ is the stress function in Cartesian coordinates and ¢
follows the relations as follows:

_ &
Oy = 6%/2
¢
O'y = 67 (16)
_ %%
T = Ox0y

The stress function can be chosen as [33]:

¢ = Csxy’ + Cexy (17)

The boundary conditions can be shown as:

(7xy) y=+R — 0

(Txy)xzods =—Flip (18)

sec

Then the stress of the pin can obtained from solving
Eqgs. (15) to (18):
_§ Ftipx

3 wR* Y

(19)

Oy —

The normal pressure on the pin side surface can lead to the
pin force Fy,in. Two different analytical methods can be used to
compute the fatigue stress on the pin.

In analytical method 1, it is assumed that the pin force is
equivalent to a uniform linear load on the top surface of the
pin, and the solution is also an in-plane problem, as show in
Fig. 4b. The stress function satisfies Eqs, (15)—(16).

@ Springer
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o, is the function of y:
oy =/f1) (20)

Then, the stress function can be determined by integration
of Eq. (20):

6=3210)+3/,0) + 120) e

where f; and /> are arbitrary functions.
The force boundary conditions are:

(s .

where o, is the stress in y-direction caused by the distributed
load. Due to the concentrated linear loads on the top surface of
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the pin, a surface shown in Fig. 5 is used for simplification of
the calculations. 7 is taken as 0.9 R in the calculation as an
engineering approximation.

Force and moment equilibrium equations on the cross
sections should be satisfied:

J (TXY)x:Lds =0
sec

| stoids=o
Sec
0

(23)
(Txy)xzo -

where sec represents the circular cross section of the pin. A
four-order polynomial stress function is used. By the solution
to the above equations, the stresses caused by the uniform
pressure on the top surface are:

ox = 3x°C1y — 2C1y° + 6Cay

oy =C1y’ +Cy+Cy (24)
Ty = x(3C1)% + C3)

where the constants are:

_F .
Ci = P
2LVR* — r* (2R + 3rR* — 1*)
1
Cr=¢ C\R? (25)
C3 =-3C\R*
Cy=2CR°

In analytical method 2, it is assumed that the pin force F;,
is equivalent to a uniform distributed body force, as shown in
Fig. 4c. This stress caused by the uniform distributed body

q

Fig. 5 Boundaries of tool pin in analytical models

force can be solved as space elasticity problem. The stress and
strain components satisfy the following equations [34]:

{Uijvi-i-Fj:O

oij = )\961J +2M71J (17] = 17273) (26)

where o;; are the stress components, ;; are the strain compo-
nents, Fj are the body force density, 6= 7;; A, and p are Lame
constants.

The above functions should satisfy the follow boundary
conditions:

Fi=f,="0F = Fy =0

“tip (Txy’ UZ)dS =0 (27)
ﬂ.tipazxds =0

(Jij)side =0

where Vis the volume of the pin, tip and side represent the tip
surface and side surface of the pin, respectively.

To find the solution of the above equations, the stress and
strain are assumed to be the following form:

) (0)

+ i
)
i

1
oij = Ezzoi(jz) Jrzoi(jl

L@, 0
Vij :EZ Vij ij

(i,j=1,2,3) (28)

+zvy: 4y

where agjk) and fy%k) (k=0,1,2) are functions of x and y. By solving

the Eq. (26) with the boundary conditions (27), the stress in z
direction of this space elasticity problem can obtained:

o,=—E (ko +ky + %kzzz)x (29)
94 13v + 612
ko [_¥R2 (140w f)}

where E is the elasticity modulus, v is the Poisson ratio, and
k; (1i=0,1,2) are constants:

1 , 9+ 13v+ 4y? )
ko_zkz[L 6(1+v) }
ki = —k»L (30)
k2 _ Fpin

wV (14 v)R?

The fatigue stress on the welding pin can be then obtained
by the superposition method.
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Table 2 Thermal properties of AISI A2 steel [35]

Temperature (K) Thermal Elastic ~ Conductivity Specific heat
expansion modulus (W/m-K) J/kg-K)
(um/m-K) (GPa)

293 115 192 - 445

366 12.8 191 51.9 -

423 12.4 189 - -

473 12.7 186 48.5 -

533 13.1 182 - -

588 13.7 177 - -

643 14.0 171 41.5 550

2.3 Finite element model for prediction of fatigue stress

Due to the temperature rises on the welding tool, the mechan-
ical properties of the tool should be considered as the func-
tions of the temperatures. The material of the welding tool is
AISI A2 steel. The mechanical properties of AISI A2 steel are
shown in Table 2 [35]. During the FSW process, the generated
heat on the contact surface can flow into both the welding
plates and the welding tool, which can lead to the temperature
rises in both the welding plate and the welding tool. In order to
compute the temperature rises on the welding tool, a total
proportion of 10 % heat input is assumed to be absorbed by
the tool according to Ref. [36]. The numerical and experimen-
tal temperature rises on the welding tool from Dickerson [37]
are used for validations of the current finite element model.
The welding parameters and geometry of the tool in the
validation model are set to be the same to the experimental
tests in [37]. Then, a simplified cylindrical tool was used to
study the effect of the welding parameters.

ABAQUS is used to calculate the fatigue stress of the
welding tool. During the calculation, the beam was meshed
into 40 2D plane Timoshenko beam elements (Fig. 6). The

i
Il

Fig. 6 Finite element model of pin

@ Springer

cantilever beam is simplified as a wire with circular section.
The applied load consists of a linear load on the wire and a
concentrated force on the tip.

3 Results and discussions
3.1 Temperature distributions

The calculated temperatures of the simulated cases are shown
in Fig. 7. The maximum temperatures appear at the contacting
surface of shoulder and tool pin. The contours of temperature
are symmetrical to the welding line. As shown in Fig. 7, in
cases 1-4, the maximum temperatures are increased with
the increase of the rotating speeds. The peak temperature
is increased from 670 to 750 K, when the rotating speeds
are increased from 350 to 800 rpm. In Fig. 7, in cases 5,
2, 6, and 7, the maximum temperatures are decreased
when the transverse speeds are increased. At a transverse
speed of 90 mm/min, the peak temperature of the piece is
748 K. When the transverse speed is increased to
240 mm/min in case 7, the maximum temperature is
decreased to only 681 K. This phenomenon is mainly
due to the much higher heat loss in higher transverse
speeds. The variation of the peak temperature with the
rotating speeds and the transverse speeds is fitted well
with the observations in published literatures [38, 39].

3.2 Tool forces

Figure 8 illustrates the pressure distributions on tool pin in
different cases. During the welding process, the materials are

800

750

700

Peak temperature, K

650

600
0

1 2 3 4 5 6 7
Cases
Fig. 7 Temperature histogram of different cases
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Fig. 8 Pressure variations with welding parameters on tool pins. a Effect
of rotating speed and b effect of transverse speed

pressed on the front side of the tool pin, and then flowed
around the tool to the rear side. This is the reason that the
pressure at the front side of the tool pin is much higher than the
one at the rear side. The resistant force on the tool pin is
caused by the pressure difference between the front and rear
sides of the pin. With the increase of the rotating speeds, the
difference of pressure between the two sides is decreased.
When the rotating speed is 350 rpm, the pressure difference
is 8.95 MPa. When the rotating speed increased to 800 rpm,
the pressure difference is decreased to 5.1 MPa. Higher trans-
verse speed can lead to obvious increase of the pressure
difference. The pressure difference can be increased from
3.6 to 15.9 MPa when the transverse speed is increased from
90 to 240 mm/min.

The transverse force, i.e., the force in the welding direction,
consists of two parts, the frictional force on the shoulder
contact surface and the force on the pin:

Fx = Fshou]der + Fpin (31)

The force on the pin can be divided into two components:
the force on the pin side surface caused by normal pressure
and the frictional force on the pin tip surface caused by
friction:

Fpin = Fpinside + Fpintip (32)

In Fig. 9, the variations of the calculated tool forces with
the transverse speeds are compared to Chen [25]. The error is

only 4.4 %, which can validate the current model. As shown in
Fig. 9, the frictional force on the shoulder contact surface

—&— Force on shoulder
3500 - —@— Force on pin
—— X-axis force calculated by this model
3000 - —/\— X-axis force calculated by CHEN[25]
—%— X-axis force measured by CHEN[25]
2500 +
2000
Z
g
£ 1500 F
=
1000 +
500 +
o —— 4 - -
0 1 1 1 1 - 1 Y
300 400 500 600 700 800
Rotating speed, rpm
(a) effect of rotating speed
3000 A
2500
2000 -
z —&— Force on shoulder
o 1500 —&— Force on pin
g —&— X-axis force calculated by this model
= —#— X-axis force measured by CHEN[25]
1000 - —&— X-axis force calculated by CHEN[25]
500 - ./././'
0 1 1 1 1 1 1 1 1
75 100 125 150 175 200 225 250

Transverse speed, mm/min

(b) effect of transverse speed

Fig. 9 Force on welding tool in different conditions. a Effect of rotating
speed and b effect of transverse speed
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Fig. 10 Temperature distribution on the welding tool

takes the main contribution to the tool force. The average ratio
of Fahoulder/Fx 18 87.7 %, and the average ratio of F;n/F) is
only 12.3 %.

As illustrated in Fig. 9a, the transverse force is decreased
from 2701 to 1639 N, when the rotating speed is increased
from 350 to 800 rpm. In Fig. 9b, the transverse force is
increased from 1672 to 2954 N when the transverse speed is
increased from 90 to 240 mm/min.

3.3 Fatigue stresses

The predicted temperature rises on the welding tool is shown
in Fig. 10. The temperature distribution is identically the same
to the one in [37]. The temperature along the axis of the
welding tool is further compared, as shown in Fig. 11. The
maximum difference is 9.3 %, which can validate the current
model.

700
X

600 F
4
B
£ 500
g 3
E —m— Predicted in this model

—&— Simulated by Dickerson[37]
400 | ¥ Observed by Dickerson[37]
300 1 1 1 1 ]
0 3 10 15 20 25

Distance along tool axis, mm

Fig. 11 Comparisons of temperatures on the welding tool
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Fig. 12 Temperature distributions on the welding tool for seven cases

The temperature rises on the welding tool in seven different
cases shown in Fig. 3 is given in Fig. 12. Temperature of the
tool pins in seven cases is almost uniform. The maximum
temperature rises with the increase in rotation speed and
decreases when the transverse speed rises. The average tem-
perature of the tool pin varies from 518 to 583 K in seven
cases.

The computed tool forces in different cases are summarized
in Table 3 for the calculation of the fatigue stress of the
welding tool. The fatigue stresses calculated by finite element
model, the analytical method 1 and the analytical method 2 are
compared in Fig. 13. With comparison of the results from the
finite element model, the maximum error of the analytical
method 1 is 2.8 % and the maximum error of the analytical
method 2 is 2.9 %, which can validate the proposed analytical
methods for the computation of the fatigue stress of the
welding tool.

It is obvious that the maximum fatigue stress occurs at the
root of the pin. The schematic of the fatigue stress variations at
the root of the pin is shown in Fig. 14. The maximum fatigue
stress is decreased from 54.1 to 32.3 MPa when the rotating
speed is increased from 350 to 800 rpm. However, the fre-
quency of the alternating fatigue stress is equivalent to the

Table 3  Loads on tool pin

Cases Pin force (N) Tip force (N)
Case 1 230.4 71.0

Case 2 175.8 59.2

Case 3 145.2 56.5

Case 4 132.6 475

Case 5 90.0 354

Case 6 313.2 99.8

Case 7 417.6 139.6
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Fig. 13 Variations of fatigue stress with welding parameters. a Effect of
rotating speed and b effect of transverse speed

rotating frequency. So, the increase of the rotating speed can
also lead to the increase of the frequency of the fatigue stress.
The maximum fatigue stress is increased from 22.7 to
98.2 MPa when the transverse speed is increased from
90 to 240 mm/min. The increase of the transverse speed
can obviously lead to the increase of the fatigue stress on
the welding tool while the frequency of the alternating
fatigue stress keeps constant.

4 Conclusions

CFD model is used for the predictions of the tool forces
in FSW. Then, two analytical methods are proposed for
the calculations of the fatigue stress on the welding tool.
The finite element model is used to validate the proposed

60

30 F

(=]
T

Stress, MPa

-60 1 1 1
200 400 600 800

Rotating speed, rpm

(a) effect of rotating speed

80

40t

Stress, MPa
S

-120 1 1 1 1 1 J
80 120 160 200 240 280

Transverse speed, mm/min

(b) effect of transverse speed

Fig. 14 Schematic of stress variations at the root of the pin. a Effect of
rotating speed and b effect of transverse speed

analytical methods. The main obtained results are summa-
rized as follows:

1. The transverse force of the tool consists of the frictional
force on the shoulder contact surface, the frictional force on
the pin tip surface, and the resistant force on the pin caused
by the hydraulic pressure, in which the frictional force on
the shoulder contact surface takes the main contribution.

2. The transverse force is decreased with the increase of the
rotating speeds and is increased with the increase of the
transverse speeds.

3. The maximum fatigue stress on the pin occurs at the root
of the pin. Higher transverse speeds can lead to higher
stresses on the pin.

4. The increase of the rotating speeds can lead to the de-
crease of the maximum fatigue stress on the pin and the
increase of the frequency of the fatigue stress.
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