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Abstract

During the friction stir welding process, the motion of the stirring tool is divided into two parts: the rotational motion and
the lateral feed, both of which influence the temperature distribution, material flow, and slip rate. The effect of the rotational
motion in numerical simulations is usually the focus of research, but the changes in material flow, slip, and heat generation
due to welding speed are usually neglected. In this study, the numerical model of stationary shoulder friction stir welding
(SSFSW) was developed to optimize the effect of welding speed on heat generation and material flow based on the instan-
taneous velocity center (IVC), and the relationship between n/v and IVC were discussed. The instantaneous velocity center
distance was inversely proportional to n/v, and its magnitude affected the difference in temperature between the AS and RS.

Keywords Instantaneous velocity center - Heat production - Material flow - Slip rate

1 Introduction

Friction stir welding (FSW) has been widely studied all
over the world since it was invented in the year 1991 [1].
However, a large amount of heat is generated on the weld
surface using rotating shoulder in FSW, which leads to a sig-
nificant temperature gradient along the thickness direction
of the weld. Generally, larger temperature gradients show a
degradation of various mechanical and corrosion properties.
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Therefore, suppressing the rotation of the shoulder and thus
producing a smaller temperature gradient becomes crucial
to improving the performance of the FSW weld. In contrast
to the conventional FSW, stationary shoulder friction stir
welding(SSFSW) employs a rotating stirring pin and a sta-
tionary shoulder, resulting in reduced temperature gradients
within the weld.

Stationary shoulder friction stir welding (SSFSW) has been
widely used in joining many structural engineering materi-
als, such as aluminum alloys and titanium alloys [2, 3]. The
process parameters of the SSFSW determined the temperature
distribution, material flow, phase transformation, and recrys-
tallization processes during the welding process, which affects
the mechanical properties of the weld to some extent. The
optimization of the SSFSW process, therefore, requires quan-
tification of the temperature distribution and material flow
during the welding process [4—6]. The conventional experi-
mental methods are not easy to investigate the temperature
and material flow patterns during the welding process because
SSFSW involves highly coupled thermomechanical processes
[7-9]. Numerical simulation based on computational fluid
dynamics (CFD) has a greater advantage in studying these
phenomena. However, the reliability of the numerical simula-
tion depends on many aspects, such as heat generation models
and boundary conditions [10, 11].

In the numerical simulation of SSFSW, the boundary
conditions between the stirring tool and welded materials
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have been extensively investigated by many scholars [12, 13].
And the boundary conditions are limited by many factors
such as temperature, speed, pressure, deformation, and the
geometry of the mixing tool. Due to the complexity of the
welding process, the boundary conditions are mainly divided
into two main kinds: boundary velocity (BV) models and
boundary shear stress conditions (BSS) models. Boundary
velocity models applied at the contact interface between
the workpiece, and the stirring tool was shown by function
of slip, temperature, and rotation speed. A vector velocity
at the tool/workpiece interface was applied in the velocity
boundary model. The most commonly used BV model is the
“sticking” model, which assumes that there will be no slid-
ing at the interface between the welding tool and the work-
piece. However, some researchers have found that the contact
state at the tool/workpiece interface is neither a pure sliding
state nor an adhesive state. Therefore, they introduced the 6
parameter in the heat generation model, which can represent
different contact states at the interface. Shi et al. [14] pro-
posed a novel model of the FSW to predict weld formation
based on the BV model. The results demonstrate that, under
optimized welding conditions, the plastic material flows in
the horizontal direction and concomitantly fills the entirety
of the cavity located at the rear of the tool, thereby form-
ing a structurally sound weld. Wu et al. [15-17] developed
a numerical model based on BV model to investigate the
coupled acoustic action-heat generation-plastic deformation
behaviors in ultrasonic-assisted FSW systems. The results
show that the ultrasound induces a notable increment in the
proportion of viscous dissipation heat within the overall heat
generation processes. The heat transfer and visco-plastic flow
of Ti-6Al-4V during FSW had been investigated by Nandan
et al. [18-20]. The computed results show that the interface
between the tool and workpiece predominantly exhibited a
condition of near-sticking. Liu et al. [21] performed numeri-
cal simulations of spatial heat transfer and 3D visco-plastic
flow in vortex-FSW using a CFD analysis. A fluid—solid-
interaction algorithm was established for the coupling model
by Huang et al. [22] using a combination of numerical mode-
ling of plastic flow and experiments to investigate the mecha-
nism of joint formation.

In the numerical simulation of FSW, the BSS model is used
as an alternative form of the BV model. The most important
consideration in boundary conditions is to determine the con-
tact state, the sliding/adhesion state. The automatic conversion
was achieved in the BSS boundary condition between contact
states by considering the static friction effect, which is of great
significance for predicting the sliding and adhesion states at
the tool/workpiece interface. The BSS boundary condition was
incorporated by Liechty et al. [23] in the computational fluid
dynamics (CFD) modeling of FSW. The BSS boundary condi-
tion is the application of shear stress at the contact interface,
which permits areas of significant slip, while shear stresses
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at other regions approach the flow stress of the material. A
numerical simulation was conducted by Chen et al. [24-26]
to analyze the heat transfer, plastic deformation behaviors, and
viscous slip transitions in interfaces at the BSS conditions dur-
ing the FSW. An analytical model based on BSS was estab-
lished by Wang et al. [27] to correlate the stick-slip fraction to
derive dimensionless functions for torque and heat-generation
rate predictions.

Although many studies have been published, the slip
caused by the welding speed during the welding process,
which leads to changes in heat production and boundary
conditions, has usually been ignored [28]. In the previous
study [29, 30], the ratio of welding speed to the rotation
speed was fitted and presented the instantaneous velocity
center (IVC) of the stirring tool but did not discuss further
the effect of the IVC on the numerical model. If the numeri-
cal model of SSFSW can be optimized based on IVC and
the effect of welding speed on heat production and slip can
be corrected, the motion pattern during the welding process
can be understood much more clearly.

Therefore, this study established the three-dimensional
numerical models of the SSFSW, focusing on the effect of
the instantaneous velocity center on the welding process.
The heat generation, material flow, and slip rate during weld-
ing between the BV model and BSS model based on the IVC
were compared. In addition, the relationship between n/v
and the instantaneous velocity center of pin was discussed.

2 Experimental procedure

In this study, the TI6AL4V titanium alloy is used for the
workpiece material, and its chemical composition is 6.51%
Al, 0.18% Fe, 4.13% V, 0.158% O, 0.02% C, 0.01% N (all
wt.%) and Ti(Bal). The size of the plates was 300 mm long,
150 mm wide, and 3.2 mm thick. The welding speed is 15
mm/min, and the rotation speed of pin is 500/400/300 rpm.
The diameter of stationary shoulder was 12 mm, and the
diameter of the top and the bottom of pin without thread was
8 mm and 5 mm, respectively. During the welding process,
the stationary shoulder is in contact with the substrate but
does not rotate; it is fed laterally with the stirring tool. A
plunge depth of 0.1 mm was employed, and no tilt angle was
adopted in the welding process.

3 Numerical modeling

Figure 1 shows the numerical simulation model. The geo-
metric dimension of the workpiece of the model was con-
sidered the same as those used in the experiment. In the
numerical model, both BV and BSS models were performed
to apply rotational velocity to the stirring tool based on the
instantaneous velocity center. Figure 1 shows the numerical
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simulation of the welding parameters and three-dimensional
Cartesian coordinate system, where the welding direction for
the positive direction of the x-axis; z-axis is perpendicular
to the surface of the workpiece; the origin is located at the
bottom of the workpiece, using Gambit to discretize the grid
before the calculation; the mesh size around the stirring tool
is about 0.01 mm.

3.1 Heat generation

Friction and plastic deformation heats were synchronously
considered. The heat input from plastic deformation is a
volumetric heat flux, as given by [18]:

S, =P XoXE (H

where f, is the conversion efficiency of mechanical energy
into heat in the shear layer of the workpiece and heat gen-
eration efficiency, o is the flow stress and ¢ is the plastic
strain rate.

The heat generated by friction during the welding process
was considered to be the surface heat flux at the tool/work-
piece interface, which was determined by the shear stress and
the relative velocity between the tool and the workpiece. In
previous studies [29, 30], we had a projection of the welding
speed in the direction of the shear stress, and the effect of the
slip generated by the welding speed on heat production was
ignored. This results in neglecting the effect of slip generated
by welding speed on heat generation, and there may also be
some error in the projected pinch angle. Therefore, our correc-
tion for the heat source model was based on the instantaneous
velocity center, which can both reflect the slip of the welding
speed in the heat production and correct for errors in the pro-
jection angle of the welding speed, as shown in Fig. 2.

SSFSW Tool c

3.1.1 Heat source model of boundary velocity

The speed at any point on the stirring tool is given as follows:
V. = Wr, 2)

where r, is the distance from any point on the stirring tool
to the instantaneous velocity center, v, is the distance from
any point on the stirring tool to the instantaneous velocity
center multiplied by the angular velocity w. At the interface,
the contact shear stress is always parallel to the tangential
direction of the interface.

If the velocity v, of the pin at a point parallel to the tangen-
tial direction of the interface, the formula for heat generation
by friction can be given by [31] the following:

q(r) = P, X 79 X v, 3

. WALTLS
e, +\feoe,),

where f, is the heat production coefficient; ,p, and c,are the
thermal conductivity, density, and heat capacity, respectively
[32, 33]. The subscripts “D” and “T” respectively repre-
sent the workpiece and tool, where 7, is the frictional shear
stress; v, is the welding speed; however, if the direction of
the velocity v, of the stirring tool is at an angle to the tan-
gential direction of the interface, then the formula of heat
production by friction can be written as [34] follows:

“

q = P, X 1y X v.cos(f —0) (3)

After the above analysis, the expressions for the heat flux
at the shoulder, the pin side and the bottom of the stirring tool
during SSFSW welding are given in Egs. (6-8), respectively:
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q,(r) = Byrgwr = By [(1 — 8)7, + Sps0|wr. cos(B—0)  (7)

q(r) = Byrgwr = By [(1 — 8)7, + Spypo|wr, cos(f — 0) (8)

where p, is the pressure applied by the shoulder and bottom
of the pin; Hy is the coefficient of friction; U is the welding
speed, 6 is the angle between the radius vector and welding
direction, and f is the angle between the tangent direction of
the circle and the welding direction. § is the slip rate of the
interface between pin and material [35], and 7, is the yield
shear strength.

wr
=031 )~ 0.002
6 = 0.31 X exp(7g=) — 0.0026 ©)

7, =0/V3 (10)

3.1.2 Heat source model of boundary shear stress
conditions

The heat generation exerted by friction shear stress and rela-
tive speed between pin and workpiece is given in Egs. (11)
and (12) [25, 26]:

qr =n Xz X |[V]| (11)

qr =N X7 X [Vl (12)

Equation (11) shows the expression of heat flux density
on the shoulder during the SSFSW process and Eq. (12)
shows the expression of the heat flux density at the bottom
and side of pin, where 7; is the frictional shear stress, [[V]lis
the welding speed, and |[V,,;|| is the magnitude of relative
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interface speed between tool and workpiece. 7 is the fraction
of heat input.

3.2 Velocity near-tool-surface
3.2.1 Boundary velocity based on IVC

The plastic material flows into the calculated zone from the
inlet boundary and flows out at the outlet boundary with the
welding velocity in CFD simulation of the FSW process.
The boundary of velocity conditions at the pin side and pin
bottom is written as follows:

v, = (1 = 6)wr,cos(f — 0) cosf + wr, sin(f — 0) cos(% -B

13)
vy = (1 = o)wr, cos(f — 0) sinf + wr,. sin(f — 0) sin(% -0
(14)
v, =0 (15)

Equations (12) and (13) can correct for the angle between
slip and shear stress caused by the welding speed.

3.2.2 Boundary shear stress based on IVC

- X xlxtanh axv, ), ifv 0

Tf — Mf Oy IWM” ( vel) fvel ?é (16)
‘ Oﬁvel =0

Ve = (1 = 8)V, cos(f — 6) (17)

where « is scaling constant; y is sliding friction coefficient;
o0, is normal force. The BSS boundary conditions employed
in the present study were given by the equation below.

Tfs = Ho X Oy X ?vel (18)
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Tty = Ho X 0, XV (19)

Ve = (1 = 8)V,. cos(f — 0) (20)

Equation (18) shows the boundary conditions of the
shoulder during the SSFSW process and Eq. (19) shows
the boundary conditions at the bottom and side of pin.
The boundary conditions as well as other details about the
description of this experiment and model can be found in our
previous work [29, 30].

4 Results and discussion
4.1 Temperature field

Figure 3 shows the temperature distribution for different
welding parameters based on the BV and BSS of the instan-
taneous velocity center. The heat is mainly concentrated on
the pin side, and the rotation speed has a strong influence
on the temperature distribution. The maximum temperature
was related to the rotation speed of the stirring tool and
the stirring radius, while the temperature on the advanced
side(AS) was greater than on the retreating side (RS), but
the position of the peak temperature did not vary with the
welding parameters. The change in the position of the
instantaneous velocity center indicated that, at a constant
welding speed, increasing the rotation speed can reduce the
distance between the instantaneous center of velocity and
the center of the circle, resulting in a reduction in the differ-
ence between the radii of agitation of AS and RS, which in
turn results in a smaller temperature difference between AS
and RS. Compared to the modified BV, the modified BSS
does not differ much in temperature distribution; their peak

temperatures are close and do not vary with the welding
parameters. However, the difference in temperature between
the AS and RS is greater for the welding parameter 300/15
compared to that from the BV.

Figure 4 shows the results of the temperature field calcu-
lated on different horizontal cross sections of the workpiece
based on the BV and BSS. The temperature distribution dur-
ing the welding process was similar under different welding
conditions in Fig. 4. The high-temperature gradient at the
front of the stirrer leading side (LS) and low-temperature
gradient at the trailing side (TS) were influenced by the
welding speed. Due to the low thermal conductivity and high
density of Ti6Al4V, there is also less variation in the tem-
perature gradient within the workpiece. As shown in Fig. 4,
in the region closer to the top of the weld, the temperature
of the workpiece was higher, and the thermal cycling of the
temperature was greater.

In Fig. 5, the predicted and experimentally measured tem-
perature [29] at the welding centerline along the mid-thick-
ness plane were compared. The predicted results show good
agreement with the experimental results, and the maximum
difference between the predictions and the measurements is
less than 5%.

4.2 Velocity field

Figure 6 shows the velocity distribution for the BSS and BV
based on the IVC. The material flow was almost symmetri-
cally distributed in the stir zone along the welding seam, and
changes in rotational speed have a significant effect on the
velocity values. The material flow increased significantly with
increasing rotation speed, but the characteristics of the velocity
distribution do not change significantly. Compared to the BV
before the correction, the material velocity was reduced after
the correction, but the magnitude of the change was small.

Temperature (O[T T T ] |
400 500 600 700 800 900 1000 1100 1200
3 AS RS AS RS AS RS
BV E E , A ZE \\_ I
§1‘..|L\..L,..4|..‘gol...L\.‘l../Al...‘ 5’0......*‘..."'......1
10 5 0 5 10 “10 5 0 5 10 10 5 0 5 10
Y(mm) Y(mm) Y(mm)
Temperatre oo I
400 500 600 700 800 900 1000 1100 1200
- AS RS _ AS RS - AS RS
Bss £h L A e A\
N PR B T - | I N T T U IR | N P IR - 1 J
410 s 0 5 10 110 - 0 5 10 -10 I 0 10
Y(mm) Y(mm) Y(mm)

Fig.3 Temperature distribution calculated at x=0 from the cross section at rotation speeds
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This is because the slip of the welding speed was added to the
model, but it was influenced by the Ti6Al4V welding parame-
ters (the welding speed should not be too high during the weld-
ing of titanium alloys) and does not change significantly. The
greatest velocities concentrated around the AS increased with
increasing diameter of the stirring tool, with a corresponding
increase in the velocity of the material. Therefore, the maxi-
mum value of the material velocity in the stirring area occurred
at the top of pin at the AS, and the minimum velocity occurred
in the region at the bottom of pin at the RS. During the welding
process with heat generation of frictional and plastic deforma-
tion, the material was softened and thus adhered to the stirring
tool, which in turn improves the fluidity of the weld material.

At different welding parameters, the material in the vicin-
ity of the pin flowed around the pin. The flow area of the
welded material decreased with increasing welding depth,
because the influence of the pin decreased with increasing
depth from the top surface, which was consistent with the
cloud distribution of velocity under the BV.
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Fig.6 Velocity distribution calculated at x=0 from the cross section at rotation speeds

Figures 7 shows the results of the velocity fields calcu-
lated on different horizontal cross sections of the workpiece.
At the Z=2 mm level, the flow area of the material was
larger due to the pin diameter. The velocity of the material
on a horizontal plane with the same Z value increased with
increasing velocity of the stirring tool, and the flow area of
the material increased at different Z values of the horizontal
plane; as the Z value increased, the flow area of the mate-
rial increased accordingly, and the maximum material flow
velocity increased accordingly.

4.3 Relationship between IVC and slip rate

To investigate the contact state of the interface based on the
modified BV and BSS of IVC, the velocity distribution was
extracted in the direction of the extraction path in Fig. 8.
The distribution of the velocity of the material was differ-
ent for the BV and for the BSS; the material velocity in
the BV was similar to the velocity of the stirring tool in
the extraction path with increasing stirring radius. But in
the BSS, the material velocity on the bottom of the stirring
tool was almost the same as the stirring tool velocity, and
the velocity increased as the stirring radius increased, but it
is worth noting that the maximum velocity does not occur
at the maximum stirring radius. Near the junction between
the bottom and pin of the stirring tool, the velocity changed
abruptly and decreased sharply. The velocity then gradually
increased away from the junction and decreased sharply near
the top of the junction. This phenomenon was caused by
interfacial slippage of the material on the side of the pin and
at the junction between the side and bottom of pin.

To investigate the effect of the IVC on the slip rate,
the slip rate which is in the path of Fig. 8 was extracted
as shown in Fig. 9. The slip rate was distributed in two
connected “W” patterns along the extraction path. The

maximum change of slip rate was at the junction between
the bottom and side of pin and the junction between the
side of the pin and the stationary shoulder. The change in
slip rate along the extraction path was not proportional
to the velocity of pin; therefore, it was found that the slip
decreased along the direction of increasing velocity and
increased at the junction. This is because the stirring tool
junction was stationary in contact with the welded mate-
rial, and the slip rate increased as it shifted from high
speed to low speed. The above analysis discloses that the
slip rate has a great change at the junction between the
bottom and side of pin, which may be related to “relative
velocity.”

4.4 Relationship between IVC and n/v

Many researchers have used the n/v ratio as an important
standard of welding parameters in the past, but it is often
used in empirical formulas, and few have explored the true
meaning of the n/v ratio. The distance d between the instan-
taneous velocity center and the center of the circle is given
by Eq. (21), and the result for n/v is given by Eq. (22).

d=v/w 1)

where v is the welding velocity and w is the angular velocity
of the stirring tool.
I _w 1 1

nfyv=-—xX—=—X-

2r v 2xm d (22)

where n is the rotation speed of the stirring tool; v is the
welding speed. In order to discuss more closely the effect
of the instantaneous velocity center and the n/v ratio on the
quality of the weld, we calculated the temperature difference
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Table 1 The relationship between d and n/v

500/15  400/15 300/15 500/30
d (mm) 0.00478  0.00598 0.00797 0.00956
nlv 33.33 26.67 20 16.67
Dwell time Z-1 mm (s) 24.264 24.264 24.264 12.632
Dwell time Z-2 mm (s)  28.536 28.536 28.536 14.268

between any two points in the weld material. The difference
in the heat flux between AS and RS in the weld is shown in
Eq. (23):

q,(r) = Pr7gw((r) cos(f — 0,) — (r, cos(f, — 6,))  (23)

where f,,0, are the angle between the velocity of AS and the
X direction; f,, 8, are the angle between the velocity of RS
and the X direction.

Table 1 shows that the distance d between the instantane-
ous velocity center and the center of the circle was recipro-
cally related to the magnitude of n/v. The instantaneous dis-
tance decreased and n/v increased with increasing speed of
the stirring tool, when the difference between the heat flux on
the AS and RS was reduced. In contrast, when the welding
speed increased, the instantaneous center distance d increased
and n/v decreased. The difference between the heat flux on
the AS and the RS increased, but the heat flux decreased; the
temperature of the welding process decreased. It is worth not-
ing that the difference in temperature of thicknesses was not
only dependent on the stirring radius, but also on the contact
time of the stirring tool. To change the temperature difference
of the thicknesses, it is necessary to change the shape of the
stirring tool or to add an auxiliary heat source.

5 Conclusion

This study presents a method for calculating a new CFD
model of SSFSW based on the instantaneous velocity center
of the stirring tool, by modifying the BV model and the BSS
model to calculate the heat production and slip rate.

1) A new correction model was established for the weld-
ing speed of the stirring tool in motion. The correction
based on the instantaneous velocity center for the heat
source model allows the slip of the welding speed to
be reflected in the heat production and also corrects for
errors in the projection angle of the welding speed.

2) The radius of rotation and the angle of rotation were
modified during the welding process based on the
instantaneous velocity center. The temperature distri-
bution and the material flow were analyzed under both
BV- and BSS-modified models.

3) This study explores the relationship between the instanta-
neous velocity center distance and the welding parameter
n/v ratio. The instantaneous velocity center distance is
inversely proportional to n/v, and its magnitude affected
the temperature difference between the AS and RS.
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