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ABSTRACT

To improve the welding efficiency and lower the welding loads in friction stir welding (FSW), a process
variant of conventional FSW, i.e., the ultrasonic vibration enhanced friction stir welding (UVeFSW), is
developed. The experimentations show that UVeFSW not only increases the welding speed and decrease
the weld load, but also improve the microstructure and mechanical properties of the joints. To understand
the underlying physics in UVeFSW, a mathematical model is developed to analyze the interaction of the
ultrasonic vibration with the plastically deformed material around the tool as well as the heat transfer and
material flow phenomena in UVeFSW. It is found that the ultrasonic vibration enhances the material flow
and the strain rate in the shear layer, but does not cause evident temperature increment. The assistant
softening in the material around the tool is caused by the exerted ultrasonic vibration, i.e., acoustic
softening. The numerical analysis results lay solid foundation to explain the process effectiveness and the
UVeFSW process optimization.
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INTRODUCTION

Friction stir welding process has been successful used for joining hard-to-weld aluminium
alloys and for joining plates with different thickness or different materials [1]. As a solid
state welding process, much less heat input is required for FSW, which leads to this process
to be energy efficient, environment friendly, and versatile [2]. During FSW process, a non-
consumable rotating tool with a specially designed pin and shoulder is inserted into the
abutting edges of the workpieces to be joined and advancing along the abutting edges. Heat
generated due to both friction and plastic deformation softened the material near the tool,
thereafter, the softened material in front of the tool is transported to the trailing edge to
form a joint behind the tool [3]. To generate enough heat energy to soften the material for
the process, large rotational torque and plunge force are needed, so the welding equipment
is large in volume, and complex clamping equipment is necessary [4]. These phenomena
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are particularly severe for welding of steel and titanium alloys [5]. In addition, the high
stress subjected by the tool pin causes rapid tool wear and premature tool failure which
resulting in poor weld quality and high production cost [4,5]. Moreover, the high rotational
torque and transverse force during FSW also limit the welding speed to a relatively low
value [4].To solve these problems, some assistant heat sources (induction heat, resistance
heat, laser, plasma arc, etc.) have been used to preheat the workpiece near the tool [6-8].
However, the multiple thermal cycles would cause the increasing of the volume of heat-
affected zone and make the precipitated phase of the aluminium alloys tend to grow in the
weld nugget zone [9,10].

The application of ultrasonic energy to the plastic deformation of metal has been widely
investigated [11-13]. It has been shown that superimposing ultrasonic vibration in metal
forming can reduce the yield stress and flow stress, increase the processing speed and
improve the product quality [11-13]. Ultrasonic energy is an assistant heat source of low
power consumption and high efficiency which can reduce the deformation resistance of
material [11]. Park has employed ultrasonic vibration to the FSW tool and found that by
adding ultrasonic vibrations to FSW tool results in a better weld quality, less welding force
needed and increasing of the tool life [10]. Amini et al. revealed that ultrasonic vibration
can reduce downward force and welding force in FSW [14]. Ma et al. performed the studies
on ultrasonic assisted FSW and found that superimposing ultrasonic vibration can improve
the properties of the weld joint, refine the grain and reduce the residual stress in the weld
[15]. Rostamiyan et al. studied ultrasonically assisted friction stir spot welding of AA6061,
and found that superimposing ultrasonic vibration in friction stir spot welding can improve
lap shear force and hardness [16]. Ahmadnia et al. conducted the ultrasonic-assisted friction
stir welding of AA6061 joints to analyze the effects of process parameters on the
mechanical and tribological properties of joints [17]. Wu’s research group have developed
the ultrasonic vibration enhanced FSW (UVeFSW) system which transmits ultrasonic
vibration energy directly into the workpiece near the FSW tool [9,18]. Experimental results
shown that this novel UVeFSW can enhance the plastic material flow, improve the weld
quality, increase the welding speed and reduce the welding loads [9,18]. In all, by adding
ultrasonic vibration energy to FSW can efficiently reduce the welding loads and the residual
stress, improve the weld quality and enhance the plastic fluidity of the material near the
tool. However, superimposing ultrasonic vibration energy in FSW increases the complexity
of the process. In order to optimize the UVeFSW and make full use of the ultrasonic
vibration energy in FSW, a fundamental knowledge of the effects of superimposing
ultrasonic vibration energy in FSW on thermal process and plastic material flow should be
required. A rigorous numerical model coupled with experimental validation is suitable for
revealing the underlying physical mechanism of UVeFSW process.

In the past decades, numerous numerical models have been reported to simulate the
material flow and heat transfer in conventional FSW [19-21], but few of them are related
to ultrasonic assisted FSW process. Park has simulated the ultrasonic assisted FSW by
impose sinusoidal horizontal ultrasonic vibration on the tip of the FSW tool and found that
the downward force decreased with increasing the amplitude of ultrasonic vibration [10].
Lai et al. established a ultrasonic assisted FSW model by considering the longitudinal
ultrasonic vibration of the FSW tool as an additive inertial force and found the ultrasonic
vibration can provide additional heat energy to keep sufficient welding temperature at
relatively higher welding speed [22]. However, these ultrasonic assisted FSW models have
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not considered the acoustic softening effect, i.e., ultrasonic energy can reduce the
deformation resistance of material [23-25]. Recently, Shi et al. [26-27] developed an
integrated model, which take into consideration of the ultrasonic softening and preheating
effect, to analyze the effects of superimposing ultrasonic vibration on FSW process.

In order to optimize the process and the relevant microstructure and mechanical
properties of the joints, a fundamental knowledge of acoustic softening, heat and mass
transfer during UVeFSW process should be required. In this paper, the integrated 3D
numerical model is used for quantitatively analysing the acoustic softening, heat transfer
and material flow in UVeFSW process. The variation of temperature fields, material flow
velocity, strain rate and viscosity under the effect of ultrasonic vibration are quantitatively
analyzed to get deep insight into the underling mechanism of UVeFSW process.

EXPERIMENTAL DETAILS

Fig. 1 shows the experimental system for the self-developed ultrasonic vibration enhanced
FSW (UVeFSW). The UVeFSW system can be divided into two main parts: a conventional
FSW machine (FSW-3LM-003) and a self-designed device of ultrasonic vibration system.
The ultrasonic vibration energy is directly transmitted into the workpiece by the sonotrode
as shown in Fig. 1. Thus, the coupling of the ultrasonic energy with the friction and stirring
action can produces an enhanced plastic material flow near the tool [9,18]. In this study,
the ultrasonic system operates at a frequency (f) of 20 kHz and the amplitude (1) of 40 um
during the UVeFSW process. The maximum power of the ultrasonic system is 1200 W,
while the efficient power during the process is about 300 W. The distance between the
center of sonotrode and the FSW tool axis is 20 mm. The inclinations angle (¢, as shown
in Fig. 2) of sonotrode with respect to the horizontal axis is 40°. The clamping force of the
sonotrode is 300 N during the process.
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Fig. 1 The ultrasonic vibration enhanced friction stir welding (UVeFSW) system.
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Table 1 Composition of workpiece material (AA2024-T3 Al alloy) (wt, pct)

Cu Mg Fe Ni Mn Si Ti Zn Al
4.58 1.59 0.25 <0.10 0.63 0.15 <0.10 0.20 Balance

Aluminum alloy AA2024-T3 plates (300 mm in length, 80 mm in width and 6 mm in
thickness) were welded in a square butt joint configuration. Table 1 lists the compositions
of the workpiece materials. The shoulder diameter is 15.0 mm. The diameters of the pin at
the root and tip are 5.6 mm and 3.2 mm, respectively, and its length is 5.7 mm.

MATHEMATICAL MODEL

GOVERNING EQUATIONS

UVeFSW is a complex physical process which is consisted of fully-coupled heat

generation, heat transfer, material flow and ultrasonic vibration energy transmission. Only

the quasi-steady state (the welding period) is dealt with in this study. The plastic material

during the UVeFSW is assumed to behave as an incompressible and single-phase non-

Newtonian flow [28-31]. The geometrical model of UVeFSW process is shown in Fig. 2.
The conservation equations of mass and momentum are given as,

aa—‘t’+l7-(p17)=0 M
2D v (p55) = —Vp + V- (u(V5 + V5T)) @

Jat

where p is density, ¥ is material flow velocity, p is fluid pressure,  is viscosity.
The energy conservation equation is given as,

Ko v (pPH) = V- (KVT) +5, 3)

where H is enthalpy, & is thermal conductivity, 7T is temperature, and S, is the viscous
dissipation heat source due to plastic deformation near the tool in the shear zone [5].

Superimposing ultrasonic vibration in FSW, the ultrasonic vibration energy plays two
important effects. One is acoustic softening effect, which would affect the dislocation
evolution and subsequent reduce the yield stress and flow stress of the plastic deformed
materials [32]. The other is the preheating effect due to the vibration friction heat originates
from the relative motion between the vibratory sonotrode and the workpiece. In a thermo-
fluid model, the fluid viscosity is key to predict the heat and mass transfer in the calculation
domain. In the current simulation, the fluid viscosity is defined to be dependent on the
temperature, strain rate and ultrasonic vibration energy density, which is proposed in
reference [32]. The formulation of the fluid viscosity is given based on the visco-plasticity
theory,

n=% “
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1
go#mb3ﬁ nl (5)

where & is the flow stress, £ is the effective strain rate, Q is the activation energy, R is
the gas constant, and a, 4, n are the material constants which represent the characteristics
of base material [32]. go is a pre-factor, um is the temperature-dependent shear modulus
[33], b is the magnitude of Burgers vector, M is the Taylor factor, kg is the Boltzmann’s
constant, F is the ultrasonic energy density which is calculated using the method proposed

in reference [33], G, is the thermal components of mechanical threshold stress, [ is
calibrated parameters for flow stress [32].
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Fig. 2 Geometrical model of ultrasonic vibration enhanced friction stir welding (UVeFSW).

HEAT SOURCE MODEL

The heat source which takes into account the frictional heat at the FSW tool/workpiece
contact interfaces as well as the shear plastic deformation heat has been used in this model.
The interfacial contact shear stress is defined to be dependent on temperature, strain rate
and ultrasonic energy density. Based on the von Mises yield criterion, the interfacial contact

shear stress 7. and interfacial friction stress zrat tool-workpiece interface can be expressed
as [26]:

T, = CT% (6)
T = .ufPN (7

where Cr is a temperature-dependent factor at a region near the melting point to prevent
overprediction of temperature near the tool during FSW process [26], y is the frictional
coefficient, and Py is the normal pressure at the FSW tool/workpiece contact interface.
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Thus, the heat generation rate at FSW tool/workpiece contact interface can be express

as:
q = [n(1 = &)z, + Br87s]|, + U| (®)

where 77 and S are the conversion efficiency of plastic deformation and friction heat,
respectively. §is dimensionless slip rate [34]. U, is the interfacial FSW tool velocity vector
which is calculated by U, = @ X 7, and @ is the rotation speed vector, 7 is the radius vector,
and U is the welding speed vector.

The deformation heat in the shear zone is expressed as a volumetric heat source in the
energy conservation equation, which is expressed as [4],

Sy = fnu® ©)

where fi is an constant, @ is a term related to the strain rate of the plastic deformation
[4].

The preheating effect originates from the relative frictional sliding between the
sonotrode and workpiece, which is considered as a frictional heat flux at the tip of the
sonotrode in UVeFSW, is expressed as [26]:

__ 4AfucFccos @

Qu = (10)

2
nR?

where A and f are the amplitude and frequency of the ultrasonic, respectively. g is the
constant frictional efficiency between sonotrode and workpiece, F. is the clamping force of
the sonotrode, Rj, is the radius of the sonotrode at the contact interface with workpiece, @is
the tilt angle of the sonotrode.

BOUNDARY CONDITIONS

The heat dissipation at the top surface of the workpiece involves both convective and
radiative heat losses and is expressed as [4-5]:

oT
ko= he(Too — T) + 0,6, (T2 — T*) (11)

where /. is the convective heat transfer coefficient, o; is the Stefan-Boltzmann constant,
& 1s the external emissivity, and T, is the room temperature.

The bottom and side surfaces of the workpiece are contact to the backplate and clamping
equipments. Thus, the boundary condition for heat exchange involves only convective heat
transfer:

oT
kom = he(Too —T) (12)

At the FSW tool/workpiece contact interfaces, the heat flux boundary condition as
following is applied [5],
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(kpcp),,
k= 0 (13)
n (kpep) ,+ |(kpep),

where the subscripts w and ¢ denote the workpiece and the tool, respectively.

The velocity boundary conditions at the tool-workpiece contact interfaces are expressed
in terms of the rotation speed, the welding speed, the dimensionless slip rate and the radius
vector as follows [4],

P=(1-8)adx7+U (14)

The initial temperature of the material flow and the ambient temperature are assumed to
be 300 K. Initially, the plastic material flows in and out of the inlet and outlet boundaries
at the welding speed, respectively. The moving wall boundary condition is applied on the
other boundaries away from the tool/workpiece contact interfaces. The effect of the
threaded pin on material flow is considered as a boundary condition in this study. The thread
leads to downward material flow velocity according to the rotation direction of the tool pin
and the thread direction [5].

SOLUTION METHOD

Numerical simulation of the process was performed using the computational fluid dynamics
(CFD) code, Fluent, based on the governing equations and the boundary conditions as stated
above. Conservation principles of mass, momentum and energy were calculated for the
incompressible single-phase flow [28]. The calculations of the coupled temperature field
and velocity field were performed by the Semi-Implicit Method for Pressure Linked
Equations (SIMPLE) algorithms [35]. Second order upwind scheme was used for the
discretization of the momentum equations and energy equation. Fig 3 shows the top view
of the mesh system for finite volume calculations. Non-uniform grid system was used to
discretize the calculation domain. Finer grids were chosen to describe the portion of the
domain which encompasses severe material flow and heat generation near the tool and
sonotrode, in order to resolve the plasticized material flow and heat convection. The
computation was performed until the convergence criteria were reached.
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Fig. 3 The mesh system in the simulation. (a) top view of the total workpiece, (b) local view
of the mesh near the FSW tool and sonotrode-workpiece contact interface (enlarged of the red
area in a).

RESULTS AND DISCUSSION

Fig. 4 shows the monitoring locations on transverse cross-section. Three typical monitor
locations near the tool are chosen to output the thermal history during welding process. One
located below the tool axis at the bottom of the tool pin (i.e., location M0). The other two
located at the top surface of the workpiece and 8.0 mm away from the weld line, with one
at the AS (i.e., location M1) and the other at the RS (i.e., location M2).

Fig. 5 shows the calculated temperature fields of FSW and UVeFSW at the top surface
of the workpiece and at z = 3.0 (i.e., at the middle of the plate thickness) horizontal plane.
It is revealed that the temperature distribution features of FSW and UVeFSW are
approximately analogous. Due to superimposing of ultrasonic vibration, the isothermal of
the same magnitude in UVeFSW are enlarged ahead of the FSW tool as shown in Fig. 5a
and Sc. Fig. 6 shows the calculated temperature fields of the FSW and UVeFSW at
transverse cross-section. It is shown that the temperature near the FSW tool in FSW is
somehow higher than that in UVeFSW, while there are little temperature difference at about
10 mm away from the weld line.
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Fig. 4 Schematic figure of the mo'nitoring loations (A, M0, M1 and M2) on transverse cross-
section.
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Fig. 5 Predicted temperature field at @= 600 rpm, U = 240 mm/min. (a) at the top surface of
workpiece in UVeFSW; (b) at the top surface of workpiece in FSW; (c) at z = 3 mm plane in
UVeFSW; (d) at z= 3 mm plane in FSW.
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Fig. 6 Predicted temperature field on tranverse cross-section at @= 600 rpm, U =240 mm/min.
(a) UVeFSW; (b) FSW.

Fig. 7 shows the predicted thermal cycles at three typical locations (i.e., M0, M1 and M2
in Figure 4). It is seen that there is a preheating region near ¢ = =5 s (i.e., 20 mm prior to
FSW tool axis where the sonotrode located). Fig. 8a shows that the temperature difference
between UVeFSW and FSW at the preheating region (i.e., at # =—5 s) is ~ 50 K below the
tool pin bottom (i.e., at location M0), while the temperature difference decreases to ~20 K
at 8.0 mm away from the weld line, as shown in Fig. 8b and 8c. However, there is little
temperature difference between the peak temperature in UVeFSW and the one in FSW, the
maximum temperature difference at the peak value of thermal cycles is less than 5 K as
shown in Fig. 8. From Figs. 5-7, it is clearly shown that the temperature fields in FSW and
UVeFSW are approximately analogous. The ultrasonic vibration in FSW does not
significant change the process temperature in FSW. This is because on the one hand, the
ultrasonic vibration preheats the workpiece at 20 mm before the FSW tool axis, on the other
hand, the acoustic softening reduces the strength of plastic material near the tool which
resulting in a lower plastic deformation heat generation in UVeFSW. As a result,
superimposing ultrasonic vibration in FSW does not cause evident temperature increment.

10
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Fig. 7 The calculated thermal cycles in UVeFSW and FSW at @= 600 rpm, U = 240 mm/min.
(a) Location MO; (b) Location M1; (c) Location M2.
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Fig. 8 Variation of viscosity (a) at z=5 mm and (b) at z= 3 mm horizontal planes in both
UVeFSW and FSW (The viscosity value are represented in logarithm to the base 10).

The variation of viscosity near the tool are illustrated in Fig. 8. As pointed out in the
literatures [36], the boundary of TMAZ could be obtained by the critical viscosity of
2.5%10° Pa-s, because no significant plastic flow occurs above this critical value. Thus, the
boundary of iso-viscosity of 2.5x10° Pa's is chosen as the TMAZ boundary as shown in

11
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Fig. 9. Fig. 8 shows that viscosity in UVeFSW is lower than that in FSW, which resulting
in a larger TMAZ in UVeFSW (as shown in Fig. 9). It indicates that superimposing
ultrasonic vibration on FSW process can enlarge the TMAZ boundaries. This is because
the ultrasonic vibration energy reduce the flow stress and the corresponding viscosity value
near the tool. As a result, a larger volume of plastic materials near the tool are softened by
the acoustic softening effect of the ultrasonic vibration energy which leads to a larger
TMAZ in UVeFSW as shown in Fig. 9.
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Fig. 9 The calculated iso-viscosity line (2.5 x 10°Pa-s) in UVeFSW and FSW at transverse
cross-section
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Fig. 10 Variation of material flow velocity (a) at z =5 mm and (b) at z = 3 mm horizontal
planes in both UVeFSW and FSW.
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Fig. 11 Material flow at different horizontal plane at @= 600 rpm, U = 240 mm/min. (a) at z
=5 mm in UVeFSW; (b) at z= 5 mm in FSW; (¢) at z=3 mm in UVeFSW; (d) at z =3 mm
in FSW.

Fig. 10 shows the variation of material flow velocity near the tool in both FSW and
UVeFSW. It is clearly shown that the plastic material flow velocity adjacent to the FSW
tool is identical in both FSW and UVeFSW. While away from the tool-workpiece interface
(i.e., at about 3.0 mm from the weld line at z = 5.0 mm horizontal plane as shown in Fig.
10a and at about 2.5 mm from the weld line at z= 3.0 mm horizontal plane as shown in Fig.
10b), the plastic material flow velocity in UVeFSW is higher than that in FSW.
Superimposing ultrasonic vibration in FSW could increase the material flow velocity,
especially in the TMAZ. Fig. 1la through 11d illustrates the calculated material flow
velocity and vector on horizontal planes at positions Z =5 and 3 mm from the bottom face,
for both FSW and UVeFSW. The plastic material flows round the tool axis in all cases. The
rotating flow region decreases with increasing depth, in other word with decreasing Z. This
is because the influence of the shoulder decreases when the depth from the top surface
increases. However, it can be clearly seen that the contours of the material flow with
identical velocity are larger in UVeFSW than those in FSW. The acoustic softening in

13
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UVeFSW leads to a lower viscosity which resulting in an enhancement of plastic material
flow near the tool. In addition, the acoustic softening reduce the flow stress which leads to
a lower plastic heat generation in UVeFSW and it offsets the preheating effects and
resulting in less temperature increment. The exerting ultrasonic vibration can enhance the
material flow and the strain rate in the shear layer, but does not cause evident
temperature increment, which could be a reason for better mechanical properties of the
joints in UVeFSW process.

To validate the model, the experimentally measured macro-sections of welds under
welding conditions (800 rpm and 320 mm/min) in UVeFSW was obtained. It was used
to compare the calculated TMAZ boundary. It can be found that both are in agreement
with each other.

. e
— — Measured

Predicted |0
Wit .

Fig. 12 Comparison of the calculated and measured TMAZ profile in UVeFSW

CONCLUSIONS

A three-dimensional model is developed to conduct the numerical simulation of the
material flow and heat transfer in ultrasonic vibration enhanced friction stir welding
(UVeFSW) process. Both the effects of ultrasonic softening and preheating are considered
in the model. It is found that due to the acoustic softening effect of superimposed
ultrasonic vibration energy, the thermo-mechanical affected zone (TMAZ) boundary
predicted by iso-viscosity value in UVeFSW are larger than that in conventional FSW
process. It reveals that superimposing ultrasonic vibration in FSW can enhance the
material flow and the strain rate in the shear layer, but does not cause evident
temperature increment. Ultrasonic softening is the mainly function of superimposing
ultrasonic vibration in friction stir welding process, while the preheating effect is
relatively small. UVeFSW process has great potential to improve the microstructure of
joint and reduce the welding force.
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