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Abstract A 3D model is developed for numerical analysis for
heat generation, temperature field, and material flow in re-
verse dual-rotation friction stir welding (RDR-FSW) process.
The reverse rotation of the assisted shoulder and the tool pin is
considered to determine the heat generation rate. Friction heat,
plastic deformation heat, and their partition coefficients are
analyzed. Due to the tool pin and assisted shoulder being
separated and reversely rotated independently, the temperature
difference between the advancing and retreating sides is weak-
ened. The reverse material flow is beneficial to the uniformity
of both the temperature and microstructure at the advancing
and retreating sides. The calculated temperature profiles agree
well with the corresponding experimentally measured values.

Keywords Heat generation - Temperature field - Reverse
dual-rotation friction stir welding - Numerical analysis

1 Introduction

Friction stir welding (FSW) is a solid-state joining process
which is energy efficient, environment friendly, and versatile
[1-3]. It has been widely used to weld almost all series of
aluminum alloy because of its advantages of lower residual
stress and distortion, and it is almost defect free in comparison
with fusion-based welding process. This process is being
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widely applied in industries such as automotive, aerospace,
ship building, and high-speed trains [4].

In conventional FSW, a nonconsumable rotating tool with a
specially designed pin and shoulder is inserted into the abut-
ting edges of the plates to be joined and traverses along the
line of the joint [1, 2]. During the process, the tool makes firm
contact with the workpiece, and heat is generated by friction
and plastic deformation at the tool-workpiece contact inter-
faces softening the material being welded. Severe heat gener-
ation and plastic material flow of this plasticized metal occurs
as the tool is rotating and traversing along the welding direc-
tion [2]. Plastic material is transported from the front of the
tool to the trailing edge to form a joint behind the tool [2]. Due
to the rotation and motion of the tool, some differences of heat
transfer and material flow behavior occur between the advanc-
ing side (AS) and the retreating side (RS), leading to corre-
sponding differences of the microstructures and mechanical
properties at both sides, which has a negative influence on the
performance of the welded structure [5, 6]. During conven-
tional FSW, in order to generate enough energy for the pro-
cess, large welding torque and plunge force are needed, so the
welding equipment is large in volume, and complex clamping
equipment are necessary. Usually, the shoulder diameter is
threefold to the plate thickness from the view of the weld
formations and mechanical properties in the conventional
FSW. The highest velocity at the outer edge of the shoulder
may lead to overheating or even incipient melting that occurs
along the shoulder edge of the weld surface, which depends on
the materials to be welded and the applied process conditions
[7, 8]. These phenomena are particularly severe during
welding thick plate since larger shoulder diameter should be
utilized with the increase of plate thickness. To solve the
abovementioned problems, the dual-rotation FSW has been
proposed at TWI as a variant technique [8]; Liu et al. made
further improvements of this novel FSW technology subse-
quently [7, 9]. The key feature is that the tool pin and assisted
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shoulder are separately designed and manufactured; in this
way, the tool pin and assisted shoulder can rotate indepen-
dently [7, 9] allowing for a relatively high-rotating speed of
the tool pin without a corresponding increase in the rotating
speed of the assisted shoulder. Thus, the tendency towards
overheating or incipient melting can be reduced through opti-
mizing rotation speeds of both the tool pin and the assisted
shoulder. Because of the different rotating direction of the tool
pin and the assisted shoulder, the differences between AS and
RS are reduced and the mechanical property of the weld joint
can be improved. Due to the opposite rotating direction of the
tool pin and the assisted shoulder, the welding torque exerted
on the workpiece by the reverse rotating assisted shoulder is in
the reverse direction to that of the rotating tool pin, thus the
total welding torque exerted on the workpiece by the RDR-
FSW tool system is reduced, so the clamping equipment can
be simplified. When the process load and clamping require-
ment are reduced, the size and mass of the FSW equipment
and the fixture can be lowered [7, 9].

In conventional FSW process, the heat transfer and mate-
rial flow are complex because of the variety of the base
material properties, the welding parameters, and the tool ge-
ometry. However, since the tool pin and assisted shoulder are
separated and reverse rotating independently in RDR-FSW,
the number of the process parameters and the complexity of
the underlying physical mechanisms increase, which makes
the process more complex. The complicated interactions
among the various physical variables and welding parameters
simultaneously affect the heat transfer and material flow dur-
ing the RDR-FSW process and determine the final microstruc-
ture and properties of the welded joints. In order to optimize
the process and the relevant microstructure and mechanical
properties of the joints, a fundamental knowledge of the
complex process during the RDR-FSW should be required,
and the rigorous numerical model coupled with experimental
results is very suitable. However, at present, no detailed re-
searches on the RDR-FSW have been carried out except for a
few papers that demonstrated the advantages of this novel
FSW through experiments [7-9]. There is no appropriate
investigation on the mechanism of the RDR-FSW process
until now. As a novel FSW, RDR-FSW is the modification
of the conventional FSW, and it has some similarities to the
conventional FSW in aspects of numerical modeling. Al-
though significant progress in the quantitative understanding
of the conventional FSW process has been made [10-20], no
detailed researches on numerical modeling of reverse dual-
rotation friction stir welding has been studied. A rigorous
numerical model is developed to quantitatively understand
heat generation, material flow, and temperature profile in
reverse dual-rotation friction stir welding in this paper. The
reverse rotation of the assisted shoulder and the tool pin is
considered to model the heat generation rate. Heat generated
due to plastic deformation and friction at the tool-workpiece
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interfaces are described, and the viscous dissipation near the
tool in the nugget zone and thermal mechanically affected
zone (TMAZ) is also considered. Material flow during the
RDR-FSW process has also been analyzed. The numerical
simulation results lay the foundation for establishing the
knowledge base and optimizing the process.

2 Numerical modeling

Figure 1 shows the main difference between the RDR-FSW
and the conventional FSW processes. As shown in Fig. 1a, the
tool system in RDR-FSW can be divided into two main
parts—the tool pin with the subsize concave shoulder and
the assisted shoulder. The tool pin is mounted on a subsize
concave shoulder. Both the tool pin and subsize concave
shoulder are machined on the shaft and fixed on the spindle
of the FSW machine. In this way, the tool pin rotates with the
spindle during the welding process with the same rotation
speed and direction. During the welding process, the assisted
shoulder rotates independently and reversely driven by two
servo motors. Owing to the existence of the subsize concave
shoulder, it is helpful to prevent the overflow of plasticized
materials at the interface between the rotating tool pin and the
reversely assisted shoulder. During the process of RDR-FSW,
the rotation direction of the assisted shoulder is reverse to that
of the rotating tool pin with the subsize concave shoulder, and
there is a difference when the retreating side and the advanc-
ing side are defined when compared with the joints welded by
conventional FSW. For RDR-FSW, the half plate where the
tangential direction of the rotating tool pin with the subsize
concave shoulder (not the assisted shoulder) is the same as the
welding direction is called the advancing side, with the other
side as the retreating side, as shown in Fig. 1.

Figure 2 demonstrates the difference in modeling the RDR-
FSW and the conventional FSW process. The geometry model
for the RDR-FSW is shown in Fig. 2a. A 3D Cartesian
coordinate system is established on the plate. The origin of
the coordinate is located at the bottom of the workpiece under
the axis of the tool. The welding direction is identical to the
positive x-axis; the thickness of the plate is given on the z-axis
and the positive direction towards to the top of the workpiece.
Figure 3 shows the top view of the mesh system in this
simulation of the RDR-FSW process which has a total of
89,640 mesh elements. For simplification, the tilt angle and
the thread of the tool pin are not considered. The geometrical
feature of the RDR-FSW tool is not included in this geometric
model but being treated as a rigid body. In order to compare
heat generation and temperature distribution in RDR-FSW
with conventional FSW, a conventional FSW model is also
established at the same tool and workpiece dimension as well
as the same welding parameters. Figure 2b depicts the geo-
metric model of conventional FSW.
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a

Fig. 1 Schematic drawings of a reverse dual-rotation friction stir welding (RDR-FSW) and b conventional FSW

Table 1 gives the dimension of the tool and workpiece in
the simulation. The size of the assisted shoulder is 14 mm in
the outer diameter and 10 mm for the inner diameter which is
of the same size for the outer diameter of the subsize concave
shoulder. The 0.1-mm gap between the assisted shoulder and
the subsize concave shoulder is ignored. The size of the
shoulder in conventional FSW is 14 mm in diameter. The tool
pin has a length of 4.8 mm, a diameter of 5 mm at the root, and
4 mm at the tip both in RDR-FSW and conventional FSW. The
test workpieces in the experiment are in dimensions of
300 mmx 160 mmXx5 mm. In order to save time for compu-
tations, the plates for the calculation are in dimensions of
100 mmx 100 mm x5 mm.

2.1 Governing equations

Only the quasi-steady state is dealt with in this study. During
the welding period, the material near the tool is heated to a
relatively high temperature, and only the plastic deformation
is considered. The material during the RDR-FSW process is
assumed to behave as an incompressible and single-phase

Rotating direction of a), 0,0)
>3 tool pin with the sub-
size concave shoulder

Workpiece

a
Fig. 2 Model in the simulation of a RDR-FSW and b conventional FSW process

Downward
Force

b

non-Newtonian flow. The density variation was ignored fol-
lowing Boussinesq’s approximation.
The continuity equation is written as:

au,-
8x,»

=0 (1)

where u is the velocity of material flow, and index notation for
i=1, 2, and 3 representing the x, y, and z directions,
respectively.

The momentum equation:

ouu;  0p 0 Ou; Ou;\ . Ou;
(Maxi + 'uﬁxj axj

6x,- B 8x]- 8x,-

(2)

where p is the density, p is the pressure, U is the welding
speed, and p is the non-Newtonian viscosity.

The thermal energy conservation equation can be written as
follows:
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Fig. 3 Mesh system in the
simulation of RDR-FSW a top
views of the total workpiece and b
local view of the mesh around the
tool (enlarged of the red area in a)

owr) . oT 8 (oT

where £ is the thermal conductivity, C,, is the specific heat of
the material, 7 is the temperature, and the source term S,
represents the viscous dissipation source term due to plastic
deformation near the tool in the nugget zone and TMAZ
which can be calculated as [21]:

Sy = fup® (4)

where f,, is an arbitrary constant that indicates the extent of
atomic mixing in the system, and @ can be given by [21]:

aul 2 8u2 2 6143 2 8u1 6u2 2
d=2((=— — — —+ =
<<GX1) * <8x2> + 8x3 * 8x2 + 8)(1

8u1 au3 2 6143 auz 2
+(8_963+5—xl) *(a—wa) ©)

Because the material is being modeled with a CFD model,
it is necessary to find a function to describe the viscosity of the

material. The calculation of viscosity needs the local values
for effective strain rate and temperature. Viscosity can be
calculated as a function of flow stress and effective strain rate
using Perzyna’s viscoplasticity model [22]:

g

= (6)
3e

where  is the effective strain rate and o is the flow stress
introduced by Sheppard and Wright for a high-strain rate and
large bulk deformation processes of metals, and was given as
[23, 24]:

where Z is the Zenner-Hollomon parameter which is given in
the following equation [24]:

Z(T, E) = gexp (R_QT> = A[sinh(aa)]% (8)

Table 1 Tool and workpiece dimensions for RDR-FSW and conventional FSW

Items RDR-FSW

Conventional FSW

Shoulder diameter/mm
Pin diameter/mm
Pin length/mm 4.8 mm

Workpiece dimension 100 mmx= 100 mmx5 mm

14.0 mm for assisted shoulder; 10.0 mm for subsize concave shoulder
5.0 mm at the root; 4.0 mm at the tip

14.0 mm

Same to RDR-FSW
Same to RDR-FSW
Same to RDR-FSW
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where T is the temperature, Q is the temperature-independent

activation energy, R is the gas constant, «, and 4 and » are the

material constants which can be obtained from open literature
[25].
€ is given as follows [16]:

E 3 6u1
3 — 8xl

8141 Lo 6u2
sz le

6u1 4+ 6143
8x3 a.)C]

()] 0

From Egs. 6, 7, and 8, the equation for calculating the non-
Newtonian viscosity in this model can be written as follows:

1
. L
. Z(1.5)\’

. 297
Z(T,E) '
S N A
o = n 1 + |1+ y

(10)

2.2 The boundary conditions

Previous work showed that in conventional FSW, heat is
generated mainly near the interface between the tool and the
workpiece [26]. Similar to conventional FSW process, during
RDR-FSW process, heat is generated due to friction and
plastic deformation at the tool-workpiece interfaces. Figure 4
shows schematically the contact interfaces between the tool-

Fig. 4 A schematic illustration of tool-workpiece contact interfaces at
tool shoulder

workpiece. The local interfacial heat generation due to friction
is the product of the frictional force and the sliding velocity.
The interfacial deformation heat is the product of shear stress
and the velocity of the workpiece material which sticks to the
tool as it moves [16]. During RDR-FSW process, w; repre-
sents the rotating speed of the pin (also the subsize concave
shoulder) in counterclockwise direction, while w, represents
the rotating speed of the assisted shoulder in clockwise direc-
tion as is shown in Fig. 4.

2.2.1 Heat flux boundary of the assisted shoulder

The plunge force is assumed to be applied to the tool contact
interface uniformly. The frictional force on elemental area dA
would be given as follows:

df = j1,PrdA (11)

where P, is the plunge force of assisted shoulder and 1i/is the
friction coefficient at the tool-workpiece contact interface as a
function of local temperature [27]. Temperature-dependent
friction coefficient of the workpiece and the tool is shown in
Fig. 5.

06

04

Friction coefficient

00} - L

300 400 500 600 700 800
Temperatur (K)

Fig. 5 Plot of friction coefficient as a function of temperature
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The relative velocity of the contact interface between the
tool and the workpiece at elemental area can be given as
follows:

V= (1=0)(wyr + Usinh) (12)

where wj is the rotating speed of the assisted shoulder, 7 is the
length between the elemental area and the tool axis (R;,<r<
Row), 0 is the angle between the welding direction and the r
radius vector direction, and 0 is the dimensionless slip rate
which is given as follows [28]:

g="Um -0 (13)

UVt UVt

where v; is the position-dependent tool velocity at elemental
area dA, v, is the material flow velocity at that area, and 7y is
the slip rate which can be defined as follows:

N =Vim (14)

Furthermore, assuming that the welding speed does not
influence the slip rate for sliding or the deformation rate for
sticking, then the dimensionless slip rate ¢ can be defined as
follows:

p— wm

5= (15)

Wt

where wy is the rotating speed of the tool at the elemental area
and w,, represents the rotating speed of the plastic material at
that area.

The dimensionless slip rate d lies in the range of 0 to 1. For
sticking without slip §=1, that means all the plastic material at
the interface are sticking to the tool and rotating with the tool
as the tool rotating speed. For sliding without workpiece
deformation §=0, that means no plastic material is sticking
to the tool. The condition 0<§<1 means that there are partial
sticking or sliding at the tool-workpiece contact interfaces.

The heat generation rate due to friction for the assisted
shoulder can be written as follows:

dps, = Vadf = (1=6)(war + Usind)uu  PrdA (16)

When the plastic material sticks to the tool, deformation
heat is generated at the tool-workpiece contact interface. The
conversion efficiency of deformational work into heat is 7,
and the contact shear stress 7,. is given by [16]:

@ Springer

Te = Ovyield (17)

V3

The heat generated due to plastic deformation at the ele-
mental area d4 may be calculated as:

dp,, = n0(wor + Usind)1.dA (18)

Since there are heat generated due to friction and plastic
deformation at the tool-workpiece contact interface, then the
total heat generation rate for the assisted shoulder would be
approximately given as follows:

dp, = dpy, +dpy, = (00T + (1—5),ufP2} (war + Usinb)dA

(19)

Thus, the heat flux at the elemental area for the assisted
shoulder would be given as follows:

, dp,
9a= gy

= |nore + (1-0)p fpz} (wor + Usind) (20)

The total heat generated at the tool-workpiece contact
interface can be partitioned between the workpiece and the
tool based on their thermophysical properties. The ratio of the
heat transported into the workpiece is f[29]:

1/2
T 1/2 1/2
v T (kpCP)W + (kpCP)T

where Jjyis the total heat conducted to the workpiece and Jis
the total heat conducted to the tool.

The heat flux into the workpiece under the assisted shoul-
der can be approximately:

9, = [ |m0Tc + (1=6) P2 | (war + Usind) (22)

2.2.2 Heat flux boundary of the tool pin with subsize concave
shoulder

Due to reverse rotation direction, the relative velocity of the
contact interface between the subsize concave shoulder and
the workpiece at elemental area is expressed as:

Vy = (1-0)(w;r—Usind) (23)

Similarly, the heat flux into the workpiece under the
subsize concave shoulder can be approximately [26]:
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Table2 Specific heat capacity and thermal conductivity o£2024 Al alloy

Temperature (K) 298 373 473 573 673

Cp/0kg "K' 921 921 1,047 1,130 1,172
HW-m K™ 121.8 134 .4 1512 172.2 176.4
q, :f[n(STc + (1—6),ufP1 (w1r—=Usind) (24)

where P, is the plunge force of plunge force of tool pin with
subsize concave shoulder, w is the rotating speed of tool pin
with subsize concave shoulder, and 7 is the length between the
elemental area and the tool axis (R,,<r<R;,).

The tool pin rotates with the subsize concave shoulder, so
heat flux under the bottom of the tool pin is similar to that
under the subsize concave shoulder. The heat flux boundary
may be approximately expressed as [26]:

qpp = |07 + (lfé)ufPl} (wyr=Usind) (25)

where 7 is the length between the elemental area and the tool
axis (0<r<R,;).

In this study, a taper cylindrical tool pin is used and the
thread on the pin is ignored. The heat flux for the side surface
of the tool pin is given as [30]:

Gps = S |M0Tc + (l—5)uf0yield} (wyr—Usind) (26)

where 0yiqq is the yield stress and r is the length between the
elemental area and the tool axis (R,;<r<R,,).

2.2.3 Velocity boundary conditions at the tool-workpiece
contact interface

In this model, the translational welding speed of the tool is
applied to the calculated domain as the inverse welding speed
of the workpiec which is given as —U. The velocity of the
surface in front of the tool is set as the welding velocity in
reverse direction and the surface behind the tool is set as the
outflow boundary. Under the tool-workpiece contact inter-
faces, the velocity condition is defined in terms of angular
velocity of the tool to multiply the dimensionless slip rate.

2.2.4 Heat exchange boundary conditions of the surface
of the workpiece

At the top surface of the workpiece beyond the shoulder, the
boundary condition for heat exchange involves both convec-
tive and radiative heat transfer:

oT

o= oee(T*=T2) +~+(T-T,) (27)

where o, is the Stefan-Boltzmann constant (5.67 x
107K ™* em 2 s7"), ¢ is the external emissivity, -y is the heat
transfer coefficient, and 7, is the ambient temperature.

At the bottom and side of the workpiece, due to intimate
contact of the workpiece with the backing plate, the boundary
condition for heat exchange involves only convective heat
transfer:

orT

ks =(T-Tu) (28)

At the other side of the workpiece, temperature is set at
ambient temperature.

Table 3 The process parameters

in RDR-FSW (the assisted shoul- Test no. RDR-FSW

der is rotating in clockwise direc-

tion, while the pin is rotating in Welding speed (U, mm/min) Rotating speed of assisted Rotating speed of pin (w,, rpm)

counter-clockwise direction in shoulder (w;, rpm)

RDR-FSW)
1 100 —800 600
2 100 —800 800
3 100 —800 1,000
4 100 —800 1,200
5 50 —800 800
6 150 —800 800
7 200 —800 800
8 100 —600 800
9 100 —1,000 800
10 100 -1,200 800
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Fig. 6 Calculated peak 1500
temperature as a function of
dimensionless slip rate (test no. 2)

1200

900

Tm (K)

600

300 4

0.0 0.1

In simulation of conventional FSW, heat flux boundary
condition at the tool-workpiece contact interface at the tool
pin are the same as to RDR-FSW, and the heat flux at the
shoulder in conventional FSW are the same to that at the
subsize concave shoulder in RDR-FSW except that the range
of r is different. The other heat exchange boundary condition
and the velocity boundary conditions are the same in conven-
tional FSW and RDR-FSW except that the inverse velocity

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Dimensionless slip rate ¢

3 Solution method

Computations of the governing equations and their boundary
conditions are performed employing the finite volume method
discussed by Patankar [31]. This method is based on the cell-
centered, nonstaggered grid method. The calculations of the
coupled temperature field and velocity field are performed
according to the semi-implicit method for pressure linked

direction at the assisted shoulder in RDR-FSW simulation. equations (SIMPLE) scheme. The process in the entire

Unit: W/m2
6.5E406
6.0E+06
5 5E406 1
5.0E+06
B5E+06
OE+06
35E406 =
30E+06 E
256406 E O
>

2.0E+06
1.5E+06
1.0E+06
5.0E+05

= L R N LN

il O TR

2 4 6 25

' TR I

-6 -4 -2

0 0
X (mm) X (mm)
a b

Fig.7 Spatially distributed heat generation rate at the tool-workpiece contact interfaces for test No. 3 a at the shoulder (the black line in the middle shows
the boundary of the subsize concave shoulder) and b at the bottom of the tool pin
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h

i

Fig. 8 Spatially distribution heat flux at the tool-workpiece contact interface under different welding conditions—a test no. 1, b test no. 2. ¢ test no. 4, d

test no. 5, e test no. 6, f test no. 7, g test no. &, h test no. 9, i test no. 10

workpiece is modeled as single-phase non-Newtonian flow
with appropriate source terms in the conservation equations.
In order to test and assess grid independence of the solution
scheme, many numerical experiments were performed. These
experiments showed that a nonuniform grid mesh of
100 mmx>100 mmx5 mm is adequate to describe the heat
generation, material flow, and temperature field characteristics
accurately. Finer grids are chosen to describe the portion of the
domain which encompasses severe material flow and heat
generation near the tool in order to resolve the plasticized
material flow and heat convection. The computation is per-
formed until the convergence criteria are reached.

4 Results and discussion
In this study, the workpiece material in this simulation is 2024

Al alloys. The variation of specific heat capacity and thermal
conductivity of 2024 Al alloys with temperature is given in

Table 2 [19]. The process parameters used in the simulation of
RDR-FSW process are listed in Table 3. Axial pressure of
assisted shoulder and the tool pin is chosen as 29.5 MPa.

4.1 Heat generation rates

The proportion of the heat generation at the tool-workpiece
surface is determined by the tool geometry and the welding
parameters. Figure 6 shows the calculated peak temperature as
a function of dimensionless slip rate in test no. 2. It demon-
strates that the slip/stick condition between the tool-workpiece
has a significant influence on the peak temperature. Plastic
deformation heat is the primary heat generation at the tool-
workpiece contact interface. In this study, 0.25 was chosen as
the value of the standard dimensionless slip rate (d) in the
following simulation because under such a value, the calcu-
lated peak temperature is about 800 K which is about 90 % of
the melting point, and the calculated temperature matches well
with the measured ones. In addition, when 6=0.25, the results
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Fig. 9 Calculated temperature field for test no. 2. a Plane Z=5 mm, b plane Z=0 mm, ¢ transverse section, d longitudinal section

are in good agreement with those in literature related to
conventional FSW [28, 32].

The spatially distributed heat generation rate at the tool-
workpiece contact interface for test no. 3 are showed in Fig. 7.
Figure 7a shows that the heat generation pattern at the tool
shoulder contact interfaces is nearly symmetrical on the tool
axis. Most of the heat is generated at locations further away
from the tool axis owing to a higher relative velocity between
the workpiece and the shoulder. However, compared to the
heat generation rate at the points with the same diameter, the
heat generation rate ahead of the tool axis is slightly higher
than that behind the tool axis. Because the temperature is
relatively higher behind the tool, it leads to relatively smaller
friction coefficient and flow stress there. The heat generation
rate between the contact interfaces are within the order of 10°—
10° W/m?. The maximum heat generation rate during the
process is located at the outer diameter of the assisted shoulder
where the relative velocity is highest. The heat generation rate
at the bottom of the tool pin shows a similar feature to that of
the shoulder but of lower value (Fig. 7b), because the radius of
the tool pin is smaller and the relative velocity between the

@ Springer

contact interface is lower. Nandan et al. reported similar trends
in their research on conventional FSW [16].

Figure 8 depicts the spatially distributed heat flux at the
tool-workpiece contact interfaces under different welding con-
ditions. With the increase of the rotating speed of the tool pin
with the subsize concave shoulder, the heat flux under the tool
pin with subsize concave shoulder is increased, whereas the
heat flux under the assisted shoulder is slightly decreased, as
shown in Fig. 8a—c. Similarly, with increase of the rotating
speed of the assisted shoulder, the heat flux under the assisted
shoulder is increased, whereas heat flux under the tool pin
with subsize concave shoulder is slightly decreased, as shown
in Fig. 8g—i. The welding speed has little influence on the heat
flux at the tool-workpiece contact interface as shown in
Fig. 8d-f.

4.2 Calculated temperature fields
Figure 9 shows the calculated temperature fields in the

RDR-FSW. The temperature profiles are compressed at
the front of the tool but expanded behind it. The computed
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Fig. 10 Calculated temperature profile for test no. 2 a along the welding
line at depths Z=1, 3, and 5 mm; b perpendicular to the welding line at
depths Z=1, 3, and 5 mm; ¢ along the welding line at the top of the

results are consistent with the fact that heat is supplied
rapidly to the cold region of the workpiece ahead of the
tool, while heat is transported at a slower rate to the material
already preheated behind the tool due to the low diffusivity
of the preheated material and the lower temperature
gradient.

Figure 9a demonstrates that asymmetric temperature distri-
bution exists near the tool pin at the top of the workpiece.
There are relatively higher velocity and higher shearing rate at
AS. The preheated plastic material is transported to AS under
the motion of the assisted shoulder. Thus, in the vicinity of the
tool, the temperature at AS is higher than that at RS. However,
approximately symmetric temperature distribution is observed
at the bottom of the workpiece (Fig. 9b). Since the tool pin and
the assisted shoulder are separated and they rotate reversely,
there are two opposing material flows near the tool so that the
difference of heat generation rate between the AS and RS
owing to the different relative velocity is weakened.
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Figure 9c, d depicts that at locations far away from the tool,
the temperature profiles are almost identical at the AS and RS.

Temperature variation as a function of distance or time is
shown in Fig. 10. Figure 10a demonstrates the predicted
temperature distribution along the weld line (varied X co-
ordinates) and at different depth (varied Z coordinates). It is
seen that temperatures behind the tool are about 20-30 K
higher than that ahead of the tool, because of the moving of
the tool along the welding direction. Figure 10b demon-
strates the predicted temperature distribution along the y
axis (perpendicular to the weld line) and at different depth
(varied Z coordinates). It shows that in the vicinity of the
tool, the temperature values at the AS are about 5-20 K
higher than that at the RS, and the temperature difference
between AS and RS decreases as the depth increasing.
Figure 10c shows the predicted temperature distribution at
Y=2.5 mm along the weld line at the top surface of the
workpiece. Thermal histories would be constructed from
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Fig. 11 Calculated temperature profile along a line (Y=-2.5 mm, Z=
3 mm) at AS under different welding conditions—a different rotating
speed of the tool pin with subsize concave shoulder, where w,=-800 rpm,

the steady-state temperature distribution by replacing the
distance traveled by the tool with the time [16]. Figure 10d
depicts the temperature-time curves for two points locating
at 2.5 mm away from the weld line on the top surface at AS
and RS, respectively. It illustrates that there is a rapid
temperature-rising stage when the tool approaches to the
monitoring locations, while there is a comparatively slower
cooling stage as the tool moves away from it. Near the tool,
the temperature at AS is slightly higher than that at RS.
With the distance increasing away from the tool, there is a
little temperature difference between AS and RS.

Figure 11 shows the calculated temperature profiles
along a line with 2.5 mm away from the weld centerline
at plane Z=3 mm at AS. As the rotating speed of the
tool pin with subsize concave shoulder or the assisted
shoulder increases (as is shown in Fig. 11a, b), the peak
temperature increases and the high temperature region
(over 600 K) is enlarged. When the welding speed in-
creases, the peak temperature decreases slightly as shown
in Fig. llc.
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U=100 mm/min; b different rotating speed of the assisted shoulder,
where w; =800 rpm, U=100 mm/min; ¢ different welding speed, where
w;=800 rpm, w,=-800 rpm

Figure 12 illustrates that the measured and calculated
temperature-time profile at different monitoring locations
are in good agreement. The model can be used to
predict the temperature profiles and cooling rates in
RDR-FSW process.

4.3 Material flow

Figure 13 shows the calculated material flow velocity near
the tool. It can be seen from Fig. 13a that the maximum
velocity during RDR-FSW is about 0.14 m/s, which is
about 25 % of the maximum tool velocity at the diameter
outside of the assisted shoulder. Although the assisted
shoulder enlarges the diameter of the total shoulder, it has
little effect on material flow velocity under the subsize
concave shoulder and near the tool pin due to its reverse
rotating direction. The velocity around the tool pin is con-
fined to a relatively small region which leads to a relatively
smaller isoviscosity region in the RDR-FSW compared to
conventional FSW. Figure 13b shows that the peak velocity
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Fig. 12 Comparison between measured and calculated temperature-time
profile at Z=3 mm plane a 20 mm away from the centerline at RS for test
no. 1, b 24 mm away from the centerline at RS for test no. 1, ¢ 8 mm away

locates at the periphery of the assisted shoulder where the
effects of the shoulder are fairly pronounced. However, due
to high viscosity, the momentum decays rapidly away from
the tool, the effects of the tool do not reach far away, and it
results in rapidly reducing of velocity away from the tool.
Material flow region near the tool at RS is slightly larger
than that at AS, as shown in Fig. 14.

X
Fig. 13 Calculated material flow velocity near the tool for test no. 2
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Table4 The process parameters in RDR-FSW and conventional FSW (the assisted shoulder is rotating in clockwise direction, while the pin is rotating in
counter-clockwise direction in RDR-FSW; tool rotating is in counter-clockwise direction in conventional FSW)

Test no. RDR-FSW Conventional FSW
Welding speed Rotating speed of assisted Rotating speed of Welding speed Rotating speed
(U, mm/min) shoulder w; (rpm) pin (w,, rpm) (U, mm/min) (w, rpm)

C1 100 —600 600 100 600

C2 100 —800 800 100 800

C3 100 —1,000 1,000 100 1,000

4.4 Comparison of RDR-FSW and conventional FSW

In this part, the heat generation, temperature distribution, and
isoviscosity region in RDR-FSW are compared with those in
conventional FSW at the same parameters (Table 4).

RS
10

Unit: K

650
630
610
1 590
570
550
530
510
490
470
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430
410
390
370
350

Y (mm)
o

-5

As

-10 -5 0 5 10
X (mm)

Figure 15 shows a typical comparison of the temperature
field at different horizontal plane in RDR-FSW and conven-
tional FSW for test no. C1. As shown in Fig. 15a, the temper-
ature is slightly higher on the AS than the RS both in RDR-
FSW process and conventional FSW, and this is in agreement
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Fig. 15 Comparison of temperature field in RDR-FSW and conventional FSW (units in K) for test no. C1 a at plane Z=5 mm (/eff for RDR-FSW, right
for FSW) and b at transverse section (top for RDR-FSW, bottom for conventional FSW)
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Fig. 16 Temperature difference between AS and RS in RDR-FSW and
conventional FSW at different depth along transverse section for test no. C2

with previous research results in literature [16, 26]. However,
during the RDR-FSW, the symmetry of the temperature field
is improved. That means the reversely rotating assisted shoul-
der has alleviated the temperature asymmetry. Figure 15b
compares the temperature field at the transverse section. It
could be found that the high temperature region (over 600 K)
at RS in RDR-FSW process is larger than that in conventional
FSW. However, at AS, that region in RDR-FSW process is
smaller than that in conventional FSW. This also proves that
the temperature asymmetry during RDR-FSW process has
been alleviated.

Figure 16 shows the temperature difference between AS
and RS in RDR-FSW and conventional FSW at different depth
along transverse section. The temperature differences will first
increase as the radial distance is increased from the tool axis
and reach the peak near the edge of the tool. Then, it will
reduce as the radial distance increasing. It is obviously shown
that the temperature difference between AS and RS in RDR-
FSW is lower than that in conventional FSW. That means the

improved during the RDR-FSW process. Since the assisted
shoulder and tool pin are separated and rotating reversely, the
difference of the heat generation rate between the AS and RS
owing to the difference of relative velocity has been de-
creased; also, there are plastic material flows of reverse
direction.

The isoviscosity near the tool could be useful to predict the
geometry of thermal mechanical affected zone (TMAZ). Re-
ports show that the critical viscosity for aluminum alloy was in
the range of 10° to 10" kg-m 's™', above which no signifi-
cant plastic flow occurs [16, 26]. Figure 17 depicts the calcu-
lated isoviscosity region near the tool. It could be found that
the isoviscosity region of 2.5x10° kg/(m-s) in RDR-FSW is
smaller than that in the conventional FSW. The isoviscosity
has been confined to a relatively small region owing to reverse
rotation of the assisted shoulder.

5 Conclusions

1. A three-dimensional model is developed to conduct the
numerical simulation of the heat generation and tempera-
ture distribution in RDR-FSW process. Both the friction
and the plastic deformation are considered to determine
the heat generation rate, and appropriate value of the
dimensionless slip rate is obtained.

2. Due to the assisted shoulder and tool pin being separated
and rotating reversely, the difference of heat generation rate
between the AS and RS owing to the difference of relative
velocity is weakened. The two reverse flow is beneficial to
the uniform distribution of temperature at AS and RS, and
enhancement of the plastic material flow around the tool.

3. The numerical simulation results of heat generation, ma-
terial flow, and temperature profiles show that the RDR-
FSW process is of great application potential in industry.
Through adjusting the rotating speed of the tool pin and
assisted shoulder independently, the heat input and the
temperature field can be optimized to achieve high quality

symmetrical characteristic of the temperature field has been of welds.
Fig. 17 The calculated 5 AS RS
isoviscosity line (2.5x10° kg- !
m '-s7!) in RDR-FSW and —o— Conventional FSW
conventional FSW at transverse 4 —Oo— RDR-FSW
section for test no. C3
- 3}
£
E
N 2
1L
0 1 1 1 1 1
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