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Abstract In this work, a new Double Rotating Shoulder
(DRS) tool is designed to create a preheating effect and
promote material flow in the shoulder-affected area dur-
ing friction stir welding (FSW). A comparative study of the
temperature field, strain field and material flow of AA 6061
aluminium alloy during FSW using a DRS tool and a con-
ventional tool was carried out using numerical simulation.
The model was verified according to the actual temperature
field in both cases. Further, the macroscopic morphology
and mechanical properties of both joints were investigated.
The results showed that the simulated temperature field dur-
ing FSW using a DRS tool has a good correlation with the
actual temperature field. The DRS tool does lead to different
macroscopic profiles but has almost no impact on mechani-
cal properties.

Keywords Double rotating shoulder - Macroscopic
morphology - Temperature field simulation - Strain field
simulation - Material flow simulation

1 Introduction

Friction stir welding is a novel solid joining technology [1].
Compared to traditional welding of aluminium alloys, it does
not require any shielding gas or filler material. Addition-
ally, it has the advantage of being pollution-free, with no arc
light, noise, or radiation [2]. The heat input in the friction
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stir welding process primarily results from the mechanical
friction between the stirring head (comprising the shoulder
and the pin) and the workpiece to be welded. Additionally,
plastic deformation of the material contributes to the heat
generation [3]. In recent years, With the further development
of friction stir welding technology, a number of variants have
been derived from conventional friction stir welding devices,
which incorporate the addition of a cooling medium, the
addition of a second device (laser, arc, induction, etc.), and
innovative tool designs (dual rotating-axis friction stir weld-
ing, stationary-axis shoulder friction stir welding, etc.).
Researchers in order to solve the FSW in the welding
process, due to the heat input of the stirring head is too large
grain size problem, added cooling medium to reduce the
thermal cycle of the welding process. Cao et al. [4] studied
the super duplex stainless steel underwater stirring friction;
underwater FSW and air FSW comparison results showing
that due to the flow of water, underwater FSW can signifi-
cantly weaken the welding thermal cycle, joint’s organi-
sation is more uniform and the grain size is finer, and the
mechanical properties are enhanced. Cao et al. [5] used a
flowing low-temperature medium for stirring friction pro-
cessing of duplex stainless steel, and the results showed
that the joints obtain uniform ultrafine crystalline duplex
organisation and fine grains, and the yield strength signifi-
cantly increases and maintains a high elongation. Due to the
problem of defects in the weld due to insufficient heat gen-
eration and plastic flow in conventional friction stir welding
of high melting point materials, researchers have proposed a
second heat source. Fei et al. [6] used a laser-assisted FSW
process to weld 3 mm thick Q235 steel and 6061-T6 alu-
minium alloy, and investigated the effect of the preset hole
offset distance on the properties of the welded joints, and
found out that the preset hole offset has a large effect on the
thickness and type of IMCS at the interface. Yaduwanshi
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et al. [7] carried out simulation and experimental validation
of plasma-assisted friction stir welding (P-FSW) process and
showed that the maximum temperature on the copper side is
316-378 K higher than that on the aluminium side and the
preheating reduces the difference in yield stresses to 10 Mpa,
which is conducive to the welding of different materials in
this process. Kaushik et al. [8] used induction heating FSW
process to weld 3 mm thick industrially pure aluminium and
mild steel and investigated the weld performance under this
process and found that induction preheating of the steel plate
increases the ductility of the welded joint by about 34%.
Although it is possible to improve material flow, plasticiz-
ing materials and joint properties during FSW by means of
a cooling medium and a second heat source, it increases the
preparation work for welding, complicates the FSW tooling
and increases the economic costs. In contrast, innovative tool
designs have the potential for greater application demand.
The design of the innovative tool is mainly centred
around the shaft shoulder, which can be classified into
dual rotating shaft friction stir welding device and static
shaft shoulder friction stir welding device according to the
working condition of the shoulder. Among them, the static-
shoulder friction stir welding idea was initially proposed
by Arthur of NASA MSFC and proved by Talia of Wichita
State University in 2002 [9, 10]. Li and Liu [11, 12] welded
2219-t6 aluminium alloy by using an external non-rotating
shoulder-assisted friction stir welding (nsa-fsw), and studied
the effects of the tool rotational speed and research speed on
the organisation and mechanical properties of the aluminium
alloy; the results showed that good joints can be obtained in
the range of 600-900 rpm, where the maximum values of
tensile strength and elongation is obtained when the tool is
at 800 rpm. Defect-free joints can be obtained at welding
speeds in the range of 50-300 mm/min. Barbini et al. [13]
studied the differences between AA2022-T3 and AA7050-
T7651 aluminium alloys under two processes, stir friction
welding and static shoulder stir friction welding (ssfsw), and
the results showed that the joint weld area and interfacial
diffusion are reduced and the tensile strength and elongation
of joints decrease in ssfsw. Sinhmar et al. [14] developed a
new type of static shoulder FSW (SSFSW) and the results
showed that the heat generation from the fixed shoulder is
smaller than that of conventional FSW and the mechanical
properties of the joints are improved. Saravana Sundar et al.
[15] used an independently designed static shoulder fric-
tion welding device to weld AA6061 aluminium alloy and
compared it with conventional FSW and underwater FSW
and the results showed that SSFSW possesses the smallest
grain size. Literature survey summarizes that, although static
shoulder stir friction welding can effectively improve the
welded joint properties, it increases the equipment load and
tooling requirements during the welding process because
the shoulder is static. However, these problems can be
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avoided when we design the stationary shoulder as a rotat-
ing shoulder.

However, there is still very little research on tandem twin
rotating axis stir friction welding compared to the research
on stationary axis shoulder stir friction welding. The con-
cept of dual rotating axis stir friction welding was initially
proposed by Thomas [16], followed by a tandem dual-axis
stir friction welding technique published [17-20]. Kumari
et al. [21] welded A1100 aluminium alloy using front to
back parallel double stirrer head and found that the hard-
ness distribution of the weld at 1800 rpm is higher in double
stirrer head than in conventional single shaft irrespective
of the welding speed. Jaina et al. [22] carried out numeri-
cal simulation analysis of FSW of double stirrer head and
found that the peak FSW of double stirrer head temperature
is 10 percent higher and minimum temperature is 72 percent
higher than conventional FSW and the temperature distri-
bution of double blade is more uniform in thickness and
transverse direction.

This new tool designed in this paper has many advantages
and some shortcomings. The DRS-FSW has similar advan-
tages as the dual knife FSW in that the combined forces
are cancelled for the two opposite directions. Based on the
results of the dual knife FSW, it was deduced that the DRS-
FSW is also capable of reducing the torque value. Since
DRS-FSW is needle-less shoulder and different in size, the
working load and tooling requirements of the equipment are
lower than that of dual knife FSW. However, the material
flow and heat generation of DRS-FSW will be lower than
that of dual knife FSW. This paper is a further exploratory
study of the dual stirring head technology.

2 Experimental Procedures

This paper presents the use of an independently designed
double rotating shoulder friction stir welding device (DRS-
FSW) for experiments, as depicted in Fig. 1. The device
comprises two shafts of different sizes, a 20-mm diameter
stirring head (with a pin root diameter of 6 mm, top diam-
eter of 4 mm, and length of 2.7 mm), and an 8§ mm needle-
less shoulder. The needle-less shoulder is located on the
front side of the stirring head, as illustrated in Fig. 1a and
b. The centre distance between the stirring head and the
needleless shoulder was 30 mm, where the height difference
between the needleless shoulder and the stirring head was
0.1 mm, and the stirring head and the needleless shoulder
were rotated in opposite directions. At the centre of the base
metal and 1 mm away from the weld seam, a type K ther-
mocouple device was installed to record the actual welding
temperature, as shown in Fig. 1c. Conventional friction stir
welding device is shown in Fig. 1d.
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Figure 2 shows the sample preparation method for
microstructural characterization and performance testing
of the styles. The sample preparation method for micro-
structural characterization and performance testing of
DRS-FSW and FSW is shown in Fig. 2a and b.

The experimental material is AA6061 aluminium alloy
with the specification of 150 mm X 100 mm X 3 mm and

Fig. 1 Experimental configura-
tion: a schematic view, b tool
set-up photo, ¢ schematics of
DRS-FSW, d FSW equipment
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Fixed frame
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Fixed frame of the double
rotating spindle equipment (e

\ Fixed frame of the

FSW equipment

its chemical composition is shown in Table 1 [23]. The
experimental parameters are shown in Table 2.
3 Simulation Details

The model size was set to be 150 mm X 100 mm X 3 mm
and the material was AA 6061 aluminium alloy, and the
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Table 1 Chemicgl ‘composition Si Fe Cu Mn Mg 7n Ti Al
of AA 6061 aluminium alloy
(mass fraction, %) [23] 0.4-0.8 0.7 0.15-0.40 0.15 0.8-1.2 0.25 0.15 Bal
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Table 2 Welding parameters

Speed Rotation Plunging (mm) Tilt (°)
(mm/min)  speed (r/min)
Plunging 1 600 0.2 2.5
Welding 30 600 - 2.5

plate, stirring head and needle-less shoulder models were
divided into a tetrahedral mesh. As shown in Fig. 3, the
needle-less shoulder is set as a rigid body with a mesh
number of 10,340 and a node number of 2370; the stir-
ring head is set as a rigid body with a mesh number of
12,285 and a node number of 2792; and the plate is set as
a plastic body with a mesh number of 43,488 and a node
number of 10,574. Figure 3a and b shows the stirring head,
needle-less shoulder and plate position of DRS-FSW and
FSW, respectively. Throughout the calculation process,
DEFORM-3D automatic mesh reclassification is used, the
reclassification criterion is based on whether the depth
of mutual penetration between the nodes exceeds the set
value, which is set to be 0.7, and the mesh is reclassified
to replace the old mesh with the new mesh when the value
exceeds 0.7 in the actual calculation process.

Fig. 3 Meshed assembly: a
DRS-FSW, b FSW

3.1 Material Properties and Calculation Parameters

Table 3 shows the physical parameters of the AA 6061
aluminium alloy and tool steel H13, and Table 4 shows
the temperature-dependent thermal properties of the AA
6061 aluminium alloy.

The plate is a rigid visco-plastic material made of AA
6061 aluminium alloy. At high temperatures during plastic
deformation, the relationship between rheological stress,
rheological rate, and temperature follows a hyperbolic sine
function. Therefore, the Arrhenius eigenstructure equation
is used to represent it:

é = A[sinh (a5)]" exp <_AH/RT> M

where é, o, AH, R, T are strain-rate, effective flow stress,
activation energy, gas constant and temperature, respec-
tively. A, @ and n are the material constants. The Arrhenius
model parameters for AA 6061 aluminium alloy are shown
in Table 5.

3.2 Simulation Program

In order to simplify the simulation, the following
assumptions are made: 1. the workpiece is regarded as a

Table 3 Mechanical properties

of the workpiece and tool Properties AA 6061 Tool steel H13
material and heat transfer Young’s modulus (MPa) 68,900 210,290
coefficients [22] Poisson’s ratio 0.33 0.3

Thermal conductivity (N/s °C) AT) 24.5

Heat capacity (N/mm? °C) AT) 2.78

Heat transfer between workpiece/tool and environment (/2,) (N/ 0.02

mm s °C)

Heat transfer between workpiece and tool (N/mm s °C) 11

Emissivity 0.05 0.7
Table 4 Temperature Temperature (°C) 37.8 933 1489 2044 260 3156 3711 4267
dependent thermal properties of
AA 6061 [22] Thermal conductivity 162 177 184 192 201 207 217 223

Heat capacity 2.55 2.64 2.71 2.77 2.84 291 2.98 3.05
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Table 5 Arrhenius model parameters for AA 6061 aluminium alloy
(22]

AH (J/mol) InA (s7h) n a (MPa™) R (J/mol/°C)

158,300 24.67 5.66 0.045 8.314

continuum and the material model is a rigid-viscoplastic
model; 2. the friction and wear of the stirring head and
the needle-less shoulder are ignored; 3. the stirring head
and the needle-less shoulder are defined as a rigid model,;
4. the environmental temperature is set to 20 °C; 5. the
workpiece is fixed, and the velocities of the workpiece are
set to zero in the x, y, and z directions; and 6. the default
is no tilt angle.

The simulation of DRS-FSW is divided into two steps:
the plunging stage and the welding stage. The chosen
behavior is shear friction:

f=mk

where f and k are contact shear stress and yield shear stress
of the material, respectively. m is the shear factor which is
defined as 0.4 based on the calibration carried out by the
authors [22].

4 Results and Discussion
4.1 Temperature Field Simulation Analysis

Figure 4 shows the surface and profile temperature field
distributions of the workpieces of DRS-FSW and FSW
at a downward pressing speed of 1 mm/min and a rota-
tional speed of 600 r/min. At the end of the plunging stage,
DRS-FSW reaches a maximum temperature of 503 °C. The
temperature range in the needle-less shoulder region lay
between 262 and 323 °C, and the temperature at the center
is 280 °C. The cloud map of the temperature distribution
shows an ‘umbrella’ shape (red dotted line), as shown in
Fig. 4a. FSW has a maximum temperature of 495 °C at the
end of the Plunging stage, the position of the same point as
DRS-FSW has a temperature of 140 °C, cloud map of tem-
perature distribution showing “concentric circles” shape,
as shown in Fig. 4b. The profiles indicate that DRS-FSW
has wider temperature-affected zones and higher tempera-
tures than FSW. DRS-FSW and FSW show a different tem-
perature field in the downward pressing stage. DRS-FSW
has an assisted heat generation from the front shoulder, so
the metal to be welded on the front side has a higher tem-
perature and a larger high-temperature region. The high-
est temperatures of DRS-FSW and FSW are found in the

shoulder edge zone, because the frictional heat generated
by the stirring head’s shoulder and the workpiece is the
main heat source of FSW during the welding process [24].

Figure 5 shows the surface and profile temperature field
distribution of the workpieces of DRS-FSW and FSW at
a welding speed of 30 mm/min and a rotation speed of
600 r/min. At the welding stage, DRS-FSW reaches a max-
imum temperature of 568 °C. The temperature range in the
needle-less shoulder region lay between 366 to 399 °C,
and the temperature at the center is 388 °C, as shown in
Fig. 5a. FSW has a maximum temperature of 521 °C at the
welding stage, the position of the same point as DRS-FSW
has a temperature of 353 °C, temperatures in this region
range from 347 to 376 °C, as shown in Fig. 5b. The longer
the welding time between DRS-FSW and FSW, the more
similar the temperature ranges become, as shown in the
temperature cloud map distribution (surface and profile).
During the welding stage, the needle-less shoulder of the
DRS-FSW preheats the area to be welded. However, due
to its size, there is a ceiling to the amount of heat it can
produce. Over time, the heat production of the stirring
head exceeds that of the needleless shoulder. As a result,
the temperature ranges of DRS-FSW and FSW become
increasingly similar in the later stages of the weld.

As shown in Fig. 6, based on the temperature simula-
tion results of the DRS-FSW and FSW plunging stage and
welding stage, the temperature changes have been summa-
rised along the y-axis for both processes to better display
the variation. Temperature was measured at three lines
along the y-direction on the front side of the stirring head,
specifically at the center of the weld (x =0 mm), the right
side of the weld (x=5 mm), and the left side of the weld
(x=—5 mm). Figure 6a—d depicts the plunging and weld-
ing stages of both DRS-FSW and FSW. Figure 6e displays
the temperature distribution of DRS-FSW and FSW Plung-
ing stage. It is evident that the temperature of DRS-FSW
is higher than that of FSW at 1-10 mm. However, the
temperatures of both converge at 11-16 mm. Figure 6f
shows the temperature distribution of DRS-FSW and FSW
welding stage. At this point, the temperature difference
between the two is around 15 °C, and the difference in
temperature change is rather small.

Based on the simulation results, it can be concluded that
DRS-FSW has a higher temperature than FSW during the
plunging stage. However, as the welding time passes, the
temperature ranges of the two become closer.

4.2 Strain Field and Material Flow Analysis
Figure 7 shows the strain field distribution characteristics

of the DRS-FSW and FSW weld zone. As shown in Fig. 7a,
the strain in the DRS-FSW weld zone is mainly concentrated
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Fig. 4 Temperature field
during the plunging stage: a
DRS-FSW, b FSW (color figure
online)

at the stirring head, and the colour depth of the lower part
of the stirring head is higher than that of the upper part in
the planar strain cloud, and the cross-sectional strain distri-
bution in the weld zone shows an asymmetric distribution
along the stirring needle, and in the transverse direction,
it shows that the strain on the advancing side (AS), where
the stirring needle’s rotational direction is consistent with
the welding direction, is higher than that on the retarding
side (RS), where the rotational direction is opposite to the
welding direction. Retreating side, where the direction of
rotation is opposite to the welding direction, and the strain
distribution on the weld surface in the weld zone is mainly
characterised by the strain occurring in the middle of the
needleless shoulder and the stirring head. Figure 7b shows
that the cross-section strain distribution in the weld zone of
FSW is the same as that of DRS-FSW, and the strain dis-
tributions in the plane and weld surface are not the same as
that of DRS-FSW.

@ Springer
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As shown in Fig. 8, two columns of tracer points were
set up at the front side of the shoulder to analyse the differ-
ence in material flow between the DRS-FSW and FSW weld
zones through the displacement of the tracer points after
welding. As shown in Fig. 8a, after the needleless shoul-
der travelled, the tracer points at the middle were displaced
downwards, followed by a large displacement around the
rotational direction of the stirring head, which showed a dis-
crete distribution of AS and RS tracer points after leaving
the stirring head’s action area, and a dense distribution of
tracer points at the centre of the weld. As shown in Fig. 8b,
most of the tracer points moved around the rotational direc-
tion of the stirring head, and the positions of the tracer
points were biased from AS to RS after leaving the stirring
head’s action zone, which is the material flow behaviour of
a typical conventional FSW.
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Fig. 5 Temperature field during
the welding stage: a DRS-FSW,
b FSW

4.3 Joint Morphology and Temperature Analysis

Figure 9 shows the surface formation of the welded joint
between DRS-FSW and FSW at a rotational speed of 600 r/
min and a welding speed of 30 mm/min. It can be seen that
under the welding parameters, the stirring head and the
metal undergo intense stirring and friction, the weld metal
is completely plasticised and with the stirring head together
with a good plastic flow, and ultimately lead to the forma-
tion of a smooth surface and grain tight defect-free weld.
The surface morphology of DRS-FSW is shown in Fig. 9a
and FSW in Fig. 9b.

Figure 10 shows the macroscopic morphology of
welded joints for DRS-FSW and FSW at a rotational
speed of 600 r/min and welding speed of 30 mm/min.
As shown in Fig. 10a and d, the macroscopic morphol-
ogy of the joint cross section of both is “bowl-shaped”,
and the upper surface of the weld is wider than the lower

Temperature (C)|

568

534

500

467

433

399

366

332

298

surface, in which the distributions of the stirred zone (SZ),
thermo-machine-affected zone (TMAZ), heat-affected
zone (HAZ), and base material zone (BM) of the joint are
basically the same. However, the area below the shoulder
on the advancing side (AS) shows different morphological
characteristics, and the DRS-FSW has a wider and deeper
morphology at this location than that of the FSW, indicat-
ing that the 8-mm needle-less shoulder affects the macro-
scopic morphology of the welded joints. Figure 10b and
e shows the macroscopic morphology of the longitudinal
cross section of the welded joint, the difference between
the two being the mixing zone of the stirring head and the
needle-less shoulder (Fig. 10b mini-plot). The size and
morphology of the grains in the mixing zone were elon-
gated along the direction of the maximum shear stress,
so that the grain morphology at the edges of the zone of
influence of the mixing head and the zone of influence of
the needle-less shoulder showed two directions. The grains
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Fig. 6 Temperature change in y-direction: a DRS-FSW during the plunging stage, b FSW during the plunging stage, ¢ DRS-FSW during the
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Fig. 7 Characteristics of strain distribution in the weld zone: a Plastic strain in the weld zone of DRS-FSW, b Plastic strain in the weld zone of

FSwW

in the middle of the mixing zone showed irregular size and
morphology influenced by the front and back axial shoul-
ders, which is similar to the results of the study by Li et al.
[25]. Figure 10c shows the cross-sectional macroscopic
morphology of the DRS-FSW needle-less shoulder welded
joint, which is typical of the macroscopic morphology of
friction stir welded joints.

Figure 11 shows the actual and simulated predicted
temperatures for DRS-FSW and FSW. The simulated and
actual temperature changes of both methods show a good
correlation. The peak temperature predicted by simulation
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for DRS-FSW is 448 °C, while the actual peak temperature
is 426 °C, as shown in Fig. 11a. For FSW, the simulated
predicted peak temperature is 428 °C, while the actual
peak temperature is 415 °C, as shown in Fig. 11b. The
experimental results show that the preheating effect of the
DRS-FSW process is evident in the early stages of the
welding process, validating the results obtained from the
preliminary simulations. The model accurately predicts
temperature variations during welding in the DRS-FSW
process, as demonstrated by data from simulations and
experiments.
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Fig. 8 Characteristics of material flow distribution in the weld zone: a material flow in the weld zone of DRS-FSW, b Plastic strain in the weld
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Fig. 9 Surface morphology of
welded joints: a DRS-FSW, b
FSW

Fig. 10 Macroscopic morphology of welded joints: a DRS-FSW cross section, b DRS-FSW longitudinal section, ¢ Needle-less shoulder, d
FSW cross section, e FSW longitudinal section
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4.4 Mechanical Properties positions of DRS-FSW and FSW. The microhardness meas-
urement dimensions are the same as the weld dimensions;
Figure 12 shows the microhardness distribution characteris-  therefore, it does not exhibit a typical ‘W’-shaped distri-

tics of the welded joint cross section and different thickness ~ bution. The cross-sectional hardness curves of the welded
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Fig. 12 Joint microhardness distribution: a DRS-FSW cross section, b DRS-FSW longitudinal section, ¢ Needle-less shoulder, d FSW cross

section, e FSW longitudinal section

joints of the two illustrate that the stirred zone (SZ) has the
highest microhardness and the distribution of hardness along
the thickness direction varies less, as shown in Fig. 12a and
d. The longitudinal cross-section hardness curves of the
two welded joints illustrate that the microhardness in the
stirred zone is higher than that in the unstirred zone and
is uniformly distributed along the thickness direction, as
shown in Fig. 12b and e. The cross-sectional microhard-
ness profile of the DRS-FSW needle-less shoulder welded
joints illustrates that the highest microhardness is observed
in the base material on both sides, with lower hardness in
HAZ and TMAZ, and increased hardness in SZ, and the
joints showed differences in the microhardness along the
thickness direction, with lower hardness in the upper and
intermediate layers, and the highest hardness in the bottom
layer, as shown in Fig. 12c. It was analysed that the high
hardness of SZ is a result of welding thermal cycles at higher

@ Springer

temperatures and intense plastic deformation, which leads
to fine recrystallized grains in the region [26]. In contrast,
HAZ is only subjected to thermal cycling, resulting in grain
growth and lower microhardness values [27]. TMAZ has
undergone partial dynamic recrystallization due to thermal
action and forces, resulting in a hardness level between that
of SZ and HAZ [28].

Figure 13 shows the engineering stress—strain curves for
DRS-FSW and FSW joints. The tensile test results in the fig-
ure indicate that the base metal (BM) sample has fractured
from the center position with a tensile strength of 276 MPa.
The DRS-FSW and FSW samples have fractured at the neck
position on the advancing side (AS) and retreating side
(RS), respectively, with tensile strengths of 260 MPa and
264 MPa. Both samples have fractured in the vicinity of
the base metal region, demonstrating good weldability. Fig-
ure 14 shows different magnification SEM morphology of
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Fig. 13 DRS-FSW tensile test results

BM, DRS-FSW and FSW joint fracture. Figure 14a—c shows
that the tensile fracture of all three samples exhibits large
equiaxial toughness dimples and tearing ribs, indicating
good plasticity and toughness characteristics. Figure 14d—f
reveals that the stripping of tiny second-term particles leave
behind small, smooth, tough dimples on the fracture sur-
face at high magnification. Additionally, microcracks are
observed on the grain boundaries. Larger tough dimples con-
tain coarse second-phase particles that are caused through
crystal fracture [29].

5 Conclusions

This paper compares the properties of DRS-FSW and FSW
on AA 6061 FSW joints at a rotational speed of 600 r/min
and a welding speed of 30 mm/min using a combination of
simulation and experiment. The following conclusions can
be drawn:

(1) The simulation results for the plunging stage of DRS-
FSW using FSW show that the temperature in the nee-
dle-less shoulder area reaches 280 °C, which is sig-
nificantly higher than the corresponding temperature in
FSW. The temperature profile indicates that DRS-FSW
has a wider and higher temperature distribution. The
simulation results of the welding stage for DRS-FSW
and FSW show that as the welding time progresses, the
temperature intervals for DRS-FSW and FSW become
increasingly similar later in the welding process.

(2) The experimental results of DRS-FSW and FSW
show differences in the macroscopic morphology of
the joints. The temperature profile also indicates that
DRS-FSW has a preheating effect in the pre-welding
stage, which decreases over time. The model accurately
predicts the temperature changes during the working of
the DRS-FSW.

(3) The hardness distributions of DRS-FSW and FSW
joints are similar, with tensile strengths of 260 MPa
and 264 MPa, respectively. The fracture morphology
exhibits numerous tough dimples, indicating good plas-
ticity of the joints.

Fig. 14 Joint fracture SEM morphology: a—¢c BM, DRS-FSW, FSW sample low-power morphology, d—f BM, DRS-FSW, FSW sample of high-

power morphology

@ Springer
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