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A computational fluid dynamics (CFD) model for double-sided friction stir spot welding
(FSSW) between AZ31 and ZK60 magnesium alloys using adjustable pins is proposed in this
paper. Multiple phase flow theories are combined to track the metal interface and phase
distribution using FLUENT software. The heat transfer and material flow for the 5 stages of
the friction stir welding process, including the pre-heating, plunging, welding, rising and
post-heating stages, are presented. For further evaluation, the calculated flow and thermal
responses are compared with experimental data, which overall showed good agreement.
The material between the upper and lower pins is softened after the pre-heating process
and is then driven by the plunging pin to form a keyhole below the upper tool and a bulge
region in the bottom of the plates. The welding interface between the pins is bowl-shaped
after plunging, and grows uneven during the welding stage due to the extensive plastic
material flow. The keyhole is then fully eliminated after the rising of the pins. After
welding, the region between the tools is heated to a maximum temperature of 670 K and
the welding interface slightly fluctuates and a phase mixing phenomenon occurs, sug-
gesting that AZ31 and ZK60 plates are well joined by using the adjustable pins.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As the lightest structural metal, magnesium alloys are ex-
pected to replace both aluminum and steel components in the
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automotive and aerospace industries [1,2], thereby reducing
vehicle weight, fuel requirements, and the emission of
harmful greenhouse gases [3]. Due to the poor plastic form-
ability of magnesium alloys, reliable welding processes are
demanded to develop applications based on these materials
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[4]. As a result of welding defects, such as the formation of
oxide films, cracks and porosities, magnesium alloys are
usually not well bonded by traditional fusion-based methods
[5,6]. As a solid-state welding process, friction stir spot weld-
ing (FSSW) of magnesium alloys is effective to suppress such
defects thus attracting great interest [7]. However, owing to
the insertion of the pin, several problems, involving the for-
mation of a keyhole, thickness reduction and bulge on the
surface of the joints, will occur [8,9]. To eliminate the keyhole,
Xu et al. [10] employed the refill friction stir spot welding
(RFSSW) process to fabricate high-strength spot joints, how-
ever, internal void defects always form on the bottom edge of
the stir zone. Lyu et al. [11] and Cox et al. [12] found that when
a double-sided FSSW technique was applied and pinless tools
were used on both sides, no keyhole would appear after
welding. Currently, a flat friction stir spot welding setup using
double-sided adjustable tools (Flat DSAT FSSW) was proposed
[13—15], which is promising to obtain joints with good me-
chanical properties and sound surface appearance without
keyhole and void defects.

In the conventional FSSW process, multiple phenomena
occur, which include significant plastic deformation, high
viscosity flow, and solid state bonding [16]. With the use of
different base materials, welding parameters and tool geom-
etries, the thermal process and material flow become complex
and greatly depend on the combination of all those features
[17]. In terms of the independent rotation and movement of
the double-sided adjustable tools in Flat DSAT FSSW, the
process becomes more complicated and so it is more complex
to understand the underlying physical mechanisms occurring
within the processed material. As mentioned by Wang et al.
[18], the complex material behavior will affect the heat
transfer and material flow, and this will dictate the micro-
structure evolution and resulting mechanical properties. As
such, there is an urgent need for a basic understanding of the
physical interactions that occur during this manufacturing
process. Physics-based numerical models validated by ex-
periments can aid in understanding the heat generation,
temperature distribution and material flow during FSSW-
based process.

Significant progress has been obtained in the qualitative
understanding of traditional FSSW processes based on nu-
merical methods. Mandal et al. [19] developed a 3-
dimensional finite element model (FEM) with the commer-
cial software ABAQUS to understand the thermal mechanics
and tool wear during the plunging stage of the FSSW process.
Garcia-Castillo et al. [20] further evaluated the stress and
strain distribution under different parameters of the FSSW
process through a finite element analysis (FEA). For a
comprehensive analysis of the full RFSSW process, Xiong
et al. [21] developed a coupled Eulerian—Lagrangian (CEL)
model to predict the plastic material refilling procedure and
reveal the mechanism of void formation. To date, the Flat
DSAT FSSW has not been numerical studied in detail.
Recently, Wang et al. [22] carried out Flat DSAT FSSW ex-
periments to obtain dissimilar joints between AZ31 and ZK60
magnesium alloys. Although the authors have analyzed the
welding interface and resulting mechanical properties, the
interface evolution is not clear, and the existing numerical
models can not properly reveal the physical mechanism in

Flat DSAT FSSW process, such as the keyhole elimination,
dissimilar material plastic flow and distribution. Computa-
tional fluid dynamics (CFD) modelling coupled with thermo-
hydrodynamic analysis using commercial software FLUENT
has been shown to be helpful in predicting the temperature
history, material flow and distribution during dissimilar
friction stir welding [23,24]. Here, the multiphase flow theory
and Volume of Fluid (VOF) methods are introduced to
represent the stirring, mixing and distribution of the mate-
rials during welding since the two metals are treated as
different phases with high viscosities.

In this paper, a three-dimensional CFD model is proposed
to study the thermal process, dissimilar material flow and
interface evolution in Flat DSAT FSSW process of AZ31 and
ZK60 magnesium alloys. The rotations of the double-sided
shoulders and tool pins are taken into account to predict the
heat generation. The welding interface between AZ31 and
ZK60 magnesium plates is tracked by using VOF method with
FLUENT software. The calculated predictions are then
compared with experimental data. These results lay the
foundations for establishing and optimizing the system of Flat
DSAT FSSW process for actual applications.

2. Experimental procedure

The Flat DSAT FSSW system used in this work is sche-
matically depicted in Fig. 1a. For the welding experiments,
AZ31 and ZK60 magnesium alloy plates with dimensions of
150 mm x 50 mm x 2 mm were used. The chemical compo-
sition of the materials is presented in Table 1. Double-sided
tools, comprised of shoulders and pins with radius of 12 and
6 mm, respectively, have flat surfaces to pursue a sound
appearance of joints.

In the present research, the optimized process parameters
as obtained in the work of Wang et al. [18,22] were adopted
since these resulted in joints with sound appearance,
strengthened welding interface and excellent mechanical
properties. As Fig. 1b depicted, the Flat DSAT FSSW process is
mainly composed of 5 stages, i.e., the pre-heating, plunging,
welding, rising and post-heating stages. The tool rotates at a
constant a rotational speed, 150 rpm, throughout the 5 stages,
with the upper shoulder and pin rotating clockwise and the
lower ones rotating counterclockwise. The process is initiated
with the pre-heating stage, during which the tool contacts
with the workpiece and keeps rotating for 2 s to soften the
material near the tool. Then a plunging process is performed,
in which the lower and upper pins move downward at a speed
of 1.5 mm/s until a keyhole with a depth of 2.5 mm is formed.
Next is the welding stage during which the plunged tool
continues to rotate for 2 s. By keeping the keyhole depth equal
to 2.5 mm, which is slightly higher than the plate thickness,
the plunged and rotated pin will enlarge the bonded region to
obtain sound joints [18]. Following is the rising stage. Different
from the plunging stage, during the rising stage the upper pin
moves upward by 2.5 mm firstly, and then the lower pin rises
until the keyhole is fully eliminated. Therefore, the time of the
plunging stage, At (1.67 ms), is half of the time of the rising
stage. Finally, the tool will remain rotating for 2 s for post-
heating.
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Fig. 1 — (a) Diagram of the Flat DSAT FSSW system,; (b) Schematic sketch of the welding process.

3. Mathematical model

In this work, a three-dimensional mathematical model is
developed to calculate the thermal process, material flow and
mixing during the FSSW process by using commercial CFD
software FLUENT. Several assumptions, commonly used in
modelling for this type of work, were made as detailed next:

1) The metal is taken as an incompressible fluid with non-
Newtonian viscosity [25].

2) The plastic material flow is laminar [25].

3) The gap between the AZ31 and ZK60 plates is ignored [24].

4) The interfacial tension between the dissimilar alloys is
neglected since its effect is inapparent compared with that
of the flow stress of materials with high viscosity during
friction stir welding [24].

3.1. Governing equations

The governing equations of mass, momentum, and energy
can be described as previously detained by Sun et al. [26]:

—

&Jrv-(pu):o (1)
a? — — — —T
S VU | =—-VP+V[u(VU +Vy ) @
oT -

pc (E‘FV( T)) =V - (KVT)+S, (3)
Table 1 — Chemical composition of AZ31 and ZK60
magnesium alloys (wt.%) [22].

Zn Al Si Mg Zr Mg

AZ31 0.79 2.83 0.026 0.35 - Balance
ZK60 5.23 = 0.002 0.003 0.465 Balance

where p [kg/m?], k [W/(m-K)], c [J/(kg-°C)] are the density,
thermal conductivity and specific heat of material, respec-
tively; u is the temperature and strain rate dependent viscosity
[Pa-s]; U is the velocity vector of the plastic material flow [m/s];
P represents the pressure [Pa]; T is the local temperature of the
workpiece [K]; S, is the energy source term [N/m?].

To better understand the dissimilar materials mixing
mechanism, different alloys are usually treated as different
phases in the CFD model [24]. Thus, two metal phases,
including AZ31 and ZK60 alloys were considered and the VOF
technique was applied to predict the flow of the dissimilar
pair. The equation of VOF is given as [27,28]:
oF

E-FV'(?F):O (@)

where F means the phase volume fraction of the cell.

3.2 Material properties

The densities of the AZ31 and ZK60 magnesium alloys are
taken as constant, and these were 1860 kg/m>[29] and 1865 kg/
m? [30], respectively. The thermal conductivity and the specific

heat are temperature dependent, which can be calculated as

e For the AZ31 alloy [29].

kazz = — 300.35 +2.2711T — 4.3 x 1073T? -3 x 107°T° (5)

Cazzr = — 17221+ 16.1T -3 x 1072T? + 2 x 107°T? (6)

e For the ZK60 alloy [31].

kzkeo = — 379.8 +3.384T — 7.219 x 10°T? + 5.087 x 10°°T*  (7)

Czkeo = — 3971.0 + 35.52T — 8.071 x 107°T* + 6.075 x 107°T*  (8)
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It is well known that solid materials can be considered as
fluids with extremely high viscosity in CFD modeling of fric-
tion stir welding process [24]. In this work, solid metals are
also considered as fluids with high viscosity. Since the mate-
rials are treated as non-Newtonian fluids, the viscosity is
strain rate dependent and can be written following the work
of Colegrove et al. [32]:

ag
= 3% ©)
where ¢ is the strain rate [/s]; ¢ is the flow stress [MPa], which
is determined by temperature and strain rate of the material
and is given as [33,34]:

1 . 1 . 2
U:&ln {%exp(%)} + {%exp(%)} +1

where R is the gas constant; « [/MPa], A [/s], and n are material
constants and Q [kJ/mol] is the activation energy for the plastic
deformation, with these values detailed in Table 2.

Fig. 2 depicts that the viscosities of AZ31 and ZK60 alloys
varies with temperature and strain rate. Prior to welding,
namely when the temperature and strain rate are respectively
around 300 K and 0/s, the materials possess extremely high
viscosities, i.e., higher than 1.5 x 10® Pa-s. In addition, as the
temperature and strain rate increase, the viscosities obviously
decrease (see Fig. 2).

1
2

(10)

3.3. Geometric model and boundary conditions
The boundary condition for heat exchange, including con-
vection and radiation at the workpiece surfaces away from the

shoulders of the tools, can be expressed by [37]:

—k:—I:hC(T—To)+ose(T4—T‘é) (11)
n

Table 2 — Material constants for the AZ31 [35] and ZK60
[36] magnesium alloys.

Alloy o (/MPa) A (/s) n Q (kJ/mol)
AZ31 0.0113 9.8194 x 10t 6.178 158.732
ZK60 0.0098 5.3083 x 10*2 6.666 158.919
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where 7 is the vector normal to the surface [m]; h is the heat
convection coefficient [W/(m?k)]; o5 is Stefan—Boltzmann
constant; and e is the radiation emissivity.

The slip rate (3), which is introduced to define the contact
state between the tool and workpiece, can be given [38]:

wr
6=1- exp( - 5owol’s> (12)
where 6, is a constant taken as 0.4; wp [rad/s] is the tool
rotational speed, while w is the typical value of wp; r [m] is the
distance of the local position from the tool axis; and rs [m]
represents the radius of the shoulder.

Currently, the model of the temperature-dependent friction
factor was proposed to predict the temperature history during
friction stir welding [39,40], however, it ignored the tool/work-
piece interfacial slip, which does not match with what occurs
during the welding process. In this study, the friction coeffi-
cient that considers the slip rate is given accordng to the work
of Shi et al. [41]:

s = 0.5 exp(—2Aowr) (13)

The heat flux during the FSSW process is mainly generated
due to the friction and plastic deformation at the contact in-
terfaces between the tool and workpiece. The heat generation
at the upper/bottom surfaces of the shoulder and pins in
contact with the workpiece can be calculated [42]:

0 :}w]i - [(1 —o)nr+ (mfPN] wr (14)
r= % (15)

J=+kpc (16)

where ], and Jr separately represent the thermal emissivity of
the workpiece and tool, which can be calculated by Eq. (16); nis
the mechanical efficiency; Py is the plunge pressure, which
takes 30 MPa here; 7y is the yield stress [MPa], which is tem-
perature dependent as Table 3 shows.

Furthermore, the heat generation at the sides of the pins is
given as [42].

Jw

ps =TT [(1 —o)nT+ 6,uf7y] wr (17)
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Fig. 2 — Viscosity variation with temperature and strain rate for: (a) AZ31 magnesium alloy, (b) ZK60 magnesium alloy.
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Fig. 3 — Calculation domains: (a) Geometric model; (b) Initial phase distribution.

3.4. Numerical solution method

As shown in Fig. 3, a calculated domain with dimensions of 50
mm x 50 mm x 4 mm was used and the thicknesses of the
AZ31 and ZK60 plates are 2 mm. Prior to the simulation, the
initial temperature and velocity are separately set as 300K and
0 m/s according to the actual conditions experienced by the
materials to be processed. The governing equations and
equations for the heat flux and material flow are thermo-
mechanically coupled and solved to calculate the multi-
physics by using the SIMPLE algorithm. The numerical simu-
lation is conducted in a transient procedure with an adaptive
time step varied from 1 x 1072 to 1 x 107 s. For better
convergence during the simulation of the plunging and rising
stages, the time step is further limited to less than 1 x 10 ®s.
In addition, the dynamic mesh method [45], is used to imitate
the movement of the pins during the plunging and rising
stages.

4, Model validation

As Fig. 4 depicts, the experimental results [22], including the
cross-section image and element distribution, were chosen to
validate the numerical model for the Flat DSAT FSSW process.
The calculated thermo-mechanically affected zone (TMAZ) is
always represented by the region where the velocity of plastic

Table 3 — Temperature-dependent yield stress of the
AZ31 [43] and ZK60 [44] magnesium alloys.
Yield stress (MPa) Temperature (K)

300 373 473 523 573

AZ31 190 137 / 57 /
ZK60 118 / 77 43 22

material is non-zero [46,47]. Thus, the iso-viscosity value of
4 x 10° Pa-s, above which no significant plastic material flow
occurs (Fig. 5a), can be treated as the predicted TMAZ
boundary. Fig. 5a show that the measured and predicted
TMAZ boundaries correspond well, suggesting that the pro-
posed model is reliable in simulating the welding process.
Since the two substrates have obvious compositional differ-
ences as shown in Table 1, electron probe microanalysis
(EPMA) analysis of the Zn and Al elemental distribution was
performed to further study the material mixing and weld
interface characteristics of the joint as depicted in Fig. 4b and
c. It can be seen that at the welded interface between the
upper and lower pin/shoulder sides, there is an obvious dilu-
tion of Zn and Al, suggesting that elemental mixing occurs.
Moreover, elemental exchange is also observed. In particular,
Al, which is only present in the AZ31 plate (refer to Table 1), is
transported to the ZK60 side during welding. Fig. 5b and 5c
shows the calculated Zn and Al element distribution on the
cross-section after welding. The elemental mixing and ex-
change phenomena are presented with a good correspon-
dence with the experimental results detailed in Fig. 4b and c.
These results suggest that due to the use of the adjustable
pins, the two plates are strongly mixed around the joint
interface through a strong material flow.

5. Results and discussion
5.1.  Transient temperature field

Fig. 6 depicts the simulated transient temperature field of the
Flat DSAT FSSW process in the longitudinal cross-section. The
temperature on the cross-section (y = 0 mm), extracted from
the centrosymmetric computational domain, is used to
demonstrate the thermal evolution. During the pre-heating
stage (0—2 s), the temperature in the region near the upper
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Fig. 4 — Experimental results: (a) cross-section image, (b) and (c) Zn and Al element distribution determined via EPMA
measurements (reproduced from ref. [22], with permission from Elsevier).

and lower sided shoulders increases and a peak value of 540 K
at 2 s is obtained. After, the upper sided pin plunges down-
ward and a keyhole with a depth of 2.5 mm forms at 2 + Ats as
detailed in Fig. 6c, in which At is the plunging time as previ-
ously mentioned. Owing to the previous pre-heating process,
the temperature increased and the materials softened, a bulge
region occurs after the plunging stage in the Flat DSAT FSSW
process as observed by Wang et al. [22]. During the welding
stage (2+At-4+At s), the temperature keeps rising and it rea-
ches to its highest (670 K) at 4 + At s, which is 76.31% of the
material melting point, 878 K [29]. After 2At s, which corre-
sponds to the rising time, the lower sided pin rises upward
and the keyhole is fully eliminated as Fig. 6e shows. During
4+3At-6+3At s (post-heating stage), the whole region between
the pins and partial regions near the shoulders are heated to
the maximum temperature, suggesting that the plates are
well joined.

Fig. 7 further demonstrates the 3D view of the temperature
field in the pre-heating stage (2 s) and welding stage (4 + At s).
It can be found that the peak temperature occurs on the pin-
workpiece interface during the pre-heating stage, while it
changes to the bulge region during the welding stage. Fig. 8 is
the schematic diagram of Fig. 7 on the cross-section
(y = 0 mm), in which the regions reach the peak tempera-
tures, which are respectively 540 K and 670 K at the pre-
heating stage and the welding stage. The regions away from
the tools, which experience relatively lower temperature than
the regions between the tools, are defined as low temperature
regions, and the remaining regions are the high temperature
regions. For this purpose, isotherms of 469 K and 561 K, which

are separately the temperatures of the shoulder edges in
Fig. 7a and b, are treated as the boundaries between the low
and high temperature regions. In Fig. 8, the heat transfer
through conduction, convection and radiation between the
pre-heating and the welding stages are compared. The heat
generates due to the friction and plastic deformation at the
tool/workpiece interfaces and is then conducted perpendic-
ular to the interfaces. Since the heat generation is higher than
the radiant emission as Eq. 14—17 suggest, the high and peak
temperature regions are always between the upper and lower
tools. As Fig. 7a and Fig. 8a show, the peak temperature (540 K)
occurs on the pin-workpiece interface at 2 s, which is away
from the pin center and avoids the lower temperature region.
During the welding stage, as depicted in Fig. 7a and Fig. 8a, the
heat conduction conditions in the bulge region during the
welding stage becomes more complex compared to the pre-
heating stage, namely the location is heated by the lower
pin surface and shoulder side and away from the pin center
and lower temperature region, resulting in a peak tempera-
ture there.

5.2. Material flow field

Fig. 9 shows the calculated velocity field of the plastic material
flow velocity at the longitudinal cross-section in the Flat DSAT
FSSW process. During the pre-heating stage, the plastic ma-
terial rotates around the pins and shoulder as depicted in
Fig. 9b. The peak velocity of material flow is about 16.10 mm/s,
which occurs near the edge of the shoulders. Because of the
small rotation speed of the pin center, there is less material
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Fig. 5 — Calculated results on the cross-section (y = 0 mm) at the end of Flat DSAT FSSW process (6+3At s): (a) viscosity and
velocity, (b) and (c) Zn and Al distribution. (At is the plunging time.)

flow in the area between the upper and lower pin centers. In
the plunging stage, affected by the downward movement of
the pins, the region between the pins experiences a vertical
velocity of 1500 mm/s, which equals to the plunging speed.
During the plunging process, the side of the upper pin con-
tacts the workpiece that generates sufficient heat and leads to
softening the material. Thus, the upper pin rotates and drives
the material near the pin side to move, resulting in a larger
flow area near the upper tool as shown in Fig. 9c. In the
welding stage, the pins stop the vertical movement and the
peak velocity of the material returns to 16.10 mm/s, occurring
near the shoulder edges. The contour of the velocity field near
the upper tool is similar to that of the conventional single-
sided friction stir welding case [42], while it changes near

the lower tool due to the position deviation of upper and lower
pins. As Fig. 9d depicts, driven by the side of the lower
shoulder, a relatively lager region of the plastic material flow
near the lower pin appears compared to the region near the
upper pin. During the rising stage, similar to the plunging
stage, the rising region between the pins moves upward with a
speed of 1500 mm/s. In the post-heating process, as shown in
Fig. 9f, since the keyhole is fully eliminated, the material flow
behavior is nearly the same as that in the pre-heating stage
(refer to Fig. 9b).

Fig. 10 depicts the evolution of the welding interface of the
AZ31 and ZK60 plates during the Flat DSAT FSSW process. As
shown in Fig. 10a and b, there is no significant change of the
welding interface during the pre-heating process since there is
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little plastic material flow near the interface as Fig. 10b sug-
gests. As detailed in Fig. 10c, due to the plunging of the pins, a
bowl-shaped depression occurs at the interface between the
upper and lower pins that corresponds well to the results of
Wang et al. [18,22]. During the welding stage, as mentioned
previously, the regions near the lower pin and the side of the
lower shoulder experience relatively extensive plastic mate-
rial flow, resulting in an uneven interface and small de-
pressions, as detailed in Fig. 10d. After the rising of the pins
(Fig. 10e), the bowl-shaped depression at the interface is
eliminated. During the post-heating process, the interface

Unit: mm

between the pins slightly fluctuates and phase mixing phe-
nomenon occurs due to the rotation of the pins and shoulders.

Fig. 11 depicts the calculated 3D view of the material flow
and distribution at the welding stage (4 + At s). The plastic
material flow mainly occurs between the upper and lower
tools, and the flow tendency on the tool/workpiece interface is
consistent with the rotation direction of the nearby tool.
Fig. 12 shows the material flow direction and phase distribu-
tion at different horizontal slices of the region between the
tools. Analyzing Fig. 12a and b, which respectively correspond
to the sections at half the thickness of AZ31 plate (z = —1 mm)

Fig. 11 — 3D view of the calculated material mixing and distribution in the model at the welding stage (4 + At s). (The small
arrows presents the material flow direction, while the color of those arrows detail the local volume fraction of ZK60 phase.).
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Fig. 12 — 3D view of the calculated material mixing and distribution on different horizontal sections at the welding stage
(4 + At s). (The small black arrow presents the local material flow direction, while the white curved arrow means the flow

tendency.)

and the initial boundary of AZ31/ZK60 plates (z = —2 mm), the
plastic material flows clockwise which is the same as the
rotation direction of the upper tool. On the upper pin/work-
piece interface (z = —2.5 mm, Fig. 12c) and the section of half
the thickness of AZ31 plate (z = —3 mm, Fig. 12d), the plastic
material away from the upper pin flows counterclockwise
consistent with the rotation direction of the lower tool, while
the material near the upper pin flows clockwise driven by the
upper tool. On sections z = —4.5 mm (Fig. 12e) and z = —5 mm
(Fig. 12f) in the bulge region, the plastic material has a ten-
dency to flow counterclockwise and phase mixing occurs
owning to the extensive plastic material flow as Fig. 9d
suggests.

6. Conclusions

A coupled thermo-hydrodynamic transient model is devel-
oped to understand the thermal process, plastic material flow
behavior and welding interface evolution during Flat DSAT
FSSW of AZ31 and ZK60 magnesium alloys. The model is
considered to be reliable validated by
experimentally-obtained data. The major conclusions are
summarized as follows:

and was

1) Owing to the previous pre-heating process, the material
between the tools is softened. After the plunging process, a
keyhole forms below the upper pin while a bulge region
forms in the bottom of the plates. Subsequently, the lower-
sided pin rises upward and the keyhole is fully eliminated.

2) During the welding stage, the heat conduction conditions
in the bulge region becomes more complex compared with
that of the pre-heating stage, resulting in a peak temper-
ature there.

Due to the plunging of the pins, the welding interface be-
tween the upper and lower pins is bowl-shaped. During the
welding stage, it grows uneven because of the extensive
plastic material flow. After the post-heating process, the
interface slightly fluctuates and phase mixing phenome-
non occurs driven by the rotated tools.

By using the adjustable double-sided pins, after welding
the whole region between the tools are heated to a
maximum temperature of 670 K. In addition, the two plates
are strongly mixed around the welding interface through a
strong material flow, suggesting that the plates are well
joined.
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