E coatings

Article

Thermal Cycling, Microstructure, and Mechanical Properties of
Al-Mg-Si-Cu Alloy Bobbin Tool Friction Stir Welded Joints
Based on Thermal Index

Yi Li *, Zhigang Zhou, Li Yin *, Dingyao Fu, Haiyi Jiang, Yunxin Yang, Jie Lu and Fuming Jin

check for
updates

Citation: Li, Y.; Zhou, Z.; Yin, L.; Fu,
D, Jiang, H.; Yang, Y,; Lu, J; Jin, E.
Thermal Cycling, Microstructure, and
Mechanical Properties of
Al-Mg-Si-Cu Alloy Bobbin Tool
Friction Stir Welded Joints Based on
Thermal Index. Coatings 2023, 13,
1607. https://doi.org/10.3390/
coatings13091607

Academic Editors: Ramachandran
Chidambaram Seshadri and

A K. Lakshminarayanan

Received: 12 August 2023
Revised: 7 September 2023
Accepted: 12 September 2023
Published: 14 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Mechanical Engineering and Mechanics, Xiangtan University, Xiangtan 411105, China;
202121541981@smail.xtu.edu.cn (Z.Z.); 202021002250@smail.xtu.edu.cn (D.E); qq2367146052@163.com (H.].);
202221542197@smail.xtu.edu.cn (Y.Y.); 202221542069@smail. xtu.edu.cn (J.L.); jinfuming0823@163.com (E]J.)

* Correspondence: liyi@xtu.edu.cn (Y.L.); yinli@xtu.edu.cn (L.Y.)

Abstract: The two main process parameters of Bobbin tool friction stir welding (BT-FSW) are w
(rotational speed) and v (traverse speed). Both of these factors have a significant effect on heat input,
microstructure, and mechanical properties. At present, most studies on friction stir welding adopt the
control variable method to study the thermal cycling during the welding process and the mechanical
properties of joints, and there are few studies on changing the two process parameters at the same
time, because it can be difficult to assess the correlation between heat input and mechanical properties
when changing both factors at the same time. In this study, the w/v ratio is defined as the thermal
index, which is a characteristic value of heat input. The study uses ABAQUS 6.5 software to establish
a BT-FSW CEL (coupled Eulerian-Lagrangian) thermal coupling model. This model explores the
relationship between joint thermal cycles, microstructure, and mechanical properties for different
w and v values with the same w/v ratio. The results show that increasing rotational and traverse
speeds under the same w/v ratio leads to an increase in the peak temperature of the nugget zone (NZ).
However, the peak temperature of the thermo-mechanically affected zone (TMAZ) and heat-affected
zone (HAZ) remained almost constant. Joint strength was highest at a rotational speed of 750 r/min
and a traverse speed of 650 mm/min, with a yield strength of 227 MPa. As rotational and traverse
speeds increased, the recrystallized grain content of the NZ showed an increasing trend followed
by a decreasing trend. The recrystallized grain content of the advancing side thermo-mechanically
affected zone (AS-TMAZ) and retreating side thermo-mechanically affected zone (RS-TMAZ) showed
a decreasing trend. Joint hardness had a “W” shaped distribution, with the highest average hardness
value found in the NZ.

Keywords: BT-FSW; thermal cycle; microstructure; mechanical properties

1. Introduction

With the advantages of light weight, good electrical and thermal conductivity, high
strength, corrosion resistance and easy processing, aluminum alloys are now widely used
in automotive, aerospace and other fields [1-5]. In the application process, the joining
method and process parameters are crucial [6]. High-temperature fusion welding can
cause defects such as porosity and cracks in the welded joint, which greatly reduces the
mechanical properties of the joint [7,8]. BT-FSW is a solid-phase welding method that can
effectively avoid the generation of defects such as porosity and cracks. In addition, BT-FSW
can also solve problems such as insufficient root welds, ensuring the joint’s quality.

Welding quality and welding efficiency are the key issues that must be considered in
the application of friction stir welding. The main process parameters for FSW are traverse
speed and rotational speed. Ahmed, M.M.Z et al. [9] studied the BT-FSW of a 10 mm thick
1050-H14 aluminum alloy and the effect of various stirring needle shapes and traverse
speeds on thermal cycling and weld joint mechanical properties at a constant speed of

Coatings 2023, 13, 1607. https:/ /doi.org/10.3390/ coatings13091607

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings13091607
https://doi.org/10.3390/coatings13091607
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://doi.org/10.3390/coatings13091607
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13091607?type=check_update&version=1

Coatings 2023, 13, 1607

20f15

600 r/min, with a range of traverse speeds from 200-1000 mm /min; their results show that
in the case of using Sq stirring needle, the highest shear strength of the joint obtained at
a travel speed of 200 mm /min. Kishan Fuse et al. [10] investigated the effect of different
shoulder diameters on a 6 mm thick AA6061-T6 aluminum alloy at traverse speeds of
380 r/min and 31.5 mm /min. The results showed that the size of the defects decreased with
increasing traverse speed and good joints were obtained at higher traverse speeds. Jiaxin
Chen et al. [11] successfully fabricated 2195-T8 Al-Li alloy FSW joints with different traverse
speeds (100-600 mm/min) and constant rotational speed; their results showed that the
original T1 precipitates disappeared in the nugget zone (NZ), generating many dislocations.
With traverse speeds increasing, joints obtained at lower traverse speeds developed coarser
T1 precipitates in the heat-affected zone. Majid Farhang et al. [12] investigated the effect of
rotational speed and traverse speed of FSW on residual stresses in aluminum 2024-T6 FSW
welds. The results showed that the strain rate has the greatest effect on residual stresses at
low rotational speeds; H.J. Liu et al. [13] studied the effect of different shoulder diameters
on a 6 mm thick AA6061-T6 aluminum alloy at a constant cooling at 600 r/min speed
and the effect of different traverse speeds on the joint properties of 4 mm thick 6061-T6
aluminum alloy; their results showed that when the traverse speed reached 200 mm /min,
the tensile strength of the joint reached 69% of that of the base material. Zhang, W. et al. [14]
carried out a study on 2198 Al-Cu-Li alloy at a constant rotational speed of 950 r/min
and a traverse speed of 90-180 mm/min parameters. Their results showed that when the
traverse speed was 150 mm/min, the degree of dynamic recrystallization was high, the
isometric crystals were fine, a large number of particles of fine recrystallized phases (B’
phase) were diffusely distributed in the NZ zone, and the tensile strength, yield strength,
and elongation were 406 MPa, 289 MPa, and 7.2%, respectively.

However, these studies were carried out at low traverse speeds and rotational speeds,
where one of the variables was fixed, and very little research has been carried out on the
mechanisms by which the different process parameters affect the temperature distribution
and microstructure as well as the mechanical properties of the joint.

For stir friction welding, both rotational speed and traverse speed have a significant
effect on heat input, microstructure and mechanical properties [15]. However, it is difficult
to quantitatively assess the parametric correlation between heat input and mechanical prop-
erties when rotational speed and traverse speed are varied simultaneously [16]. Arbegast
and Hartley et al. [15] proposed the use of w?/v to describe the parametric correlation
of heat input during stir friction welding. Ren et al. [17] conducted FSW experiments
on a 6 mm thick 6061A1-T651 plate and found that neither the thermal index w?/v nor
w/v could be used as a parameter to assess the heat input in FSW. Rajendran C. et al. [18]
studied the effect of different w/v on the mechanical properties of AA2014-T6 aluminum
alloy joints, and better-performing joints were obtained when the ratio was 0.33. M. Abbasi
Gharacheh et al. [19] studied the effect of different w/v on the mechanical properties of
AZ31 magnesium alloy joints, and the results showed that the joint strength decreased
slightly with increasing w/v. Jamshidi Aval, H. [20] investigated the thermo-mechanical
issues associated with the dissimilar friction stir welding process of AA6061 and AA5086
aluminum alloys through smoothed-particle hydrodynamics (SPH) simulation and ex-
perimental investigations. The results demonstrate that the presented model accurately
predicts the thermal history during the friction stir welding process. Furthermore, both
simulation and experimental data indicate that when the AA6061 alloy is located on the
advancing side, the temperature profile is drawn towards the AA6061 alloy.

Therefore, in this paper, a thermomechanically coupled CEL model was developed
using ABAQUS software to study the joint temperature distribution pattern when the
rotational speed and traverse speed were varied simultaneously at a constant w /v ratio.
Subsequently, the BI-FSW of the Al-Mg-Si-Cu alloy with a thickness of 5 mm was carried
out to study the effect of temperature distribution, microstructure and mechanical proper-
ties of the joint when the rotational speed and traverse speed were varied simultaneously.
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2. Materials and Methods
2.1. Finite Element Simulation Model

The CEL method is used to establish a BT-FSW thermo-mechanical coupling model.
This method can express the movement of the material in the mesh and can impose precise
boundary conditions [21], because in the welding process, the material will undergo a lot
of plastic deformation. The use of this method can effectively solve the problem of mesh
distortion. In order to improve the computational accuracy and efficiency, a C3D8RT cell
grid was used, refining the weld area and coarsening away from the weld area, with the
model and mesh subdivision scheme shown in Figure 1. Thermo-physical and mechanical
properties of the parent materials versus temperature are shown in Tables 1 and 2. The
model contains a total of 1,351,093 hexahedral elements and 1,610,810 nodes.

Figure 1. Finite element model. (a) Geometric model. (b) Grid Segmentation.

Table 1. Al-Mg-Si-Cu alloy material properties.

. .. Specific Heat .
o 3 . .oMm-—1 cc—1
Temperature/°C Density/kg/m Conductivity/W- (m-°C) Capacity/]-(kg-°C)~1 Thermal Expansion/°C

25 2640 118 924 -

50 2630 125 944 -

100 2610 132 954 2,65 x 107°

150 2600 139 984 -

200 2600 149 1004 2.75 x 1072

250 2640 153 1014 -

300 2590 153 1024 2.88 x 107°

350 2590 160 1074 -

400 -~ 160 - 299 x 107°

527 - 188 - 3.35 % 107°

600 - - - -

Table 2. Al-Mg-Si-Cu alloy J-C model.
Jorhson Cook A B n m Melting Point Transition Temp
Model 281 244 0.42 1.34 586 25

In this model, the penalty function method is used to define the contact face-to-face,
and a total of six contact pairs are set between the stirring pin and the side of the plate, the
upper and lower shoulders, and the top and bottom of the plate, respectively. Considering
the constraint effect of the fixture in the actual welding process, the direction constraint is
set on the direction of X, y and z of the plate. Due to the contact between the upper surface of
the plate and the fixture, the convective heat transfer coefficient is set to 2000 W/m? K, and
the other region’s convective heat transfer coefficient is set to 20 W/ m?2.K [22]. The selection
of nodes during simulation and the schematic view of the thermocouple’s positions are
shown in Figure 2.
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Figure 2. (a) Selection of nodes. (b) Schematic view of the thermocouple’s positions.

2.2. Experimental Procedures

The material used in this paper is a 200 x 80 x 5 mm Al-Mg-Si-Cu alloy plate. The
base material composition and properties are shown in Tables 3 and 4. The welding was
completed by taking side access to the plate, and the weld was fixed in place by means
of a mechanical fixture, with the welding direction perpendicular to the rolling direction.
The experimental equipment and platform are shown in Figure 3. The welding process
parameters developed are shown in Table 5. Chaolei Liu et al. [23] conducted several
BT-FSW tests of 6061-T6 at a rotation speed of 400 rpm and traverse speed of 350 mm/min
process parameters, allowing them to obtain better performance joints. The ratio of the
two was approximately 1.14, so in this paper, the w /v ratio is assumed to be approximately
1.14, where the amount of downward pressure and tilt angle are 0.1 mm and 0°, respectively.
Considering the vibration during the actual welding process, a K-type thermocouple was
inserted at a distance from the center of the weld seam for experimental verification.
After the end of welding using wire cutting perpendicular to the welding direction to
intercept the metallographic specimen, by sandpaper rough grinding, fine grinding, and
polishing machine polishing, Keller reagent was used for corrosion of metallographic
specimens, with a corrosion time of about 4 min. The microstructure was observed and
analyzed using a Zeikang CK-500 optical microscope. The electron backscatter diffraction
(EBSD) technique was used to characterize the microstructure of the welds in a day-stand
emission scanning electron microscope. Electrolytic polishing was carried out using a
solution consisting of 10% HClOy4 + 90% C,HsOH at 20 V with a current not exceeding
2 A. The scanning step was 1 um, where grain boundaries with an orientation angle of
2-15° were classified as low-angle grain boundaries (LAGBS) and those larger than 15°
as high-angle grain boundaries (HAGBS). The average grain size and grain boundary
fraction were calculated by the OIM 7.0 software. Microhardness was measured along
the centreline in the thickness direction of the weld cross-section with a load and dwell
time of 200 g and 10 s. Specimens for tensile testing were prepared in accordance with
GB/T 228-2002 and their geometry, position, and dimensions are shown in Figure 4. The
tensile strength of the welded specimens was assessed on the WANCE tensile machine at a
loading rate of 2 mm/min at room temperature, and three specimens were tested in each
welding condition.

Table 3. Chemical composition of Al-Mg-Si-Cu alloy (wt%).

Al

Mg

Si Fe In Cu Mn Cr

al

1.07

0.58 0.32 0.05 0.24 0.1 1.82
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Table 4. Mechanical properties of Al-Mg-Si-Cu alloy (measured).

Tensile Strength/MPa Yield Strength/MPa Elongation Rate/%
281 244 11.84

Wachine able
4  |

L W

Presure bar

Figure 3. Schematic diagram of experimental equipment and platform: (a) FSW equipment; (b) ex-
perimental platform; (c) welded panel; (d) welding and clamping; (e) mixing head.

Table 5. Experimental parameters for BT-FSW Al-Mg-Si-Cu alloy plate.

NO. Rotational Speed/(r-min—1) Traverse Speed/(mm-min—1) wlv
1 375 330 1.14
2 475 415 1.14
3 600 525 1.14
4 750 660 1.14
5 950 830 1.14
6 1180 1035 1.14

Unit:mm
I :Tensile test sample
11:EBSD test sample

lll:Hardness test sample

Figure 4. Schematic diagram of tensile specimen and metallographic specimen.
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3. Results
3.1. Thermal Cycles

During the BT-FSW process, the welded plate undergoes severe plastic deformation
as well as rapid heating and cooling processes. Therefore, the temperature distribution
has an important influence on the microstructure and mechanical properties of the joint.
Figure 5 shows a cloud plot of the thermal cycles during the stabilization phase with
different parameters. The heat source is elliptical in shape and the peak temperature at
the center of the weld shows an increasing trend with the increase in traverse speed and
rotational speed. Arturo Abundez et al. [24] concluded from aging tests on 6061-T6 that
the strengthening phase precipitation is better in the temperature range of 150200 °C. In
this paper, we set 180 °C as the threshold temperature and compare the action time above
180 °C at different parameters. The center of the weld and locations 10 mm and 15 mm
away from the advancing side (AS) and retreating side (RS) were selected as sampling
points for the joint temperature under different parameters. The thermal cycling curves are
shown in Figure 6, and the peak temperatures all appear in the NZ, with the temperature
on the advancing side (AS) slightly higher than that on the retreating side (RS). This result
was in accordance with the study presented by Sharghi et al. [25]. The w /v thermal index
cannot be used as a parameter to evaluate the heat input of FSW, but in BT-FSW, the w /v
thermal index likewise does not reflect the peak temperature during the welding process.
However, the peak temperature in the TMAZ and HAZ regions showed less difference in
peak temperature when the speed and weld speed were varied simultaneously under the
same w/v thermal index. Therefore, the w/v thermal index can be used to evaluate the
heat input in the TMAZ and HAZ region’s BI-FSW. At the same time, with the increase
in the peak temperature of the joint, the action time above 180 °C gradually becomes
shorter. In Figure 7, both the simulation and measurement results are displayed. The
temperature error between the actual and simulated temperature at a position 20 mm
from the weld center is approximately 15%. This indicates that the simulation results are
basically consistent with the actual results.

NT11 NT11 NT11

+4.07%e+02 +4.315e+402 +4.610e+02
+3.760e+02 +3.976e+02 +4.247e402
+3.441e+02 +3.638e+02 +3.884e+02

- +3.122e+02 +3.299e+02 +3.520e+402
+2.803e+02 +2.960e+02 +3,157e+02
+2.4842402 @ 126210402 6 +2.794e402 @
+2.165e+02 +2.283e+02 +2.430e+02
+1.8462+02 +1.944e+02 +2.067e+02
+i§‘2)g:+8% +1.605e+02 +1.703e+02
+1. + ; i s . .
+8.887e+01 ©=375r/min 1537eat0s ©=475r/min 153690108 ©=600r/min
+5.696e+01 ' : +5.88%9e+01 =415 i +6.134e+01 /=525 i
1> S06e401 V=330mm/min 13 Sotero1 V=415mm/min S Socerol V=525mm/min

NT11 NT11 NT11

+4,901e+402 +4.700e+02 +5.040e+02

+4,.513e+02 +4.330e+02 +4.641e+02

+4.126e+02 +3.959%e+02 +4.242e+02

+3.738e+02 +3.588e+02 +3.843e+02

+3.351e+02 +3.217e+02 +3.443e+402

+2.963e+02 +2.846e+402 +3.0442402

+2.575e+02 - +2.475e+02 +2.645e+02

+2.188e+02 +2.104e+02 +2.246e+02

+1.BOOe+8§ +1.733e+02 +1.847e+02

e ©=750r/min e ©=950r/min st ©=1180r/min
+6.376e+01 V=650mm/min +6.209e+01 V=830mm/min +6.492e+01 V=1035mm/min
+2.500e+01 +2.500e+01 +2.500e+01

Figure 5. Cloud map of weld stabilization temperature distribution.
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Figure 6. Joint’s thermal cycling curves.
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Figure 7. Comparing experiment and simulation results of the thermal cycles.
3.2. Macro- and Microstructure

Figure 8 shows the morphology of the welds under different process parameters. It
can be seen that all obtain the increase in rotational speed and traverse speed well, all
without obvious flying edge generation. The gap of the weld pattern gradually becomes
smaller with the increase in rotational speed and traverse speed, part of the weld pattern
paste; this is due to the increase in rotational speed, which leads to increased heat input,
meaning that the material of the contact surface attachment will be softened.
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Figure 8. Surface morphologies of weld under different process parameters. (a) 375 r/min-
330 mm/min front; (b) 375 r/ min-330 mm/min back; (c) 475 r/min-415 mm /min front; (d) 475 r/min—
415 mm/min back; (e) 600 r/min-525 mm/min front; (f) 600 r/min-525 mm /min back; (g) 750 r/ min—
650 mm /min front; (h) 750 r/ min-650 mm /min back; (i) 950 r/min-830 mm/min front; (j) 950 r/min—
830 mm/min back; (k) 1180 r/min-1035 mm/min front; (1) 1180 r/min-1035 mm/min back.

This article selected three different groups of parameters for EBSD test analysis:
375 r/min-330 mm/min, 475 r/min—415 mm/min, and 750 r/ min-650 mm/min. Figure 9
is the microstructure diagram of the weld. The diagram highlights three points (I, II, III)
located at AS-TMAZ, NZ, and RS-TMAZ of the weld, respectively. These three points
also serve as sampling points for the EBSD samples analyzed in this paper. Due to the
EBSD test analysis area being more refined, in order to better compare different rota-
tional speed and traverse speed grain orientation and type, each specimen sampling point
location is maintained as consistent as possible. Figure 10 shows the three groups of
different welding process parameters. The areas represented from left to right are the
AS-TMAZ, NZ, and the RS-TMAZ, respectively. It can be seen that with the increase in
rotational speed and traverse speed, the grain size shows an increasing trend. When the
rotational speed is 750 r/min and the traverse speed is 650 mm /min, the advancing and
retreating sides of the thermo-mechanically affected zone grains appear to have abnormal
growth phenomena.

Figure 9. Schematic diagram of EBSD sampling points: (I) AS-TMAZ;(II) NZ; (IIl) RS-TMAZ.
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Figure 10. Grain orientation and size diagram at different rotational and traverse speeds.

Preliminary analysis suggests that as the speed increases, the heat input to the
weld increases. At the same time, the increase in traverse speed reduces the plastic
fluidity of the weld and the nucleation rate; the combined effect of the two leads to a
trend of increasing grain size. In the role of higher rotation speed and traverse speed,
the weld center temperature may reach the solid solution temperature of aluminum
alloy, so that the Mg,S5i reinforcing term particles dissolved in the «-Al matrix and the
nucleation effect on the grain boundaries is weakened, resulting in abnormal grain
growth in the welding process. According to the research of Rathinasuriyan et al. [26],
excessive welding heat input in friction stir welding leads to turbulent flow in the weld
fusion zone, thus promoting the formation of defects. Figure 11 shows different rotation
speeds and traverse speeds under the influence of grain boundary content. It can be seen
that the low-angle grain boundary content shows an increasing trend, and the advancing
side of the low-angle grain boundary content value is lower than the retreating side of
the low-angle grain boundary content value. When the rotational speed is 750 r/min and
the traverse speed is 650 mm/min, the advancing side of the low-angle grain boundary
content reaches 55.7%, and the retreating side of the low-angle grain boundary content
reaches 75.4%.

Figures 12-14 show the advancing side of the thermo-mechanically affected zone,
the nugget zone, and the retreating side of the thermo-mechanically affected zone in
different types of grain content for different rotation speeds and traverse speeds. In the
advancing side of the thermo-mechanically affected zone, with the increase in rotation
speed and traverse speed, recrystallization grain content shows a decreasing trend, and sub-
crystallization and deformation grain content shows an increasing trend; in the nugget zone,
recrystallization grain content appears to first increase and then decrease. On the contrary,
sub-crystallization and deformation grain content first decreases and then increases; in the
retreating side of the thermo-mechanically affected zone, recrystallization grain content
shows a decreasing trend, and the content of sub-crystallization and deformed grains
showed an increasing trend. These results indicate that the increase in rotational speed due
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AS-TMAZ

RS-TMAZ

NZ

to the increase in temperature promotes dynamic recrystallization to some extent. However,
the high temperature caused by too high a rotational speed inhibits the accumulation
of dislocations and reduces the driving force of dynamic recrystallization. The thermo-
mechanically affected zone is far from the nugget zone, and the stirring needle mechanical
stirring effect is very small, mainly because of the upper and lower shoulder extrusion
and temperature coupling, so the degree of grain deformation in this region is relatively
large. With the increase in rotational speed and traverse speed, and dislocations due to
deformation into the low-angle grain boundary, the regional temperature cooling rate also
increases with the increase in traverse speed; when the low-angle grain boundary is too
late to complete the transformation into high-angle grain boundary, there is a high content
of low-angle grain boundary.
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Figure 11. Comparison diagram of grain boundary angle content: (a) AS-TMAZ, 375 r/min-
330 mm/min; (b) AS-TMAZ, 475 r/min—415 mm/min; (¢) AS-TMAZ, 750 r/min—-650 mm/min;
(d) RS-TMAZ, 375 r/min-330 mm/min; (e) RS-TMAZ, 470 r/min—415 mm/min; (f) RS-TMAZ,
750 r/min-650 mm/min; (g) NZ, 375 r/min-330 mm/min; (h) NZ, 475 r/min—415 mm/min; (i) NZ,
750 r/ min—650 mm /min.
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Figure 12. Grain types in the AS-TMAZ under different welding parameters: (a) 375 r/min-
330 mm/min; (b) 475 r/min—-415 mm/min; (c) 750 r/min—-650 mm /min.
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Figure 13. Grain types in the NZ under different welding parameters: (a) 375 r/min-330 mm/min;
(b) 475 r/min—415 mm/min; (c) 750 r/ min—-650 mm /min.
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Figure 14. Grain types in the RS-TMAZ under different welding parameters: (a) 375 r/min-
330 mm/min; (b) 475 r/min—415 mm/min; (c) 750 r/ min—650 mm /min.
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3.3. Mechanical Properties

The microhardness distribution along the thickness centerline of the joint cross-section
is shown in Figure 15; the overall hardness is a “W” distribution—a roughly symmetrical
distribution along the centerline—and the hardness value of the nugget zone from the
advancing side to the retreating side slightly decreases, which is caused by the uneven
temperature distribution between the advancing side and the retreating side during the
actual welding process. The hardness data of Li Liu et al. [27] show the uniformly general
softening throughout the dynamically recrystallized weld zone and show a very slight
variance within the center of the weld zone and from the top to the bottom of the weld.
The variation of hardness in different areas is related to microstructure and precipitation
phase distribution and size. The nugget zone is mechanically refined by the stirring needle
to make the hardness value higher than the heat-affected zone. As the rotating speed and
traverse speed increase, grain coarsening occurs. However, the hardness value of 73.69 HV
is the highest in the nugget zone under a rotation speed of 750 r/min and a traverse speed
of 650 mm /min.
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Figure 15. Microhardness profile of joints.

Figure 16 shows the joint strength at different rotation speeds and traverse speeds.
Opverall, the tensile strength of the joint under all three parameters reached more than 70% of
the tensile strength of the parent material. As can be seen in Figure 17, the tensile specimens
fractured on the forward side at different rotational and traverse speeds. Therefore, in order
to obtain a good quality of the joint under the heat impact factor, increasing or decreasing the
rotation speed and traverse speed can obtain a good performance of the joint. Among them,
the highest yield strength of the joint under the parameters of rotation speed 750 r/min
and traverse speed 650 mm/min is 227 MPa, which is close to the yield strength of the base
material. This is due to the parameters of the advancing side and the retreating side of the
thermo-mechanically affected zone of the low-angle grain boundary content increasing;
thus, dislocation plugging leads to increased grain deformation resistance, so the yield
strength is the highest. This finding is in agreement with Jeong-Won Choi et al. [28]. The
main strengthening mechanisms in this study are also grain boundary strengthening and
dislocation strengthening. At the same time, the content of low-angle grain boundaries
in the thermo-mechanically affected zone on the retreating side is generally higher than
that on the advancing side, which is one of the main reasons why the tensile specimens
all fracture on the advancing side. It is worth mentioning that Kishan Fuse and Won-Bae
Lee et al. [29,30] experimentally derived the maximum values of the strength of friction
stir welded joints of 6061 aluminum alloy as 189.16 MPa and 200 MPa, respectively, while
the tensile strength of the joints welded with each of the parameters in this thesis was
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around 220 MPa. This indicates that the method used in this study can obtain high-

performance joints.
300 | B 1ensile strength 412
- Yield strength
-Elongation
250 - 10
g 200 18 &
z E
£ £
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£ =
n =
100 414
50 12
0 0

375-330 475-415 600-525 750-650 950-830 1180-1035 BM

Figure 16. Tensile properties of the joints.

W18 19 2

Figure 17. Tensile specimens at different rotation speeds and traverse speeds. (a) 375 r/min-
330 mm/min; (b) 475 r/min—415 mm/min; (c) 600 r/ min-525 mm/min; (d) 750 r/min—-650 mm/min;
(e) 950 r/ min—-830 mm/min; (f) 1180 r/min-1035 mm/min.

4. Conclusions

In this paper, by studying the effects of different w and v values on the thermal
cycling, microstructure and mechanical properties of joints at the same w /v, the following
conclusions are drawn:

1.  The presented model can estimate temperature changes in the BI-FSW of the Al-Mg-
Si-Cu alloys with a maximum error of 10.7%. The thermal index is not relevant to the
peak joint temperature, but it has some relevance to the peak temperature of TMAZ
and HAZ.
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2. Equiaxed grains appeared in the NZ due to the dynamic recrystallization behavior,
but excessive deformation inhibits recrystallization and thus grain growth

3. The decreasing trend in the content of high-angle grain boundaries in AS-TMAZ and
RS-TMAZ is mainly due to dislocation plugging induced by deformation.

4. Good quality joints can be obtained when the thermal index is 1.14, and the tensile
strength can reach more than 70% of the strength of the base material.

5. When the rotational speed is 750 r/min and the traverse speed is 650 mm/min,
the tensile strength of the joint can reach 231 MPa and the yield strength can reach
227 MPa, which are 82.5% and 92.5% of parent material, respectively.

6.  Excessive deformation caused by dislocation plugging, resulting in increased grain
deformation resistance, is the main reason for the increase in yield strength of
welded joints.
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