
metals

Article

Effect of Asymmetric Material Flow on the Microstructure and
Mechanical Properties of 5A06 Al-Alloy Welded Joint by
VPPA Welding

Zhaoyang Yan 1, Shujun Chen 1, Fan Jiang 1,*, Xing Zheng 2, Ooi Tian 3, Wei Cheng 4 and Xinqiang Ma 4

����������
�������

Citation: Yan, Z.; Chen, S.; Jiang, F.;

Zheng, X.; Tian, O.; Cheng, W.; Ma, X.

Effect of Asymmetric Material Flow

on the Microstructure and

Mechanical Properties of 5A06

Al-Alloy Welded Joint by VPPA

Welding. Metals 2021, 11, 120.

https://doi.org/10.3390/met11010120

Received: 6 December 2020

Accepted: 6 January 2021

Published: 9 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Engineering Research Centre of Advanced Manufacturing Technology for Automotive Components
Ministry of Education, Faculty of Materials and Manufacturing, Beijing University of Technology,
Beijing 100124, China; zhygyan@126.com (Z.Y.); sjche@bjut.edu.cn (S.C.)

2 China Academy of Space Technology Department of Spacecraft Environmental Engineering,
Beijing 100094, China; xingzheng_welder@163.com

3 Department of Chemical and Materials Engineering, University of Alberta, Edmonton, AB T6G 1H9, Canada;
Tooi@alberta.ca

4 Laser Institute, Qilu University of Technology (Shandong Academy of Sciences), Jinan 250014, China;
chengweijob@163.com (W.C.); maxin-qiang@163.com (X.M.)

* Correspondence: jiangfan@bjut.edu.cn; Tel.: +86-137-2008-7645

Abstract: The microstructure, texture, and mechanical properties of the asymmetric welded joint
in variable polarity plasma arc (VPPA) welding were studied and discussed in this paper. The
asymmetric welded joint was obtained through horizontal welding, where the effect of gravity
caused asymmetric material flow. The results showed that the grain size and low angle grain
boundary (LAGB) at both sides of the obtained welded joint were asymmetric; the grain size differed
by a factor of 1.3. The average grain size of the Base Metal (BM), Lower-weld zone (WZ) and Upper-
WZ were 25.73 ± 1.25, 37.87 ± 1.89 and 49.92 ± 2.49 µm, respectively. There is discrepancy between
the main textures in both sides of the welded joint. However, the effect of asymmetric metal flow on
the weld texture was not significant. The micro-hardness distribution was inhomogeneous, the lowest
hardness was observed in regions with larger grain sizes and smaller low angle grain boundary.
During tensile strength tests, the specimens fractured at the position with the lowest hardness
although it has reached 89.2% of the strength of the BM. Furthermore, the effect of asymmetric metal
flow and underlying causes of asymmetric weld properties in VPPA horizontal welding have been
discussed and analyzed.

Keywords: microstructure; material flow; asymmetric weld; tensile strength; VPPA

1. Introduction

Aluminum alloy as a high-performance metal for producing lightweight equipment
is widely used in manufacturing industries to promote energy conservation, emission
reduction and highly efficient production [1,2]. Variable Polarity Plasma Arc (VPPA)
welding with advantages of high energy beam and variable polarity gas tungsten arc is
known as a “zero-defect” process in the medium thickness welding of Al-alloys [3,4]. VPPA
vertical-up welding is the most widely used method: gravity assists material flow into the
keyhole pool, producing high-quality welded joints. However, in non-vertical-up welding
gravity will cause asymmetric molten flow [5–7], resulting in an asymmetric weld which
can weaken the weld quality. Variable position welding is the bottleneck of VPPA Al alloy
welding; the flow of molten pool will be asymmetric because of the change of the angle
between gravity direction and welding direction, resulting in the asymmetric thermal field
distribution, thus affecting the mechanical properties of welding joints [2,6,7].

Recently, VPPA welding has caught wide attention in manufacturing industries [8–10].
In VPPA welding, an axisymmetric high-speed plasma flow can be created after being com-
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pressed by circular water-cooled nozzle in which the shrinkage of the tungsten electrode in
the circular nozzle is 3.5–4.5 mm [6–12]. A keyhole molten pool can be formed due to the
high energy density of VPPA. The welded joint of VPPA welding with a low distortion rate
is benefited by the concentrated heat input and great temperature gradient [13,14]. Keyhole
evolution and the metal flow of the weld pool in plasma arc welding have been studied,
indicating the high-speed plasma flow benefits weld formation at the rear side [15]. The
published works prove the advantages of VPPA in aluminum alloy welding. However,
non-vertical-up welding of VPPA should get more attention to widen the application of
this technology.

An arc with reduced arc pressure while maintaining the ability to make a stable key-
hole in VPPA horizontal welding has been proposed and verified in aluminum plates [6,7].
The optimal welding method and parameters of VPPA flat welding have been analyzed by
observing the metal flow using X-ray system and measuring the arc pressure [16,17]. In
previous researches, the weld formation and performance during VPPA horizontal welding
has been studied by monitoring filler wire positions and torch angles [8,11]. However, the
microstructure, texture distribution, and mechanical behavior of non-vertical-up welding
have not been studied previously. As the weld quality and properties are the key to evalu-
ating its application value, it is important to understand asymmetric metal flow under the
scheme of non-vertical-up welding.

The welded joint quality produced by arc welding depends primarily on accurate
positioning of the weld pool [3]. Exploring the microstructure and mechanical properties of
welded joints in non-vertical-up welding of VPPA is essential for applying this advanced
technology into the manufacture of modern components. Therefore, the texture distribution
and grain behavior of the weld in horizontal welding are studied. This work aims to
investigate the effect of asymmetric metal flow on microstructure, texture and mechanical
properties of the weld of VPPA welding. By studying the difference of the microstructure
and mechanical properties of asymmetric welded joints, the influence of asymmetric molten
flow on the weld formation can be clarified in this paper, providing the theoretical basis for
improving the weld quality of variable position welding.

2. Materials and Methods
2.1. Materials

5xxx Al-alloys with magnesium principal alloying element give substantial increases
in good corrosion resistance, machinability and weldability [12–14]. It is one of the mostly
widely used materials for aerospace, automotive and other industries. 5A06 Al plates with
the dimension of 300 mm × 150 mm × 5 mm are selected as the base material in this paper,
and the compositions were provided by Weihai Jindi Non-ferrous Metals Co., Ltd. (Weihai,
China) [12]. To avoid evitable error during or after the welding process, the wire ER5183
with the diameter of 1.2 mm and the same chemical composition as the base materials is
used [11], and the nominal chemical compositions are shown in Table 1.

Table 1. Chemical composition of 5A06 and ER5183 (wt.%) [11,12].

Materials Mg% Mn% Cr% Fe% Si% Zn% Cu% Al%

5A06 plate 5.80~6.80 0.50~0.80 - <0.40 ≤0.40 ≤0.20 ≤0.10 Bal.
ER5183 4.30~5.00 0.50~1.00 ≤0.1 ≤0.40 ≤0.40 ≤0.25 ≤0.10 Bal.

2.2. Experimental Method and Procedure

VPPA welding in horizontal way was conducted to investigate the effect of asymmetric
metal flow on the microstructure of Al welded joints. The welding process is shown in
Figure 1, the Z axis is the direction of gravity. Generally, the welding direction adopted by
VPPA is vertical-up. In vertical-up welding, gravity results in symmetric metal flow on both
sides of the keyhole. There is no asymmetry in the formation and mechanical properties
of welded joints [3]. In horizontal welding, gravity pushes most of the melted metals to
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the lower side, resulting in uneven flow of the molten pool. This results in an asymmetric
weld and microstructures in the welded joint with poor mechanical properties. To study
the effect of asymmetric metal flow on the microstructure and mechanical properties of the
welded joint, several steps has been carried out such as acid pickling and oxide removal to
eliminate the influence of external factors on the welded joint before VPPA welding [12].
A series of orthogonal tests were performed, a group of test parameters with beautiful
appearance and good formation of weld were selected. According to the determined
welding parameters, five tests were carried out, and a welding seam was selected to carry
out mechanical properties tests after determining the stability of the welding. The main
welding parameters including welding current (Direct Current Electrode Negative: DCEN;
Direct Current Electrode Positive: DCEP), travel velocity and gas flow rate are shown in
Table 2.
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Figure 1. Schematic drawing of the VPPA welding process, (a) cross-section, (b) keyhole.

Table 2. Welding parameters.

Parameters Value/Units

Welding currents DCEN 135 A
DCEP 165 A

Welding direction Horizontal welding
Travel velocity 0.14 m/min
Welding power ≈4.5 KW
Wire feed speed 0.8 m/min
Wire diameter 1.2 mm

Shielding gas flow rate Pure argon with 15 L/min
Plasma gas flow rate Pure argon with 3.0 L/min

To study the effect of asymmetric metal flow on the microstructure and mechanical
properties of welded joints, an optical microscope (OM, Olympus LEXT OLS4100, Toyko,
Japan) is used to capture pictures of the cross-section of welded joint. Electron Back-
Scattered Diffraction (EBSD) (SEM, JSM-7900F, JEOL, Toyko, Japan) is carried out to further
study the microstructure, and the weld sample is electro-polished in a solvent consisting
of 30% nitric acid (Jiang Yun, Kunming, China) and 70% methanol (Jiang Yun, Kunming,
China) for 60 s at a temperature and voltage of −14 ◦C and 12 V [14,18]. Micro-hardness
and tensile strength are used to evaluate the mechanical properties. The micro-hardness
is measured with Vicker’s method using a Vicker hardness tester (SCTMC DHV-1000 Hz,
Hangzhou Quantum Testing Instrument Co., Ltd., Shanghai, China) with a 200 g (0.2 HV,
1.96 N) load for 15 s (the sampling points are shown in Figure 2a). There are four test
lines, the distance between each test line is 1 mm, and the distance between each test point
is 0.25 mm. Tensile tests were carried out at room temperature using a universal testing
machine INSTRON-5569 (Norwood, MA, USA) under standard NoGBT228-2002 of P.R.
China [14]. The size of the dog-bone specimen used to measure the tensile strength is
shown in Figure 2b. The results are taken as the average value of three samples.
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Figure 2. Schematic diagram for testing, (a) micro-hardness, (b) tensile strength.

3. Results
3.1. Weld Appearance

Figure 3 is the weld appearance and weld cross-section. The weld is smooth with
high visual quality of the weld surface, as shown in Figure 3a. Generally, the “striae” after
solidification during VPPA welding process is perpendicular to welding direction [8,11],
however, in this case, the average angle between the “striae” and WD was about 45 degrees,
as shown in Figure 3b. This phenomenon was caused by the asymmetric metal flow during
horizontal welding. Gravity pushes most of the melted metals to the lower side (the side
where the direction of gravity points to the side), resulting in uneven flow of the molten
pool and asymmetric weld appearance. The obtained welded joint was asymmetric and
the width of the weld surface and root surface were 11.5 and 7.9 mm, respectively. The
deviation between the top and bottom center lines was 1.8 mm, as shown in Figure 3c. The
deviation mainly happened at the weld surface, as shown in Figure 3c; it was indicated
that gravity had little effect on the material flow on the exit side of the keyhole.
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3.2. Microstructure of the Welded Joint

The welded joint was characterized into base metal (BM), weld zone (WZ) and fusion
line (FL). The fusion lines can be divided into Lower-FL (the side where the gravity points
to the side, in which more melted metal gathers due to the effect of gravity) and Upper-FL
(the opposite side). EBSD orientation mapping was carried out on those four regions, and
the selected zones are shown in Figure 4a. The heat affected zones (HAZ) are included in
the zones of c and e, as shown in Figure 4c,e. BM showed a typical rolling structure with
elongated gain substructures, as shown in Figure 4b. Fine equiaxed grains appeared in the
WZ, which is a typical microstructure of crystallization [19], as shown in Figure 4d. The
grain structure from BM to WZ in Lower-FL showed rolling, columnar and equiaxed grain.
The grain structure in Upper-FL is similar to that of Lower-FL, as shown in Figure 4c,e.

Figure 5 contains the corresponding inverse pole figure of the selected regions in
Figure 4a and the corresponding color key in the contours on the right side. In this study,
the transverse direction (TD) was parallel to the rolling direction of BM; normal direction
(ND) represent the direction of the thickness of BM; and the welding direction (WD) was
perpendicular to the rolling direction of BM. The density ranges (MUD) for BM, Lower-FL,
WZ, and Upper-FL were 0.65 to 1.69, 0.60 to 1.50, 0.66 to 1.49, and 0.58 to 1.99, respectively.
And the main textures were {101}, {111}, {102} and {001}, respectively. In general, the texture
intensity can be decreased because of crystallization during melting and solidification,
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which is induced by shear deformation and high temperature. Compared to the maximum
texture intensity in BM of 1.69, the maximum texture intensity of Lower-FL and WZ were
1.49 and 1.50, respectively. However, the maximum texture intensity in Upper-FL was 1.99,
which was higher than that of the result in BM. The texture intensity difference between
the tested regions was also affected by the materials. Therefore, there is no preferred
distribution of grain orientation, which indicates that the effect of asymmetric metal flow
on the texture distribution is not significant at the macro level.Metals 2020, 10, x FOR PEER REVIEW 5 of 12 
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Figure 6 shows number fraction of the grain boundary angles of 2–15◦ and average
grain size, the grain boundary angles between 2◦ and 15◦ were defined as low angle grain
boundary (LAGB). The fraction of LAGBs decreased significantly from BM to WZ. LAGBs
occupied 30.39%, 14.34%, 10.21% and 12.95% from zone b to zone e. LAGBs not only affect
the plasticity, toughness, fracture and corrosion but also affect the brittleness and fatigue
property of the material. In this case, the number fraction of LAGBs of the WZ reduced
in comparison with the BM, indicating that significant recovery or recrystallization had
occurred during welding process [20,21]. The material fluidity can be improved by heat
input; it also can improve complete dynamic recrystallization [22]. The average grain sizes,
which were calculated by the linear intercept method, of the selected regions were also
shown in Figure 6. The average grain size in BM was 25.73 ± 1.25 µm, showing a typical
rolling structure with elongated gain substructures, as shown in zone b. Fine equiaxed
grains (a typical feature of dynamic recrystallization) appeared in WZ [8] with a grain
size of 34.55 ± 1.72 µm, as shown in zone d. It was observed that the Upper-FL (zone
d) has larger grain size than the Lower-FL (zone c) in the asymmetric welded joint. The



Metals 2021, 11, 120 6 of 12

average grain size in Lower-FL and Upper-FL were 34.33 ± 1.71 µm and 43.15 ± 2.16 µm.
The average grain size, in decreasing order, is zone e (Upper-FL) > zone d (WZ) > zone c
(Lower-FL) > zone b (BM). It can be concluded from this section that the average grain sizes
at both side of the asymmetric welded joint were asymmetric. An asymmetric temperature
distribution of the weld pool was produced by the asymmetric metal flow during the
welding process, leading to the non-equilibrium nucleation of grains in the welded joint.
That is, the asymmetric metal flow during VPPA horizontal welding has an influence on
grain grown during the crystallization.
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3.3. Microstructure and Texture Evolution at Both Side of the Weld

This section explores the effect of asymmetric metal flow on the microstructure, texture
and mechanical properties of Al welded joint by VPPA welding. The microstructure and
texture evolution on both sides of the welded joint were studied in this section, including
four tested regions Lower-HAZ (heated affected zone where gravity points to the side),
Lower-WZ, Upper-WZ and Upper-HAZ, as shown in Figure 7a. The corresponding band
contrast results are shown in Figure 7b–e, and the corresponding grain boundaries are
shown in Figure 7(b1–e1). The grain in Lower-HAZ was columnar crystal, while the grain
size in Upper-HAZ was inhomogeneous. Both the Lower-WZ and Upper-WZ belong to the
perfect recrystallization zone, shown in the structure of equiaxed grains, whereas, the grain
size in those zones are different; the average grain size in Upper-WZ is larger than that
of the size in Lower-WZ. The results were caused by the inhomogeneous crystallization
temperature influenced by the asymmetric metal flow during welding.

Figure 8 shows the inverse pole Figure (IPF) color maps and IPFs of the selected
zone in Figure 7a. The texture of the Upper-HAZ and Upper-WZ was {001} while that
of the Lower-HAZ was {111}. The highest texture of those zones in Lower-HAZ, Lower-
WZ, Upper-WZ and Upper-HAZ were 4.40, 2.32, 3.32 and 2.92, respectively. It can be
obtained that the texture intensity of the HAZ and WZ was higher than that of BM. That
is, the heat treatment during the welding process increased the concentration of the grain
orientation distribution. In horizontal welding, melted metal gathers at the side where
gravity points to the side; the dynamic recrystallization at this region was more sufficient.
The texture intensity of this region was higher than that of the opposite side. Whereas,
the texture intensity of those regions were not significantly different, as the range was
between 2.3 and 4.4. It can be obtained that asymmetric metal flow has little effect on the
texture distribution.
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The average grain size and LAGB distribution at the selected zones are shown in
Figure 9. The average grain size in BM was 25.73 ± 1.25 µm, which is the smallest
grain in the whole welded joint. And the average grain size in the Upper-WZ was about
49.92 ± 2.49 µm, which is the biggest grain in the welded joint. The average grain sizes in
Lower-HAZ and Upper-HAZ were 30.79 ± 1.54 and 39.11 ± 1.96 µm, respectively. The
average grain size at the side where gravity points to the side was larger than the opposite
side because the heat accumulation at the opposite reduced during welding process. Lots
of heat was taken to the lower side with the melted metal flow [2]. A high heating rate
is beneficial for accelerating the crystallization [14]. Meanwhile, the crystallization in the
lower side was more complete than that of the opposite side. The misorientation angle
distribution was shown in the black line on Figure 9. The fraction of LAGBs decreased
significantly from BM to Upper-HAZ. LAGBs occupied 30.39%, 16.53%, 10.08%, 10.21%,
13.01% and 12.56%, respectively. LAGBs are primarily caused by dynamic recovery during
deformation, and are mainly within large grains or along grain boundaries [14]. In this case,
the range of LAGBs in WZ was between 10.08 and 13.01%, indicating that the difference
of the crystallization in both sides of the welded joint was not noticeable. Whereas, a
significant difference was obtained between Lower-HAZ and Upper-HAZ, indicating that
material flow and thermal process were different on both sides of the HAZ. The LAGBs
distribution in the whole welded joint was within 10–13%, which is acceptable within the
margin of error.
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3.4. Mechanical Properties

The micro-hardness distribution of the welded joint is shown in Figure 10. Generally,
the micro-hardness in the WZ, FL and HAZ are softer than that of BM in VPPA weld,
and the micro-hardness nearby the FL is softer than that of the WZ and HAZ, similar
to several researches [23,24]. For an overall view of the welded joint in this paper, the
highest micro-hardness appeared in BM, the value was among 85 HV and 90 HV. The
micro-hardness of WZ was lower than that of BM, the value was among 75 HV and 85 HV.
The lowest micro-hardness appeared nearby the FL, but the value of the Upper-FL was
lower than that of the Lower-FL; the micro-hardness of Lower-FL was about 70–75 HV,
and that of Upper-FL was about 65–70 HV. For an analysis of the hardness, the lowest
micro-hardness appeared near the Upper-FL, as shown in Figure 4. The asymmetric metal
flow contributed to the inhomogeneous hardness distribution.
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According to the relation between the tensile strength and micro-hardness, the tensile
strength is proportional to the micro-hardness at the same welds [23]. The tensile strength
and elongation of the asymmetric welded joint and BM are shown in Table 3. The results
are the average value of two different tests of the same materials. The weld was tested to
319.8 ± 11.2 MPa, reaching about 89.2% of that of the BM. The value was the average value
of three tests, and the specimens were all fractured at the region nearby the Lower-FL. For
elongation, one of the important indexes to judge material properties, the result of the weld
was about 11.4 ± 0.8%, reaching about 45.2% of the BM. Figure 11 is the SEM fractography
of the fractured surfaces. Many tears and dimples appeared in the fracture surface of
the BM, showing a quasi-cleavage fracture, which was one of the ductile fractures, as
shown in Figure 11a,b. As for the weld, the fractured surface has the characteristics of
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ductile fracture-equiaxial dimples and elongation dimples, as shown in Figure 11c,d. It
is worth noting that the welds fractured at the Upper-FL, indicating that the Upper-FL is
the weakest link in the whole welded joint. The mechanical properties of the welded joint
were significantly affected by the asymmetric metal flow during VPPA horizontal welding.

Table 3. Tensile strength of the welded joint and BM.

Tested Specimen Fractured Position Tensile Strength/MPa Elongation/%

Base metal - 358.7 ± 9.3 25.2 ± 1.4
Welds Upper-FL 319.8 ± 11.2 11.4 ± 0.8
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4. Discussion

From the above results, the microstructure, texture evolution and mechanical proper-
ties of the asymmetric welded joint have been obtained. The weakest zone of the welded
joint appeared nearby the Upper-FL. The effect of asymmetric metal flow and underlying
causes of asymmetric weld properties in VPPA horizontal welding have been discussed
in this section. Figure 12 shows the keyhole molten pool of VPPA horizontal welding.
There were few noticeable asymmetric phenomena in the keyhole entrance, as shown in
Figure 12a. The metal was melted at the leading side and solidified at the rear side after
flow around the keyhole, forming a surface weld. Figure 12b is the keyhole exit side, which
is an irregular ellipse. In VPPA horizontal welding, lots of the melted metal flows to the
side where gravity points, while a little stays at the opposite side [2,8]; the melting layer at
the lower side was 1.9 mm, whereas, at the opposite side it was only 1.1 mm. The keyhole
shapes and weld profiles are shown in Figure 13. With the accumulation of the welding
process, a portion of the melted metal at the opposite side flowed to the lower side, forming
an asymmetric keyhole, as shown in Figure 13a, resulting in an inhomogeneous keyhole
molten pool, as shown in Figure 13c. It’s worth noting that the melted metal has a high
temperature, that is, with the accumulation of the melted metal, the temperature distri-
bution around the keyhole is also inhomogeneous. The “striae” can express the situation
of solidification during the welding process, as shown in Figure 13b. The heat emission
condition of the keyhole is consistent because of the same material, whereas, the initiation
temperature at both sides of the pool is uneven. The temperature of the side where gravity
points to the side is higher than that of the opposite side [2].

For the free-growth model, the grain size is inversely proportional to the undercooling
∆T; that is, grain grow depends only on undercooling (initial temperature) in this case.
The side with high temperature obtains small grain size, which agrees with the results,
as shown in Figure 9. According to the Hall-Petch relationship, the hardness increases
as the grain size decreases [25], which also agrees with this work, as shown in Figure 10.
The region nearby the Upper-FL has the lowest hardness distribution, and the grain size
here was about 49.92 µm, which is the highest value throughout the whole welded joint.
The lower hardness distribution at the Upper-FL may weaken the tensile strength. For
the mechanical properties of a material, the smaller the grains, the more uniform the
plastic deformation of the material is, because the plastic deformation can be dispersed
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among more grains. The smaller grains can enhance the dislocation among the grains,
resulting in better strength and toughness. That is, materials with larger grain size have
poor mechanical properties [22,26]. All this agrees with the results in this paper.Metals 2020, 10, x FOR PEER REVIEW 10 of 12 
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Generally, the energy of LAGBs is mainly derived from dislocation, with the density
of dislocation depending on the dislocation difference between grains. The interface energy
of HAGBs is higher than that of LAGBs [11]. LAGBs can prevent the crack from expanding
more. The blocking effect in the grain boundary is affected by the interface energy: the
smaller the energy of the grain boundary, the better its stability, and the clearer the blocking
effect [12]. Thus, materials tend to fracture with high probability at the region with higher
HAGBs, which is in accordance with our tensile test results. The texture component
distribution in the welded joint also has an influence on properties. However, the results
obtained in this paper show that the effect of the asymmetric metal flow of horizontal
welding on the texture distribution is not noticeable, as stated above.

In VPPA horizontal welding, the melted metal around the keyhole flowed to the
side where gravity points to the side along the keyhole boundary, causing an asymmetric
metal distribution on both sides of the molten pool [2,11]. The temperature distribution
around the pool was also affected by the asymmetric metal flow, which may directly affect
the weld solidification process [14]. The crystallization process at both sides of the weld
can be affected by the asymmetric metal flow during the welding process, resulting in
an asymmetric grain size and grain-boundary angle distribution and poor mechanical
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properties. It is worth noting that all the mechanical properties lost from the weld of VPPA
horizontal welding were lost directly due to gravity. The gravity effects on the asymmetric
metal flow should be weakened to improve the mechanical properties of the asymmetric
welded joint.

5. Conclusions

The effect of asymmetric material flow on the microstructure, texture and mechanical
properties of Al welded joint by VPPA welding has been studied in this paper. The results
obtained are as follows:

(1) In VPPA horizontal welding, asymmetric metal flow created an asymmetric weld,
resulting in asymmetric grain size, texture and GBA distribution on both sides of the
welded joint.

(2) The density ranges of texture in WZ, HAZ and BM were within 1.99, indicating the
effect of asymmetric metal flow on the texture distribution was not significant.

(3) The largest grain size appeared in the Upper-WZ, the average grain size was about
49.92 ± 2.49 µm, which was about 1.3 times than the opposite side.

(4) The hardness near the Upper-FL was lower than that of the Lower-FL. A higher
density of HAGB and lower hardness at the Upper-FL weakened the mechanical
properties of the welded joint, causing the tensile specimens to break at this region.
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