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Abstract

In this paper, a novel friction stir welding tool with shoulder at the top of the needle is developed to solve
the problems in aluminum/magnesium friction stir lap welding. Based on the structural design of the
shoulder at the end of the needle, the temperature difference in the thickness direction of the joint was
coordinated, and the aluminum-magnesium dissimilar lapping joint was successfully prepared in two
kinds of lapping methods. Taking die cast AZ31B magnesium alloy and extruded 6061 aluminum alloy
as the research object, the defects and microstructure of weld joint were observed and analyzed by
optical microscope and scanning electron microscope. Additionally, their mechanical properties were also
evaluated. The results show that a good metallurgical reaction is formed between aluminum and
magnesium, and with the increase of the effective plate thickness and the decrease of the effective lap
width, the unique hook defect shape of lap welding is optimized, which also promotes the improvement
of the mechanical properties of the weld. In the tensile shear experiment, it is found that the tensile shear
property is improved due to the change of the shape of the hook defect, and it is a mixed fracture of
toughness and brittleness.

Introduction

In recent years, with the deepening of the concept of energy conservation and environmental protection in
the world, the requirements for lightweight products in the industrial field are also getting higher and
higher. The proportion of traditional high-density materials is gradually reduced, and replaced by low-
density materials!'l.As a representative of light metals, aluminum alloy and magnesium alloy have high
specific strength, specific stiffness, corrosion resistance and other advantages, which are widely used in
aerospace and automotive industries(? 3l Therefore, it is inevitable to realize the dissimilar welding of
light aluminum and magnesium metals.

When aluminum-magnesium alloys are welded by traditional welding procedure, it is easy to form defects
such as pores and thermal cracks in the joint due to the large difference between the physical and
chemical properties of the two. Moreover, it can be found from the Al-Mg phase diagram that the eutectic
reaction temperature of aluminum-magnesium is low, and intermetallic compounds are easy to form in
the joint* .Not only in the traditional arc welding, but also in the laser welding with high energy density
and high cooling rate, the formation of intermetallic phase due to the high temperature deteriorates the
joint property of the weld®l. Therefore, to realize the connection of Al-Mg dissimilar alloys, it is necessary
to control the heat input during the welding process, so as to reduce the formation of intermetallic
compounds. As a kind of green solid phase welding, the welding temperature of friction stir welding is
lower than the absolute melting temperature of the welded alloy. Friction stir welding (FSW) is a relatively
new solid-state welding technology invented by British Welding Institute (TWI) in 19917 Wentao Hou et
all®l has realized solid connection and mechanical lock between interfaces through non-consumable
rotating pin tool. Friction stir welding can avoid metallurgical defects caused by fusion welding and is
more suitable for welding aluminum/magnesium dissimilar alloy!l.
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At present, the research of aluminum-magnesium dissimilar friction stir lap welding (FSLW) is mainly
realized by the traditional single-axial shoulder pin tool. VAHID, FIROUZDOR et al.'% found that cracks
can be observed in the center of the joint when 6061 aluminum alloy is used as the upper plate, and this
crack has a significant impact on the tensile properties of the joint .Chen Y C et al.l'' found that when
using single shoulder for lap welding of aluminum plate above magnesium plate, the smaller the welding
speed (20mm/min),the less likely cracks will appear in the welding core area and transition area, and the
mechanical properties of the weld will be improved. Mohammadi J et al.' performed lap welding of
aluminum-magnesium dissimilar alloy with a conical stir needle with single axial shoulder thread, and
found that when AZ31B was placed above Al 6061,the materials at the bottom of the weld core were
mixed inhomogeneous and segregation occurred due to the different viscosity of aluminum-magnesium
itself and the temperature required for forming eutectic structure. Ji S et al.l'3! studied the lap welding of
external stationary single axial shoulder, and found that although the lap joints with smooth surface and
very small flash could be obtained, the hook defect at the interface of friction stir lap welding joint and
the hole formed at the bottom of the weld could not be avoided, and the hook of Mg/Al joint was higher
than that of Al/Mg joint.AS for hook defects, they believe that the mixing degree of RS side is better than
that of AS side, and the flow performance of aluminum alloy is better than that of magnesium alloy.

In addition to cracks, holes and hook defects, the biggest problem of aluminum-magnesium dissimilar
welding is that, due to the low eutectic temperature of aluminum-magnesium, intermetallic compounds
are easily formed at the interface during the welding process, which is often the cause of fracture. Based
on this perspective, in order to improve the performance of welded joints, S. Tan et al."* improved the
mechanical properties of joints by reducing the thickness and distribution of intermetallic compounds.
Liu Z et al.l'% and Lv et al.l'® found that with the assistance of ultrasound, the vibration and sound flow
caused by ultrasound broke the continuous intermetallic compounds (IMCs) layer near the thermal-
mechanical influence zone on the forward side into fragments or particles, and the mechanical
interlocking was strengthened, thus improving the mechanical properties of the joint. Some scholars
Farahani M S['7] and B Zheng!"8] proposed to add zinc, tin and other metals to the lap interface as preset
interlayer, and then carry out friction stir welding. The thermo-mechanical effect of the stirring tool on the
interlayer and the matrix is used to promote the alloying reaction between the base material and the
sandwich in the interface area, thus improving the effective interface connection area. The interlayer
must be selected according to the specific base material type, which limits the type of weldable materials
and the application field of this technology to a certain extent.

In summary, although the formation mechanism of defects in FSLW joint of single shoulder pin tool, the
evolution mechanism of microstructure during welding, the types of IMCs and process optimization have
been systematically studied, hook defects formed on the forward and retreating side (RS) and the
formation of IMCs still cannot be completely avoided. Friction stir welding is essentially a combination of
mechanical and thermal processes, both of which depend heavily on the interaction between the tool and
the workpiece, directly determining the flow of the material and the heat generated. The bonding
mechanism of friction stir welding depends on the recrystallization of the material in the stir zone.

Page 3/30



Therefore, the stirring tool is the key factor of friction stir welding!®.Bandi et al.!® studied the
microstructure and properties of FSLW joints by changing the length of the stirring needle. They found
that the depth of the stirring needle into the lower plate was directly proportional to the degree of mixing
of the material at the core of the molten zone. That is to say, under the action of 4.25mm stirring needle,
the material has better fluidity in the molten core area. It also promotes the dispersion of intermetallic
compounds at the interface and improves the performance of the joint. This indicates that the shape of
the pin tool itself has a significant influence on the lap interface.

Therefore, in this paper, starting from the overall structure of the pin tool, we design a pin tool whose end
is similar to the shoulder. We expect to increase effective lap joint contact area, and the coordination of
lap joint interface material liquidity by increasing the contact area between the pin tool and the lap
surface of the lower plate. This can also solve the liquidity difference between dissimilar materials lead to
the root defects, so as to improve the mechanical properties of joint.

Experimental Procedures

2.1 Experimental process

Friction stir welding of AA6061-T6 aluminum alloy and AZ31B magnesium alloy was carried out by lap
welding method. Two lap welding methods were adopted, the first one was that the aluminum plate was
located on the upper side of the magnesium plate (referred to as Al/Mg),and the second one was that the
magnesium plate was located on the upper side of the aluminum plate (referred to as Mg/Al).In the
welding process, the welding plate is fixed on the rigid workbench through the fixture, and then the
welding speed (range from 20mm/min to 60mm/min),rotating speed (range from 700r/min to
1500r/min),spindle down pressure speed and constant spindle pressure amount (0.3mm) and other
process parameters are set for automatic welding. Before welding, clean the surface of two kinds of
plates to be welded to remove surface oxides. And then place the plates in the armor mode as shown in
Fig. 1. During the welding process, the amount of lap between the two plates is controlled to be
60mm.The morphology and size of the pin tool used in the experiment are shown in Fig. 2. The shoulder
at the end of the needle is defined as the shoulder of the needle top (abbreviated as SNT).

2.2 Experimental materials

The chemical compositions of matrix material (BM) 6061-T6 aluminum alloy and AZ31B magnesium
alloy are shown in Tables 1 and 2, respectively. The size of the plate is 5Smmx160mmx100mm, and the
welding direction is perpendicular to the rolling direction of the plate. Fig. 2 is a schematic diagram of the
size of the pin tool. The shoulder diameter of the pin tool is 18mm, the diameter of the needle is 6mm, the
length is 5.5mm, and the diameter and height of the SNT are 8.5mm and 1.5mm. During the welding
process, the SNT is controlled to be positioned on the lap interface. This design aims to widen the width
of the effective lap interface, coordinate the flow of dissimilar metals at the interface, and improve the

Page 4/30



adaptability of the pin tool. The whole tool is made of H13 steel, and its hardness is improved to 50 HRC
after quenching and tempering. Its chemical composition is shown in Table 3.

Table 1 Main chemical composition of 6061-T6 aluminum alloy (mass fraction %)

Elements Si Fe Cu Mn Mg Cr Zn Ti Al

Contents (%) 0.668 0.545 0.233 0.106 1.098 0.107 0.136 0.029 Bal.

Table 2 Main chemical composition of AZ31B magnesium alloy (mass fraction %)

Elements Al Zn Mn Si Fe Cu Ni Mg
Contents (%) 296 0.52 031 0.16 0.003 0.006 0.001 Bal.

Table 3 Main chemical composition of H13 steel

Elements C Si Mn P S Cr Mo Vv

Contents (%) 0.4 0.973 037 0.016 0.019 498 125 1.01

2.3 Cross-section observations

After the FSW experiment, the standard metallographic preparation procedure was used to prepare weld
cross section samples with different parameters, and the sampling position was shown in Fig. 3. Due to
the unique design of the pin tool, the initial welding material is insufficient, and the non-conservation area
of volume is avoided when selecting the sample position. After grinding and polishing, the samples are
corroded. According to different corrosion characteristics, different corrosion solutions were prepared.
The aluminum alloy side was corroded by Keller reagent prepared with 95mL distilled water +2.5mL nitric
acid +1.5mL hydrochloric acid +1mL hydrofluoric acid; The magnesium alloy side is corroded by caustic
agent composed of 5g picric acid +5mL acetic acid +10mL distilled water +100mL absolute ethanol
solution. Optical microscopy (OM, Axio Vert.A1) and scanning electron microscopy (SEM, TESCAN LYRA3
GM) were used to observe the microstructure and energy dispersive spectroscopy (EDS) analysis to study
its microstructure and material flow.

2.4 Mechanical property

The mechanical properties of lap joints were evaluated by tensile shear test. The tensile shear test was

carried out on a universal machine with preload of 0.5kN and tensile speed of T mm/min. The selected

positions and sizes of tensile and shear samples were shown in Fig. 3. Three samples were selected for

each plate for measurement and the average value of the maximum force was taken to evaluate the

mechanical properties of the joint. Fig. 4 shows the assembly drawing of the tensile sample. A pad is

added at both ends of the sample to ensure that the loading force is in the same direction during the
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drawing process. After the test, the fracture morphology was observed under scanning electron
microscope, and the fracture mechanism was analyzed.

Results And Discussion
3.1 Macroscopic morphology analysis

The surface quality is a standard used to evaluate the weld quality, and the defects of the weld can often
be seen from the surface quality. Fig. 5 and 6 respectively show the overall appearance and weld cross
section morphology of Al/Mg and Mg/Al lap joints under different parameters. For the convenience of
analysis, the left side of the figure is the macro weld, and the right side is the weld cross section
morphology under the corresponding parameters.

As can be seen from the Al/Mg lap bonding mode in Fig. 5, the overall formability of the weld deteriorates
when the welding speed remains unchanged and the rotational speed increases, as shown in Fig. 5(a-d).
When the rotational speed is 1200r/min, the material accumulation at the retreating side of the weld is
serious, and when the rotational speed continues to increase to 1500r/min, multiple bulges appear in the
weld center, indicating that there are holes in the weld. The reason may be that with the increase of the
rotational speed, the heat input increases, and the welded material is in a highly thermoplastic state.
Therefore, under the centrifugal action of the pin tool, the material spills out, resulting in insufficient
welded joint materials and forming holes.

Fig. 5(e, b, f) shows the macro weld diagram with constant rotation speed and increased welding speed. It
can be found that when the welding speed increases to 60mm/min, there is an obvious tunnel defect in
the center of the weld. This is because the pin stays too short at a certain moment in the weld, resulting in
insufficient heat input and poor material fluidity. Therefore, the holes formed by the outflow of materials
at the previous time cannot be timely filled by the materials at the later time, thus forming tunnel

defects!!7],

In order to further analyze the forming quality of the weld, the cross section of the weld is analyzed. As
shown in Fig. 5(a)-(d), when the welding speed is constant(40mm/min), the tunnel defects tend to
increase first and then decrease with the increase of the welding speed, and the material flow trend line
near the back side of the weld center moves upward (As shown by the blue dashed line in the figure). Fig.
5(a), (b) and (c) show the increasing trend of the tunnel defect, while Fig. 5(c) and (d) show the tendency
of the tunnel to become smaller.

A preliminary analysis of the reasons for the phenomenon of tunnel defects enlargement in Fig. 5 (a-c)
shows that with the increase of rotational speed, the effect of underpressure on shoulder decreases!'!.
The material in the shoulder area can fill the interspace in the waist area of the needle under the induction
of downward pressure, but due to the decrease of downward force, the gap cannot be filled, resulting in

holes. With the increase of rotational speed, in the direction of the thickness under the shoulder, less
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material is induced to flow downward by the force of the shoulder!'?], and the deformed material is more

likely to overflow the weld joint in the form of flash[2%, thus developing from small holes to tunnel
defects.

As can be seen from Fig. 5(a-d), the amount of metal from the lower layer into the upper layer increases
with the increase of rotational speed, which is the dominant factor for the reduction of tunnel defects in
Fig. 5(a-d). Due to the shoulder design at the top of the needle, the contact area between the SNT and the
material is increased, so the heat input of the material in the area around the SNT is improved, and the
flow speed is relatively improved.

With the increase of rotational speed, the materials in three areas of the shoulder, the waist of the needle
and the SNT all reach the plastic flow state. Due to the special design of the pin, the velocity of the
material in the direction of the thickness of the needle below the shoulder varies, showing that the
velocity of the shoulder is greater than that of the SNT than that of the waist of the needle. Therefore, at a
certain moment, the temporary cavity formed on the advancing side (AS) is preferentially filled by
materials near the shoulder region and the SNT region. The higher the rotational speed, the more
materials are backfilled to the advancing side and accumulated at the hole of the retreating side, thus
filling a part of the tunnel defects and making them smaller. It can be seen from Fig. 5(e), (b) and (f) that
the tunnel defects increase with the increase of welding speed, which may be because the heat input
decreases with the increase of welding speed and the material fluidity is weak. Moreover, due to the
design of the SNT, the temporary hole formed on the advancing side is too large, which promotes the
formation of tunnel defects.

Fig. 6 shows the weld formed by Mg/Al lap connection. When the welding speed is unchanged and the
rotational speed is increased as shown in Fig. 6(a-d), the semicircular indentation on the weld surface
becomes disordered as shown in Fig. 6(d), which may be caused by machine instability caused by
defects inside the weld. When the rotating speed is constant increases welding speed is shown in Fig.6 (e,
d, f), weld quality decreased obviously, by the indentation of unstable tunnel defects into the center of
weld material overflow. This is due to the increase of welding speed, welding heat input is low, resulting in
insufficient material fluidity. Besides, the materials on the advancing side flow to the retreating side under
the action of the needle, but the retreating side materials fail to go around the back of the needle to fill the
defects on the advancing side due to the higher temperature of the advancing side than that of the
retreating side. Consequently, a lot of materials accumulate on the retreating side, which is represented by
a large number of flashes and accumulation on the retreating side of the weld surface under the action of
the shoulder.

The right side of Fig. 6 (a-d) also shows the cross section of the weld with constant welding speed and
increased rotation speed.

It can be seen that with the increase of rotational speed, the possible cause of tunnel defects is the same
as the Al/Mg lap mode: the increase of rotational speed weakened the effect of the pressure under the
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shoulder’®] making the interspace below the waist area of the stirring needle unable to be filled, thus
forming hole defects. Fig 6(a) shows the welds obtained under the process parameters of 700r/min and
40mm/min. Although a certain degree of metallurgical reaction was generated at the lap interface, there
were obvious cracks. Moreover, the crack runs through the whole lap interface which results in failure
connection of the joint.

As shown in Fig. 6(e), (d) and (f), when the speed is unchanged (1500r/min) and the welding speed
increases, the weld develops from no defect to obvious hole defect, and the defect becomes larger as the
welding speed increases. This is because the welding speed increases, resulting in reducing overall heat
input and the fluidity of the material. When the materials on the advancing side flow to the retreating side
under the action of the pin tool, and the materials on the retreating side behind the needle flow to the
advancing side, due to the fast travel speed of the pin tool, the materials on the advancing and retreating
side are stuck on both sides, which leads to the lack of material filling at the center of the weld, and the
holes develop into tunnel defects.

Comparing Al/Mg and Mg/Al lap modes, as shown in Fig.5(b-d) and Fig. 6, under the same welding
parameters, the internal quality of weld obtained by Mg/Al lap mode is generally good, and only small
hole defects appear under the parameter of high speed, while Al/Mg joints are mostly tunnel defects. This
is because aluminum has more slip systems than magnesium, so aluminum has higher deformation
capacity than magnesium under the same heat input!®. When the aluminum plate is located at the lower
side, due to good deformation ability, the bottom metal fluidity is higher than the lap mode of the
magnesium plate located at the lower side, so the heat production at the bottom is higher, which makes
up for the shortcoming of low waist heat production, forming good quality weld joints.

3.2 Microscopic morphology analysis of lap joint

3.2.1 Microstructures

By observing Fig. 7, it can be found that the mixing conditions at the lap interface at the bottom of the
weld core area obtained by the two lap modes are different. As shown in Fig. 7(a),in the Al/Mg lapping
mode, the interstitial layer grows perpendicular to the interface in the fusion zone, indicating insufficient
mixing®}, while the Mg/Al lapping joint shown in Fig. 7(b) shows obvious onion ring structure, indicating
good mixig at the interface.

According to the EDS line scanning diagram in Fig.8 and 9, the mixing of magnesium and aluminum can
be clearly seen. The line scanning path is always from the bottom to the top of the weld joint. Regardless
of the Al/Mg or Mg/Al lap mode, the overall content of magnesium in the interfacial mixing zone is
always greater than that of aluminum. That is to say, the mixing zone at the interface is a magnesium-
rich zone, and the mixing zone is a region where intermetallic compounds are generated in large
quantities. According to the XRD test results in Fig. 10 and 11, it can be seen that the intermetallic
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compounds are Al;,Mg-7 (y) and AlsMg,, (B). Therefore, combined with the results of EDS line scanning, it
can be inferred that the generation condition of Al;,Mg;5 in the mixed zone is better than that of Al;Mg,
in the two lap bonding modes. The difference is that the mixing degree of aluminum and magnesium is
not consistent in the thickness direction of the interfacial mixing zone of the weld obtained by the two lap
joints. As shown in Fig.8,the magnesium content in the upper layer of the mixing zone of Al/Mg lap joint
is less than that in the lower layer of the mixing zone, indicating that the mixing degree of aluminum and
magnesium in the upper part of the mixing zone of Al/Mg lap joint is not as good as that at the bottom,
and the mixing is not sufficient, which is consistent with Ji, S et al.s!'3l research results. This also echoes
the previous conclusion that the interface in Fig.7 (a) is not sufficiently mixed. The line scan result of
Mg/Al lap joint shown in Fig.9 shows that although the content of Al and Mg fluctuates in the thickness
direction, it is basically stable, which indicates that the mixing degree of aluminum and magnesium in the
mixing layer under the Mg/Al lap mode is good, which also verifies the layered structure of the mixing
zone of Mg/Al joint.

In addition, as shown in Fig. 8(b-d), when the welding speed is unchanged and the rotational speed is
increased, it is observed that under the action of pin tool, more magnesium alloy of the lower plate flows
upward. When the rotational speed is increased to 1000r/min, the content of aluminum alloy of the upper
plate in the middle of the mixing zone suddenly decreases, which is related to the decrease of the
downward force of shoulder after increasing the rotational speed of the pin tool. When the speed
increases to a certain extent (1200r/min), the aluminum and magnesium content in the mixing zone
gradually tends to be stable, that is to say, the aluminum and magnesium mixing situation in the mixing
zone is good, and the distribution is uniform. Similarly, at the rotational speed of 1500r/min in Fig.9(c),
magnesium alloy in the upper plate shows a phenomenon of high content in the upper layer and low
content in the lower layer in the mixing zone, which is also the reason for the reduction of the axial
shoulder force. This phenomenon is consistent with Boccarusso, Let al's"! research.

Fig. 10(a) and (b) show the XRD test results of Al/Mg weld cross section at 800r/min-40mm/min and
1200r/min-40mm/min. It can be seen that the number of intermetallic compounds increases with the
increase of speed (from 800r/min to 1200r/min). Due to the existence of welding defects, the detection
results are bound to be affected to some extent. However, it can be seen from Fig.5(a-d) that with the
increase of rotational speed, the tunnel defects show an increasing trend, and the XRD test results show
that the number of IMCs still increases, which further proves the conclusion that the heat input increases
and intermetallic compounds increase. It is found that when IMCs increases, the peak of Al;Mg, is
stronger than that of Al;,Mg,- at 800r/min-40mm/min welding parameters, and with the increase of heat
input, the increase of IMCs-Al;,Mg- is greater than that of Al;Mg,.It is speculated that this is because
the design of the SNT increases the fluidity of magnesium at the stirring needle end and makes it contact
with more aluminum (as can be seen from the EDS line scan results of the two joints), thus increasing the
conditions for the formation of Al;,Mg,5.
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Fig.11(a) and (b) show the XRD test results of the cross-section of Mg/Al welds at 1000r/min-40mm/min
and 1000r/min-60mm/min. Similar to the test results of Al/Mg joints above, with the increase of
rotational speed, the heat input increases, leading to the increase of intermetallic compounds. Similarly,
with the increase of heat input, the peak intensity of Al;,Mg, increases, indicating that the content of
Al;,Mg- is always higher than that of Al;Mg, when the heat input is higher in either type of lap bonding.
In Mg/Al lap welding of AZ31B and Al 6061,Beygi, R et al. 2"l proposed that Al + Al;Mg, eutectic has
higher Al concentration, higher melting temperature and higher viscosity than Al;,Mg+- intermetallic
compound, thus limiting the flow and mixing of the material in the weld. This also explains the
phenomenon that the content of Al;,Mg, is higher than that of Al;Mg, in the mixing zone in this paper.

Fig.12 shows the microscopic diagram of the advancing side and retreating side of the weld joints
obtained under the two lap modes. It is found that a continuous layered material appears on the side
where the mixing zone contacts aluminum (the area marked by the red arrow in the figure), and its

composition is found by EDS analysis to be Al+Al;Mg, eutectic, as shown in Fig. 13(a). Zhai, M et al.[22]

and R. Beygi et al.2" also found similar morphology in lap welding of aluminum and magnesium, and
found that this layered material was also intermetallic compound Al;Mg, layer through testing and
analysis. Moreover, EDS test on the black area showed that the black area contained more magnesium,
mainly Mg+Al;,Mg+-, as shown in Fig.13(b). This is also consistent with the conclusion that Al;Mg, is
formed near aluminum and Al;,Mg, is formed near magnesium. The thickness of the continuous IMCs
layer is marked in Fig. 12. It is found that the thickness of the IMCs layer in contact with the black region
(the Mg+Al,,Mg,- region) is smaller, while the IMCs layer generated in the position without the black
region is thicker. This is because the black region is magnesium and its eutectic structure, and there is no
composition gradient at the contact interface with the IMCs layer, which limits the diffusion of aluminum
and magnesium, so the growth of the IMCs layer is limited 2'. However, there is no such eutectic structure
in the brown area, so the kinetic energy of the element increases with the increase of temperature in the
welding process, which gives favorable conditions for the diffusion of aluminum and magnesium, so the
IMCs layer thickens.

3.2.2 Hook features

Fig.14 and 15 show the micro morphology of the forward side and backward side of the weld obtained
under the two lap modes of Al/Mg and Mg/Al, respectively. It can be seen that hook defects inevitably
occur no matter what kind of lap bonding method. In fact, hook is a kind of inherent feature appearing in
FSW weld joints. It is characterized as a crack-like unbonded interface that deformed from the original

surfaces on both AS and RS[231. The formation of hook can be interpreted as the following discussions.

In friction stir lap welding, the lap interface is perpendicular to the pin tool. When the stir needle
penetrates the lap interface in the welding core area, the interface oxide layer in the SZ area is destroyed.
However, the interface outside the stir needle cannot be stirred and broken sufficiently, so the position of
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this interface will shift with the flow of nearby materials. With the rotation of the pin tool, the materials in
the SZ zone will flow downward and gather at the terminal of the stirring needle. The accumulated
materials will force the materials in the thermo-mechanical affected zone to flow upward, so as to push
the lap boundary to bend upward. Generally, the bending interface on the retreating side is subjected to
the backward shear force and bends toward the direction of stirring needle rotation, while the bending
interface on the advancing side remains vertical, and finally a hook and cold lap are formed on the
advancing side and the retreating side, respectively. The hook shape affects the effective plate thickness
(EST) and effective lap width (ELW),which are often used to quantitatively describe the lap quality!"3.EST
is the minimum distance from the highest point of the hook tip or cold lap joint to the upper surface of
the upper plate. ELW is the width of the bond region from AS to RS[24.

It can be found from Fig. 14 that under Al/Mg lap mode, the forward side of the weld presents cold lap
defects, and the backward side presents hook defects. Tan, S et al.14 reported the microstructure
characteristics of the lapping of 6061 aluminum alloy and NZ30K magnesium alloy. It can be seen from
the cross-sectional diagram in the paper that the cold lapping and hook defects formed on the advancing
and retreating sides are similar to those in Fig. 14 (a). While in Fig. 14 (b) and (c), the advancing side is
cold lapping, and the retreating side lapping interface does not move upward, but moves downward,
forcing the upper plate material into the lower plate to form a defect. Although not like the normal hook
defect, but extend into the lower plate of the end is also sharp. This is because the design of the SNT
gives the flowing material an upward oblique thrust, changing the flow path of the material, as shown by
the blue arrow in Fig. 16. Considering that the fluidity of the aluminum alloy on the upper plate is better
than that of the magnesium alloy on the lower plate, the upper plate material continues to flow into the
lower plate, and because of the extrusion action of the surrounding unplasticized material, a unique
retreating side defect shape is formed.

The other Mg/Al lap mode is shown in Fig. 15. Both the advancing side and the retreating side show hook
defects, and with the increase of welding speed, the effective plate thickness (EST) of the advancing side
and the retreating side increases significantly, that is, the hook height decreases (The height from the
highest point of the hook to the bottom of the mixing layer is shown in the figure). At the same time, the
width of the hook in the horizontal direction is reduced, and the overall appearance is steeper. First of all,
due to the increase of welding speed, the low heat input reduces the fluidity of the material, which leads
to the reduction of the induction effect of stirring on the material in the weld core area, so the upward
extension distance of the hook becomes shorter. This is the same as Song, Y et al.'s/2% research result.
Similarly, at a low welding speed, the material has large heat input and strong fluidity, which makes the
material on the AS side and RS side easy to flow upward, so the hook extends a large distance upward.
On the other hand, due to the fixed speed, it means that the downward pressure on the shoulder is the
same, and the downward pressure on the lap interface is the same. Due to the different welding speeds,
the greater the welding speed, the worse the material fluidity will be. Therefore, the materials in the SZ
area gather and accumulate at the bottom, pushing the lap boundary to both sides, resulting in the steep
hook defect.

Page 11/30



However, with the increase of the rotational speed, the EST of the advancing and retreating side does not
change obviously, and the EST of the advancing side slightly increases, while the EST of the retreating
side slightly decreases. In the horizontal direction, the width of the advancing and retreating hooks
increases, because with the increase of the speed, the heat input of the material increases, the heat
affected zone expands, the fluidity of the external material of the pin tool increases, and it is more likely
to be induced by the pin tool to move closer to the welding core area, which is shown as the increase of
the hook width in morphology.

By comparing Fig. 14 and Fig. 15, it can be clearly seen that the lap interface mixing of Mg/Al lap mode is
better than that of Al/Mg lap mode. This is because of the good flow performance of aluminum alloy.
When the aluminum plate is placed on the lower plate, although the heat input is lower than that of the
upper plate, its good fluidity makes up for this defect, so that the two materials mix well at the lap
interface and form an onion ring with lamellar structurel2®l. Ji, S et al.l'3 also studied the weld hook
defects obtained by welding AZ31B magnesium alloy and 6061 aluminum alloy in Mg/Al lap mode, and
found that the hook defects obtained by conventional pin tool are prone to the hook defects that bend
upward nearly 90 degrees. However, such hook defects did not appear in this paper, instead, a smooth
hook defect was found. This is because the pin tool in this paper has increased the design of the large
diameter SNT at the end. As the shoulder diameter of the end part is large, the starting point of the hook
defect is far away from the weld center, which also increases the width of the hook defect. On the other
hand, the material flow track shown by the blue arrow in Fig.16 has a certain inhibitory effect on the
generation of hook defects!2¢l. Under the action of both, the unique hook defect shown in this paper is
formed.

3.3 Fracture morphology and mechanical properties analysis

Fig.17 and 18 show the change of failure load of friction stir welding joints welded at different rotation
and welding speeds. As shown in Fig. 17, Al/Mg failure load variation diagram, when the welding speed
remains unchanged and the rotation speed increases, the failure load decreases at the rotation speed of
1200r/min and 1500r/min, while the load increases at the rotation speed of 1000r/min. Combined with
the macro analysis of 3.1 and the hook defect analysis of 3.3.3, it is concluded that the advancing side of
the weld is cold lash defect under the process parameters of 1000r/min and 40mm/min, while the
retreating side has no hook defect due to the SNT design, and the mechanical interlocking degree is high,
which is conducive to improving the failure load!?”- 28], When the rotation speed is unchanged and the
welding speed is increased, it can be seen that when the welding speed is increased to 60mm/min, the
load is greatly reduced and the joint performance deteriorates sharply. When the welding speed is
20mm/min and 40mm/min, the joint failure load is higher, but the failure load of 20mm/min joint is lower
than 40mm/min, which is related to the generation and distribution of the joint IMCs. The reduction of
welding speed greatly increases the heat input of the joint. As can be seen from Fig. 7 (a) and Fig. 12,
most intermetallic compounds are generated at the advancing side and retreating side of the interface
and at the bottom of the welding core area, which is prone to stress concentration and crack initiation
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and development. The generation of IMCs hard phase further aggravates the deterioration of the joint
properties. By comparing Fig. 17 and 18, it can be found that the failure load of Al/Mg lap joint is better
than that of Mg/Al lap joint on the whole. It can be seen from the figure that this is because the fracture
of Mg/Al lap joint is completely along the edge of the interface mixing layer, which is weak bonding.
However, because no obvious mixed layer was formed in Al/Mg lap joint, the fracture occurred along the
weld core area, which was speculated to be caused by internal micro-cracks. Therefore, Mg/Al lap joints
have lower failure loads at break than Al/Mg lap joints. It can be seen from Fig. 15 (c) that the hook
defect is round and the thickness of the effective lap board is the largest, so this is also the reason for the
maximum failure load. Because the tip of the hook defect is the most important factor in the
development of the inducement crack.

Fig. 20(a)(b) shows the SEM morphology of the aluminum side under the Al/Mg lap mode, and Fig. 21(c)
(d) shows the mg side of the fracture. It can be seen that both sides of the fracture have the
characteristics of cleavage and ductile fracture, respectively. However, the fracture on the magnesium
side is generally flat, while the fracture on the aluminum side is very uneven, and the dimple size on the
magnesium side is smaller than that on the aluminum side. Fig. 20 (a) and (c) fractures show cleavage
patterns, which are the main characteristics of brittle fractures and result from the presence of IMCs
layers at the interface. This morphology is very similar to the results of the Beygi, R'sl2" study, in this
case, the joint shows weak bonding and the fracture is more likely to propagate through the thick and
continuous IMCs layer at the joint interface. According to Chang, W'slf! research, the intermetallic phase
of AI3Mg2 and Al,,Mg7 is the reason for the low ductility of the friction stir welding joint of al
6061/AZ31B dissimilar alloy. The fracture morphology in Fig. 20 (b) and (d) is similar to the results of Ji,
S'sl'3l study. A large number of dimples of very small size and depth can be observed in the figure,
showing a ductile fracture pattern. In this case, the bonding line remains intact and the fracture expands
in Mg by shear plastic deformation2l.

The fracture morphology of Fig.21 (a-c) was taken from the magnesium side, and (d-f) from the
aluminum side. The morphology of Fig.21 (a) and (d) was similar to the results of Ji, S’sl'3] study,
showing ridges formed during the movement of the pin tool. Figures (b) and (f) mainly show the
morphology of intercrystal and cleavage. There are small dimples between the fractures. Dimples are
characteristic of ductile fracture of Mg (Al) in eutectic mixture. As mentioned earlier in the tissue analysis,
the eutectic structure impedes the growth of continuous IMC layers resulting from solid state diffusion.
Therefore, the fracture does not occur through the continuous IMC layer, but propagates through the
eutectic zone. Eutectic region includes intermetallic phase and eutectic Mg (Al), while Mg (Al) is relatively
soft phase. In the loading process of the weld joint, the small crack in the weld and the sharp hook defect
will induce the crack and defect expansion, resulting in fracture. Due to the presence of soft phase
Mg(Al), the crack propagation is hindered to a certain extent, and the crack propagation is limited, which
is manifested as small dimples in some areas on the fracture, and therefore the joint strength is
increased(2'],
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Conclusion

Lap welding of Al-Mg dissimilar alloy was successfully achieved by using the new pin tool. Formability,
microstructure defects and mechanical properties of Al-Mg dissimilar lap joint under the SNT were
studied. The main research results are as follows:

1. Due to the design of the SNT, the flow direction of the material in the heat affected zone is directly
changed, and the shape of the hook defect at the interface of the lap Mg/Al joint is changed, which
increases the EST and effectively improves the mechanical properties of the lap joint.

2. No hook defect appeared on the back side of Al/Mg lap joint obtained under the process parameters of
1000r/min and 40mm/min, and the maximum failure load reached 4.8KN, indicating that SNT
coordinated the flow of the upper and lower plates.

3. Because of the design of SNT, the mixing degree of Al-Mg dissimilar materials in the direction of plate
thickness is improved.
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Figures

Figure 1

Welding process assembly drawing of FSW

5.5
1.5

transition region
(TR)

—~

= I@I}
% {on |

SNT |1 1

Figure 2

Pin tool space structure diagram
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Figure 3

Sampling locations of tensile and metallographic samples
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Schematic diagram of tensile performance test
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Figure 5

Weld and cross section morphology of Al/Mg lap joints
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Figure 6

Weld and cross section morphology of Mg/Al lap joints
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Figure 7

Cross section morphology of mixing zone at lap interface(a)Al/Mg joint(b)Mg/Al joint
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EDS results of the mixing layer at Al/Mg lap interface:(a)1000r/min-20mm/min;

(b)800r/min-40mm/min;(c) 1000r/min-40mm/min;(d) 1200r/min-40mm/min;
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Figure 9

EDS results of the mixing layer at Mg/Al lap interface:(a) 1000r/min-40mm/min;

(b)1200r/min-40mm/min;(c)1500r/min-40mm/min;
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Figure 10

Micro-XRD spectrums from Al/Mg joint cross section:

(@)800r/min-40mm/min;(b) 1200r/min-40mm/min
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Figure 11

Micro-XRD spectrums from Mg/Al joint cross section

(@)1000r/min-40mm/min;(b) 1000r/min-60mm/min;
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Figure 12

Microscopic images of IMCs layers on the forward and backward sides of the mixing zone of the weld
section:(a)1000r/min,40mm/min;(b) 1000r/min,40mm/min;

cps/eVv cps/eV
i(a) Normalization ) 160 {(b) Normalization .
407 Element = Number | Net Value weight% Atomic%s Element | Number |Net Value Weight? Atomic%
3 Al 13 38299 78.38 76.56 140 Al 13 61588 27.55 25.45
35 ‘ Mg 12 17005 21.62 23.44 130 Mg 12 341037 72.45 74.55
303 Totals: 100.00 100.00 Totals: 10000 | 10000 |
3 100
25 1
3 M
203 %
153 &
10 _.:: 40
5§ 20
n E T L] 1 L] T L L L] Ll D- T T T T T T T
0 2 4 6 8 10 12 14 18 3 4 5 6 7 8 2 10
Energy [keV] Energy [keV]
Figure 13

Compositions measured by EDS at locations shown in Fig. 12: (a) Spectrum 1; (b) Spectrum 2;
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Figure 14

Diagram of the microstructures of the forward and backward sides of Al/Mg lap
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Figure 15

Diagram of the microstructures of the forward and backward sides of Mg/Al lap
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Figure 16

Schematic diagram of material flow in the heat affected zone
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Variation of failure loads of Al/Mg friction stir welded joints welded with different rotation and welding
speeds
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Variation of failure loads of Mg/Al friction stir welded joints welded with different rotation and welding
speeds
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Tensile fracture cross section morphology:(a) Al/Mg joint; (b) Mg/Al joint;
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Figure 20

Fracture scanning topography in Al/Mg lap mode
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Fracture scanning morphology in Mg/Al lap mode
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