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Friction stir lap joining of 6061-T6 and zinc-coated steel was performed using a high rotation
speed and small tools with different pin lengths. During the welding process, the average axial
force ranged from 0.2 to 1.1 kN, which is smaller than that for conventional friction stir
welding. Satisfactory surface formation was achieved using a pinless tool and smaller plunge
depth. The highest failure load of 2.26 kN was achieved for a pin length of 0.3 mm, plunge
depth of 0.3 mm, and welding speed of 50 mm/min. The specimen fractured at the advance side
of the 6061-T6 base metal. A continuous and compact interface layer with a thickness of 5.2 lm
was formed. The main component of the intermetallic compound at the interface was Fe4Al13.
The intermetallic compound was tightly connected and bound to the steel galvanized sheet and
aluminum side.
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I. INTRODUCTION

ALUMINUM alloy and galvanized steel are increas-
ingly being used as the main structural materials in the
automotive industry.[1,2] Because of the significantly
different properties between Al alloy and steel, the
formation of defects in the joint is inevitable when
fusion welding is applied. The main defects are holes and
cracks, which reduce the performance and strength of
the joint.[3] Although braze welding technology can
reduce the formation of these defects, its low efficiency
and difficult accessibility make its use controversial in
certain types of joint structures. Alternatively, friction
stir welding (FSW) is expected to reduce the formation
of hole and cracks.[4–7] As a solid-state welding technol-
ogy, FSW can be performed without the use of a filler
material or extra protective gas and is regarded as an
environmentally friendly welding technology.[8]

In the friction stir lap welding of aluminum alloy and
steel, many factors affect the strength properties of the
joint, such as the geometry and size of the pin, plunge
depth of the shoulder, welding speed, and rotation
speed. Elrefaey et al. studied the friction stir lap joining
of aluminum plate (2 mm thick) and low-carbon steel
plate (1.2 mm thick).[9] In their study, the tool rotation
speed was lower than 100 rpm. They observed that a
joint with better strength properties could be obtained

when the pin penetrated the steel plate rather than when
the pin did not reach the steel. However, their method
may weaken the repeatability of the process because the
pin becomes quickly worn out.
During the Al/Fe friction stir lap welding (FSLW)

process, the Al-Fe intermetallic compounds (IMCs) at
the interface play a significant role in the lap joint. Das
et al. discussed the parameter optimization in Al6061/
HIF GA steel friction stir lap welds. They showed that
IMCs formed for both a higher input parameter and
lower energy input parameter. In addition, all the IMCs
formed were thermodynamically possible, and both the
intermetallics formed above 400 �C.[10] Kimapong et al.
reported that the shear strength decreased because of the
formation of a thick FeAl3 IMC layer, which formed in
the joint between 5083 aluminum and SS400 steel.[11,12]

Chen et al. examined the effect of the steel surface state
on the microstructure and mechanical properties of
dissimilar metal lap joints. Among the three types of
surface state, the zinc coating appeared to contribute to
the tight combination of the two plates. In their study,
Fe2Al5 and Fe4Al13 were observed in the IMC
layer.[13,14] Chen et al. combined a 3-mm-thick AC4C
aluminum alloy plate and 0.8-mm-thick zinc-coated
steel sheet using FSLW. They observed that with the
increasing rotation speed, the thickness of the IMC
decreased, and the strength properties gradually
improved.[15] Zhang et al. also formed an Al/Fe joint
with zinc foil using a wide shoulder tool (20 mm) and
multipass friction stir brazing (FSB).[16]

For these studies, a large axial force was applied when
a low rotation speed, large shoulder, and deep penetra-
tion were adopted.[17] The diameter of the shoulder was
20 mm and the plunge of the pin was 3 mm, which
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resulted in deformation and thinning of the aluminum
plate. In some cases, especially for a small structure of
aluminum-steel dissimilar metal lap FSW, it is difficult
to bear a large axial average force. If a tool with a
smaller shoulder is used under normal rotation speed
conditions, there is an obvious shortage of heat pro-
duction. Therefore, a high rotation speed becomes a
valuable option. Chen et al. observed that for the
rotation speed range of 10,000 to 16,500 rpm in the
FSW of 2014 aluminum alloy sheet, a lower axial
average force (200 N) is needed in the welding stage.[18]

It can be observed that a high rotation speed and small
shoulder is an effective way to reduce the axial force and
is more conducive to producing a thin-walled structure.
However, it is clear that the tool wear will be more
serious once the pin penetrates the upper aluminum
alloy and reaches the hard lower iron under the
condition of high rotational speed. Thus, further
research on how to determine the appropriate pin length
is needed. In addition, the composition and effect of the
IMCs in the interlayer should be studied under this
welding condition.

The main purpose of this study was to explore the
mechanism in lap joints of aluminum and galvanized
steel under the condition of a small average axial force.
In addition, the effects of the processing parameters on
the failure load are discussed. Piccini et al. studied the
effect of pin length and its penetration depth on the
friction stir spot welding (FSSW) of AA6063 Al/galva-
nized low-carbon steel overlap joints; their results
suggested that the heat and pressure generated by the
FSSW process are sufficient to promote diffusion
bonding between the aluminum and steel sheet.[19]

However, the aluminum sheet was cut thinner than
before, which decreased the strength of the base
material. In the present study, friction stir lap welding
experiments were performed using tools with pin lengths
of 0, 0.3, 0.6, and 0.9 mm. A satisfactory lap joint was
obtained under the condition of a small shoulder and
high rotation speed. After welding, the joint was cross-
sectioned perpendicular to the welding direction for
metallographic analysis and tensile tests using an elec-
trical-discharge cutting machine. As expected, the axial
average force of the welding process was smaller than
that of tradition FSW. The effect of the pin length on
the surface performance was examined. The microstruc-
ture and chemical composition of the interface were
further analyzed. Finally, the fracture of the joint was
analyzed using scanning electron microscopy (SEM) and
X-ray diffraction (XRD).

II. EXPERIMENTAL PROCEDURES

In this study, hot dip galvanized steel sheet (DX51D)
and 6061-T6 aluminum alloy sheet with dimensions of
120 mm 9 80 mm 9 1 mm were used. The sheet thick-
ness were both 1 mm. The compositions of the hot-
dipped galvanized steel sheet with 10 lm zinc coating
and 6061-T6 aluminum alloy are presented in Tables I
and II, respectively. The tool used in the experiment is
made of 3Cr3Mo3W2V.

As shown in Figure 1, the upper layer was the 6061-
T6 aluminum alloy sheet, the lower layer was the
galvanized steel sheet, and the available weld length was
80 mm. To accurately obtain the axial pressure during
the welding process, six pressure sensors were placed
underneath the back of the plate, and the frequency
response range of the sensor included the rotation
frequency. During the joining process, the temperature
of the bottom side of the 6061-T6 sheet was detected in
real time using thermocouples. As observed in Figure 2,
four types of tools with different pin lengths were used
to perform the experiments. The diameter of the
shoulder was 7 mm, and the pin lengths were 0.9, 0.6,
0.3, and 0 mm. The taper of the pin was 74 deg, and the
conical top diameter was 1.8 mm.
Before the experiment, alcohol was used to clean the

oil contamination from the surface of the sheet. Each
group of experiments was repeated three times. After the
welding experiments, the microstructural characteristics
of the joint were examined using SEM, and the
elemental distribution at the interface was analyzed
using energy-dispersive X-ray spectroscopy (EDS). The
mechanical properties of the joint were also measured at
a tensile rate of 1 mm/min. For comparison purposes,
the rotation speeds for all the experiments were
10,000 rpm, and the cross-sectional area of the tensile
specimen, as shown in Figure 3, was 24 mm2. Then
fracture surface was analyzed using XRD after the
tensile test. For the specimen fractured at the Al side, the
joint was detached along the interface, and the contact
face of the two base materials was analyzed using XRD.

III. RESULTS

A. Weld Appearance of the Joint

For each pin length and welding speed, the surface
formation corresponding to the best strength of each
group is shown in Figure 4. The joint with the highest
tensile force in each group is delineated by the triangular
symbols marked P1, P2, P3, and P4. The parameters are
listed in Table III. For the different pin lengths, different
plunge depths were selected. For the tool with the 0.9-
mm-long pin, to avoid penetration of the tool into the
steel sheet, the range of available plunge depths was
narrow. However, the plunge depth used for the 0.9-
mm-long pin was not suitable for the other pin lengths.
For the tools with shorter pin lengths (pin lengths of 0.6,
0.3, and 0 mm), sufficient axial force could only be
achieved by means of a plunge depth larger than that of
the tool with the 0.9-mm-long pin. Therefore, the plunge
depth in the study was not consistent.
When the pinless tool was used, good weld surface

formation was achieved, and there was no key hole in
the rear of the weld. When the plunge depth was larger,
the flash becomes serious. Increasing the welding speed
and reducing the plunge depth are helpful to improve
the surface formation. However, for welding speeds
greater than 300 mm/min, the upper and lower parts
could not be welded together. When the tool with a pin
length of 0.3 mm was used with the same plunge depth
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as that used in the pinless tool experiments, the flash was
relatively serious, and the thinning of the plate was not
relieved. When the welding speed was greater than
300 mm/min, the upper and lower parts can be welded
together also.
When the tool with a pin length of 0.6 mm was used,

the suitable welding parameter range was narrow. The
available plunge depth range was 0.18 to 0.3 mm. In
addition, it was difficult to achieve good surface
formation when the welding speed was greater than
300 mm/min or less than 100 mm/min.
When the tool with a pin length of 0.9 mm was used,

the acceptable plunge depth range was extremely lim-
ited. To prevent friction between the pin and steel
surface, the selected plunge depth range was from 0.02
to 0.08 mm. However, the weld surface was well formed,
and there were no macroscopic defects such as the flash
or groove tunnel. Even upon increasing the welding
speed to 300 mm/min, joints with excellent surface
formation were still obtained.
From the viewpoint of surface formation, satisfactory

results can be achieved using the pinless tool and smaller
plunge depth. When the pinless tool was used, a joint
without keyhole was obtained under high rotation
speed; however, the flash and thinning of the upper
base material were inevitable.
When the pin length of the tool increased from 0.3 to

0.9 mm, the surface appearance of the weld clearly
improved by decreasing the plunge depth gradually.
However, the strength was inconsistent with the surface
formation. To verify the quality of this welding method,
the shear properties of the joint must be examined. The
macroscopic morphology of the joint is shown in
Figure 5.

Table I. Chemical Composition of Low-Carbon Steel in Hot

Dip Galvanized Steel

Chemical Composition (Weight Pct)

C Mn Si P S Fe

0.04 0.25 0.08 0.16 0.08 rest

Table II. Chemical Composition of 6061-T6 Aluminum Alloy

Chemical Composition (Weight Pct)

Cu Si Fe Mn Mg Zn Cr Ti Al

0.15 0.4 0.7 0.15 0.8 0.25 0.04 0.15 rest

Fig. 1—FSW platform: (a) 6-thermocouple between two base metals,
(b) the position of six axial force sensors, (c) 1-welding tool, 2-BASE
material sheet, 3-cushion plate, 4-axial force sensor, 5-cushion plate.

Fig. 2—(a) The geometry of the main body for the welding tool. (b) The geometry of pins with different lengths.

4644—VOLUME 50A, OCTOBER 2019 METALLURGICAL AND MATERIALS TRANSACTIONS A



B. Joint Strength

Figure 6 shows the shear strength corresponding to
the joints shown in Figure 4. Among all the experi-
ments, the strength of the joint corresponding to the tool
with a certain pin length was higher than that of the
pinless tool, lower shear strength was achieved for a
longer pin. When the pinless tool was used, the highest
failure load of 1.33 kN was obtained for the welding
speed of 200 mm/min and plunge depth of 0.4 mm.
Figure 6 shows that the highest failure load of 2.26 kN
was obtained for the pin length of 0.3 mm, plunge depth
of 0.3 mm, and welding speed of 50 mm/min. In the
four best results for the four different pin lengths, the
fracture occurred at the advance side of the 6061-T6
base metal when the 0.3-mm-long pin was used, and the
others occurred at the interface layer, as shown in
Figure 7.

When the pin length of 0.6 mm was used, the strength
increased correspondingly firstly and then decreased
with increasing welding speed. When the pin length of
0.6 mm was used, the flash was serious, and the highest
failure load 1.62 kN was obtained for the welding speed
of 200 mm/min and plunge depth of 0.24 mm.

When the tool with the 0.9-mm-long pin was used, all
the joints in this group were obtained only when the
plunge depth was 0.04 to 0.1 mm. The highest failure
load of 1.37 kN is achieved for the welding speed of
300 mm/min and plunge depth of 0.08 mm. The
strength was improved by increasing the welding speed
and plunge depth. However, the feasible welding speed
parameter range was narrow. A welding speed that was
too high or too low did not contribute to a joint with
good surface formation and strength.

C. Axial Pressure and Temperature

Because of the large noise from the original pressure
signal, a low-pass filter with cutoff frequency of 200 Hz
was used to obtain a detailed pressure signal. Curves of
the axial pressure and temperature of specimens P1, P2,
P3, and P4 were obtained, as shown in Figure 8.

From all the experimental results, it is observed that
the maximum axial pressure was only 1.1 kN when the
pinless tool was used. This value is much smaller than

that obtained in conventional FSW (5.88 kN) with a
rotation speed of 800 rpm and welding speed 80 mm/
min.[11]

As shown in Figure 8, the axial pressure required for
a certain pin length is lower than that of the pinless tool.
According to the best joints for each pin length, it is
observed that as the length of the pin increases, the
plunge depth required decreases and the axial pressure
also gradually decreases. When the tool with a pin
length of 0.9 mm was used, the axial average force was
only 0.2 kN. When the pin lengths were 0.3 and 0.6 mm,
the corresponding maximum axial pressures were 0.93
and 0.85 kN, respectively.
Unexpectedly, the maximum strength did not appear

when pinless tool was used or for the longest pin. The
highest failure load of 2.26 kN was obtained for the pin
length of 0.3 mm. To obtain a more comprehensive
understanding of the welding process, the temperature
of the interface was detected using a thermocouple. As
shown in Figure 8, the temperature of the interface was
higher than the Zn melting point and Al-Zn eutectic
point (420 �C and 381 �C, respectively) but lower than
the melting points of the Al and Fe base metals (660 �C
and 1538 �C, respectively).[12] As shown in Figure 8, the
pin lengths corresponding to the order of peak temper-
atures from low to high were 0, 0.3, 0.6, and 0.9 mm,
respectively. For a given pin length, a smaller plunge
depth resulted in a lower peak temperature.
For the lap joining of aluminum alloy and galvanized

steel, we obtained good welded joints under smaller
axial pressure. Because the pin contributed to the plastic
flow of 6061-T6, the heat production was also higher
than that of the pinless tool. Therefore, the strength of
the joints corresponding to the tools with certain pin
length was relatively high in the present study. If the pin
is too long, the plunge depth is small and difficult to
control, which results in too much stirring. Conse-
quently, it is difficult to achieve a stable pressure and
temperature at the interface, which naturally leads to an
unsatisfactory joint. When the shorter pin (0.3 mm) was
used, sufficient heat and axial pressure were produced,
and the failure load of the joint (2.26 kN) was the
highest of all the experimental results. The thickness and
composition of the middle layer in the joint are the key

Fig. 3—(a) Geometry size of tensile specimen. (b) The position of the specimen.
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factors affecting the strength. Therefore, it is necessary
to study the microstructure of the joint and the
interlayer in the joint under lower axial pressure.

IV. DISCUSSION

A. Effect of Pin Length on the Joint

Generally, efficient lap joining depends on a local high
temperature and high pressure. When the tool without a
pin was used, the heat was mainly derived from the
friction between the aluminum plate and tool shoulder.
Although friction pressure can be obtained by increasing
the plunge of the shoulder, an excessive plunge decreases
the thickness of the base material, which is harmful to
the strength of the joint. Therefore, it is difficult to
obtain suitable welding parameters without a pin.

When a pin with a certain length was used, heat was
derived from friction between the shoulder and the
surface of the 6061-T6 aluminum alloy as well as from
the friction between the pin and metal. It is clear that for
a longer pin, the friction heat will be greater and more
heat will be produced by plastic deformation. However,
it cannot be concluded that a longer pin results in better
strength. On the one hand, the existence of the pin will
cause the high-temperature zone to be located close to
the interface layer. On the other hand, a longer pin
results in more severe plastic metal flow, which makes
the local axial pressure unstable. To avoid pin contact
on the galvanized steel, the plunge depth must be
reduced, which reduces the axial pressure. Therefore, the
maximum tensile force did not appear when there was
no pin (0 mm), or when the pin was the longest
(0.9 mm), but occurred only when the pin length was
0.3 mm.

Figures 9(a) through (d) show the micromorphology
of the IMC layer of the weld interfaces of P1, P2, P3,
and P4. Figure 9(e) shows the variation of the IMC
layer thickness with pin length. The thickness of the
IMC layer formed at the interface was quite different,
which determined the ultimate mechanical properties of
the welded joints. When the pin was too long, the

insufficient pressure resulted in a thinner IMC layer. The
thickest IMC layer was 5.2 lm when the pin length was
0.3 mm. Compared with the traditional friction stir lap
weld experiment,[10] the diameter of shoulder and pin in
this study are smaller than that in traditional friction stir
lap weld experiment; the width of the IMC layer of A
region (in Figure 5) in this study was smaller, which was
equal to the diameter of the pin, resulting in a smaller
effective contact area; however, it was more continuous
and compact.

B. Analysis of the Interface Layer in Different Regions

It has been shown that the peak temperature and
pressure inside the friction stir weld are inhomogeneous.
Because the distance between the pin and region A was
small, the peak temperature and pressure in this region
were larger than those in regions B and C (in Figure 5).
The interface of region A beneath the pin mainly
consisted of an IMC layer of uniform thickness, as
shown in Figure 10(a). Region B beneath the shoulder
was mainly composed of a discontinuous IMC layer, as
shown in Figure 10(c). Region C on the edge of the
shoulder was composed of an Al-Zn low-melting-point
eutectic structure, which was extruded from regions A
and B by axial force, as shown in Figure 10(e).
As shown in Figure 8, the peak temperature of the

interface was higher than the melting points of zinc and
the Al-Zn eutectic alloy. The oxide layer at the metal
surface was broken, and the galvanized layer melted and
reacted with the surface of 6061-T6. Then, the Al-Zn
eutectic was formed at the interface. Under the local
high temperature and high pressure, the Al-Zn eutectic
alloy and broken oxide film were extruded to the edge of
shoulder, as shown in Figure 10(e).
During the tensile tests, the tensile fracture positions

of the sample were located at the advance side of 6061-
T6 of P2 and at the interface for the other specimens.
Then, the joint of P2 was detached along the interface.
The IMC at the interlayer bore the tensile shear
perpendicular to the weld direction, which resulted in
lamellar tearing, as shown in Figure 10(b). During the
welding process, the reaction at the interface of region B
below the tool shoulder was similar to that of region A.
Compared with the interface area beneath the pin, the
zinc layer at the interface was not completely extruded
because the pressure was low, and the Fe and Al were
not fully transferred with a small amount of uniform
IMC formed, as shown in Figure 10(c). A small amount
of zinc remained on the surface of the galvanized steel
sheet. During the tensile test, lamellar tearing occurred

bFig. 4—Parameter plot and weld surface corresponding to the joint
with the highest failure load for each welding speed: (a) parameter
plot for experiments with a pinless tool, (b) the surface
corresponding to (a), (c) parameter plot for experiments with a tool
of 0.3-mm-long pin, (d) the surface corresponding to (c), (e)
parameter plot for experiments with a tool of 0.6-mm-long pin, (f)
the surface corresponding to (e), (g) parameter plot for experiments
with a tool of 0.9-mm-long pin, (h) the surface corresponding to (g).

Table III. Welding Parameters in P1, P2, P3, and P4

Num Rotation Speed (rpm)
Welding Speed

(mm/min) Pin Length (mm) Plunge Depth of Shoulder (mm) Failure Load (kN)

P1 10,000 200 0 0.4 1.33
P2 10,000 50 0.3 0.1 2.26
P3 10,000 200 0.6 0.24 1.62
P4 10,000 300 0.9 0.08 1.37
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in the IMC, and some residual zinc remained on the steel
side surface; the ripple shape formed by the tool during
the welding process can be observed on the aluminum
surface in Figure 10(d). The broken oxide film and
eutectic alloy extruded from regions A and B formed
region C at the edge of the tool shoulder, and the cross
section is shown in Figure 10(e). The tensile tests
indicated that region C can bear a certain failure load.
A small amount of zinc remained on the steel surface in
this area. The Al-Zn eutectic alloy was torn during the
tensile test. The trace of the tear can be observed in the
SEM image in Figure 10(f).

In this study, as shown in Figure 11, Al and Fe
interface diffusions were observed. The composition of
the IMC was detected by XRD. Fe4Al13 was present on
both the fractured surfaces of the 6061-T6 and steel
shown in Figures 12(a) and (b). According to the Fe-Al
binary phase diagram,[20] the FeAl3 IMC forms at the
interface of the Fe and Al and will grow into Fe4Al13 by
combining with Al atoms.[21] In research performed by
Zhang et al.,[16] the growth mechanism of Fe4Al13 was
revealed. They observed that the formation of the IMC
started from several separated IMC particles. Then, the
separated IMC particles connected with each other.
Finally, the continuous IMC grew upwards, and the
rapid growth and densification of the IMC layer was
assisted by frictional heating and the axial force. In this
study, the largest axial force among P2, P3, and P4 was
achieved when the tool with a 0.3-mm-long pin was
used. However, for the tools with the 0.9-mm-long pin
(P4) and 0.6-mm-long pin (P3), although the separated
IMC particles were formed and connected to the
continuous original IMC layer along the interface,
further axial force could not be achieved for the IMC
to grow upward. Therefore, the thickness of IMC is
smaller than that of P2. For the tool without the pin
(P1), the axial force was sufficient. However, the lack of
the pin resulted in the locally concentrated force not
being obtained. Therefore, the IMC layer was thinner
than that for P2. In a study by Naumov et al., the
authors observed that the intermetallic phase layer
thickness depends on the heat-treatment conditions,
with the intermetallic phase layer thickness growing with
the increasing heat-treatment temperature.[22] As shown
in Figure 8, the peak temperature for P2 was not the
highest in the four curves. However, the cooling pace for
the processing with the tool with the 0.3-mm-long pin
was gentle. During the welding process, the tools had a
heat-treatment effect on the former part of the joint,
which assisted the growth of the IMC layer and
improved the thickness of the IMC. The different axial
forces and peak temperatures resulting from the four pin
lengths determined the thickness of the IMC, which
played a role in the strength of the joint. In our study,
we revealed the relation between the thickness of IMC
and joint strength; as shown in Figure 9, the IMCs were
all continuous along the interface. When the pinless tool
was used, the thickness of IMC was not inhomogeneous;
when the pin with a pin was used, the thickness of IMC
was homogeneous, but for the P3 and P4 joints obtained
by pin lengths of 0.6 and 0.9 mm respectively, the IMCs
were thinner than that of P2. Although the width of
IMC beneath the whole shoulder in P1 joint was larger

Fig. 5—Cross sections of joint (P1, P2, P3, and P4) and the interface
beneath the tool was divided into three parts: (a) the interface
beneath the pin; (b) the interface beneath the shoulder; (c) the
interface beneath the edge of tool.

Fig. 6—Failure load corresponding to the joints shown in Fig.4.

Fig. 7—Fracture position: (a) fracture position of P2, (b) fracture position of P1, P3, and P4.
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than the IMC beneath the pin in P2, the IMC was
inhomogeneous, however. And the P2 joint with thick
and homogeneous IMCs in the interface achieved the
highest strength. Therefore, the thick and homogeneous
IMCs in the interface were sufficient conditions for
improving the strength of joint.

V. CONCLUSIONS

1. In this study, the lap joining of the 6061-T6
aluminum alloy sheet and galvanized steel was
achieved by friction stir lap welding. The rotation
speed was 10,000 rpm, resulting in maximum axial
pressure of 1.1 kN in the experiment.

2. The Al-Fe IMC plays an important role in joining.
The main component of the interface IMC is
Fe4Al13. The thickness of IMC was affected seri-
ously by the temperature and locally concentrated
axial pressure.

3. When the tool with a pin length of 0.3 mm was
used, the proper heat and locally concentrated axial
pressure can be generated, the IMC in the interface
was homogenous, and the thickness of the IMC was
5.2 lm, while for the tool with pin lengths of 0.6
and 0.9 mm, the IMCs were thinner. For the pinless
tool, the IMC was inhomogeneous.

4. The biggest failure load of joint was 2.26 kN, when
the tool with pin length of 0.3 mm was used, the
plunge depth was 0.3 mm and welding speed was
50 mm/min. And the joint fractured at advance side
of 6061-T6 base metal.

Fig. 8—(a) Axial force of P1, P2, P3, and P4; (b) temperature of P1, P2, P3, and P4.

Fig. 9—SEM micrographs and thicknesses of IMCs in the interfaces between two metals: (a) SEM micrograph of P1 joint, (b) SEM micrograph
of P2 joint, (c) SEM micrograph of P3 joint, (d) SEM micrograph of P4 joint, (e) thicknesses of IMC in P1, P2, P3, and P4 joints.
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Fig. 10—SEM micrographs in interface of P2 joint: (a) the micrograph of interface in region A below the pin in Fig. 5, (b) the micrograph of
IMC in region A after tensile test, (c) the micrograph of interface in region B in Fig. 5, (d) the micrograph of region B after the tensile test, (e)
the micrograph of Al-Zn low-melting-point eutectic structure in region C interface beneath the edge of the shoulder, (f) the micrograph of region
C after the tensile test.
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Fig. 11—EDS analysis of interface: (a) position of the EDS scan for P2; (b) EDS scan result for P2.

Fig. 12—XRD analysis from the fracture of P2 joints: (a) Al side of P2 joint; (b) Fe side of P2 joint.
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