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Aluminum alloys are increasingly being applied to automobile bodies to reduce the weight of automobiles. In
joining steel materials and aluminum alloys using resistance spot welding(RSW), it is important to control the
state of intermetallic compounds due to the temperature at the joining interface. In other words, in RSW of Fe/Al
dissimilar materials, it is necessary to clarify the heating and cooling phenomena of the interface temperature
during joining. Although the convection behavior of the molten aluminum alloy is thought to influence the
temperature distribution at the joining interface, there are no studies that have directly observed this phe-
nomenon. In this study, convection in molten zone of aluminum alloy during RSW of steel and aluminum alloy is
discussed. Direct observations were attempted in order to clarify the convection behavior of the molten
aluminum alloy in RSW of steel and aluminum alloy. The main feature of this experiment is that a real-scale test
piece and an RSW apparatus used in actual production were used to observe convection during actual produc-
tion. The observation experiments were conducted using synchrotron radiation X-ray at SPring-8. During
welding, the specimens were irradiated with synchrotron radiation X-ray, and convection was observed from the
behavior of tracer particles placed on the specimens. As a results, three types of convection were observed: radial
outward convection from the center of the molten zone at the joining interface, convection from the edge of the
molten zone toward its center, and weak circulating convection at the edge of the molten zone. And, small
convection velocities were generated at the edge of the molten zone. Furthermore, the convection velocity inside
the molten zone was calculated to be approximately 1.75 m/s. In addition, it was shown that there is a corre-
lation between convection behavior and the shape of the molten zone.

Direct observation
Synchrotron radiation X-ray

1. Introduction application of aluminum alloys has attracted the most attention, and

research is being conducted on hybrid structures that combine con-

In recent years, the automotive industry has been promoting fuel-
efficient automobiles from the viewpoint of vehicle emissions regula-
tions. One of these measures is to reduce the weight of automobile
bodies. In addition to using ultra-high-strength steel sheets to reduce
plate thickness, light metals, such as aluminum alloys and magnesium
alloys, are used in areas where strength is unnecessary. In particular, the
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ventional steel materials with aluminum alloys. In order to achieve this
hybrid structure, it is necessary to join dissimilar materials, such as steel
and aluminum alloy. Various methods, such as resistance spot welding
(RSW) [1-14], friction stir spot welding (FSSW) [15], and laser welding
[16], have been investigated for this purpose. In particular, much
research has been done on RSW, because it can be carried out using
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Fig. 1. Photograph of tilted welding equipment.

existing production equipment.

When dissimilar materials such as steel and aluminum alloy are
joined using RSW, an intermetallic compound is formed at the joining
interface. It is known that this intermetallic compound is formed by the
interdiffusion of Fe and Al atoms, depending on the temperature field at
the joining interface. Therefore, much research has been conducted on

(a) Photograph
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RSW of dissimilar materials such as steel and aluminum alloy. In
particular, recently, in addition to research on the understanding of IMC
properties [1-6], research focusing on electrode geometry [7-11],
research using intermediate layers [12,13], and research using external
magnetic fields [14] has been conducted to control IMC properties. All
of these studies have investigated how to control intermetallic proper-
ties thermally or microstructurally, i.e., the physical phenomena at the
joining interface. On the other hand, temperature field around joining
interface is considered to be determined by the balance between heat
generation due to the specific resistance of the steel and aluminum alloy
and heat removal due to heat conduction. In addition, since the joint
interface is always in contact with the aluminum alloy melt during
welding, the dynamic behavior of the molten aluminum alloy, in other
words, convection, is expected to affect the temperature field.
Convection of molten metal has been studied extensively in arc
welding and laser welding [17-26]. In the case of arc welding, studies
have been conducted using simulations and direct observations, and,
similarly, in the case of laser welding, direct observations have been
conducted. There have also been several numerical simulation studies
on the convection behavior of molten metal in RSW [27]. However, all
of these studies were conducted for similar materials RSW, and there are
few examples of dissimilar materials, such as steel and aluminum alloy
[28]. In addition, the accuracy of the numerical simulations cannot be
verified due to the lack of experimental data for convection in molten

Al alloy

(b) Observation area

Fig. 2. Initial position of tracer particles.
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Fig. 3. Behavior of tracer particles during current application.
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Fig. 4. Convective flow toward molten zone.

aluminum alloy, and the physical phenomena have not yet been
clarified.

In this study, direct observations were attempted in order to clarify
the convection behavior of the molten aluminum alloy in RSW of steel
and aluminum alloy. The main feature of this experiment is that a real-
scale test piece and an RSW apparatus used in actual production were
used to observe convection during actual production. Furthermore, the
use of synchrotron radiation X-ray at SPring-8 enabled direct observa-
tion of convection behavior. By observing the behavior of tracer parti-
cles set in aluminum alloy, the direction and velocity of convection
during RSW were measured, and the relationship between the shape of
the molten zone and convection behavior is discussed.

2. Materials and experimental procedure
2.1. Materials

A 1.2 mm-thick hot-dip galvanized alloyed steel sheet (GA590) and a
1.6 mm-thick aluminum alloy sheet (A6061) were used as test materials.

The chemical compositions of each material are shown in Table 1. The
dimensions of the specimen was 50 mm x 50 mm.

2.2. Welding procedure

A C-type gun RSW system with a DC inverter power supply was used
for welding. An R-type electrode tip with a tip curvature of 100 mm
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made of alumina dispersion strengthened copper was used. The welding
conditions during convection observations were a current of 14 kA, a
current application time of 200 ms, and an electrode force of 5.0 kN. The
current was changed to 11 kA when calculating the convection velocity.
In both welding conditions, GA590 was set on the positive electrode side
and welding was conducted.

Tungsten (W) particles were used as tracer particles, with sizes of
150 pm and 25 pm for the observation of convection and 53 pm for the
calculation of convection velocity, respectively. The tracer particles
were filled into the holes on the aluminum alloy side in appropriate
quantities. The holes were 2 mm in diameter and 0.4 mm in depth for the
convection observation and 1 mm in diameter and 0.4 mm in depth for
the convection velocity observation.

2.3. In-situ observation

The experiment was conducted at the RIKEN Contract Beamline
BLO5XU at SPring-8. In this experiment, 100 keV light with an energy
bandwidth of approximately 0.93 % was used, which was formed by
shaping 100 keV light, the primary light of the 5.26 keV fundamental
wave from the undulator, using a multilayer mirror. This X-ray beam
was further shaped with a slit, and a 0.7 mm (length) x 4.0 mm (width)
X-ray beam irradiated a test specimen placed in the center of a RSW
apparatus installed in an optical hutch. The transmitted X-ray was
observed with a CsI scintillator located 1.5 m downstream, and the
converted visible light was measured with a high-speed camera
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Fig. 5. Convection current circulating at edge of molten zone.

(a) Photograph

(b) Observation area

Fig. 6. Initial position of tracer particles when welding equipment is tilted by 15°.

manufactured by nac Image Technology Inc. The pixel resolution was
approximately 15 pm, and time-resolved measurements were made at
2500 Hz and 5000 Hz. Using this system, convection currents inside the
molten aluminum alloy during welding were observed based on the
movement of tracer particles.

In addition to the normal welding posture, in which the welding
apparatus was installed perpendicular to the ground to observe con-
vection in the cross-sectional direction of the molten zone, a tilted
posture was used to investigate three-dimensional convection phenom-
enon in the molten zone. During tilted welding, as shown in Fig. 1, the
welding apparatus was tilted 15° to the upstream of the beam, and X-ray
irradiation was from the steel side toward the center of the weld.

2.4. Cross-sectional and microstructure observation

Cross-sectional and microstructural observations were conducted to
observe the shape and microstructure of the molten zone of joints. For
cross-sectional observation, 3 % nital was used as the etching solution,
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and the shape of the molten zone was observed using a microscope. For
microstructural observation, 5 % hydrofluoric acid was used as the
etching solution, and SEM was used to observe the microstructure.

3. Results
3.1. Overview of convection

Fig. 2 shows the initial state of the 150 pm tracer particles. A small
amount of particles are concentrated in a hole with a diameter of 2 mm
and a depth of 0.4 mm, indicating the presence of tracer particles inside
the aluminum alloy plate.

Next, Fig. 3 shows the movement of tracer particles during current
application. As shown in Fig. 3(a) and (b), there is almost no movement
of the particles until 20 ms after the start of current application. This is
probably due to the fact that the molten zone is small or hardly formed,
and convection currents are not sufficient to move the tracer particles.
On the other hand, at 30 ms, the particles begin to move in the direction
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Fig. 7. Behavior of tracer particles during current application when welding apparatus is tilted by 15°.

(a) Photograph

Al alloy

(b) Observation area

Fig. 8. Initial position of 25 pm tracer particles.

of the arrow in the figure, and at 35 ms, the particles move significantly
outward in the radial direction from the center of the molten zone.
Furthermore, the particles move radially outward along the joining
interface as the current application time increases. On the other hand, as
shown in Fig. 3(e) and the dashed lines in Fig. 3(f), a flow of particles
returning from the large clumps to the center of the molten zone can be
observed, but the motion of particles cannot be captured with a time
resolution of 5 ms. In order to confirm the details of the motion of these
particles, detailed images were obtained for the motion of the particles
from 40 to 45 ms, observed every 0.4 ms, and the results are shown in
Fig. 4. It can be seen that some particles peeled off from the particles that
were accumulated at the edge, and moved in an arc toward the center of
the molten zone. The particles were constantly moving, and the large
movement of particles within 1 ms suggests that the convection velocity
is extremely high. Next, Fig. 5 shows the observation results during the
middle stage of current application. The particles detached from the
accumulated particles at the edge are moving toward the center of the
molten zone while drawing an arc. This is similar to the movement of
particles shown in Fig. 4. However, the particles stop moving toward the
center in the middle of the arc, and then move toward the interface. The
particles then move outward in the radial direction and merge with the
accumulated particles. While there is convection from the edge toward
the center of the molten zone, as shown in Fig. 4, there is a small amount
of convective circulation at the edge of the melt, as shown in Fig. 5.
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Thus, the observations in Fig. 3, Fig. 4 and Fig. 5 indicate that convec-
tion flows radially outward from the center of the molten zone toward
the outside of the molten zone at the interface, from the edge toward the
center of the molten zone, and then at the edge of the molten zone.

In order to obtain depth information, i.e., the circumferential flow
during convection, the welding apparatus was tilted, and the behavior of
the particles was observed from the top of the specimen. Fig. 6 and Fig. 7
show the initial filling positions of the particles and the observation
results of the tracer particles during the current application process,
respectively. The particles placed at the center of the weld (the leftmost
particle in the image) began to move 30 ms after current application.
Subsequently, most of the particles moved to the upper side of the
image, whereas some moved to the edge of the molten zone at the lower
right of the image, as shown by the dashed line. This shows that the
particles that accumulate circumferentially at the edge of the molten
zone are slowly moving along the edge of the molten zone as the current
is applied. This movement is extremely slow compared to the movement
of the particles shown in Fig. 4, suggesting that the convection velocity is
extremely small at the edge of the molten zone.

3.2. Convection at edge of molten zone

Using 150 pm tracer particles, characteristic convection was found
not only inside the molten zone but also at its edge. To observe the
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Fig. 9. Tracer particle convection at edge of molten zone.
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(a) Photograph (b) Observation area

Fig. 10. Initial position of 25 pm tracer particles when welding equipment is tilted by 15°.
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(g) 60ms (h) 100ms
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Fig. 11. Behavior of 25 pm tracer particles during current application when welding apparatus is tilted by 15°.
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(b) 0.4ms after

(d) 0.8ms after

(e) 1.0ms after

(f) 1.2ms after

Fig. 12. Motion of tracer particles when calculating convection velocity.

(Unit: mm)

Fig. 13. Particle movement distance during period of 0.2 ms.

convection at the edge of the molten zone in more detail, tracer particles
with a size of 25 pm were used. Fig. 8 and Fig. 9 show the initial filling
positions for the particles and the observation results during current
application, respectively. The observation position is the edge of the
molten zone, and the welding center is at the right edge of the image. As
indicated by the white arrows, the tracer particles begin to move
significantly 40 ms after the start of current application, and the parti-
cles move to the edge of the molten zone and then outward in the radial
direction as the molten zone expands. And the particles that move to the
edge form clumps. These results are similar to those using 150 pm tracer
particles. Therefore, it can be inferred that convective flow at the edge of
the molten zone is small enough to prevent the particles from moving
significantly.

Next, the behavior of the particles at the edge of the molten zone was
observed from the top of the specimen by tilting the welding apparatus.
Fig. 10 and Fig. 11 show the initial filling positions for the particles and
the observation results for tracer particles during current application,
respectively. After particles moved to the bottom of the image at 50 ms
from the start of current application, the white arrows in the figure show
that the particles that initially moved to the edge of the molten zone,
later spread along its edge from 60 ms onward. Furthermore, these
particles do not move significantly during subsequent current applica-
tion. This is similar to the case for 150 pm tracer particles, suggesting
once again that there may be a region at the edge of the molten zone
where convection is extremely small.

3.3. Convection speed

As described above, a rough understanding of the convection that
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occurs in the molten zone was obtained in this experiment. However, the
convection velocity was not clarified. Fig. 12 shows the results of ob-
servations using only a few 53 pm tracer particles. The particles are
moving near the edge while forming a V-shape. The speed of movement
was calculated from the relationship between the amount of movement
of the particles and the elapsed time. As shown in Fig. 13, the particles
move a distance of 0.7 mm in 0.2 ms, giving a movement speed of
approximately 1.75 m/s. This speed is close to the value obtained for
laser welding [20], indicating that the same level of convection occurs in
RSW.

4. Discussion

4.1. Relationship between the shape and microstructure of the molten
zone and convection

Fig. 14 shows cross-sectional images taken at different current
application times. For the initial time of 33 ms, the molten zone is
shallow and grows slightly in the radial direction, but is still extremely
small. At 50 ms, it grows in the radial direction and becomes larger in
the thickness direction. Thereafter, it continues to grow in both the
radial and thickness directions as the current continues to flow. After 67
ms, when the molten zone has grown to a certain extent, a shallow
melted region is observed at the edge of the molten zone, and this region
grows rapidly inward.

Next, the effect of convection on the macroscopic expansion
behavior of the molten zone is discussed. As shown in Fig. 14(a), when a
current is applied and a thin molten zone is formed at the interface, as
shown in Fig. 3(d), convection occurs in the radial direction in the
molten zone. Subsequently, as shown in Fig. 14(b), the molten zone
grows in the direction of the plate thickness, as shown in Fig. 4, and
convective flow occurs in an arc from the edge of the molten zone to-
ward the center of the weld while expanding in the direction of the plate
thickness. When the molten zone grows rapidly in the thickness direc-
tion, as shown in Fig. 14(e) and (f), a circulating convective flow is
generated at the edge of the molten zone, as shown in Fig. 5. These re-
sults indicate that convection is caused by macroscopic expansion of the
molten zone. However, the direct effects of these phenomena are un-
known at this stage and will be discussed in a follow-up report.

Moreover, the microstructure of the molten zone is discussed. Fig. 15
shows an SEM image of the molten zone of aluminum alloy. Fig. 15(a)
shows the locations where microstructural observations were conduct-
ed, and Fig. 15(b) to (e) show the microstructures at locations (b) to (e)
in the Fig. 15(a), respectively. The direction of convection in the
microstructure at each location is also shown at the SEM images, as
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Fig. 14. Cross-sectional images for different current application times.

expected from the direct observation. Focusing on the shape of the
microstructure in Fig. 15(b) to (e), it can be confirmed that there is a
particular growth direction. However, the direction of growth does not
coincide with the direction of convection. This is due to the fact that
convection is a phenomenon during current application, and the solid-
ification of the molten zone is a phenomenon after the end of current
application. In other words, the shape of the microstructure in the
molten zone depends on the temperature gradient during cooling,
regardless of the effect of convection. On the other hand, focusing on the
size of the microstructure, the microstructure in Fig. 15(d) appears to be
larger than the other observed areas. These results suggest that it is
possible that there is a correspondence between the magnitude of the
convection velocity and the temperature distribution in the molten zone.

4.2. Overview of convection and convection speed

The mechanism of convection in molten aluminum alloy is discussed.
Tsukiji et al. [28] examined convection in aluminum alloy during RSW
of steel and aluminum alloy by numerical simulations using the
smoothed-particle hydrodynamics method. The simulation results for
convection obtained in the present study indicate that it occurs in the
same direction as observed experimentally. Also, the electromagnetic
force generated during RSW is the dominant cause of such convection.
During RSW, the electromagnetic force acts in the direction toward the
weld center, for both the interface and electrode sides. In other words, in
the aluminum alloy molten zone, the electromagnetic force always acts
in the radial direction and always inward. However, although the di-
rection of the electromagnetic force is always the same for both the
interface and electrode sides, its magnitude differs, being stronger on the
electrode side. Therefore, as shown in Fig. 16, in the aluminum alloy
molten zone, three types of convection occur: convection from the
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center of the molten zone to the edge in the radial direction, convection
from the edge of the molten zone along the bottom to the center of the
molten zone, and convection from the center of the bottom of the molten
zone to the interface. Thus, the experimentally observed convection, as
in the simulation, is assumed to be caused by the electromagnetic force
generated during welding.

4.3. Convection focused at edge of molten zone

In this section, the effects of convection at the edge of the molten
zone are considered. The experimental results suggest that convection is
extremely small at the edge of the molten zone because tracer particles
become accumulated in this region. As seen in Fig. 17, there is a region
of shallow melt penetration at the edge of the molten zone. These results
suggest that convection at the edge of the molten zone affects the shape
of the molten zone. This is consistent with the results of the numerical
simulations, which indicate no reduction in convection at the edge of the
molten zone, and that the molten zone is bowl-shaped with no shallow
melt-in region.

5. Conclusions

In this study, direct observation of convection was attempted using
synchrotron radiation at SPring-8 for an molten aluminum alloy during
RSW of steel and aluminum alloy. The results obtained are as follows.

e The tracer particles installed in the aluminum alloy were observed to
move as the current applied through the aluminum alloy. This is
thought to be due to the movement of the tracer particles in the
convection current of the molten aluminum alloy.
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Convection
direction

Convection
_direction-

(e) Microstructure of (e) location

Fig. 15. SEM images for each molten zone.

Three types of convection were observed: radial outward convection
from the center of the molten zone at the joining interface, convec-
tion from the edge of the molten zone toward its center, and weak
circulating convection at the edge of the molten zone.

Extremely small convection velocities were generated at the edge of
the molten zone.

The convection velocity inside the molten zone was calculated to be
approximately 1.75 m/s.

The relationship between the shape and microstructure of the molten
zone and convection was examined, and it was shown that there is a
relationship between the macroscopic shape of the molten zone and
convection behavior.
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o The macroscopic convection behavior observed in this experiment is
in good agreement with the simulation results of previous study. On
the other hand, convection with a small driving force at the edge of
the molten zone, which was not calculated in the simulation, was
observed only in this experiment.
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16. Direction of convection in molten zone.

Fig. 17. Shape at edge of molten zone.
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