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In resistance spot welding (RSW) of Fe and Al alloy, an intermetallic compound (IMC) is formed at the joining
interface, and it is known that the strength of the joint decreases as the IMC becomes thicker. One of the factors
that determines the thickness of the IMC is the temperature field during welding, which is considered to vary
greatly depending on convection within the Al alloy melting zone. Therefore, changes in convection are
considered to possibly affect the state of IMC formation, but there have been few detailed studies of this phe-
nomenon. In this study, convection in the Al alloy melting zone of an Fe-Al alloy RSW was varied and the effect
on the joint characteristics was investigated. For this study, to focus on the electromagnetic force generated in
the Al alloy melting zone, convection in the Al alloy melting zone was changed by applying a magnetic field
using neodymium magnets. In-situ evaluation of the convection using synchrotron radiation and cross-sectional
images of the joint revealed that the presence of a magnetic field during welding causes a non-axisymmetric
change in convection in the Al alloy melting zone, which deflects this zone. The magnetic field increases the
driving force for convection and homogenizes the temperature field at the joining interface, leading to the
formation of a thin uniform IMC near the joint center. Furthermore, from a cross tension test and observation of
the fracture surface of the joint after the test, it was clarified that the cross tension strength of the joint welded
under a magnetic field was improved by the propagation of cracks into the Al alloy melting zone during the test.

[13,14], but RSW is mainly used for fabricating car bodies, and because
this joining technique has many advantages, the joining of Fe and Al

1. Introduction

In recent years, the automotive industry has been seeking to improve
the fuel efficiency of vehicles from the viewpoint of reducing environ-
mental problems caused by vehicle emissions, and has been promoting
weight reduction of vehicle bodies. One method to reduce the weight of
car bodies is to combine steel (Fe) and aluminum (Al) alloy to create a
multi-material car body. To realize this, a dissimilar metal joining
technique for Fe and Al alloy is required. There are various types of
dissimilar metal joining techniques, such as resistance spot welding
(RSW) [1-10], friction stir spot welding [11,12], and laser welding
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alloy using RSW has attracted much attention.

However, it is known that in RSW of Fe and Al alloy, an intermetallic
compound (IMC) is formed at the joining interface, and if this IMC is
thick, the strength of the joint is greatly reduced [1-3]. Therefore, it is
necessary to form a thin and uniform IMC to ensure sufficient joint
strength. Because IMC formation depends on temperature [4], control-
ling the temperature field at the joining interface during welding is
considered to be an effective method for forming a thin IMC. In the past,
many studies have focused on the temperature field at the joining
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Table 1
Chemical composition of each material.
C Si Mn P S Fe Cu Mg Cr Zn Ti Al
GA590 0.12 0.29 1.41 0.009 0.305 Bal. - - - - - -
A6061-T6 - 0.7 0.12 - - 0.4 0.29 1.1 0.17 0.03 0.03 Bal.

Table 2
Welding conditions.

Current,  Current Electrode Hold External magnetic
1(kA) time, force, time, field
t (ms) F (kN) tp (ms)
14.0 200 5.0 100 Without
With

interface during welding, such as studies focusing on electrode geometry
[5,6] and the use of an intermediate layer [7,8].

However, because the Al alloy becomes molten during welding,
convection currents may be generated in the Al alloy melting zone.
Because this zone is always in contact with the joining interface, the
temperature field at the joining interface may change due to heat
transport by convection in the Al alloy melting zone. Convection of
molten metal has been widely studied in arc and laser welding, and
direct observations have revealed that it affects the temperature field
during welding [15-17]. Some studies on convection in molten metal
during RSW have also been conducted [18], not only for welding Fe to
Fe, but also for joining dissimilar metals such as Fe and Al alloy. From
previous studies, experimental and numerical simulations have revealed
the existence of convection in the Al alloy melting zone of RSW of Fe and
Al alloy [19,20]. Based on these findings, changes in convection within
the Al alloy melting zone during welding are considered likely to affect
the formation of the IMC, which depends on the temperature field at the
joining interface. In fact, it has been reported that in Fe-Al dissimilar
material RSW using an external magnetic field, IMC is formed thinly
overall due to the circular motion of the melting metal caused by the
electromagnetic force [9]. However, even with a magnetic field, the

thickness of the IMC near the center remained thicker than that at the
edge. Considering ensuring sufficient joint strength, it is assumed that
the IMC should be thin and uniformly formed not only at the edge but
also near the center. In addition, few studies have examined the effect of
melting metal flow, or convection, on the temperature field at the

]
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Fig. 3. Arrangement of W particles.
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(b) Cutting and observation direction of joint
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(c) Magnetic field distribution by neodymium magnets

Fig. 1. Method for applying magnetic field. (a) Placement of neodymium magnets. (b) Cutting and observation direction of joint. (c) Magnetic field distribution by

neodymium magnets.
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Fig. 4. Obtaining IMC thickness distribution.
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joining interface, and the relationship between convection, IMC, and
joint strength has not been clarified.

In this study, the effect of convection in the Al alloy melting zone on
the joint characteristics in Fe-Al dissimilar material RSW was investi-
gated by welding with a new method of applying a magnetic field that
allowed the formation of a thinner and more uniform IMC near the
center than was previously possible. The main feature of this experiment
is that a real-scale specimen and an RSW apparatus used in actual pro-
duction were used to observe the convection of the joint to which a
magnetic field was applied. In this experiment, X-ray transmission im-
ages were taken of the joint during welding using synchrotron radiation,
and the convection in the Al alloy melting zone of the joint under a
magnetic field was observed, allowing the convection velocity to be
calculated. Next, cross-sectional observations of the joint and tempera-
ture measurements of the joining interface were conducted, and the
relationship between the change in convection and the shape of the Al
alloy melting zone and the thickness of the IMC due to the applied
magnetic field was explored. Furthermore, to understand the change in
cross tension strength (CTS) and crack propagation behavior due to
changes in convection in the Al alloy melting zone, cross tension testing
was conducted on the joint welded in the presence of a magnetic field,
and the fracture surface of the joint was observed after the test.

2. Experimental conditions
2.1. Test material and welding procedure

The test specimens were 590-MPa class alloyed hot-dip galvanized
steel sheets (Fe) with a thickness of 1.2 mm and A6061 alloy sheets (Al
alloy) with a thickness of 1.6 mm. The chemical composition of each
material is shown in Table 1. Specimen dimensions were 50 mm x 50
mm. A C-type gun RSW welding machine with a DC inverter power
supply was used. During welding, Fe was placed on the positive elec-
trode and Al alloy on the negative electrode. The power supply

I 1€
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(a) Dimension of specimen

(Unit:mm)
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Welding section

Fig. 6. Load direction in cross tension test.
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Fig. 7. Load-displacement curve.

(b) Placement of neodymium magnets

Fig. 5. Applying magnetic field to cross tension specimen. (a) Dimension of specimen. (b) Placement of neodymium magnets.
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(b) Left edge of joining interface

W particle

Al

|
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(d) Center of joining interface

W particle

Al E Right edge |

(e) Before welding at right edge (0 ms) (f) Right edge of joining interface

Fig. 8. Positions for observing convection. (a) Before welding at left edge (0 ms). (b) Left edge of joining interface. (c) Before welding at center (0 ms). (d) Center of
joining interface. (e) Before welding at right edge (0 ms). (f) Right edge of joining interface.

(b) 65.00 ms

(e) 150.00 ms () 200.00 ms

Fig. 9. Behavior of W particles during welding at left edge. (a) 50.00 ms. (b) 65.00 ms. (c) 85.00 ms. (d) 100.00 ms. (e) 150.00 ms. (f) 200.00 ms.

frequency was 60 Hz. The welding conditions are shown in Table 2. The mm.
electrodes were R-shaped and made of alumina dispersion-strengthened Regarding the new method of applying a magnetic field used in this
copper (Al;03Cu) with a diameter of 16 mm and a tip curvature of 100 experiment, as described in the previous chapter, welding using the
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(e) 150.00 ms

(f) 200.00 ms

Fig. 10. Behavior of W particles during welding at center. (a) 50.00 ms. (b) 65.00 ms. (c) 85.00 ms. (d) 100.00 ms. (e) 150.00 ms. (f) 200.00 ms.

(c) 85.00 ms

(e) 150.00 ms

(b) 65.00 ms

(d) 100.00 ms

(f) 200.00 ms

Fig. 11. Behavior of W particles during welding at right edge. (a) 50.00 ms. (b) 65.00 ms. (c¢) 85.00 ms. (d) 100.00 ms. (e) 150.00 ms. (f) 200.00 ms.

conventional method results in a thicker IMC near the center compared
to the edge [9]. This is thought to be due to the higher temperature in the
center of the joining interface compared to the edge. Therefore, in this
experiment, with the aim of stirring the melting metal at the center and
lowering the temperature at the center of the joining interface by

44

generating high speed convection near the center of the joining interface
in the Al alloy melting zone, welding was performed using a new method
of applying a magnetic field by placing neodymium magnets as shown in
Fig. 1. The magnets have a length of 6.5 mm, a width of 6.5 mm, and a
height of 9.0 mm (in the direction of magnetization). The surface
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(e) 170.70 ms () 170.80 ms

Fig. 12. Behavior of W particles in late stage of welding at left edge. (a) 170.40 ms. (b) 170.50 ms. (¢) 170.55 ms. (d) 170.60 ms. (e) 170.70 ms. (f) 170.80 ms.

(c) 171.90 ms (d) 172.00 ms

(e) 172.10 ms () 172.20 ms

Fig. 13. Behavior of W particles in late stage of welding at center. (a) 171.70 ms. (b) 171.80 ms. (c) 171.90 ms. (d) 172.00 ms. (e) 172.10 ms. (f) 172.20 ms.
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(c) 170.30 ms

(e) 170.50 ms
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(b) 170.20 ms

() 170.60 ms

Fig. 14. Behavior of W particles in late stage of welding at right edge. (a) 170.15 ms. (b) 170.20 ms. (c) 170.30 ms. (d) 170.40 ms. (e) 170.50 ms. (f) 170.60 ms.
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Fig. 15. Process for generation of convection in joint without magnetic field. (a) Current and magnetic field during welding. (b) Convection during welding.
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Fig. 16. Process for generation of convection in joint with magnetic field. (a) Current and magnetic field during welding. (b) Convection during welding.

magnetic flux density is 578 mT.

2.2. Observing convection using tracer particles

In-situ evaluation of convection in the Al alloy melting zone using
synchrotron radiation was performed at the RIKEN Contract Beamline
BLO5XU at SPring-8, based on experiments conducted in previous
studies [19]. 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 multi-
layer mirror. These X-ray were shaped to a width of 4.0 mm by a slit and
expanded to a height of 3.0 mm by a magnifying optical mirror. The X-
ray irradiated the specimen being welded, and the convection in the Al
alloy melting zone was observed by acquiring X-ray transmission im-
ages. The X-ray propagation direction was along the specimen plane as
shown in Fig. 2 in order to determine the change in convection in the
cross section of the Al alloy melting zone during welding. The direction
of observation of the joint is indicated by the yellow arrow in Fig. 1(b). A
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(a) Without magnetic field

(b) With magnetic field

Fig. 17. Cross-sectional photographs of joints without and with magnetic field. (a) Without magnetic field. (b) With magnetic field.

(c) Edge

(d) Center
(With magnetic field)

(e) Between center and edge

(With magnetic field)

(f) Edge
(With magnetic field)

Fig. 18. IMC from center to edge of joints without and with magnetic field. (a) Center (Without magnetic field). (b) Between center and edge (Without magnetic
field). (c) Edge (Without magnetic field). (d) Center (With magnetic field). (e) Between (With magnetic field). (f) Edge (With magnetic field).
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Fig. 19. IMC thickness distribution for joints without and with magnetic field.

high-speed camera was used to acquire X-ray transmission images at an
acquisition frequency of 20,000 Hz.

In this experiment, as shown in Fig. 3, a groove with a diameter of
2.0 mm and a depth of 0.4 mm was machined in the center of the surface
of the Al alloy joining interface, and tungsten (W) particles with a
diameter of 150 pm were filled into this groove as tracer particles during
welding.

2.3. Cross-sectional observations and IMC thickness distribution

For the cross-sectional observation method, the welded joint was
first cut along the dashed line shown in Fig. 1(b) and embedded in resin
using a mold forming machine. The specimen was then polished with
water-resistant abrasive paper. Finally, the specimen was buffed to a
mirror finish and etched for 30 s using a 3 % nital solution. Cross-
sectional observations were performed using an Olympus DX510 digi-
tal microscope. The observation direction was as indicated by the yellow
arrow in Fig. 1(b).

IMC observations were performed using a scanning electron micro-
scope (SEM; JEOL JCM-7000 tabletop scanning electron microscope).
For the IMC thickness distribution acquiring method, as shown in Fig. 4,
the area where an IMC was formed was photographed at 200-ym in-
tervals from the left end to the right end. The IMC thickness distribution
was then obtained by measuring the IMC thickness in five points
randomly chosen in all photographs and then averaging the acquired
values.
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(a) Without magnetic field

(b) With magnetic field

Fig. 20. Cross-sectional photographs of joints after joints after cross tension tests. (a) Without magnetic field. (b) With magnetic field.
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Fig. 21. Cross tension strength of joints without and with magnetic field.

2.4. Cross tension test and joint fracture surface observations

A cross tension test was conducted using a cross tension welding
specimen with the dimensions shown in Fig. 5(a). The arrangement of
the neodymium magnets on the specimen is shown in Fig. 5(b). The test
conditions were in accordance with JIS Z 3137, with a tensile speed of
5.0 mm/min and the loading direction shown in Fig. 6. As shown in
Fig. 7, the joint CTS in the peeling direction was evaluated as the value
with the highest load in the load-displacement curve obtained in the
cross tension test.

SEM and energy-dispersive X-ray spectroscopy (EDS) were used to
observe the fracture surface and conduct an elemental analysis of the
cross tension tested joint. Fracture surface observations and elemental
analyses were performed on both the Fe side and the Al alloy side.

3. Results
3.1. In-situ evaluation of convection using synchrotron radiation
Fig. 8 shows the observation positions in the X-ray transmission

image of the specimen before welding and the convection in the in-situ
evaluation. The observation positions are the center, left edge, and right

edge, and the field of view is fixed at the point where W particles filled
before welding can be clearly observed. The images are cropped to make
the behavior of W particles in the Al alloy melting zone during welding
clearly visible. The current time during X-ray transmission image
acquisition was calculated from the number of images taken and the
imaging frequency, with the time just before the W particles moved out
of the filling position set to O ms.

Figs. 9, 10, and 11 show the behavior of W particles from the start to
the end of energization at the left edge, center, and right edge of the joint
under a magnetic field, respectively. These figures show that the W
particles, as indicated by the black circles, moved in the radial direction
near the joining interface from the filling position from 50.00 ms to
65.00 ms and then diffused in the thickness direction along the solid-
liquid interface from 85.00 ms to 200.00 ms at each observation posi-
tion. This suggests that the W particles were moved by convection in the
Al alloy melting zone. However, the movement of the W particles was
too rapid to capture the direction of the convection current.

Figs. 12, 13, and 14 show the behavior of W particles during the late
stage of energization at the left edge, center, and right edge of the joint
under a magnetic field, respectively. Fig. 12 shows that W particles
moved from the left edge of the Al alloy melting zone toward the bottom
along the solid-liquid interface, as indicated by each frame and black
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Fig. 22. Load-displacement curve of joints without and with magnetic field.

arrows. In addition, Fig. 13 shows that, at the center, W particles moved
from the right side toward the left side along the joining interface, and
from the left side toward the right side along the solid-liquid interface of
the Al alloy melting zone. In addition, Fig. 14 shows that W particles
moved from the left side along the solid-liquid interface of the Al alloy
melting zone toward the right edge.

As the reason for these results, a magnetic field is generated in the Al
alloy melting zone by the current during welding in the joint without a
magnetic field, as shown in Fig. 15(a). Therefore, previous studies have
reported that an electromagnetic force perpendicular to the magnetic
field was generated during energization, resulting in convection in the
radial and thickness directions in the Al alloy melting zone, as shown in
Fig. 15(b) [19,20]. In contrast, in this experiment, the N and S poles of
the neodymium magnets were arranged non-axisymmetrically and
welding was performed as shown in Fig. 1. Then, a unidirectional
magnetic field passing through the Al alloy melting zone was applied, as
shown Fig. 16(a). Therefore, an electromagnetic force perpendicular to
the magnetic field was generated during energization, likely driving
convection in a non-axisymmetric manner in the Al alloy melting zone,
as shown Fig. 16(b). It was inferred that W particles moved in a non-
axisymmetric manner in the Al alloy melting zone of the joint welded
in the presence of a magnetic field. These results suggest that the pres-
ence of the magnetic field changed the convection in the Al alloy melting
zone in a non-axisymmetric manner.

Journal of Manufacturing Processes 115 (2024) 40-55
3.2. Al alloy melting zone shape and IMC thickness

Cross-sectional photographs of the joints welded without and with a
magnetic field are shown in Fig. 17. The white dotted lines indicate the
Al alloy melting zone. It can be seen that the Al alloy melting area in the
joint with a magnetic field does not expand in the thickness direction
and is deflected to the right side compared to the joint without a mag-
netic field. Based on the results of the in-situ evaluation described in the
previous section, non-axisymmetric convection is considered to have
occurred in the Al alloy melting zone under a magnetic field. This is
thought to have deflected the melting zone rather than expanding it in
the sheet thickness direction.

Fig. 18 shows the IMC from the center to the edge for joints welded
without and with a magnetic field, and Fig. 19 shows the IMC thickness
distribution at each joint. From these figures, the IMC is seen to be
thicker at the edge of the joint in both joints. It has been reported that in
the joining of galvanized steel sheet and Al alloy, an Al-zinc (Zn)
eutectic melt is generated at the joining interface due to the eutectic
reaction between Zn and Al in galvanized plating, and this eutectic melt
is discharged to the edge by pressurization and subsequently combines
with the Fe-Al compound to form a mixed phase [1,21]. This suggests
that the eutectic melt discharged at the edge is replaced by the IMC so
that the IMC at the edge is thicker. In contrast, examination of the area
near the center shows that an IMC with a thickness exceeding 1 pm was
formed in the joint without a magnetic field, while an IMC with a
thickness of 1 pm or less was formed uniformly in the joint with a
magnetic field as shown in Fig. 18 and the dashed line in Fig. 19. This

2.4

[ X N=3

16

1.2 |

0.8 |

Convection velocity, v (m/s)

04

0 1 |
Without With
magnetic field magnetic field

Fig. 24. Convection velocity for joints without and with magnetic field.

(b)z+0.1 ms

Fig. 23. W particle movement distance during period of 0.1 ms. (a) t ms. (b) t + 0.1 ms.
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Fig. 26. Temperature history near center of joining interface. (a) Center of Al alloy. (b) 2.0 mm from center.
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Fig. 28. Convection and temperature field for joint without magnetic field. (a) Convection near joining interface. (b) Temperature field near joining interface.
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Fig. 29. Convection and temperature field for joint with magnetic field. (a) Convection near joining interface. (b) Temperature field near joining interface.

1 mm

(a) SEM image (b) EDS mapping of Fe (c) EDS mapping of Al
(Fe side) (Fe side) (Fe side)

1 mm

(d) SEM image (e) EDS mapping of Fe (f) EDS mapping of Al
(Al alloy side) (Al alloy side) (Al alloy side)

Fig. 30. Observation and analysis of fracture surface of joint without magnetic field. (a) SEM image (Fe side). (b) EDS mapping of Fe (Fe side). (c) EDS mapping of Al
(Fe side). (d) SEM image (Al alloy side). (e) EDS mapping of Fe (Al alloy side). (f) EDS mapping of Al (Al alloy side).

suggests that the temperature field near the center of the joining inter- fracture. Moreover, Fig. 21 shows that the presence of a magnetic field
face was influenced by the change in convection under a magnetic field. increased the CTS for the joint. It is generally considered that during
RSW of Fe and Al alloy, forming a thinner the IMC increases the strength
of the joint [1-3]. Therefore, as shown in Figs. 18 and 19, it can be
concluded that the CTS for the joint welded under a magnetic field is
improved because a thin IMC is formed uniformly near the center of the
joint. However, Fig. 22 shows that the displacement of the joint with a
magnetic field increases as the load increases. This suggests that the joint
failed ductilely compared to the joint without a magnetic field, but the

3.3. CTS of joint welded under magnetic field

Cross-sectional photographs of joints welded without and with a
magnetic field after the cross tension test are shown in Fig. 20, and the
CTS and load-displacement curve for each joint are shown in Figs. 21
and 22. Fig. 20 shows that both types of joint exhibited interface
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(a) SEM image
(Fe side)

1 mm

(d) SEM image
(Al alloy side)

(b) EDS mapping of Fe
(Fe side)

(e) EDS mapping of Fe
(Al alloy side)
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1mm

(c) EDS mapping of Al
(Fe side)

1 mm

(f) EDS mapping of Al
(Al alloy side)

Fig. 31. Observation and analysis of fracture surface of joint with magnetic field. (a) SEM image (Fe side). (b) EDS mapping of Fe (Fe side). (c) EDS mapping of Al (Fe
side). (d) SEM image (Al alloy side). (e) EDS mapping of Fe (Al alloy side). (f) EDS mapping of Al (Al alloy side).

joint failure mechanism during the cross tension test is not clear. In the
next section, crack propagation during the cross tension test is exam-
ined, and the reason for the improved CTS for the joint welded under a
magnetic field is discussed.

4. Discussion
4.1. Effect of magnetic field on driving force for convection

The results described in Section 3.2 suggest that the temperature
field near the center of the joining interface changed in the joint welded
in the presence of a magnetic field, but the effect of the change in con-
vection is not clear. To clarify this, it is necessary to clarify the changes
in heat transport near the center of the joining interface that accompany
changes in convection. One factor that influences heat transport is the
driving force for convection, which may be increased by the new elec-
tromagnetic force generated in the Al alloy melting zone by the appli-
cation of a magnetic field. In this section, the convection velocity is used
as an indicator of the convection driving force. The convection velocity
in the Al alloy melting zone is calculated to determine the effect of a
magnetic field. As shown in Fig. 23, from the X-ray transmission image
obtained in the in-situ evaluation of convection (Section 3.1), the con-
vection velocity was calculated by measuring the amount of W particle
movement at the center during the late stage of energization, when the
convection is stable.

The calculated convection velocity at the joint center is shown in
Fig. 24, and it can be seen that it increases under a magnetic field.
Furthermore, focusing on the maximum of the measured values, the
convection velocity was approximately 1.14 m/s for the joint welded
without a magnetic field. This is in relatively good agreement with the
values determined from experimental and numerical simulations
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[19,20]. In contrast, in the presence of a magnetic field, the convection
velocity was approximately 2.06 m/s. This suggests that the driving
force for convection increases due to the generated electromagnetic
force by the applying a magnetic field.

4.2. Effect of magnetic field on temperature field joining interface

To investigate the effect of the increased driving force for convection
due to an applied magnetic field, the temperature near the center of the
joining interface was measured. An immersion-type optical fiber ther-
mometer manufactured by JFE Techno Research was used to measure
the temperature. This thermometer consisted of three elements: a glass
tube 0.25 mm in diameter, a stainless steel tube 1.4 mm in diameter
protecting the glass tube, and a converter. The temperature measure-
ment range of the thermometer was 500 to 1600 °C. The temperature
measurement interval was set to 1.0 ms, and the temperature history
was obtained from before power was applied until the lower limit of
temperature measurement was reached after the power was applied. The
temperature measurement points at the joining interface are shown in
Fig. 25. From the IMC thickness distribution of each joint shown in
Fig. 20, the diameter of the region of IMC formed depending on the
temperature field at the joining interface is assumed to be about 4 mm,
so an optical fiber was inserted so that its tip was at the center of the
grooved Al alloy and 2.0 mm from the center of the Al alloy melting
zone.

Fig. 26 shows the results for the positions shown in Fig. 25 for joints
welded without and with a magnetic field. Fig. 26(a) shows that the
temperature decreased significantly for the joint welded under a mag-
netic field compared to the joint without a magnetic field, the peak
temperature from approximately 952.3 to 795.4 °C. Fig. 26(b) shows
that the temperature 2.0 mm from the center of the joining interface also
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(c) Fe side
(With magnetic field)

(d) Al alloy side
(With magnetic field)

Fig. 32. SEM image magnifying center of fracture surface for joints without and with magnetic field. (a) Fe side (Without magnetic field). (b) Al alloy side (Without
magnetic field). (c) Fe side (With magnetic field). (d) Al alloy side (With magnetic field).

Melting zone

(a) Without magnetic field

Fe B8 IMC
| f Crack
Al X
Melting zone
(b) With magnetic field

Fig. 33. Crack propagation behavior of joints subjected to cross tension tests. (a) Without magnetic field. (b) With magnetic field.

decreased for the case of a magnetic field, the peak temperature from
approximately 795.8 to 752.2 °C. In addition, Fig. 27 shows the tem-
perature difference of the peak temperature between the center of the
joining interface and 2.0 mm from the center of the joining interface for
each joint. It can be seen that the temperature difference of the peak
temperature was smaller for the joint with a magnetic field than for the
joint without a magnetic field.

The above results can be used to discuss changes in the temperature
field associated with changes in convection behavior. Previous studies
have reported that convection is driven axisymmetrically near the
joining interface in a joint without a magnetic field, as shown in Fig. 28
(a) [19,20]. Therefore, it is considered that this convection causes heat
transport from the center to the edge of the joining interface. Accord-
ingly, it is inferred that a temperature gradient is generated near the
center of the joining interface in the Al alloy melting zone in a joint
without a magnetic field, as shown in Fig. 28(b). In contrast, as shown in
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Fig. 29(a), convection is considered to be driven in one direction near
the joining interface in the joint welded in the presence of a magnetic
field, based on the in-situ evaluation described in Section 3.1. In addi-
tion, the results discussed in the previous section suggest that the
applying a magnetic field increases the driving force for convection.
Therefore, enhanced heat transport in one direction along the joining
interface is considered to occur. Accordingly, as shown in Fig. 29(b), the
temperature near the center of the joining interface decreases and the
temperature field becomes more uniform when a magnetic field is pre-
sent during welding.

These results suggest that the temperature near the center of the
joining interface is lowered and the temperature field is homogenized by
the change in convection under a magnetic field, resulting in the for-
mation of a thin and uniform IMC near the center. It was also found that
changes in convection within the Al alloy melting zone have a significant
effect on the state of IMC formation.
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4.3. Crack propagation during cross tension tests

The IMC thickness distribution shown in Fig. 19 and the results of the
cross tension tests shown in Fig. 21 suggest that the CTS for the joint
welded under a magnetic field is improved because a thin IMC is formed
uniformly near the center of the joint. Moreover, it has been reported
that crack propagation during RSW of Fe and Al alloy changes during
testing depending on the thickness of the IMC formed at the joining
interface, which in turn changes the failure mechanism for the joint [3],
but the failure mechanism for the joint subjected to the cross tension test
in this experiment is not known. Therefore, to clarify the crack propa-
gation behavior during the cross tension test, the fracture surfaces of the
tested joint were observed to investigate the reason for the improved
CTS for the joint welded under a magnetic field.

Figs. 30 and 31 show SEM images and EDS elemental maps for the
fracture surfaces of joints welded without and with a magnetic field,
respectively, following cross tension tests. As shown in Fig. 30, Fe and Al
atoms were detected throughout the fracture surface on both the Fe and
Al alloy sides of the joint without a magnetic field. In contrast, in Fig. 31,
for the joint with a magnetic field, Fe and Al atoms were detected in the
periphery of the fracture surface on both the Fe and Al alloy sides, but
only Al atoms were detected near the center of the fracture surface, with
almost no Fe atoms were detected in the area surrounded by the red line
in the figure.

Fig. 32 shows magnified SEM images of the center of the fracture
surface for the joint without a magnetic field, and the area surrounded
by the red line in Fig. 31 for the joint with a magnetic field. The figure
shows that both the Fe side and the Al alloy side of the joint without a
magnetic field have quasi-cleavage fracture surfaces, while the joint
with a magnetic field has dimple patterns on both the Fe side and the Al
alloy side.

Based on these results, the crack propagation behavior and fracture
mechanism of each joint is discussed. Because the IMC at the joining
interface is formed by the interdiffusion of Fe and Al atoms, the IMC is
thought to exist where Al atoms are detected on the fracture surface on
the Fe side and where Fe atoms are detected on the fracture surface on
the Al alloy side. Therefore, for the joint without a magnetic field, where
Fe and Al atoms were detected over the entire fracture surface and quasi-
cleavage fracture surfaces were observed, the crack propagates in the
IMC, as shown in Fig. 33(a), and it is inferred that the joint fractured
brittle. In contrast, for the joint with a magnetic field, Al atoms were
detected near the center of the fracture surface, but no Fe atoms were
detected, suggesting that IMC is not present in this area. In addition,
dimple patterns were observed in the area where no Fe atoms were
detected, suggesting that the crack propagated in the IMC near the edge
and then in the Al alloy melting zone near the center in the joint with a
magnetic field, as shown in Fig. 33(b), and it is inferred that the joint
fractured ductilely.

These results suggest that in the joint with a magnetic field, the IMC
is formed thin and uniform near the center, so that the crack is difficult
to propagate in the IMC, and as a result, the crack near the center
propagates from the IMC into the Al alloy melting zone and the joint
ductile fracture, thereby improving the CTS.

5. Conclusions

In this study, convection in the Al alloy melting zone during RSW of
Fe and Al alloy was varied by applying a magnetic field and its effect on
joint characteristics was investigated. The results showed the following:

e In-situ evaluation of convection using synchrotron radiation
revealed that an applied magnetic field caused a non-axisymmetric
change in convection in the Al alloy melting zone.

e The change in convection caused by the magnetic field deflected the
Al alloy melting zone and formed a thin uniform IMC near the center.
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e The convection velocity in the Al alloy melting zone increased in the
joint welded under a magnetic field, suggesting that the driving force
for convection was increased.

e The increase in the driving force enhanced heat transport by con-

vection near the joining interface, resulting in a decrease in tem-

perature and homogenization of the temperature field, suggesting
that the IMC formed near the center was thin and uniform.

Cross tension tests confirmed that the CTS for the joint welded under

a magnetic field improved due to the formation of a thin uniform IMC

near the center.

The results of fracture surface observation and elemental analysis of

the joint subjected to cross tension testing indicated that the crack

propagated from the inside of the IMC to the Al alloy melting zone in
the joint welded under a magnetic field, suggesting that the CTS was
improved by ductile fracture of the joint as a result of the crack.

These results suggest that the external magnetic field has a signifi-
cant effect on the joint characteristics of Fe-Al dissimilar material RSW.
However, a quantitative evaluation of the external magnetic field has
not yet been performed, and analytical experiments, such as in-
vestigations of the most suitable magnet placement and magnetic field
strength, are needed. In addition, the observation method of convection
in-situ evaluation using synchrotron radiation, the image processing
method of X-ray transmission image, and the analysis method should be
further improved in the future.
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