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Abstract: In this study, a dissimilar material joining of high-strength steel sheet and aluminum alloy
using die- and punch-shaped electrodes was investigated. First, when resistance spot welding was
performed using die- and punch-shaped electrodes, it is shown that the joint underwent large plastic
deformation and that the deformation state changed as the current value was varied. Next, the IMC
condition under the appropriate current condition revealed that relatively thin IMCs of 2 pm or less
were distributed across the entire joining interface. Finally, the cross-tension strength of the joints
was significantly improved compared to conditions using conventional R-type electrodes.
Keywords: resistance spot welding; dissimilar materials joining; intermetallic compound;
electrode shape

1. Introduction

In recent years, the automotive industry has been promoting the reduction in auto-
mobile body weight to improve fuel efficiency. One of the measures to achieve this goal
is to replace some of the conventional steel materials with aluminum alloys to create a
multi-material structure for the body, which is expected to be effective in reducing the
weight of automobiles. Therefore, the combination of steel and aluminum alloys, i.e., the
technique for joining dissimilar materials, is being developed. Methods using resistance
spot welding [1-6], FSSW [7], laser welding [8], and mechanical fastening [9] have been
considered for joining dissimilar materials such as steel and aluminum alloys. However,
from the viewpoints of productivity and cost, it is desired to realize joining of dissimilar
materials of steel and aluminum alloys using resistance spot welding. However, due to
the influence of IMCs formed at the joining interface, the peel strength of the joint (e.g.,
CTS (cross-tension strength) and coach peel strength) is lower than the shear strength [10],
and the large variation in strength values is a problem. Therefore, a method was devel-
oped to improve the peel strength by controlling the state of the joining interface using
die- and punch-shaped electrodes for resistance spot welding, which causes large plastic
deformation of the joint. Figure 1 shows a schematic illustration of the joining process. By
using resistance heat generated by current, plastic deformation of the joint can be achieved
with the same amount of electrode force as resistance spot welding. Several studies have
shown that joining methods similar to the present method are effective for the joint strength
properties of same- and dissimilar-material joints [11-13]. The method proposed in this
study is to develop an electrode geometry that aims to significantly deform the joining
interface to improve the peel strength. As a result, shear load is applied to the IMC at
the joint interface, and the peel strength is increased over the normal peel strength when
peel load is applied to the joint. Furthermore, under joint conditions with sufficient plastic
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deformation, the formation of interlocks is expected, which would lead to stabilization of

joint strength.
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Figure 1. Schematic illustration of joining process of resistance spot welding using die- and punch-
shaped electrodes.

In this study, a dissimilar material resistance spot welding method using die- and
punch-shaped electrodes is investigated, focusing on the combination of high-strength steel
sheet and aluminum alloy. Then, the relationship between the state of IMC formed at the
joining interface and CTS is discussed.

2. Materials and Methods
2.1. Materials

A 590 MPa-class high-strength steel plate with a thickness of 1.2 mm and an A6061-T6
aluminum alloy plate with a thickness of 1.6 mm were used as the test material. The
dimensions of the specimen were 50 mm long and 50 mm wide, and the joining was made

at the center of the specimen. The chemical composition of each material is shown in
Tables 1 and 2.

Table 1. Chemical composition and mechanical properties of 590 MPa class high-strength steel sheet.

Chemical Composition (Mass %) Mechanical Properties
C Si Mn P S YS (MPa) TS (MPa) El (%)
0.12 0.29 1.41 0.009 0.005 516 522 23

Table 2. Chemical composition and mechanical properties of A6061-T6 alloy.

Chemical Composition (Mass %) Mechanical Properties
Si Fe Cu Mn Mg Cr Zn Ti YS (MPa) TS (MPa)  El(%)
0.40~0.8 0.7 0.15~0.40 0.15 0.8~1.2  0.04~0.35 0.25 0.15 245 295 10

2.2. Joining Procedure

Stationary-type equipment was used for the resistance spot welding machine, and
the power supply characteristics were DC inverter type. And the upper electrode is the
positive electrode, and steel material was placed on the positive electrode side when joining
was performed. The photographs of the die- and punch-shaped electrode used in this
study are shown in Figure 2. These electrodes were machined from F-type electrodes
made of aluminum dispersion strengthened copper. The electrodes were arranged with
the punch electrode on the upper side and the die electrode on the lower side. Table 3
shows the joining conditions. A three-stage current process was used to reduce the thermal
load on the electrodes to suppress electrode deformation caused by the rise in electrode
temperature. For the current value of the third stage, a low current value that suppressed
necking and peeling of the upper plate was used. The current time is the same for the 1st
and 2nd current cycles to select the optimum conditions, while the current time for the
3rd current cycle is based on 15 cycles, which is longer than the 12 cycles and increased
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by 1 cycle up to 18 cycles. Cross-tension tests were conducted to evaluate the strength
of the joints under the 3rd current cycle of 15 and 17. In addition, a joint with an R100
electrode was fabricated to compare its strength with that of a conventional electrode. It
was confirmed that the joints used for the comparison of joint strength have the same IMC

formation range.

(a) (b)

Figure 2. Photographs of punch- and die-shaped electrodes: (a) punch-shaped electrode; (b) die-
shaped electrode.

Table 3. Joining conditions of varying electrical current time (1 cycle = 0.0167 s).

Elec’.crod.e Electrical Current, Current Time, Current Electrode Hold Time,
Combination I (KA) T. (cycles) Interval, Force, Ty (cycles)
(Upper/Lower) c ey T; (cycles) F (kN) H Y
1st 2nd 3rd 1st 2nd 3rd
15
Punch-shaped/ 16
Die-shaped 13 15 18 12 12 17 24 3.7 6
18
R100/R100 16 12 - 3.7 6

2.3. Method of Cross-Sectional Observation

A specimen for cross-sectional macro-observation was joined and cut with the dimen-
sions shown in Figure 3a. Next, the specimens were embedded in resin using a molding
machine as shown in Figure 3b and then polished with water-resistant abrasive paper
#400, #800, #1500, and #2000. After that, mirror finishing was performed via buffing. Then,
etching was performed using 3% nital as a corrosive solution with a corrosion time of about
15s.

Joining point

R
% 7
/ pa

| VA

Unit: mm

(a) (b)

Figure 3. Dimension and schematic illustration of specimen for cross-sectional observation:
(a) schematic illustration of cutting method; (b) schematic illustration of molding specimen.

2.4. Method of Evaluation for Joint Deformation

Figure 4 shows the evaluation method for joint deformation. As shown in the figure,
since joint deformation is caused by electrode push-in, the amount of electrode push-in
was used as the target for evaluating joint deformation.
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Figure 4. Schematic illustration of evaluation length as a joint deformation.

2.5. Method of Evaluation for IMC

To measure the IMC thickness, an OLYMPUS DSX510 digital microscope was used to
observe the etched specimens at a magnification of 1500x. As shown in Figure 5, cross-
sectional photographs were taken every 200 pum in linear distance from the end of the joint,
and the IMC thickness distribution was calculated by measuring the IMC thickness at five
points in each image and averaging the results.

@IMC measurement point

Unit: pm
(a) (b)

Figure 5. Schematic illustration of evaluation method of IMC: (a) outline of measurement points;
(b) distance for each measurement point.

2.6. Method for Evaluation for Cross-Tension Strength

A cross-tension test was conducted to evaluate the joint strength in the peel direction
of Fe—Al resistance spot welded joints using a die- and punch-shaped electrode. The cross-
tension test specimens were fabricated by joining specimens with the dimensions shown
in Figure 6a. The fabricated joints were then subjected to cross-tension tests. As shown in
Figure 6b, the cross-tension strength (CTS) was defined as the value with the highest load
among the load—displacement curves.
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(a) (b)

Figure 6. Dimension of specimen for cross-tension test and schematic illustration of evaluation
method for CTS: (a) schematic illustration of cross-tension test specimen; (b) schematic illustration of
relationship between force and stroke during cross-tension test and evaluation point of CTS.

3. Results and Discussion
3.1. Effects of Electrode Shape and Third Current Cycle on Joint State and Joint Deformation

Figure 7 shows a macro-photograph of the joint cross section at each current time of
the third cycle, and Figure 8 shows the amount of electrode push-in at each current time
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of the third cycle. First, as shown in Figure 7d, upper plate fracture is observed under the
condition of 18 cycles, the longest current time. This is considered to be due to an increase
in the electrode push-in amount with an increase in the current time. On the other hand, the
condition of 17 cycles as shown in Figure 7c shows that the upper plate does not fracture.
This indicates that the upper plate is considered to fracture when the 3rd cycle of the joining
conditions used in this study exceeds 18 cycles. Under the 17 cycles condition shown in
Figure 7c, the porosities in the lower plate and necking in the upper plate are not observed.
The 15 kA condition shown in Figure 7a indicates that the degree of deformation of the
joint is small. Focusing on the relationship between the current value of the third stage
current and the electrode push-in amount in Figure 8, the deformation amount is smaller in
the 15 kA condition than in the other conditions; however, the deformation amounts were
similar in the other conditions.

() (d)

Figure 7. Cross-sectional observation for each joining condition: (a) in case of 15 kA; (b) in case of
16 kA; (c) in case of 17 kA; (d) in case of 18 kA.

2000

1500

1000

500

Push-in amount of electrode, P_ (um)

0

15 16 17 18
Current time in third stage, Tc (cycles)

Figure 8. Push-in amount of electrode for each joining condition.

3.2. IMC Distribution

Figure 9 shows the IMC thickness distribution of the joints that are joined to low
current for a long time. From the figure, it can be confirmed that all IMCs are formed
thinner than 2 um. For the 15 cycles condition shown in Figure 9a, IMCs are observed at
the edge of the joint deformed in the thickness direction, while no IMCs are observed in the
center. On the other hand, under the 17 cycles condition shown in Figure 9b, a thin IMC is



Eng. Proc. 2023, 43, 45

6 0f 8

formed from the end of the joint to the center of the joint, with some exceptions. This is
due to the increase in the atomic diffusion time of Fe and Al caused by the increase in the
current time. Figure 10 shows the state of IMC formation at the joint end deformed in the
thickness direction. The figure shows that no spike-shaped IMCs are formed and that thin
and uniform IMCs of less than 2 um are formed. It is known that the shear strength of IMC
is higher than the cross-tension strength. Therefore, it is considered that the formation of
thin IMCs in the thickness direction can improve the cross-tension strength regardless of
the presence of spiked IMCs.
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Figure 9. IMC distribution in case of 15 kA and 17 kA: (a) in case of 15 kA; (b) in case of 17 kA.

Figure 10. Enlarged photographs of IMC: (a) in case of 15 kA; (b) in case of 17 kA.

3.3. Cross-Tension Strength

Figure 11 shows the cross-tension strength results for each condition. As shown
in Figure 11, it is confirmed that the CTS of the joint using the die- and punch-shaped
electrodes increased compared to the joint using the R100 type electrode. In another study,
it was confirmed that the IMC of the joints with R-type electrodes was formed horizontally
to the plate. On the other hand, the IMCs of the joints using the die- and punch-shaped
electrodes are formed in the direction of the plate thickness at the joint end. Furthermore, it
is known that the shear strength of IMCs is higher than the cross-tension strength. In other
words, it is considered that the joints with die- and punch-shaped electrodes have high
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CTS due to the shear load acting on the IMC formed in the thickness direction during the
cross-tension test. Comparing the conditions using the die- and punch-shaped electrodes,
it can be confirmed that the 17 cycles condition with a longer current time has a higher CTS.
As shown in Figure 9, the IMC of the joint in 15 cycles is formed only at the end of the joint,
while the IMC of the joint in 17 cycles is formed not only at the end of the joint but also at
the center of the joint. In other words, the CTS is considered to have improved due to the
expanded IMC formation area.
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Figure 11. Cross-tension strength for each joining condition and comparison with CTS values of
joints using conventional electrodes.

These results indicate that IMC formation in the thickness direction improves the
cross-tension strength of Fe—Al dissimilar material resistance spot welded joints with die-
and punch-shaped electrodes. Furthermore, it is suggested that the CTS is further improved
by forming IMCs in the center of the joint in addition to the end of the joint.

4. Conclusions

In this study, a dissimilar material joining of high-strength steel sheet and aluminum
alloy using die- and punch-shaped electrodes was investigated. First, it was found that
resistance spot welding using die- and punch-shaped electrodes causes significant plastic
deformation of the joint. Furthermore, it was clear that the deformation state changes as
the current value was varied. The deformation was small when the current value was
small, and the deformation became large when the current value was large; however, a
phenomenon in which a part of the aluminum alloy melted was confirmed. The IMC
condition under the low and appropriate current conditions showed that no IMC was
formed in the center region of the joint under the low current condition. However, under
the appropriate current condition, relatively thin IMCs of 2 um or less were found to be
distributed over the entire joining interface. Finally, the cross-tension strength of the joint
was significantly improved compared to that of the conventional R-type electrode. From
the above results, it can be concluded that the joining of dissimilar materials using die- and
punch-shaped electrodes is an effective method for joining high-strength steel sheet and
aluminum alloy.
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