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Abstract: Rectangular terminal electrode is adopted in this research to conduct a resistance spot
welding (RSW) process on stainless steel plate. The connection status of RSW joints under different
welding current, time, and pressure were studied, and revealed how the rectangular terminal electrode
shape and its dimensions influence the RSW joint dimensions. The process analysis results showed
that the RSW nuggets welded with rectangular terminal electrode are normally elliptical in shape,
and the dimensions of the long axis direction and the short axis direction have a certain proportion.
As the welding current increases, the nuggets dimensions in long direction increase first and then
decrease, and the internal grain structure also varies. As the welding time increases, the nugget size
in long direction increase first and then steady and rarely splash occurs. As the welding pressure
increase, the nugget dimensions in long direction increase first and then decrease, and the splash easily
occurs under large welding pressure. However, when the welding pressure is too small, the unique
adjacent double fusion nugget formed. By adopting proper welding parameters, the nugget size and
quality can be controlled. This provides an important basis for the application of rectangular terminal
electrode in RSW welding process.

Keywords: rectangular terminal electrode; resistance spot welding; stainless steel; welding parameters

1. Introduction

As an important connection method, resistance spot welding (RSW) has the characteristics of
energy concentration, small deformation without additional welding materials, high production
efficiency, and easy-to-achieve automatic control [1]. It is widely used in the production of automobiles
and railways vehicles [2-6]. Conventional RSW generally adopts tapered or spherical electrodes to
form circular welding nuggets [7]. In order to avoid the shunt effect caused by the adjacent RSW joints
in the welding process, a certain distance between the joints is required in the layout of RSW joint
(normally > 10 D, where D presents the diameter of RSW nugget). However, too much distance between
RSW joints will cause insufficient joint strength of the welded workpiece. Therefore, rectangular
terminal electrode is adopted for RSW to form an elliptical nugget, which can effectively improve the
joint strength of RSW joints [8], thus increasing the joint distance and improving welding efficiency in
actual production.
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Research shows that, when compared with the circular and annular terminal electrodes, a rectangular
terminal electrode can efficiently reduce the current density and increase the heat dissipation in the
welding process due to the large contact area with workpiece [9,10]. Therefore, by adopting a rectangular
terminal electrode, the electrode adhesion and splashing can be effectively reduced, and the connection
strength of RSW joint can be increased. However, the welding current [11-13], pressure [14], time [15,16],
and other parameters [17-21] in the RSW process have significant influence on the nugget dimensions and
metallographic morphology of RSW joints. Compared with the traditional electrode, the distribution of
welding current and welding pressure in the rectangular terminal electrode is much more complicated [22],
which means that the welding parameters have more obvious influence on the nugget dimensions and
metallographic morphology.

In this research, the rectangular terminal electrode is adopted for RSW process analyzing.
The influence of three important welding parameters—welding current, time, and pressure—on the
nugget dimensions and metallography morphology of RSW joints on stainless steel plates is analyzed.
This provides an important research basis for the application of rectangular terminal electrode RSW in
the railway vehicles.

2. Materials and Experimental Conditions

2.1. Experimental Materials and Sample Dimensions

The material used in this study is SUS304 austenitic stainless steel plate commonly used in railway
vehicles. The chemical compositions and physical properties are shown in Tables 1 and 2, respectively.

Table 1. Chemical compositions of SUS304 stainless steel plate (wt%).

C Si Mn P S Ni Cr N
<0.08 <1.00 <250 <0.035 <0.030 7.00-10.500 18.00-20.00  0.01-0.25

Table 2. Mechanical properties of SUS304 stainless steel plate.

Hardness (HV)  Yield Strength (N/mm?) Tensile Strength (N\/mm?)  Elongation (%)
>169 >275 >550 >35

The dimensions of the stainless steel plate were 70 mm X 40 mm X 0.9 mm. The upper and
lower plates with the same thickness and dimensions were welded into lap joints. The rectangular
terminal electrode was adopted as a lower electrode. The dimensions of the rectangular terminal
surface were 18 mm x 5 mm, embedded with a & 8 mm cooling water channel inside of the electrode.
The cylindrical planar electrode was adopted as an upper electrode. The diameter of the cylindrical
planar electrode was ® 34 mm, embedded with a ® 16 mm cooling water channel. Figure 1 shows the
cylindrical planar electrode and the rectangular terminal electrode. Figure 2 shows the dimensions of
the electrodes and the clamping method with workpieces.

(a) (b)

Figure 1. Electrodes: (a) the cylindrical planar electrode and (b) the rectangular terminal electrode.
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Figure 2. Dimensions of electrodes and the clamping method with workpieces: (a) the front view and
(b) the side view.

2.2. Welding Parameters

The parameters of RSW on austenitic stainless steel with ordinary circular electrode were taken as
a reference to formulate welding parameters of RSW with a rectangular terminal electrode. The welding
current was adjusted to ensure that the welding current density was similar than the ordinary circular
electrode RSW. The welding pressure was adjusted, considering the increase of the contact area between
the electrode and workpieces. Table 3 shows the parameters commonly used of RSW for an ordinary
circular electrode on an austenitic stainless steel plate with a thickness of 0.9 mm and the proposed
parameters for rectangular terminal electrode RSW with the same material and thickness. According
to the parameter ranges shown in Table 3, nine welding current parameters, seven welding time
parameters, and five welding pressure parameters, shown in Table 4, were selected and formed the 315
technology parameter sets for rectangular terminal electrode RSW.

Table 3. Resistance spot welding (RSW) parameters for 0.9 mm thickness stainless steel plate.

Tvpe of Electrode Dimensions of Welding Welding Welding
yP Electrode (mm) Current (kA) Time (ms) Pressure (kN)
Ordinary circular ® 5 (upper) + . .
electrode ® 34 (lower) 5.5-6.5 100-160 3.0-4.0
Rectangular 5 x 18 (upper) +
terminal electrode P 34 (lower) 13.5-17.5 60-180 6-5-85

As the terminal of electrode is rectangular, the RSW nugget is normally elliptical in shape. Six RSW
joints were welded for each parameter set, three of them were transverse cut along the long axis
direction of the nugget, and the other three joints were cut vertically along the short axis direction.
The cutting methods are shown in Figure 3. The cut workpieces were made into metallographic
specimens. The specimens were roughly grinded on the 240 to 1000 mesh sandpapers in turn firstly,
and then accurately grinded on the 2000 to 3000 mesh sand papers, and, finally, polished on the
rotating wet polishing cloth to obtain a smooth metallographic surfaced. The corrosive solution was
prepared with 1 mL nitric acid, 5 mL glycerin, 0.25 g copper chloride, and 20 mL hydrochloric acid.
The polished metallographic surface was immersed in the corrosive solution for 4 min, then washed
with alcohol and blown dry. The metallographic samples were observed under the Axio Scope
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Al metallographic microscope (Zeiss, Germany), so the metallographic photos were taken and the
dimensions of nuggets were measured. The dimensions of the long axis and the short axis of the nugget
were measured, respectively, and the dimension variations of the nugget under different welding
parameters were recorded.

Table 4. Adopted parameter sets for the rectangular terminal electrode.

Welding Current (kA) Welding Time (ms)  Welding Pressure (kN)

13.5 60 6.5
14 80 7

14.5 100 7.5
15 120 8

15.5 140 8.5
16 160

16.5 180
17

17.5

(a)
Upper Plate

Spot Welding Nugget

Transverse Cutting Line

Lower Plate /

(b)

Upper Plate Verticle Cutting Line

\ Spot Welding Nugget

Lower Plate /

Figure 3. Cutting methods for metallographic samples of RSW joint: (a) transverse cutting and

(b) vertical cutting.

3. Results and Discussion

3.1. Metallographic Morphology of the Well-Connected RSW Joints

Figure 4 shows the metallographic morphology of the transverse cutting section of the well-connected
RSW joints (welding current: 16.5 kA, welding pressure: 7.5 kN, welding time: 160 ms). As shown in
Figure 4a, the length of the nugget along the long axis direction was about 11.8 mm, while the depth of
the nugget was about 1 mm, and the nugget depth on the upper and lower steel plate was basically the
same. The columnar crystals in the nugget were evenly distributed and regularly shaped, showing that
they grew from the edge of the nugget edge to the fusion center until they intersected at the fusion line
and formed a solidified nugget, as shown in Figure 4b—d. There was a thin equiaxed zone between the
columnar crystals and the base metal as shown in Figure 4c. This was because, during the solidification
process, the crystal nucleus formed firstly at the edge of the molten pool due to the lower temperature,
and, meanwhile, the crystal nucleus grew, fell off, dissociated, crystallized into small grains near the edge
of the molten pool, and formed the equiaxed zone at the edge of the nugget. When the equiaxed zone
formed, the heat dissipation in the center of the molten pool needed to go through the equiaxed zone to
the base metal. The slow heat dissipation reduced the degree of undercooling and made it easier to form
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columnar crystals. Besides those, the heat affected zone with coarse grain was distributed uniformly on
the base metal edge, as shown in Figure 4e.
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Figure 4. Metallographic morphology of nugget on the transverse cutting section: (a) overall perspective,
(b) morphology on the nugget end, (c) morphology on the nugget upper side, (d) morphology on the
fusion zone, and (e) morphology on the nugget lower side.

The RSW joint with the same welding parameters as the joint shown in Figure 4 was vertically cut
along the short axis direction, and the metallographic morphology is shown in Figure 5. The length
of the nugget in the short axis direction was about 3.4 mm, and its metallographic morphology
and dimensions were similar to that of ordinary circular electrode RSW joint. Consistent with the
metallographic morphology of the transverse cutting section, there is a thin equiaxed zone at the edge
of the nugget, and the central part is basically composed of coarse columnar crystal.

As shown in the above metallographic photos, by adopting the rectangular terminal electrode,
the dimensions of RSW joints in the long axis direction are larger than that in the short axis direction.
In order to study the relationship of the dimensions on the long and short directions, the welded
joints under different technology parameter sets were cut and the dimensions of the nuggets on the
long axis and short axis were measured, respectively. The measurement results are shown in Figure 6.
The dimensions of the long axis and short axis of the welded joints are linearly distributed, and the
ratio of long/short axis dimensions is approximately 3.6:1, which is equal to the ratio of the long/short
side lengths of the rectangular terminal electrode surface.
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Figure 5. Metallographic morphology of nugget on the vertical cutting section: (a) overall perspective,
(b) morphology of fusion zone, and (c) morphology on the nugget lower side.
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Figure 6. Dimension distributions of the long axis and short axis of welded joints.

3.2. Influence of Welding Current on the RSW Nuggets

Figure 7 shows the influence of welding current on the nugget dimensions of the long axis direction
(the welding time is 160 ms and the welding pressure is 7.5 kN). With the increase in welding current,
the nugget dimensions of the long axis direction increased first and then decreased, and the peak value
was about 12 mm, when the welding current was 16.5 kA. This is because the heat generation effect
during the welding process conforms to Joule’s law.

When the welding current is too small (less than 13.5 kA), the nugget cannot be formed since
the heat generation is far less than the heat required to melt the joint. When the welding current
increases (greater than 13.5 kA), the heat production in the joint increases rapidly, and the heat
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accumulates between the base metal, so the upper and lower steel plate are melted to form the nugget.
With the further increase in welding current, the heat in the joint accumulates rapidly, which makes the
dimensions of the RSW nuggets increase rapidly. When the welding current is more than the critical
value (16.5 kA), the heating speed is too fast due to the high welding current. Since the electrode
cooling effect is mainly completed through the circulation of the cooling water, the heat generated in
the welding joint cannot be quickly exported through the electrode under the condition of the fast
heating speed. At this time, the corona bond around the nugget has not yet formed, and the high
temperature molten steel extrudes out of the RSW joint and formed splash, resulting in the dimensions
of nugget reduced, and shrinkage happens more easily.
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Figure 7. Influence of welding current on the dimensions of nuggets.

Figure 8 shows the metallographic morphology of the transverse cutting section of RSW joints
when the welding current is 15 kA. As shown in Figure 8a, the dimension of nugget in the long axis
direction was about 10.4 mm, and the nugget depth was about 0.65 mm. There was a wide equiaxed
zone at the edge of the RSW joint, as shown in Figure 8b,c. There was a clear boundary between
the equiaxed zone and the columnar crystal zone, and the grain size was also different. Figure 8d
shows the metallographic morphology of the equiaxed zone, and the dimension of the grain is small.
The reason for the wide equiaxed zone is that the heat storage in the molten pool is small due to the
small welding current, and the heat dissipation at the edge of the molten pool is fast, resulting in the
high degree of supercooling. In the process of crystallization, a large amount of nucleus forms at the
edge of the RSW joint, and the nucleus grow up to form isometric crystal. With the formation of the
equiaxed zone at the edge of the nugget, the temperature difference between the center and the edge of
the molten pool decreases, and uniform columnar crystal can be easily formed, as shown in Figure Se.

When the welding current changes, there are nugget differences, not only in dimensions, but also
in metallographic morphology. Figure 9 shows the metallographic morphology at the transverse
cutting section of RSW joints when the welding current ranges from 13.5 kA to 16.5 kA. With the
increase in welding current, the dimensions of the long axis direction of the RSW joints gradually
increase from 8 mm to 12 mm. When the welding current is large, the metallographic morphology of
the RSW joint is mainly composed of regular columnar crystal, as shown in Figure 9a. As the welding
current decreases gradually, the heat input of the RSW joint decreases. Therefore, the dimensions
on the long axis direction of RSW joints decreases, and, on the other hand, due to the significant
change of heat dissipation condition, the equiaxed zone at the edge of the nugget increases gradually,
while the columnar crystal zone decreases gradually, as shown in Figure 9b,c. When the welding



Metals 2019, 9, 659 8of 13

current decreases to 13.5 kA, there is no columnar crystal in the nugget, but a completely isometric
crystal, as shown in Figure 9d. Figure 10 shows the comparison of crystal sizes in the equiaxed zone
under different welding currents. When the welding current was 16.5 kA, the crystal size was about
3-5 pm, as shown in Figure 10a. With the decrease in welding current, the crystal size of the equiaxed
zone gradually increased to 4-8 um and 6-12 um, as shown in Figure 10b,c, respectively. When the
welding current is 13.5 kA, the crystal size is about 10-18 pm, as shown in Figure 10d. These results
show that with the decrease of welding current, the crystal size of the equiaxed zone increases gradually,
which is due to the decrease of heat input and undercooling.

Figure 8. Metallographic morphology of nugget on the transverse cutting section (The welding current
is 15 kA): (a) overall perspective; (b) morphology on the nugget left side; (c) morphology on the nugget
middle side; (d) morphology on the equiaxed zone and (e) morphology on the columnar crystal zone.

)

Figure 9. Metallographic morphology of RSW joints at different welding currents. The welding currents
are (a) 16.5 kA, (b) 15 kA, (c¢) 14 kA, and (d) 13.5 kA.
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Figure 10. Comparison of crystal sizes in the equiaxed zone under different welding currents.
The welding currents are (a) 16.5 kA, (b) 15 kA, (c) 14 kA, and (d) 13.5 KA.

3.3. Influence of Welding Time on the RSW Nuggets

Figure 11 shows the influence of welding time on the nugget dimensions of the long axis direction
(the welding current is 16.5 kA and the welding pressure is 7.5 kN). With the increase in welding time,
the nugget dimensions on the long axis direction increased rapidly. When the welding time reached a
certain value, the nugget dimensions gradually stabilized. This is because, during the welding process,
the nugget is generally produced in the center of the electrode, and the dimensions of nuggets are
affected by both heat generation and heat dissipation. When the welding time is short (less than 60 ms),
due to the low heat production, the accumulated heat is not enough to melt the base metal to form
nugget, and only a little heating trace is formed on the surface of the base metal. With the increase in
welding time, the heat production in the nugget increases gradually and the accumulated heat will
directly lead to the increase of the nugget dimensions. When the welding time increases to a certain
value, a large amount of heat is exported through the electrode and the heat production and heat
dissipation both increase rapidly, so the nugget dimensions increase to the critical value. When the
welding time exceeded the critical value (160 ms ), the welding time was long enough that a large
amount of heat can be exported through the electrode, so the heat production and heat dissipation
in the nugget are basically in a balance. Therefore, with the increase in welding time, the increase in
nugget dimensions was not obvious, only the indentation on the surface of base metal was deepened,
and generally no splash happened.
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Figure 11. Influence of welding time on the dimensions of nuggets.
3.4. Influence of Welding Pressure on the RSW Nuggets

Figure 12 shows the influence of welding pressure on the nugget dimensions of the long axis
direction (the welding current is 16.5 kA and the welding time is 160 ms). With the increase in electrode
pressure from 6.5 kN to 7.5 kN, the nugget dimensions in the long axis direction increased with
the increase in electrode pressure, and the largest nugget dimension was 12.2 mm. This is because
with the increase of welding pressure, the bonding surface between the base metal plates becomes
larger, and the welding current is evenly distributed on the bonding surface, forming a larger nugget.
When the welding pressure was larger than 7.5 kN, the nugget dimensions decreased with the increase
of welding pressure. This is because when the bonding surface between the base metal plates increases
to a certain value, the heat production decreases due to decreases in the welding current density.
Meanwhile, as the bonding area increases, the heat dissipation of RSW joints through the electrode
increases too. Therefore, it is easier to obtain the joint with a small nugget and large heat affected zone.
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Figure 12. Influence of welding pressure on the dimensions of nuggets.
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It is worth noting that when the welding pressure is too small, it was easier to produce two
adjacent nuggets with small dimensions, as shown in Figure 13. Generally, when the welding pressure
is too small, due to the deformation of the steel plates, the contact in the central position is better than
the edge, so the nugget is normally formed at the central position of the electrode. However, due to
the dimension differences of the long side and the short side of the rectangular terminal electrode,
when the welding pressure is insufficient, the surface roughness of electrode and the workpiece may
lead to the better contact on the edge than at the central position. Therefore, the welding current was
more concentrated at the edge and the shunt effect was caused on both sides of the electrode, forming
the adjacent double nuggets, as shown in Figure 13a. Meanwhile, due to the shunt effect of welding
current and the increase in contact area, the heat generation was small and the heat dissipation was
fast, so that the temperature gradient inside and outside of the nugget was small, forming the isometric
crystal, as shown in Figure 13b. In the middle position of the adjacent double nugget, due to the less
contact between steel plates, the current density is small. The small heat generation makes the area
between the adjacent double nuggets appear as a heat affected zone with coarse grain, and the heat
affected zone shows comet-like morphology on both sides, as shown in Figure 13c.

Figure 13. Metallographic morphology of nugget on the (The welding pressure is 6.5 kN): (a) overall
perspective, (b) morphology on the nugget left side, and (c) morphology on the heat affected zone in
the center.

Figure 14 shows the comprehensive influence of those welding parameters on the connection

area. As shown in the figure, when the welding time was 160 ms, the welding current was 16.5 kA,

the welding pressure was 7.5 kN, the joint connection area reached the maximum value of 31.2 mm?.

Welding Time : 160 ms
Welding Current : 16.5 kA
Welding Force : 7.5 kN

Welding Force
7.5kN
7 kN

Connection Area / mm*

’ 120
100 sme | ™S
welding Tim¢

Cy,,
Teny 145
/k,
‘4

Figure 14. The comprehensive influence of the welding parameters on the connection area.
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4. Conclusions

The RSW process technology with rectangular terminal electrode was studied, and the connection
states of RSW joints under different process parameters were analyzed. The conclusions are as below:

1. Elliptical welding joints can be obtained on stainless steel plates by RSW with rectangular terminal
electrode. There is a proportional relation between the nugget’s dimensions on the long axis and
the short axis, and the nugget’s dimension ratio of the long and short axis is generally close to
that of the long and short sides of the rectangular terminal electrode.

2. The electrode terminal area can be used as an input to roughly estimate welding current density
and the welding current range can be settled according to this. With the welding current increase,
the RSW nugget’s dimensions of the long axis increase first and then decrease. When the nugget
dimension reaches the peak value, the nuggets are mostly composed of regular columnar crystal
and have a typical spot welded joint morphology. When the welding current decreases, the nugget
dimensions decrease and the width of the equiaxed zone increases gradually. When the welding
current is too small, the columnar crystal zone at the central of the nugget disappears, and the
nugget is completely composed of isometric crystals.

3. With the increase in welding time, the RSW nuggets dimensions increase first and then remain
steady. The long welding time generally does not cause splash during the welding process.

4.  The electrode terminal area can be used as an input to roughly estimate welding pressure range.
With the welding pressure increase, the RSW nuggets dimensions of long axis increase first and
then decrease. When the welding pressure is too high, it is easy to produce welding joints with
small nugget dimensions and large heat affected zone. When the welding pressure is too small,
it is easy to produce a unique joint with two adjacent nuggets.

According to this research, the rectangular terminal electrode can be adopted to effectively improve
the connection strength of RSW. When choosing the electrode terminal geometry, rectangular is not the
only option. However, compared with other shapes, such as round, oval, and diamond, rectangular
can maximize the connection areas with minimum RSW joints distance allowed by shunt. Therefore,
the rectangular electrode is the best choice to increase the connection strength of RSW in the practical
application. Of course, compared with the traditional circular electrode, manufacturing cost using the
rectangular terminal electrode will be increased, so other factors, such as cost, strength, and production
efficiency, should be taken into consideration when adopting the rectangular electrode.
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