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Abstract: Paint-free bodywork has become an attractive alternative for rail vehicles, in the direction
of easy maintainability and low manufacturing costs. However, conventional resistance spot welding
inevitably leaves indentation marks to detrimentally reduce the optical homogeneity of the paint-
free bodywork. In light of this, indentation-free resistance spot welding is proposed for joining
SUS301L stainless steel sheets in order to achieve superior surficial integrity. A tiny SUS301L steel
ball with a diameter of 1.5 mm was chosen as the intermediate filler between two steel sheets to
avoid the formation of surficial indentation. The influence of welding current and welding time
on the mechanical properties of joints was studied. The optimal parameters of the mechanical
properties were obtained when the welding current was 8.0 kA, the welding time was 150 ms, the
electrode pressure was 0.35 MPa, and the electrodes were cylindrical planar electrodes, which was
determined by comparing the tensile shear test results. The surficial indentation depth was less than
1% of the plate thickness, and no observable indentations were seen on the surface of the optimized
welding spots.

Keywords: stainless steel; resistance spot welding; indentation-free welding; mechanical properties

1. Introduction

Paint-free bodywork offers advantages, such as environmental protection, easy main-
tainability, and low manufacturing costs, making it an appealing alternative for rail ve-
hicles [1]. SUS301L is currently the most commonly used material for rail vehicles and
automobile bodies due to its attractive appearance, paint-free properties, anti-corrosion
capabilities, and lightweight nature [2,3]. One of the significant technical challenges in
achieving paint-free bodywork is indentation at the weld joints [4].

Resistance spot welding is extensively utilized in the welding of steel sheet structures
for automobiles and rail vehicles because of its brief welding duration, uncomplicated
process, and high level of automation [5-7]. More than 90% of assembly work in a car body
is completed by resistance spot welding at present [8-10], and there are 2000 to 5000 spots
made by resistance spot welding on each car in rail vehicles [11,12]. While ensuring the
safety and reliability of joints, it is particularly important to study the surface quality of the
spot-welded joints of paint-free stainless steel rail vehicles [13-15]. An obvious indentation
will always be left on the surface of the thin sheet due to the technical characteristics of
resistance spot welding, which not only affects the aesthetics of the body but also reduces
the corrosion resistance of the joints [16,17]. The realization of indentation-free resistance
spot welding of SUS301L stainless steel is of great significance for the production of paint-
free rail vehicles.
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The welding current, welding time, and electrode pressure are three key process
parameters that affect the joint quality of the resistance spot welding process [18-20].
Sreehari et al. [21] found, concerning the indentation levels, that welding time has a lesser
influence when compared to welding current and electrode force. Gong et al. [22] found
that increasing compressive residual stress can improve the brittle fracture resistance and
corrosion resistance of metal materials. Han et al. [23] explored the effect of the indentation
on the sizing of the spot weld nugget. The results show that the existence of an indentation
may result in under-sizing of the nugget. Pouranvari et al. [24] studied the mechanical
performance of dissimilar resistance spot welding between DP600 and AISI 1008 low-
carbon steels, concluding that increases in welding current and welding time result in
increases in electrode indentation depth. Rajesh et al. [25] used the Taguchi approach to
optimize the control parameters of the dual pulse resistance welding of 2 mm ASTM A240
stainless steel sheets. The findings indicate that the magnitude of the second pulse current
is the most important component that influences indentation in dual pulse resistance spot
welding. Qi et al. [26] designed a magnetically assisted resistance spot welding (MA-RSW)
device for unilateral surface indentation of the traditional stainless steel RSW joint. The
welding penetration rate was reduced by using single-sided MA-RSW at the permanent
rate, thus the thermal influence on the base metal surface was reduced, and the surface
indentation depth was reduced by more than 45% compared with the traditional process.
Xia et al. [27] designed a robotic servo gun and an accompanying displacement monitoring
system. Joint quality can be measured online and the welding parameters can be adjusted
through this system to reduce the impact of surface indentation. These studies show the
factors and control methods that affect the indentation of resistance spot welding, but they
cannot achieve complete indentation-free spot welding.

In this paper, we propose a novel indentation-free resistance spot welding process.
A tiny steel ball was chosen as the intermediate filler to avoid the formation of surficial
indentation. The surface indentation, nugget morphology, microstructure, and macroscopic
mechanical properties of the joint were investigated in detail.

2. Materials and Methods

Respectively, 0.6-mm-thick and 1.5-mm-thick SUS301L stainless steel sheets (Hebei
Jingche Railway Vehicle Equipment Co., Ltd., Baoding, China) were used as upper sheets
and lower sheets. The thin sheets were more easily deformed and released stress, so they
were used to reduce the deformation of thick sheets. The intermediate filler was a SUS301L
stainless steel ball with a diameter of 1.5 mm. The composition and mechanical properties
of SUS301L are listed in Tables 1 and 2. Both the upper and lower electrodes used in
spot welding are cylindrical planar electrodes with a diameter of 20 mm. Electrodes were
connected to a water-cooling device for rapid cooling.

Table 1. Composition of SUS301L stainless steel (wt.%).

Element C Si N Mn P S Ni Cr Fe
Mass 0.02 0.50 0.10 1.0 003 0006 700 1700  Bal
fraction

Table 2. Mechanical properties of SUS301L stainless steel.

Material Ultimate Tensile Strength (MPa)  Yield Strength (MPa)  Elongation (%)
SUS301L 930 685 20

A resistance spot welding process for thin and thick plates was developed to reduce
surface indentation. The process flow is illustrated in Figure 1. A tiny steel ball was initially
welded onto the thin plate using a small welding current, welding time, and electrode
pressure, followed by welding between the two sheets. Choosing the right size ball was
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important for the welding process. The large diameter of the ball caused a large gap
between the two plates, resulting in low joint strength. The steel ball with a very small
diameter melted instantly and was not able to work. In this study, we chose steel balls with
a diameter of 1.5 mm.

o .

Figure 1. Process of indentation-free resistance spot welding.

Figure 2 shows the principle of the indentation-free resistance spot welding process.
This method achieved low current density (J) at the surface of the base metal in contact with
the electrode, while concentrating current at the middle layer of the steel ball. According
to Ampere’s law and resistance law, the resistance heat generated by current is related to
resistivity (p), cross-sectional area (S), current density, and time (t). The calculation formula
for resistance heat generated by current flowing through a conductor per unit thickness is
as follows:

Q= pJ?st

—

Figure 2. Principle of indentation-free resistance spot welding.

Large-diameter electrodes were used to increase the contact area between the electrode
and the steel plate. The position of the steel ball has a much smaller cross-sectional area
than other sites. A high current density in the middle layer of the steel ball generated
significant resistance heat, causing the steel ball to melt and form a spot welding nugget.
The resistance heat generated by low current density on the surface of the welded base
metal in contact with the electrode was minimal. The surface indentation, ablation, and
welding deformation were reduced in this way.

A copper electrode with a pit was utilized to position the ball during spot welding of
the ball and sheet. The welding current was set at 1.5 kA, with a welding time of 150 ms,
and an electrode pressure of 0.10 MPa.

Welding spatter was prone to occur due to the high current density at the steel ball
when welding two sheets. To solve this problem, a preheating input of 2 kA welding
current, 100 ms welding time, and electrode pressure of 0.35 MPa was applied before
welding two sheets. According to preliminary trials, the electrode pressure was set at
0.35 MPa. Welding current and welding time were selected for optimization. We set the
welding current at 7.0 kA, 7.5 kA, 8.0 kA, and 8.5 kA and the welding time at 120 ms,
150 ms, 180 ms, and 210 ms.

The metallographic and tensile shear test samples were prepared perpendicularly
to the cross-sections of the resistance spot-welding joints by electric wire cutting. The
metallographic samples were ground, polished, and etched with a mixture of hydroflu-
oric acid and nitric acid for 7 min. The cross-sectional morphology, microstructure, and
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surface indentation of each zone of the sample were observed using a VHX-1000E optical
microscope (Keyence, Osaka, Japan). A KC-X1000 laser confocal microscope (Kathmatic,
Nanjing, China) was used to obtain the contour of the joint surface, and a straight line on
the indentation was selected to measure the indentation contour.

The tensile shear sample size is 50 mm x 15 mm, as shown in Figure 3. The tensile
shear test was carried out on an electronic universal material test machine at ambient
temperature with a tensile speed of 2 mm/min. The specimens were grasped with shims
that were equal in thickness to the sheets. The typical fracture was observed and analyzed
using a Zeiss Merlin Compact scanning electron microscope.
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Figure 3. Dimensions of tensile shear test specimens.

3. Results and Discussion

The macroscopic morphology of welding between a 1.5 mm diameter ball and a
0.6 mm thick steel sheet is shown in Figure 4. The steel ball was deformed under the action
of welding heat input and electrode pressure, but the outline remained circular. The pitted
part of the steel ball did not produce large resistance heat, so it retained the original shape,
and played a role in welding between the two sheets.

Figure 4. Appearance of 1.5 mm diameter steel ball welded onto 0.6 mm thick sheet.

The macroscopic morphology of several groups of indentation-free resistance spot
welding process joints is shown in Figure 5. The surface indentation of the joint was
minimal, and there were no ablation marks or color changes on the surface, resulting in a
regular circular shape. There was almost no deformation on the side surface of the thick
plate. Variations in welding parameters had little impact on the surface indentation and
tablation marks of the joint within a certain range. This phenomenon was attributed to
the larger contact area between the planar electrode and the thick plate side compared to
that between the steel ball and steel plate, leading to relatively low current density and
heat input on the thick surface of the plate. As a result, the surface indentation, welding
deformation, and ablation marks were small. Changes in welding parameters did not
greatly affect the surface morphology of spot-welded joints.
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Thin plate side

5 mm

Figure 5. Surface morphology of spot-welded joints: (a) 7.0 kA, 150 ms, 0.35 MPa, (b) 7.5 kA, 150 ms,
0.35 MPa, (c) 8.0 kA, 150 ms, 0.35 MPa and (d) 8.0 kA, 180 ms, 0.35 MPa.

Figure 6 shows the nugget geometry of the indentation-free resistance spot-welding
joint under different welding parameters, as observed through an optical microscope. The
nugget shape of the joint showed a basin shape with a wide upper and narrow lower,
which is because the resistance heat generated by the intermediate filler under the action
of current constraint was larger than that on the thick plate side. However, because the
intermediate filler was also affected by the current density, the welding parameters will
greatly impact the spot-welding nugget. In this study, the penetration rate is expressed as
the percentage of the thickness of the nugget on the side of the thick plate in proportion to
the thickness of the thick plate. The nugget diameter increased from 4.80 mm at 7.5 kA to
5.18 mm at 8.0 kA as the welding current increased, and the penetration rate also increased
from 47% to 58%. Welding spatter occurred when the welding current was increased to
8.5 kA. The nugget diameter was 4.07 mm and the penetration rate was 57% at this time,
which is smaller than that at 8.0 kA, and the nugget size at the joint interface and the sheet
side was also small. This is because the welding spatter caused the heat at the joint interface
to be lost as the liquid metal flew away, further leading to insufficient heat input and poor
fusion at the joint interface. It is necessary to avoid poor fusion and spatter to ensure
the load-bearing capacity of the spot-welded joint. The effect of welding time on nugget
morphology is similar to that of welding current. The nugget diameter and penetration
rate increased from 4.53 mm and 56% at 120 ms to 5.18 mm and 58% at 150 ms with the
increase in welding time.

Welding Current , kKA

7.5 8 8.5

150
D=4.80 mm | D,=1.23 mm | D4=5.18 mm | D,=1.52 mm | D;=4.07 mm | D, =1.50 mm
Welding
Time, ms
120
Dy=4.53 mm | D,=1.47 mm

Figure 6. Nugget morphologies of resistance spot weld joint.

Figure 7 shows the microstructure of the resistance spot weld joints (8.0 kA, 120 ms,
0.35 MPa). Typical zones of the joint were the nugget zone and the heat-affected zone.
The width of the heat-affected zone was small and was mainly composed of the coarse
austenite grains formed by recrystallization, due to the rapid cooling effect of the water in
the electrode [28]. This area was considered the weak point of the joint. The nugget zone
consisted of columnar austenite grains growing from the thin plate and thick plate to the
nugget center, because the temperature gradually decreased from the nugget to both sides.
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However, the molten steel ball was extruded towards both sides of the nugget to form an
extrusion zone, as shown in Figure 8c. This zone was also classified as a heat-affected zone.
Two different forms of the joint were found at the joint interface between the nugget and the
thin plate (shown by the yellow line in Figure 7), corresponding to Figure 8a,b, respectively.

interface . = =

500 um

Figure 7. Microstructure of resistance spot-welding joint: (a) sampling position of Figure 8a, (b) sam-
pling position of Figure 8b, and (c) sampling position of Figure 8c.

(b)

Figure 8. Interfaces of the welded joints: (a) no obvious interface, (b) distinct interface with cracks,
and (c) interface with extruded steel ball.

Figure 8a shows the transition form of the normal resistance spot-welding joint from
the nugget zone to the heat-affected zone. This transition is characterized by a shift from
columnar crystals to coarse equiaxed austenite grains, with no obvious joint interface. As
shown in Figure 8b, the area with an obvious joint interface was located in the middle
of the nugget, at the position of the pre-welded steel ball of the thin plate. There was an
obvious joint interface in this area, which accounted for about one-third of the diameter
of the nugget, which seriously affected the mechanical properties of spot-welded joints.
The area can be considered as incomplete fusion at the joint interface. According to the
location and joint of the zone shown in Figure 8b, the formation of this zone was related to
the process of pre-welding steel balls for the sheet. A small welding current and welding
time were adopted in the process of welding the sheet and steel balls. Although this can
maintain the shape of the steel ball and make it connect with the sheet to a certain extent,
the joint was not strong. There was an obvious joint interface between the plate and the
steel ball. In the process of base metal welding, the contact resistance between the steel
ball and the thick plate generated a large amount of resistance heat at the joint of the steel
ball and the thick plate, causing this area to form a good fusion. However, the contact
resistance between the steel ball and the thin plate disappeared in the step of welding two
sheets. This resulted in insufficient heat input at the position, causing the original joint
state to remain unchanged and leading to poor fusion in the interface area. The fracture
position of the joint was located at the joint interface between the thin plate and the nugget
in the subsequent fracture analysis, which agreed with the above analysis of the cause of
the poor fusion.
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A set of tests was designed to study the changing trend of the maximum tensile shear
of the joint with the welding current. The specific process parameters are shown in Table 3.
An increase in welding current led to the highest maximum tensile shear and nugget
diameter. However, welding spatter occurred at 8.5 kA, resulting in a decrease in maximum
tensile shear.

Table 3. Welding current and welding time test parameters.

Weldin: . . The Highest Value of Welding Spatter
Samples Curren% Welding Time Tensilg Shear Force (Yesg/NE)
1 7.0 kA 150 ms 6027 N N
2 75 kA 150 ms 6052 N N
3 8.0 kA 150 ms 6414 N N
4 8.5 kA 150 ms 5530 N Y
5 8.0 kA 120 ms 6403 N N
6 8.0 kA 180 ms 6489 N N
7 8.0 kA 210 ms 5810N Y

The variation trend in the maximum tensile shear of spot-welded joints was studied
under the condition that only the power on time was changed on this basis. The maximum
tensile shear force increased with the increase in welding time, but the increase was small.
The maximum tensile shear plummeted when the welding time was 210 ms due to the
welding spatter.

Figure 9a,b shows the maximum tensile shear force of specimens at various welding
currents and the load—displacement curve of the four groups of corresponding parameters.
Figure 9¢,d shows the variation trend in the maximum tensile shear force with welding time
and the load—displacement curves of the four groups of corresponding parameters. The
optimal parameters of the mechanical properties were obtained when the welding current
was 8.0 kA, the welding time was 150 ms and the electrode pressure was 0.35 MPa. To
predict the tensile shear force of resistance spot-welded thin steel sheets, Majlinger et al. [29]
recommended a formula based on the materials’ tensile strength and the sheet thickness:

TSF = —10.10 + 0.0088-R,, + 15.80-t (kN))

In this formula, TSF is the predicted shear tensile strength of the optimized joints, R;,
is the tensile strength of the steel in MPa and t is the sheet thickness in mm. The maximum
tensile shear force obtained under the optimal parameters is predicted to be 7.564 kN
according to this formula. The experimental values were close to the predicted values.

We speculated that the optimal parameters obtained may be mainly influenced by the
size of the nugget. With the increase in welding current and welding time, the nugget size
increases, and the effective bonding area of the joint also increases. Excessive heat input led
to welding spatter and large welding residual stress when the welding current or welding
time was too large, and the mechanical properties decreased therefore [30,31].

Figure 10 shows the macro fracture morphology of samples 1-4. The macro fracture
interface shown in the figure was the fracture morphology of the thick plate side. The
fracture mode of the tensile shear specimen of samples 1, 2, and 4 was the interface
fracture mode. The fracture occurred at the position between the thin plate and the nugget
(incomplete fusion zone). For the tensile shear specimen of sample 3, the fracture mode
of the tension-shear specimen was button fracture mode. The fracture position was in the
heat-affected zone on the thin side, and the fracture interface did not pass through the
nugget but broke along the heat-affected zone on the sheet side. It is generally considered
that the button fracture mode of the joint is better than the interface fracture mode [32].
The extrusion zone of sample 3 (as shown in Figure 10c) and the thin plate side were first
separated and formed a smooth fracture interface, indicating that its strength was low.
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Figure 9. Tensile shear curve with different parameters: (a) tensile shear force curve with different
welding currents, (b) load-displacement curve, (c) tensile shear force curve with different welding
time, and (d) load—displacement curve.
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Figure 10. Fracture surface morphology of RSW joint: (a) 7.0 kA, 150 ms,0.35 MPa, (b) 7.5 kA, 150 ms,
0.35 MPa, (c) 8.0 kA, 150 ms, 0.35 MPa, and (d) 8.5 kA, 150 ms, 0.35 MPa.

The fracture interface morphology and fracture position of the spot-welded joint are
shown in Figure 11. The maximum tensile shear of the button fracture mode samples
was larger than that of the interface fracture mode samples. This was consistent with the
results of the maximum tensile shear curve shown in Figure 6. The reason was related to
the incomplete fusion at the joint of the thin plate and the nugget. The incomplete fusion
reduced the bonding strength at the joint interface of the nugget and the thin plate side, so
that the interface fracture mode occurred.

Figure 12a,b shows the surface indentation morphology of the RSW joint obtained
under the optimal parameters of mechanical properties (8.0 kA, 150 ms and 0.35 MPa). The
indentation was shallow and presented a regular circle. Figure 12¢ shows the indentation
contour of the red line segment in Figure 12b. The height difference between the indentation
on the joint surface and the base material was small. The maximum indentation height
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difference was about 25 pm. The maximum indentation depth was about 1% of the plate
thickness for the thick plate side with a thickness of 1.5 mm. It can be considered that the
surface of the spot welding joint had no indentation under this set of parameters.

interfacial type failure

RN AN

| nte_rch_ie§

AT

Figure 11. Fracture interface morphologies and fracture locations: (a) nugget morphology of the
joint, 8.0 kA, 180 ms, 0.35 MPa, (b) macroscopic fracture interface of interfacial fracture mode, 7.0 kA,
150 ms, 0.35 MPa, and (c) macroscopic fracture interface of button fracture mode, 8.0 kA, 150 ms,

0.35 MPa.

Thin plate  Thick plate |
side side

mi
o s
>

005

Indentation depth (i

6
Distance (mm)
Figure 12. Surface morphologies of the joint. (a) Macroscopic indentation on the side surface of the
thick plate, (b) the thick plate side indentation under an ultra-deep microscope, and (c) indentation
depth of the red line joint surface.
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4. Conclusions

This paper proposed a novel resistance spot welding process through the intermediate
layer of steel balls to confine the current and obtain an indentation-free surface on one
side of the spot-welding joint. The process changed the current density of different parts,
resulting in high current density at the nugget. The resistance heat is concentrated in the
intermediate filler. The surface of the plate had a small welding heat input, leading to
minimal deformation, indentation, and ablation marks. The highest value of tensile shear
force increased with increasing welding current or welding time. Welding spatter occurred
when the welding current or welding time was too large, which decreased the highest
value of tensile shear force. The microstructure of this joint was similar to that of traditional
resistance spot-welding joints. The maximum tensile shear force reached 6414 N when the
welding current was 8.0 kA, the welding time was 150 ms, and the electrode pressure was
0.35 MPa, by using cylindrical planar electrodes. The surface indentation depth of the joint
under this set of parameters was about 1% of the plate thickness at this time, and almost no
indentations could be achieved.
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