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1. INTRODUCTIONS
The research on resistance spot welding using SPCC-SD steel in automotive body manufacturing is

crucial due to its significance as a primary technique in the automotive industry. SPCC-SD steel is
frequently utilized in car body manufacturing for its advantages in strength, durability, and ability to be
easily shaped according to design needs. The background of this research may involve the development of
more efficient joining techniques, enhancement of joint strength, optimization of welding parameters for
SPCC-SD steel, investigation of the influence of temperature or pressure variations on the mechanical pro-
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perties of joints, or even the application of new technologies in resistance spot welding to enhance joint
quality in car body structures.

Resistance spot welding (RSW) is a leading welding technology used to assemble car body
components in the automotive industry [1, 2]. RSW is the most popular joining method for connecting car
body structures in the automotive industry. Each car includes approximately 5,000 spot welds in its
assembly process [3-5]. Achieving high efficiency is a significant challenge for researchers and engineers
in this field. Welding that fails to meet standards can occur in production due to improper parameters [6].

Resistant spot welding (RSW) stands out by joining metals using high electrical current at specific
points, distinguishing it from other welding techniques. In the automotive sector, Resistance Spot Welding
(RSW) stands out as the preferred choice for manufacturing car bodies owing to its rapid production and
efficiency [7]. Unlike electric arc or gas welding methods, RSW is particularly adept at swiftly and
automatically joining thin metals. Laser welding, distinguished by its high precision focus and efficient
utilization of laser energy, finds application across a spectrum of heat-sensitive metal types. [8] [9] . Indeed,
RSW maintains its position as the primary choice for mass production due to its ability to yield robust,
enduring joints while ensuring high efficiency in time. However, the selection of the welding technique
relies on the distinct project prerequisites, the thickness of the metal, the type of material being used, and
the requisite precision level for the joining process. These factors collectively determine the most suitable
method for achieving optimal results in welding. Upon examining the outcomes, disparities between
material combinations employing RSW and GTAW/GMAW methods are evident, as illustrated in Figure
1[10].
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Figure 1. Results of welding comparison: (a) RSW, (b) GMAW, and (c) RSW schematic [10].

Resistance spot welding (RSW) relies on high electrical currents to create the required heat,
effectively melting the metal at precise locations between two sheets intended for joining [11]. The
procedure entails the placement of electrodes on both sides of the materials to be joined, followed by firmly
pressing these metal sheets together [12, 13]. As the electrodes pass a high electrical current, the material's
inherent resistance generates heat at the contact points [14, 15]. The produced heat is sufficiently intense to
melt the metal at these specific contact areas. With consistent pressure, the molten metal cools and
solidifies, forging a robust bond upon the release of the electrodes. The RSW principle relies on controlling
electrical currents, applying precise pressure, and employing optimal duration to create robust joints capable
of withstanding mechanical loads encountered in car body structures [16, 17]. Metal melting occurs at the
metal welding contact due to the heat generated by electrical contact resistance. The fusion process occurs
on the surfaces of the adhering metals, which melt due to electrical resistance [18, 19]. The RSW process
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occurs during a specific cycle time, where welding current, welding time, and electrode force are crucial
process parameters [17, 19]. Electrical resistance also occurs at the electrode contact surface with the plate
but does not result in metal melting due to cooling with water at both electrode ends [15].

Metal fusion occurs due to the heat and pressure applied at both ends of the electrodes on the metal
surfaces. The pressing process in RSW is provided throughout the welding cycle [17, 20]. The pressing
process aims to forge the metal in the nugget area post-heating and prevent deformation (warping) in the
joint [15, 21]. In the RSW process, pressing begins in the squeeze time cycle. Welding occurs when the
current flows to the electrode end, causing it to heat up and creating fusion between the joined metal
surfaces [18, 21]. The latest publications detailing the mechanical properties of welded steel using the RSW
technique generally focus exclusively on describing the response of a specific type of steel. Thakur et al.
conducted research optimizing RSW parameters for galvanized steel sheets. The study utilized the Taguchi
optimization method with parameters including preheating current (kA), squeeze time (cycles), welding
current (kA), weld time (cycles), hold time (cycles), and pressure (MPa). ANOVA analysis was employed,
with the optimized response parameter being tensile-shear strength. The research confirmed that welding
current and time significantly influence tensile-shear strength [22]. Shafee et al. conducted RSW research
using low-carbon steel materials with thicknesses of 0.8 and 1.0 mm. The study employed a Taguchi 3-
parameter and 3-level experimental method, focusing on electrode force, welding current, and welding time
as parameters. Tensile-shear strength and direct-tensile strength were taken as outcomes. S/N ratio analysis
using 'higher-is-better' data characteristics revealed that welding current and time affect tensile-shear
strength. In contrast, direct-tensile strength is strongly influenced by welding time and welding current [23].
Emre et al. investigated the optimization of RSW for TRIP800 steel using a two-way ANOVA method with
welding time and welding current as input parameters. The study employed five levels for welding time
and seven for welding current. Two response variables, nugget geometry, and tensile-shear strength, were
used. The evaluation results indicated that the nugget diameter and nugget size ratio for TRIP800 steel
should be at least 4.5Vt and 0.15-0.30, respectively. Meeting these two requirements is crucial to achieving
the required pull-out failure mode, tensile-shear strength, and the desired surface quality of the nuggets
[24]. Vignesh et al. optimized RSW parameters by combining two different materials, namely 316L
austenitic stainless steel and 2205 duplex stainless steel. The study employed Taguchi experiments with
three parameters and three experimental levels. ANOVA analysis revealed that the significant consecutive
influences on tensile-shear strength were welding current, heating cycle, and electrode tip diameter [25].

Applying Response Surface Methodology (RSM) in the resistant spot welding (RSW) process on
SPCC-SD steel for car body manufacturing offers an innovative approach to optimizing welding
parameters. By utilizing RSM, this study aims to determine parameter combinations (such as current,
pressure, and time) that yield optimal joints with high strength and durability in SPCC-SD steel precisely.
Through this approach, we anticipate a significant increase in welding process efficiency, reduced product
development time, and enhanced structural reliability in car bodies. While previous studies have involved
the RSW process on SPCC-SD steel for car body manufacturing, the optimization approach using Response
Surface Methodology (RSM) opens new opportunities for process efficiency enhancement. Through the
application of RSM, this effort is focused on determining optimal parameters that include welding current
(kA), squeeze time (cycles), welding time (cycles), and holding time (cycles), with the primary goal of
maximizing the strength and durability of joints in SPCC-SD steel. Consequently, a significant
improvement in joint quality, production efficiency, and structural resilience in car bodies is expected,
complementing and enhancing previous findings in using RSW on this material.

2. METHOD
2.1. Low Carbon Steel SPCC-SD
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The SPCC-SD is a widely utilized steel variant in manufacturing sectors, specifically for the
production of automotive components, electronics, and household appliances. The acronym "SPCC"
corresponds to the Japanese Standard that defines this particular grade of steel. In this context, "SP"
signifies Steel Plate, while "CC" indicates Cold Rolled Coil. SPCC-SD steel is manufactured by subjecting
metal to compression at lower temperatures during a cold rolling process, resulting in the formation of steel
plates. This steel demonstrates attributes resulting from the cold rolling procedure, including precise
dimensional tolerances, sleek surfaces, high strength, and exceptional formability.

SPCC-SD steel is often chosen for its favorable mechanical characteristics, including superior
strength, exceptional malleability, and resistance to corrosion after undergoing galvanization. The
exceptional qualities of SPCC-SD steel make it extremely adaptable, making it the preferred option in
various industrial sectors. Its applications encompass a wide range of fields, such as automotive
manufacturing, electronics, household appliances, and precision engineering, due to its dependable
performance and versatility in different environments [26]. The chemical composition and materials
utilized in this research are presented in Table 1.

Table 1. Mechanical properties and chemical composition of SPCC-SD [13]

Specificatio Mechanical properties Chemical composition (%)

n Y.P.(N'mm2) T.S.(N'mm2) E.L.(%) C Mn P S
JIS G-3141 Max. 240 Min. 270 Min. 37 Max.0.15 Max0.6( Max 0.04 max 0.05
SP51024* 196 316 43 0.0363 0.193 0.011 0.0051

* Mill Test Certificate

2.2. RSW Machine
This study utilizes a 35 kVA capacity Resistance Spot Welding (RSW) machine for the purpose of

conducting welding. The application of pressure to both electrode ends is precisely controlled by a
pneumatic mechanism operating at a pressure level of 3.5 MPa. The electrodes are conical in shape, with
the diameter of the bottom electrode measuring 8 mm and the diameter of the top electrode measuring 5
mm. The chosen electrode configuration is specifically designed to guarantee accurate contact points on
the surfaces of the materials being joined and to maximize the even distribution of heat during the process
of RSW [4, 26]. The compressive force at the electrode tip is calculated using Equation (1) [27]:

F=P.A 1)

Where F represents force (N), P denotes pressure (N/m2), and A is the cross-sectional area (m?2). With a top
electrode diameter of 5 mm, the compressive force at both electrode ends can be calculated using equation
2, resulting in a pressure of 68.7 N[28].

The RSW metal joining technique commonly experiences two failure modes: pull-out and
interfacial. Interfacial failure occurs when the diameter of the molten area at the welding point, known as
the 'nugget’, is less than the minimum required diameter [29]. Interfacial failure can be attributed to the
inadequate welding process, which leads to an imperfect fusion of materials. On the other hand, pull-out
failure is considered a foreseeable form of failure in this process. Pull-out failure arises when the joint's
strength exceeds that of the base metal. To achieve the desired pull-out failure, it is imperative to ensure
that the diameter of the nugget satisfies the minimum requirements stated in a specific equation [19]. The
primary objective in the RSW welding process is to achieve a joint that is stronger than the original metal
by recognizing and fulfilling these criteria. In order to achieve the pull-out failure model, it is necessary to
satisfy the minimum nugget diameter specified in Equation (2) [22, 25, 30].

Diin = 4.5 vt (2)

Where t represents the smallest material thickness of the connected metals, as this study employs SPCC-
SD material with a thickness of 0.8 mm, the required minimum nugget diameter can be calculated using
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equation 3, resulting in a diameter of 4.27 mm. This study utilized electrodes with a diameter of 5.0 mm.
The RSW machine used in this research can be seen in Figure 2. This machine plays a crucial role in these
experiments, allowing for the accurate application of pressure, current, and time to produce joints that meet
the desired specifications. This study aims to achieve maximum results by utilizing an optimized electrode
size that meets the previously established requirements for strength and nugget diameter. Figure 2 provides
a visual representation of the tool used, playing an integral part in ensuring the success of the experiments
and obtaining accurate data for welding result analysis.

Figure 2. The RSW machine 65kV.

2.3. Box-Behnken Parameter Design

The Box-Behnken parameter design in the context of RSW is an experimental method enabling
the testing of system responses to variations in process factors more efficiently [31]. This design employs
a geometric box shape to represent multiple levels of each tested process factor, excluding extreme levels
that may be impractical or less relevant. The test points are located at both the center and the corners of the
box for every factor being tested. This methodology enables the detection of system reactions to changes
in the levels of individual factors, without the need to explicitly test all potential combinations. As a result,
it optimizes time and resource utilization during the testing phase.

The characteristics of metal joints are profoundly influenced by the management of independent
variables such as squeeze time, welding current, holding time, and welding time in RSW. Every parameter
fulfills a unique function: the holding time facilitates metal cooling to ensure a robust joint formation,
squeeze time controls initial pressure and metal surface contact, and welding current determines the energy
supplied to the welding point. Nonetheless, controls over the surface conditions of the base metal and the
temperature of the electrode may impose constraints on the quality of the joint. The presence of this
variability highlights the importance of developing a deep understanding of the complex relationship
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between factors that are under your control and difficult environmental circumstances. Achieving process
optimization and ensuring high-quality metal joints requires mastering this interaction. Further information
on optimization design using the Box-Behnken experiment design is provided in Table 2.

Table 2. Box-Behnken RSW Parameter Design

. Level
Code Welding parameters
Low High
A Weld. current (kA) 18 22
B Squeeze time (cycles) 22 27
C Weld. time (second) 0.4 0.6
D Hold time (cycles) 12 18

cycle=1/60 second

The summary of the Response Surface Methodology (RSM) in the experimental design reveals
that this study conducted 27 fundamental experiments testing four factors or independent variables. These
experiments were singular and not repeated, without additional grouping, making each of the 27 trials
essential. This design allowed the exploration of various combinations of factor levels to observe the
system's response to alterations in the tested process parameters. By implementing RSM in this framework,
the study aims to comprehensively understand the interrelation between the investigated factors and the
anticipated response within the RSW process [23]. For further details regarding this RSM experimental
design, refer to Table 3.

Table 3. Experimental RSM data for TS-load strength

Run A B C D TS-load Exp. (N) TS-load Predict. Failure mode
1 22 27 05 15 5904.35 5777.4 Pull out
2 22 25 0.6 15 5884.05 5712.9 Pull out
3 20 27 0.5 15 5663.66 5468.6 Pull out
4 21 27 0.4 15 5660.01 5583.0 Pull out
5 21 25 0.6 18 5897.52 5557.3 Pull out
6 21 27 0.5 12 5650.19 5624.2 Pull out
7 21 22 0.4 15 4853.35 5374.0 Pull out
8 20 25 0.5 18 5374.52 5362.9 Pull out
9 21 27 0.6 15 5938.12 5663.0 Pull out
10 22 25 0.4 15 5406.67 5632.9 Pull out
11 22 25 0.5 12 5563.09 5674.1 Pull out
12 21 27 0.5 18 5805.93 5621.8 Pull out
13 22 25 0.5 18 5631.07 5671.7 Pull out
14 21 25 0.4 18 5246.08 5477.3 Pull out
15 20 25 0.4 15 5103.81 5324.1 Pull out
16 21 25 0.6 12 5741.78 5559.7 Pull out
17 20 22 0.5 15 5492.63 5259.6 Pull out
18 21 22 0.5 12 5104.75 5415.2 Pull out
19 21 25 0.5 15 5459.03 5518.5 Pull out
20 20 25 0.6 15 5755.25 5404.1 Pull out
21 21 22 0.6 15 5601.05 5454.0 Pull out
22 22 22 0.5 15 5283.60 5568.4 Pull out
23 21 22 0.5 18 5095.53 5412.8 Pull out
24 20 25 0.5 12 5242.40 5365.3 Pull out
25 21 25 0.4 12 5166.72 5479.7 Pull out
26 21 25 0.5 15 5459.03 5518.5 Pull out
27 21 25 0.5 15 5459.03 5518.5 Pull out
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3o

Figure 3. TS coupon and testing process

Surface plots on TS-load are a data visualization method used in data analysis to comprehend how
combinations of two independent variables affect the response of TS-load in an experiment [32]. In a
surface plot, the x and y axes represent the two independent variables being tested, such as squeeze time
(pressure cycles), welding current, welding time, and holding time. Meanwhile, the z-axis represents the
TS-load response. This plot displays a three-dimensional surface illustrating the relationship between the
independent variables and the observed response [30]. This surface can take on undulating, curving, or flat
shapes, reflecting the relationship between the independent variables and the measured response.

Through surface plots, it becomes evident how combining two independent variables collectively
influences TS-load. Changes in one independent variable at a specific point on the surface plot will indicate
how the TS-load response changes concerning the other independent variable. It aids in a better
understanding of the interaction between independent variables and how their combinations can affect the
desired response in metal welding, especially in the case of TS-load.

2.4.  Statistical Probability Plot

The statistical probability plot is a visualization approach used to examine the distribution of a
dataset. This plot aids in evaluating whether the data adheres to a specific distribution, such as a normal
distribution or any other [33]. This plot arranges data from smallest to largest and then plots against its
probability. If the data adheres to a certain distribution, the plot will display a straight-line pattern or a
curve corresponding to the expected distribution. It helps assess the data's fit to a specific statistical model.
ANOVA is utilized to compare the means of three or more different groups to determine whether these
groups have significant differences [34, 35]. ANOVA measures the variance within each group and
compares it with the group variability. If the difference between the means of these groups is significant
compared to the variability within the groups, ANOVA will indicate significant differences among the
groups. These methods will be employed in statistical analysis to assess data distribution and compare the
means of multiple groups aiding in decision-making and data interpretation within the context of statistical
research or experimentation.

3. RESULT AND DISCUSIONS
3.1.  Tensile-shear Load (TS-load) Analysis

Figure 4 illustrates that the ninth iteration demonstrates the most excellent TS-load, measuring
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5938.12 N. The observed value deviates by around 10% from the value predicted by Equation 3. This
condition was attained by combining the following parameters—21 time kA for welding current, 27 cycles
for squeeze, 0.6 seconds for welding time, and 15 for holding time. During the seventh iteration, the tensile-
shear strength is recorded as its minimum value of 4853.35 N. The condition above was attained through a
parameter combination consisting of 21 kA for welding current, 21 cycles for holding time, and 0.4 seconds
for welding time. The graph illustrating the TS-loads test is provided in Figure 4.
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Figure 4. TS-Load experiment and predictions

The TS-loads of all tested samples welded using the RSW technique on SPCC-SD metal showed
the expected pull-out failure mode. It contrasts with the tests conducted by [36], where specific processes
experienced interfacial failure using a welding time of 0.4 cycles. It suggests that all fusion processes during
the RSW process between SPCC-SD metals took place smoothly and without interruption. This
phenomenon is explicable by the lack of a zinc layer on the surface of SPCC-SD steel, as shown in [10,
34]. In contrast to the RSW process reported by [10, 37] of the RSW process, the amalgamation of specific
parameters demonstrated satisfactory efficacy in the fusion of SPCC-SD steel. Figure 5 presents the results
that show the highest TS-load.

Max.

6000 n 5938.1 N
s400 - | (Jro L)
:,.gﬁ’: Break F

‘ Run Order 9th.

e Squeezed time = 21 cycles

e Welding current= 27 kA
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¢ Holding time=15 cycles

Disp. (mm)
Figure 5. The highest TS-load achieved when joining SPCC-SD steel using the RSW-RSM methods

The TS-load is greater for the highest RSW test results than the initial results documented in [15,
23, 38]. The maximum TS-load values depicted in Figure 4 are approximately 5938.12 N. This result is
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approximately 1359.9 N greater than reported in [15]. Compared to the findings documented in references
[23] and [38], the results obtained in the present study exhibit an increase of 1279 N and 1179 N,
respectively. However, compared to the findings of the study conducted by [18], these results remain
somewhat lower at approximately 7354 N. It is explicable given that the tensile strength of manganese
steel, utilized in the study reported in [18] ], is 2.2 times that of SPCC-SD steel. These results demonstrate
that the RSW results can be strengthened by employing the appropriate parameters. In addition, the
material’s tensile strength impacts the TS-load test value during the RSW process.

3.2.  The Contour Plot and Surface Plot Analysis

The contour plots enable the visualization of zones where specific combinations of these
parameters yield particular outcomes in metal RSW joints. The contour plot analysis of RSW process on
SPCC-SD steel offers a comprehensive depiction of the distribution of heat and mechanical properties at
the welding location. Figure 6 exhibits contour plots (i) and surface plots (ii) representing key process
parameters, including A: welding current (in kA), B: squeeze time (in cycles), C: welding time (in seconds),
and D: hold time (in cycles). The regions are characterized by consistent heat dispersion, corresponding to
variations in process variables such as welding current or welding time. In Figure 6 (a), the contour plot
and surface plot illustrate the correlation between the TS-load and parameters A and B, with constant
conditions of 24.5 cycles for C and 0.4 seconds for D. This visualization provides essential insights into
comprehending the TS-load within the domain of RSW. As shown in Figure 6 (b), the contour plot and
surface plot show how the TS-load is related to parameters B and D, with B staying at 24.5 cycle and D
cycling 15.5 times. Both the contour plot and the surface plot in Figure 6 (c) show how the TS-load is
related to parameters A and D, with B always being 24.5 cycle and C always being 0.5 seconds. As shown
in Figure 6 (d), the contour plot and surface plot show how the TS-load is related to parameters B and C,
with 21 kA for A and 16.5 cycles for D staying the same. Figure 6 (e) illustrates the correlation between
the TS-load and parameters B and D, maintaining constant conditions of 21 kA for A and 0.5 seconds for
C. Figure 6 (f) reveals the correlation between the TS-load and parameters C and D, maintaining constant
conditions of 21 cycles for A and 24.5 cycle for B. This allows for process parameter adjustments to
improve the welding quality of SPCC-SD steel. Examining contour plots about RSW process parameters
is crucial for comprehending and enhancing the welding process for this material.

(ii)

d)

(11)

(e) 1]
Figure 6. The contour plot of TS-load results.
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3.3.  ANOVA Evaluations

An ANOVA analysis determines the input parameter with the greatest impact on the response
variable (TS-load). This study employs four parameters, specifically A= Weld. The current is represented
by the variable B, the squeeze time is represented by the variable C, and the weld time is represented by
the variable D. The ANOVA evaluation was conducted using linear, quadratic, and two-way interaction
models as listed in Table 4.

The linear ANOVA analysis revealed that the welding current parameter, denoted as A, had the
highest influence on the TS-load value, accounting for approximately 66% of the variation. The ANOVA
square modeling revealed that the parameters A*A (welding current squared) and B*B (squeeze time
squared) were the primary factors influencing the TS-load value, contributing approximately 47% and 48%,
respectively. Additionally, the 2-Way Interaction ANOVA is being conducted. The modeling analysis
revealed that the parameters A*C, representing the welding current multiplied by the weld time, are the
primary factors influencing the TS-load value, contributing approximately 57% to its variation. The
findings of this analysis indicate that the TS-load on RSW is significantly affected by the welding current
and Weld Time parameters. It validates the findings presented by [2, 16, 25] that these two factors have the
greatest impact on the quality of RSW.

Table 4. ANOVA with linear, square and 2-way interactions modeling

o)
Model ~ arameter DF  AdjSS  AdjiMS  F-Value P-Value 4
Input Contributions
A 1 285970 285970 3.6 0.079 66%
Lo B 1 125074 125974 1.63 0.226 20%
C 1 19207 19207 0.25 0.627 4%
D 1 4 4 0 0.994 0%
o)
Model ~ arameter DF  AdjSS  AdjiMS  F-Value P-Value 5o
Input Contributions
A*A 1 102796 10279 133 0.272 47%
B*B 1 103595 103595 1.34 0.27 48%
Square
crC 1 23 23 0 0.987 0%
D*D 1 11250 11250 0.15 0.71 5%
o)
Model Parameter b Agiss  AdjMS  F-Value  P-Value 5o
Input Contributions
A*B 1 347 347 0 0.948 0%
A*C 1 371706 371706 48 0.049 57%
2-Way A*D 1 30181 30181 0.39 0.544 5%
Interaction ~ B*C 1 89831 89831 1.16 0.303 14%
B*D 1 35259 35259 0.46 0.513 5%
c*D 1 125145 125145 162 0.228 19%

3.4.  The Probability Plot Analysis

The normal probability plot illustrates the comparison between the sample means of TS-Load
values and the expected means, assuming a normal distribution [30]. If the points on the plot exhibit a linear
pattern, it indicates that the data provided follows a normal distribution [39]. Deviations from the norm
could potentially be inferred from any deviation from a straight line [40]. A normal probability plot is
displayed in Figure 7, which compares the sample means of TS-Load values acquired from RSW. The
purpose of this plot is to examine and compare the mean distribution of the data points in question with the
expected theoretical values predicted by a normal distribution. The utilization of these visual
representations is essential when evaluating the data's conformity to a normal distribution and detecting
any anomalies or recurring trends in the means of the TS-Load values.
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Figure 7. Probability plot of TS-load

The data presented in Figure 7 indicates that the mean value of the 27 samples is approximately
5498 N, with a standard deviation of 290.7 N, representing approximately 5.3% of the mean value. A
confidence level of 95% accompanies the provided information. The examination of the data reveals that
the precision of every TS-load result is maintained within the range of 5%.

Furthermore, it is worth noting that the data reveals that a TS-load value of 4853.35 N occurred
exclusively at the seventh iteration, which is below 5000 N. Furthermore, based on the data observations,
it can be inferred that the TS-load value has already attained an approximate 50% level of achievement
prior to reaching the mean condition. This enhancement signifies a more favorable result than the study
documented in the citation [28].

4.  CONCLUTIONS

The utilization of SPCC-SD metal in conjunction with the RSW technique was executed by adjusting
the RSW parameters and applying a compressive force of 68.7 N. Current and welding time are crucial
variables that significantly impact the attainment of the maximum TS-load. The maximum values for the
weld current and holding time were ascertained to be 22 kA, 27 cycles of squeeze, 0.6 seconds of welding,
and 15 cycles, respectively, which led to the attainment of TS-load output in the ninth iteration. In the
interim, the minimum values for the TS-load output achieved in the seventh iteration were identified: a
welding current of 21 kA, a squeeze time of 22 cycles, a welding time of 0.4 seconds, and a holding time
of 15 cycles. It can significantly prevent interface failure modes by controlling the welding current and
time parameters. In light of these two phenomena, however, RSW welding techniques employing the RSM
methodology advise against using the seventh parameter. The following recommendation pertains to using
the RSW technique for SPCC-SD metal amalgamation: welding time parameters falling below 0.4 seconds
are not advised. Future research will examine the impact of electrode diameter on nugget diameter and
tensile shear strength.
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