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ABSTRACT

The Resistance Spot Welding (RSW) technique is a prevalent method for joining thin metal sheets,
particularly in transportation-related industries such as automotive and aerospace. A key advantage of
RSW lies in its efficiency and the absence of additional materials, which contribute to structural weight
reduction. In this study, the influence of visible defects (i.e., edge and intersection) on the mechanical
behavior of triple-layer welded joints under static and fatigue loads is analyzed. To this end, a
combination of laboratory testing and Finite Element Modeling (FEM) was utilized. The FEM approach
was validated using experimental axial fatigue data (high-cycle S-N curves). Unlike prior research, this
investigation incorporates such as surface-level defects into the FEM framework for the first time.
Simulation results showed that a 0.2 mm edge defect leads to tensile and fatigue strength decrease of 5.4
% and 13.72 %, respectively, while a 0.6 mm intersection defect for the static and fatigue strengths
causes reduction of 9.6 % and 54 %, respectively. These findings highlight the fatigue strength’s higher
sensitivity to such defects compared to tensile strength.
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1. INTRODUCTION

Various resistance welding methods, such as RSW,
Resistance Seam Welding (RSEW), and Projection
Welding (PW), are implemented across transportation
sectors including automotive, shipbuilding, aerospace,
and helicopter manufacturing (1, 2). Among these, RSW
is especially popular due to its efficiency, minimal cost,
and industrial suitability (3). RSW operates by heating
metal sheets to a plastic state using an electric current and
applying pressure to form a compact weld zone known as
the nugget (4). Despite its advantages, RSW is prone to
manufacturing defects, which compromise joint
durability (5). Focusing on defects and solutions is
beyond the scope of this paper. The focus here is on
evaluating how defects affect joint strength. Undersized
welds, characterized by a nugget diameter smaller than
the optimal threshold (denoted by “IM”), are a common
defect type that significantly compromises joint
performance under various loading conditions (6). RSW
defects can be detected using both Destructive Testing
(DT) and Non-Destructive Testing (NDT) methods, such
as ultrasonic inspection. Today, a combination of
different methods is used to defect detection. For
example, Liu et al. (7) presented a novel faster R-CNN
model to detect RSW defects through visual inspection.
They reported that they could process each image at a
speed of 15 milliseconds using this model. The accuracy
of the presented model was also stated to be more than
90%. However, in industrial settings, DT is primarily
used to validate the accuracy of NDT interpretations, as
DT renders the component unusable. Hence, the
identification, characterization, and dimensional
assessment of weld defects is critical to understanding
their impact on structural performance under operational
conditions.

Summerville et al. (8) introduced an advanced
technique for estimating nugget diameter using dynamic
resistance curves combined with Principal Component
Analysis (PCA), Auto-Correction (AC), and Multi-
Linear Regression (MLR), which outperformed
conventional C-scan methods in accuracy. Mirzaei et al.
(9) highlighted the dominant influence of welding current
on nugget formation in galvanized steel sheets and
observed a positive correlation between nugget size and
joint strength up to a limit, beyond which performance
declined (10). Moreover, Eisazadeh et al. (11) reported in
their study that various parameters affect the nugget
diameter, but among them, the highest percentage by
weight belongs to the electric current. However, accurate
RSW assessment remains challenging and results in
additional costs and production steps. Current inspection
methods, which rely on random inspections after vehicles
leave the body-in-white (BIW), often result in significant
time wastage and emphasize the need for improved
quality assessment. To overcome this issue, researchers
have turned to data analytics approaches as well as

machine learning techniques to predict the weld quality
level before the vehicle body is completed. Recently, the
performance of various algorithms including Artificial
Neural Network (ANN), Convolutional Neural Network
(CNN), Long Short-Term Memory (LSTM), Random
Forest Classifier (RFC), and Extreme Gradient Boosting
(XGBoost) has been investigated and it is shown that
with the help of such algorithms, the accuracy of RSW
defect prediction can be increased to 97.1% (12).

A new FEM based on Mechanical-Electrical-Thermal
(MET) coupling has been used to investigate the weld
core diameter and consequently the weld strength of two-
sheet 304 steel (13). Farrahi et al. (14) utilized various
numerical methods to predict the fatigue life of
automotive spot welds, revealing that although modal
dynamic analysis is significantly more time-consuming
than the inertial relief approach, both yield comparable
accuracy under low-frequency loading. Pan and
Sheppard (15) employed FEM to predict fatigue behavior
in spot welds of sheets with varying thicknesses, while
Reza Kashyzadeh and Ghorbani (16) proposed an
empirical model relating High-Cycle Fatigue (HCF)
performance to chemical composition in three-sheet,
low-carbon spot welds. Deshmukh and Kharche (17)
used the response surface methodology to optimize the
spot welding process parameters including pressure time,
welding time, holding time, and electrode force to
improve the joint quality of 316L sheets and ultimately
their strength under static and cyclic loading. They
reported that the most optimal case included 33, 12, and
9 cycles for pressure, welding, and holding times,
respectively. Also, the electrode pressure was proposed
to be 2.8 bar.

Residual stress distribution in RSW joints has also
been modeled using FEM and validated against X-ray
diffraction data (18). Findings indicate that peak residual
stress occurs at the weld center and decreases toward the
periphery. Numerous studies affirm that residual stress
distribution, including its location and magnitude, is a
key parameter in fatigue life estimation (19, 20). Pal and
Bhowmick (21) compared DT (tensile testing) and NDT
(peel testing) on DP780 steel sheets, concluding that
tensile testing yields superior precision. They also
reported that modifying current and time parameters
significantly affects Low-Cycle Fatigue (LCF) behavior.
Xiao et al. (22) found that refined microstructures in the
fusion zone improve fatigue resistance compared to
coarser structures due to twin formation and multiple
pyramidal slips, which help reduce stress concentration.

Ordofiez et al. (23) investigated stress concentration
effects on crack initiation in DP980 steel, finding that the
number, arrangement, and spacing of sopt welds are
critical factors affecting fatigue life (24, 25). Vural et al.
(26) examined how nugget diameter impacts fatigue
performance in dissimilar joints of AISI 304 stainless
steel and galvanized steel. Recent work by Farrahi et al.
(6) combined finite element and multi-body dynamic
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simulations to evaluate the impact of vehicle speed and
road surface irregularities on weld failure across vehicle
structures. They observed that variations in nugget
diameter could alter fatigue life by up to 100%.
Furthermore, their latest research explored the effects of
electrode geometry on residual stress distribution and
subsequent fatigue performance in three-sheet joints
(27). Previous research has extensively focused on
fatigue behavior in defect-free welds or welds with
insufficient nugget formation. In addition, with the aim
of enhancing fatigue behavior, many efforts have been
made to optimize RSW process parameters through
traditional, classical, and modern techniques (28). The
present study uniquely investigates the impact of visible
surface defects, a category traditionally considered non-
critical, on fatigue performance. Based on industrial
experience, the authors argue that such defects, edge and
intersection, should be reclassified as quasi-strength
defects due to their measurable influence on joint
strength. This hypothesus is explored through a
collaborative effort between academia and a major
automotive manufacturer. Therefore, the primary
purpose of this study is to quantitatively evaluate the
effects of edge and intersection defects on the static
tensile strength and high-cycle fatigue behavior of three-
sheet steel spot weld bonding joints. To achieve this, a
combined experimental and numerical approach was
employed. Firstly, experimental S-N curves for healthy
joints were established to serve as a validation
benchmark. Subsequently, an advanced finite element
model, incorporating Electrical-Thermal-Mechanical
coupling and metallurgical phase transformation, was
developed and validated. This validated model was then
used to systematically simulate the mechanical response
of joints with varying severities of edge and intersection
defects under both static and cyclic loading conditions.
Ultimately, this work aims to provide robust data to
support a re-evaluation of quality control standards for
visible defects in automotive spot welding.

In the following, a schematic diagram of the spot weld
categorized examined in the current study, including
health spot weld and the desired apparent defects, is
shown in Figure 1.

(a)

(b)

(c)

Figure 1. (a) healthy weld, (b) edge defect, and (c)
intersection defect

According to the manufacturer's data (e.g., sheet
material, sheet thickness, welding parameters, etc.), the
nugget diameter for a healthy weld is 4 mm (Figure 1(a)).
The difference between desired defects is that if the edge
is between zero and 1/3 of the nugget diameter, it is called
an edge defect (Figure 1(b)), and if this size is more than
1/3 of the nugget diameter, it is called intersection defect
(Figure 1(c)).

2. MATERIALS AND SPECIMEN PREPARATION

According to prior investigations (3, 29) and internal data
provided by the automotive manufacturer, the most
structurally sensitive spot weld in a three-sheet
automotive joint comprises dissimilar low-carbon steel
grades. Specifically, two DC04 sheets are placed at the
top and bottom of the joint and the DCO3 sheet is placed
between them. However, the thickness of all sheets is the
same and equal to 0.8 mm. Figure 2(a) shows the sheets’
dimensions and their arrangement for a healthy spot weld
joint. To prepare the specimens uniformly, a fixture
designed and fabricated in previous work was used
(Figure 2(b)).

The engineering specifications of the sheets used in
this study, DC04, and DC03, are given in Tables 1 and 2,
respectively. All of this information was obtained in a
laboratory setting (e.g., tensile test, metallographic
examination of microstructure, and quantometric
analysis) on the factory production line before being
used.

£ pcos

08

DC03

45mm

125 mm

(b)
Figure 2. (a) Size and layout of three-sheet spot-welded joint
in a free-defect state and (b) Fixture used to prepare a healthy
connection
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The welding parameters were considered to create a
healthy three-sheet spot-welded joint as it is done in the
automotive industry (Table 3). Also, the standard
electrode F0-16-20-8, as shown in Figure 3(a), was used
for this purpose (27). Figure 3(b) demonstrates the
manual welding equipment used in this industry. The
frequency was 50 Hz, and the electric current was
alternating.

TABLE 1. Engineering specifications for DC04 low-carbon
steel

Chemical composition

Base Fe

C 0.046 %
Si 0.014 %
Mn 0.201 %
P 0.007 %
S 0.004 %
Al 0.036 %

Mechanical properties

Yield Strength: YS 169 MPa
Ultimate Tensile Strength: UTS 307 MPa
Elongation: E 38 %

Microstructure features

Metallic phase Ferrite

Average grain diameter 31.8 pm

TABLE 2. Engineering specifications for DC03 low-carbon
steel

Chemical composition

Base Fe

C 0.047 %
Si 0.006 %
Mn 0.199 %
P 0.007 %
S 0.004 %
Al 0.037 %

Mechanical properties

Yield Strength: YS 178 MPa
Ultimate Tensile Strength: UTS 325 MPa
Elongation: E 41 %

Microstructure features

Metallic phase Ferrite

Average grain diameter 30.2 pm

TABLE 3. Default factory-configured parameters for the spot
welding process aimed at producing a defect-free joint (28)

Value [Unit]

Welding parameters

Force 365 [N]

Current 11.5 [KA]
Squeeze time 25 [Cycle]
Upslope 3 [Cycle]
Welding time 12 [Cycle]
Hold time 9 [Cycle]

3. EXPERIMENTAL PROCEDURE

As outlined earlier, a weld is considered structurally
sound when the minimum nugget diameter reaches at
least 4 mm. In a three-sheet spot weld configuration, two
individual nuggets are formed: one between the top and
middle layers and another between the middle and
bottom layers. Hence, a 4 mm threshold is set as the
minimum acceptable nugget diameter. Although some
previous studies overlook the distinction between these
two nuggets and report only their average, this
investigation accounts for both individually.

Defect-free welded specimens were initially
fabricated and then sectioned to enable cross-sectional
analysis. The nugget diameters were measured using
Optical Microscopy (OM), yielding an average size of

+
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(b)
Figure 3. (a) Geometry and dimensions (mm) of F0-16-20-
8 standard electrode (27) and (b) Manual welding equipment
used in the current study
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approximately 5.55 mm, well above the required
minimum of 4mm. Consequently, the welding settings
recommended by the manufacturer were adopted for the
preparation of all specimens. A total of 28 healthy three-
sheet spot-welded specimens were fabricated. Fatigue
testing was conducted using a servo-hydraulic axial
loading system with a 25-ton capacity. To maintain
uniform thickness and prevent bending during testing,
steel plates were added symmetrically to both sides of the
specimen. This ensured a consistent grip thickness of 4
mm at the clamping region, according to ISO 14324
guidelines (30). All fatigue tests were carried out at room
temperature using a force-controlled, constant amplitude
protocol. The loading followed a sinusoidal waveform
with a force ratio (R) near zero and a frequency of 10 Hz.
Multiple loading levels were applied, and for each level,
seven identical specimens were tested to account for
potential scatter and improve the statistical robustness of
the results. The mean number of cycles to failure from
these seven specimens was taken as the representative
fatigue life for that force level. Ultimately, a force-life
curve in the HCF regime was established for the healthy
three-sheet spot-welded configuration.

4. FINITE ELEMENT SIMULATION

To model the spot welding process with consideration of
various surface-level defects, an enhanced version of the
finite element algorithm (originally introduced in the
authors’ recent publication) was employed (29). While
the initial version of the algorithm focused on simulating
welds with internal strength-related defects such as IM
(insufficient nugget), the updated model extends its
capabilities to incorporate visible anomalies. Parameter
inputs for the welding process were derived from
industrial datasets, and the numerical simulation was
executed via an integrated platform combining
commercial finite element software with MATLAB
scripting. This allowed for predictive modeling of nugget
diameter as a function of input process parameters. A
notable strength of this updated algorithm lies in its
multi-physics coupling, treating the welding operation as
a fully integrated Electrical-Thermal-Mechanical (ETM)
system. Moreover, the algorithm accounts for material-
specific metallurgical behavior, thereby increasing
fidelity in predicting weld formation. The material
properties used in the simulation were not generic values
but rather obtained through prior experimental
characterization based on raw material attributes and
grain structure. To capture phase transitions during the
welding cycle, both Time-Temperature-Transformation
(TTT) and Continuous Cooling Transformation (CCT)
diagrams were integrated into the simulation workflow.
These diagrams enabled realistic modeling of the fusion
zone’s thermal evaluation and its effect on
microstructural development.

To reduce computational costs while maintaining the
accuracy of the responses, the mesh sensitivity analysis
was performed considering three different element sizes
including 1, 0.8, and 0.5 mm. Also, in the weld zone with
a diameter of approximately 7 mm, the meshes were
refined two times. In other words, the element sizes in the
weld zone for the three models were 0.25, 0.2 and 0.125
mm, respectively. The results of this analysis based on
the von Mises equivalent stress criterion are presented in
Table 4.

All three models have a small difference up to a
distance of 5 mm from the weld center, but in the two
models with overall element sizes of 0.5 and 0.8 mm, the
difference in results increases significantly from a
distance of 5 to 7 mm. While the error rate in this range
for the two models with mesh sizes of 1 mm and 0.8 mm
is still an acceptable value. This shows that as the mesh
sizes become smaller, the accuracy of the solution at
distances of 5 to 7 mm decreases sharply. Therefore, a
mesh size of 1 mm with two times refinement in the weld
zone was chosen for future simulations. In this case, the
number of elements in the FE model is 33,750. All the
above explanations were valid for the simulation of the
healthy weld. However, when the apparent defects are
modeled, due to the plastic deformations created in the
weld area and the asymmetric contacts of the electrode
tip with the sheets, the refined elements caused the
response to diverge. Therefore, in the simulations of the
connection with the desired defects, only mesh size of
one millimeter was used throughout the sample. Figure 4
provides a schematic representation of the full algorithm
used to simulate spot welds with apparent defects.

For fatigue analysis, the Battelle structural stress
methodology was adopted. This approach offers a mesh-
intensitive framework and has been widely validated for
fatigue life estimation across various welded steel
components. Its effectiveness is based on the master S-N
curve approach, particularly for different steels (31), and
is described by the following equation:

TABLE 4. Mesh sensitivity analysis results for spot weld
bonding — three-sheet steel

Distance from weld Element size (mm)

center (mm) 1 0.8 0.5

0 6 5.54 6.11
1 5.97 5.75 6.07
2 5.89 5.39 5.12
3 5.8 5.17 4.97
4 5.46 5.4 5.72
5 4.63 5.51 5.59
6 30.1 34.93 13.42
7 102.7 103.7 87.6
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AS, = CN}! M

Here, AS, denotes the structural stress range, and Ny is
the number of cycles to failure, and C and h are material-
specific constants for steels. The wvalues of these
coefficients are summarized in Table 5 (32). An
overview of the fatigue evaluation algorithm used in this
study, from simulation to life prediction, is depicted in
Figure 5.

Density
Elastic modulus
Stress.plastic strain diagram

- Heat conductivity

TABLE 5. Material-specific constants for the master S-N curve
applied to steels [33]

Statistical base C (MPa) Hold time
Mean 19930.2
+20 28625.5
—2c 13875.8 -0.32
+30 31796.1
—3c 12492.6
Simulation of edge
defects
Simulation of
intersections
Using difficult trajectory
Using difficult
‘trajectory

Figure 4. The framework of the updated 3D finite element algorithm is employed to simulate the spot welding process with

distinct surface-level defects

L.

Figure 5. Workflow of fatigue life assessment of the RSW
joint utilizing the Battelle structural approach [28]

4. 1. Analysis of Edge-affected RSW Joints As
mentioned earlier, this defect is caused by the incorrect
position of the weld core with the sheets’ edges. If the
size of the apparent defect is less than or equal to 0.33 of
the nugget diameter, it is called an edge defect.
Therefore, in this study, three different intensities for
edge defect (0.1, 0.2, and 0.3 of the nugget diameter in a
healthy joint) were considered. The finite element model
as well as the diameter of the weld nugget after the
process are illustrated in Figure 6.

4. 2. Analysis of Intersection-affected RSW Joints
As previously shown, an intersection defect is described
when the edge defect exceeds one-third of the nugget
diameter. The characteristic of the simulation example of
this defect, i.e., 0.8, is demonstrated in Figure 7.

5. RESULTS AND DISCUSSION

5. 1. Validation of Finite Element Analysis
Figure 8 presents a comparison between the numerical
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Figure 6. FEM and weld nugget diameter for three-sheet
spot-welded joint with edge defect considering the intensity
of 0.3 nugget diameter as a representative

Figure 7. FEM and weld nugget diameter of RSW joint with
intersection defect considering the intensity of 0.8 as a
representative

10000
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AF=4000 N wereeeee FEA mean

®F=5000 N
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1000
1E+5 1E+6 1E+7
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Figure 8. Fatigue performance of free-defect RSW joint:
experimental testing vs. FE modeling outcomes

fatigue predictions and the corresponding experimental
axial fatigue test results for defect-free three-sheet spot-

welded joints. For a quantitative assessment of the
model’s accuracy, a comparative analysis of the
experimental and simulated fatigue lives at various load
levels is presented in Table 6. The results presented in the
experimental life column are the average results for
different replicates.

The results demonstrate a strong correlation between
the simulation and experimental data. The error
percentage across all tested load levels ranges from a
minimum of 3.2 % to a maximum of 16.81 %, with an
average error of 10.02 %. This level of deviation is
considered highly acceptable for complex thermo-
mechanical-fatigue simulations, given the inherent
uncertainties in material properties, experimental
variability (as evidenced by the scatter in the test data),
and the necessary simplifications in the finite element
model.

The highest errors are typically observed at higher
load levels (low-cycle fatigue regime), where local
plasticity and microstructural variations have a more
pronounced effect that is challenging to model perfectly.
Conversely, the model exhibits excellent agreement in
the high-cycle fatigue regime, which is the primary focus
of this study. This validation provides high confidence in
the subsequent simulation results for defective joints
presented in the following sections.

5. 2. Results of RSW Joints with Edge Defect
Figure 9(a) presents the force-displacement curves
obtained from finite element tensile test simulations for
RSW joints containing edge defects of varying severities.
The relationship between edge defect severity and the
maximum force—representing the joint's tensile
capacity—is further illustrated in Figure 9(b). The
simulation results indicate a decreasing trend in tensile
strength as the edge defect becomes more pronounced.
This reduction is primarily attributed to incomplete
formation of the weld nugget at the defect site. For
instance, a joint exhibiting an edge defect severity of 0.2
demonstrates a tensile strength of 8512.98 N, compared
to 89974 N for the defect-free counterpart—
corresponding to a 5.4% reduction in load-bearing
capacity.

Furthermore, Table 7 summarizes the fatigue analysis
results for joints with varying levels of edge defect

TABLE 6. Comparative analysis of experimental and
simulated fatigue life for defect-free joints

Applied load  Experimental life Simulated life Error

™) (Cycle) (Cycle) (%)
3000 2200160 2270636 32

3500 1207809 1312658 8.68
4000 776387 864592 11.36
5000 323012 377319 16.81
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severity, providing additional insight into the mechanical
degradation associated with such imperfections.

The analysis shows that an increase in edge defect
severity leads to a noticeable decline in fatigue life under
identical cyclic loading conditions. For instance, when
the defect severity reaches 0.2, the number of cycles to
failure is reduced by approximately 13.72% compared to
that of a defect-free joint.

5. 3. Results of RSW Joints with Intersection Defect
Figure 10(a) presents force-displacement diagrams of
three-sheet spot-welded joints with intersection defects at
different intensities as a result of the tensile analysis. In
addition, tensile strength variations related to the severity
of the intersection defect are displayed in Figure 10(b).

5000

8000 =
7000 /_/

5000 / ,

5000 /

amo | [/f

3000 f
0.3 diameter /

—— 0.1 diameter

Force (N)

0.2 diameter

2000
1000

a 2 4 6 B 10

Displacement (mm)

8580
8560
B540
8520
B500

y =-440 25x + 8602.8

B480

B460
o 0.05 0.1 015 02 025 0.3 0.35

Maximum force at the throat point (N}

Level edge of sheet metal

(b)
Figure 9. Static simulation results of RSW joints with edge
defects at different intensities: (a) Force-displacement
diagrams and (b) Tensile strength in terms of severity of the
edge defect

TABLE 7. Fatigue analysis outputs for RSW joint with edge
defect: cycle to failure

Edge defect Max. applied load:  Max. applied load:
severity 5000 N 4000 N

0.1 25444 49851

0.2 14501 45363

0.3 10562 34511

The findings demonstrate that the tensile strength of
the spot-welded joint declines progressively as the
severity of the intersection defect increases. Notably,
when the defect reaches 0.8 times the nugget diameter, a
substantial reduction in static strength is observed. Next,
fatigue performance corresponding to  various
intersection defect severities is summarized in Table 8.

The results show that the fatigue life reduction in
intersection defects is much greater than in edge defects.
One of the most important reasons for this is the smaller
weld core diameter in the joint with intersection defects
compared to edge defects. For instance, when there is an
intersection defect severity of 0.6, the fatigue life of the

7000

~—0.6 diameter 5000

0.7 diameter 4000
0.8 diameter
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Displacement (mm)
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Maximum force at the throat point (N)

Level edge of sheet metal
(b)
Figure 10. Static simulation results of three-sheet spot-
welded joints with intersection defects at different
intensities: (a) Force-displacement diagrams and (b) Tensile
strength variations regarding the severity of intersection
defect.

TABLE 8. Fatigue analysis outputs for RSW joint with
intersection defect: cycle to failure

Edge defect Max. applied load:  Max. applied load:
severity 5000 N 4000 N
04 6226 28444
0.5 4877 22155
0.6 4761 21987
0.7 4321 21549

0.8 4217 20981
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connection is reduced by about 54% compared to a
healthy connection.

6. CONCLUSION

The main conclusions drawn from this research are
outlined below:

- FE simulations of tensile and fatigue analysis for edge
defect in a three-sheet spot-welded joint showed that the
joint strength decreases by 5.4 % and 13.72 %,
respectively, for edge defect with a specification of 0.2 to
the nugget diameter. These values were reported in
comparison to the strength of a defect-free weld joint
under various loadings.

- FE analyses demonstrated that when the intersection
defect extended beyond 60% of the nugget diameter, the
corresponding tensile and fatigue strengths declined by
9.6 % and 54 %, respectively.

- For both edge and intersection defects, tensile and
fatigue diagrams were extracted and reported in terms of
defect severity through finite element simulation.

- The results show that RSW joint with the desired
apparent defects under cyclic loading conditions may
have a strength reduction of more than 50 %, therefore,
following the initial hypothesis in this study, it is
proposed to change the name of this type of defect to
apparent-quasi-strength defects.
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