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Stress Intensity Factor For Aluminum And Copper Spot Weld Joints
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For decades, resistance spot welding (RSW) between aluminum and copper has encountered difficulties;
however, it remains essential for modern applications. Additionally, crack propagation and the stress intensity
factor (SIF) of dissimilar RSW have not been extensively investigated. The welding parameters used for Al-Al
joints were as follows: welding current, time, and electrode force were set at 14,000 Amps, 0.8 seconds, and
7,000 N, respectively. Conversely, for Al-Cu joints, 14,000 Amps, 1 second, and 8,800 N were determined.
The similar joints exhibited an average weld nugget size of 6 mm, whereas the dissimilar joints had a nugget
size of 5.2 mm. The tensile shear force was 690 N and 780 N for dissimilar and similar joints, respectively.
Accordingly, the fatigue load, as a percentage of the tensile force, was utilized at 414 N and 468 N for Al-Cu and
Al-Al, respectively. Finite Element Analysis (FEA) was employed to determine the SIF. The initial crack length
was determined to be 0.1 mm. The numerical solution was then compared with theoretical solutions for the
opening SIF-KI, such as the equations proposed by Pook and Zhang. The FEA results showed higher values of
SIF compared to those from theoretical solutions. Additionally, crack propagation was investigated for both
dissimilar and similar joints at a determined failure load. Cracks tended to develop close to the heat-affected
zone (HAZ) around the weld nugget diameter (dn). SIF and crack path have been verified.
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1. Introduction

RSW is a solid-state joining method that involves heating
the connecting surfaces of sheet metal components. In me-
chanical engineering, especially in the automotive sector,
copper and aluminum are commonly utilized in sheet form
[1]. These metals possess a variety of qualities, including
excellent fatigue resistance, strong electrical conductivity,
and resistance to corrosion. Due to its effectiveness and
dependability, RSW is the most popular sheet joining tech-
nique for structures and assembling the automotive parts
[2]. For cyclically loaded structures, fatigue becomes a seri-
ous issue, such as in car chassis and aviation construction
[3–5]. Since, the weld joints area suffering from cracks, the

fatigue toughness in terms of SIF have to be considered [6–
8]. Understanding the fatigue behavior of resistance spot
welding (RSW) is crucial to ensuring the reliability and
safety of welded structures, as fatigue can lead to the initi-
ation and propagation of fractures [9–12]. In this context,
the SIF stands out as one of the most critical and practical
parameters in the field of fracture mechanics. It describes
the stress condition at the crack tip and controls the crack
propagation in structures [13, 14]. The SIF plays a pivotal
role in determining whether a crack will propagate in a
given material under specific loading conditions [15]. The
calculation of SIF involves evaluating stress distribution
around the crack tip and considering factors such as geom-
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etry, loading mode, and crack size [16, 17]. Considering
the opening-SIF at the crack tip as a driving force for crack
propagation is called the linear elastic fracture mechan-
ics approach (LEFM), which assumes the existence of an
identified crack [18–20]. LEFM assumes only one crack for
propagation and SIF calculation. Additionally, since LEFM
considers opening-SIF, residual stresses and closure effects
are very simple [14, 21].

Numerous research studies have been conducted to
study the fatigue behavior and SIFs of cracks in welded
joints based on LEFM [12, 22, 23]]. They found that this ap-
proach can be used for spot welding in through thickness
crack in spot weld using FEM. Banerjee et al [12] found
that the fatigue properties are related to the weld nugget
size and consequently to the heat input parameters. Pan et
al [24] used FEM and compared the results with literature.
They found an agreement with Zhang’s equation [25].

Several studies have involved experimental testing, nu-
merical simulations using FEA, and principles of fracture
mechanics for dissimilar metals with steel alloys. Kim et
al [26] investigated the spot joining of aluminum and steel
to achieve lightweight vehicles. They determined the opti-
mum welding parameters.

Spot joining of aluminum and copper dissimilarly is
challenging. Therefore, aluminum and copper are usually
welded using friction stir spot welding [27]. In addition,
the fracture mechanics of such joints, including SIF calcula-
tions, do not exist.

This research aims to numerically determine the SIF so-
lution and validate the results by comparing them with
available solutions from the literature, such as the equa-
tions proposed by Pook [28], and Zhang [25]. The FE model
was developed using ABAQUS based on LEFM. Addition-
ally, SIF and crack length (a) were calculated for both simi-
lar and dissimilar joints. The current model was validated
by comparing the SIF solution and the crack path for Al-Al
and Al-Cu RSW.

2. Methodology

This work encompasses experiments, numerical, and ana-
lytical calculations. The following chart gives insight into
the methodology used in this work, see Fig. 1. The valida-
tions have been achieved by comparing the experimental,
analytical, and simulation results for the crack path and
SIF calculations.

2.1. Materials

Copper and aluminum sheet alloy, 1 mm thickness was
used. The proposed applications and the aims of such met-
als are electrical conductivity, and fracture toughness for

Fig. 1. Schematic flow chart of the methodology.

electric cars and similar aspects. The chemical composi-
tion, tensile test, and microstructure test, were conducted
to determine the based metal properties.

The selected materials for this study consist of commer-
cially pure copper sheet of T2 grade and aluminum AA1050
(part of the AA 1XXX series). The chemical composition
analysis for Al-1050, and pure copper T2 grade was carried
out; see Tables 1 and 2, respectively.

2.2. Tensile Test

The sheet specimens for the as-received metals are prepared
using a CNC machine in accordance with the standard
specifications ASTM E8/E8M13a [29]; see Fig. 2. Samples
are cut with the rolling directions to calculate the ultimate
tensile stress. The rolling sheet direction has a larger ulti-
mate [30]. Hence, the specimens were cut in the direction
of rolling, which exhibited a slightly higher tensile force
owing to the elongated grain structure.

Fig. 2. Tensile specimen and dimensions.

Three samples were taken for each case; hence the aver-
age values have been used, see Fig. 3. The tensile test was
carried out using a universal testing machine with a speed
rate of 1 mm/min.

The tensile force, yield strength, elongation, and
Young’s modulus, have been presented in Table 3. These
values will be used as an input data for FE model in
ABAQUS. In addition, the physical properties (Table 4).
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Table 1. Chemical compositions of Al-1050.

Element %
Material Si Fe Cu Mn Mg Zn Ti AL
Al-1050 0.047 0.4 0.048 0.0033 0.0012 0.0027 0.021 99.5

Table 2. Chemical compositions of pure copper T2 grade.

Element %
Material Zn Pb P Mn Fe Ni Si Mg AL Cu

Cu 0.003 0.0003 0.0008 0.0004 0.007 0.0002 0.0008 0.0001 0.002 ≈ 100

Fig. 3. Specimens configuration and the fracture mode.

Table 3. Mechanical properties of Al-1050 and Cu.

Mechanical Properties

Metals σy((MPa
)

σyts(MPa) E (GPa) El. %
Cu 144 209 129 34
Al 80 112 67 7.8

2.3. RSW Joints

2.3.1. RSW Processing

Due to the resistance to the current flow, the localized heat
between the two surfaces will produce a weld of molten
metal. The weld nugget occurs at the interface between
two surfaces as the metal surfaces start to melt [33]. Two
opposite electrodes are used to fix the two sheets of metal
during the weld and to solidify the weld area afterward,
see Fig. 4. The RSW process and specimen dimensions have
been determined according to the EN ISO 14329 standard
[34, 35]. The welding machine used is a rocker-arm foot-
operated pneumatic spot-welding machine labeled as SIP
column-PPV50.

2.3.2. Welding Parameters

Welding parameters are chosen either by conducting ten-
sile tests or by using analytical data analysis. The Taguchi
approach was used in this study as the design of the en-
gineering tool. It’s an engineering method of product or
process design that focuses on minimizing variance and/or
sensitivity. It was applied using a Minitab program, which
determined the values of the expected welding parameters.
Therefore, the output parameters of Taguchi were used
as variables in the experimental work to obtain the opti-
mal weld joint. Welding parameters are among the most
essential work steps, especially in dissimilar RSW [36, 37].

Fig. 4. Specimen configurations and dimensions.

Three values for each welding parameter were used in
the Taguchi approach (input data), as shown in Table 5. The
input parameters were used for lap-shear specimens made
from either similar or dissimilar sheet combinations. For
welding similar materials, the welding parameters were
specified in accordance with the AWS C1.1 M/C1 standard
[38, 39]. Table 5 shows the optimum RSW parameters that
was used.

Then, these values have been optimized by the Taguchi
method to reduce the number of tested specimens and
obtain high-quality and robust welding, see Table 6.

For Al-Cu joints, the optimum input welding parame-
ters were determined according to the sheet thicknesses
after a few trials and tests. Then, conduct a traditional ten-
sile test to determine the maximum tensile force. Then, the
experiment’s results have been verified using the Taguchi
approach [40]. It was found that the energy produced dur-
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Table 4. Physical properties of Al-1050 and Cu [31, 32].

Properties Unit Al Cu
Density g/cm3 2.70 8.94
Resistance

(
Ωmm2/m

)
× 102 2.66 1.68

Thermal Conductivity cal◦cm2/cm◦Cs 0.52 0.92
Thermal Coefficient of Linear Expansion (mm/mm◦C)× 10−6 24.00 16.70
Specific Heat Capacity J/kg◦C 902 385
Melting Temperature ◦C 660 1083
Poisson Ratio – 0.31 0.33

Table 5. RSW Parameters Used in Taguchi (input data).

Welding Electrode Welding
Current (Amp.) Force (N) Time (Sec)

10000 6280 0.8
12000 7540 0.9
14000 8800 1

Table 6. RSW parameters for Al-Al joints.

Joint Current Electrode Weld
type (Amp.) Force (N) time (sec)

Al-Al [38] 14000 7000 0.8

ing welding depends on the electrical current, the time of
the current flows, and resistance that may also be altered
[41]. The major effects graphic shows that the response
variable (i.e., tensile force) seems to be influenced by all of
the parameters; see Fig. 5. Therefore, the optimum RSW
parameters have been chosen at maximum tensile shear
force; see Table 7.

Fig. 5. RSW parameters effect on the TS, Taguchi
technique.

2.3.3. Nugget Diameters Measurement

The diameter of the nugget (dn) is one of the most critical
parameters. It was calculated for Al-Al, and Al-Cu after
welding. Three sample each set of parameters were taken
to determine dn. In case of dissimilar joints (Al-Cu), dn
from two sides were calculated. Because, the weld nugget

diameters are different at each side. The metals differ in
the amount of developed heat; hence, the weld area will be
developed accordingly. The machine electrode diameter is
6 mm. The nugget diameter calculated by using a Vernier;
see Fig. 6.

Fig. 6. Electrode face diameter in RSW machine and
nugget diameters measurements.

2.3.4. Tensile Shear Test

The tensile test spot weld specimens were prepared accord-
ing to the EN ISO 14329 standard [39]. Two sheets, 100
mm long and 25 mm wide, with a thickness of 1 mm and
overlapping 25 mm, have been welded (Fig. 4). A shim
plate is recommended be used in the gripping jaws [42], to
ensure that the axial load is applied to the single spot weld
(Fig. 7a). A universal testing equipment with a 1 mm/min
deformation rate was used (Fig. 7b). To improve the accu-
racy of the tensile shear test findings, the experiments were
repeated, and

Fig. 7. Tensile Shear Test; a) Shims, b) Universal testing
machine, Tinius Olsen H50 KT.
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Table 7. RSW parameters for Al-Cu joints.

Joint Welding current (Amp.) Electrode force (N) Welding time (sec)
Al-Cu 14000 8800 1

2.3.5. Finite Element Models

ABAQUS-FE software simulator was used to determine
the crack propagation and SIF in similar and dissimilar
RS joints based on the LEFM. The preprocessing steps in-
cluded creating a 3D model of the RSW joint, subdividing
the geometry, and generating meshes. The current model
typically involves creating a circular region representing
the nugget zone and considering the heat generation, de-
veloping the nugget accordingly, and crack initiation and
propagation consequently; see Fig. 8.

Fig. 8. RSW FE-model.

LEFM principles are employed to assess crack prop-
agation and SIF calculations by performing advanced
ABAQUS features. This model can be used to provide
a comprehensive understanding of fracture mechanics un-
der cyclic loading conditions [18, 19]. Von Mises stress is an
important factor in RSW. It can be used to predict the stress
concentration and load-bearing capacity of welded joints.
The maximum stress is found around the weld nugget ar-
eas [43]. Nevertheless, the crack location was also validated
by the tensile and fatigue tests. The initial crack is located
at the maximum stresses, ai= 0.1 mm; see Fig. 9.

Fig. 9. a) and b) Von Mises stresses and initial crack in
weld nugget; c) Initial crack occurs at the maximum stress

sites for crack length to width ratio a/c=1.

In ABAQUS, the meshing process involves discretizing

a 3D model into FE. Defining the element size for the mesh
is very important. The work piece was meshed with 3D
linear hexahedral elements of type C3D8R; see Fig. 10a
[44]. These elements are commonly employed in FEA for
their suitability in capturing complex geometric shapes and
structural behavior. Overall, the use of hexahedral meshing
in welding simulation typically results in more accurate,
stable, and computationally efficient outcomes compared
to other meshing techniques. The mesh size is distributed
gradually along the specimens; see Fig. 10b.

Fig. 10. a) 3D Element 8-node type C3D8R; b) Mesh
generation for RSW.

The accurate number of elements to mesh the plate se-
lecting by mesh convergence test. In order to prevent the
outcomes of an analysis from being impacted by chang-
ing the size of the mesh, mesh convergence refers to the
smallness of the elements needed in a model [45, 46]. The
convergence analysis is carried out to ascertain the precise
number of elements to mesh the sheet and get the right
outcome with the least amount of program execution time.
The effect of meshes and elements on the stress was exam-
ined; see Fig. 11. Therefore, the mesh consists of a total
of 25,784 nodes and 21,160 elements (Table 8). The weld-
ing zone features a finer mesh region, indicating that the
meshing is appropriate for this situation.

Table 8. Mesh convergence effect.

Nr. Elements Max. Mises Stress (MPa)
8777 8.5 × 107
10520 1.1 × 108
15780 5.42 × 108
21160 6.1 × 108
50495 6.21 × 108

In order to conduct an accurate simulation, input con-
ditions such as material properties (e.g., elastic modu-
lus, yield strength, and Poisson’s ratio) were defined (Ta-
bles 3 and 4). Additionally, the optimum RSW parameters
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Fig. 11. Meshes effect on the stresses of RSW joints.

for both similar and dissimilar joints were selected; refer
to Tables 5 and 6. Moreover, to conduct the SIF analy-
sis and crack propagation, the critical fracture toughness
(KIC) is taken as an average values 25 MPa.m0.5 and 30
MPa.m0.5, and the threshold Kth is taken as 4 MPa.m0.5

and 5 MPa.m0.5 for copper and aluminum, respectively
[47].

Additionally, appropriate boundary conditions should
be applied to replicate the actual loading conditions experi-
enced by the welded joint. One side end will be fixed, and
the other side will be exposed to cyclic loading. Then, ap-
ply the loading conditions to simulate the tensile shear test.
This typically involves defining a force boundary condition
on one side of the joint while fixing the opposite side; see
Fig. 12 (a and b). The postprocessing will show the results,
including stress, SIF, crack propagation, and deformation.

Fig. 12. a) and b) Boundary condition of dissimilar and
similar RSW joints, respectively.

2.3.6. Stress Intensity Factors

SIFs are inevitable parameters in fracture mechanics meth-
ods. The SIF is particularly relevant when considering
defects, cracks, or notches near the weld nugget. It helps
predict whether these defects can propagate and lead to
joint failure under applied loads, hence, ensuring the safety
and integrity of the weld joints [8, 48]. Therefore, these
factors describe the fatigue behavior at a crack tip in terms
of crack propagation [49]. Initial cracks (ai) are initiated
and propagate to a final length (af) under cyclic loading

[50].
The opening Mode-I is more common under axial tensile

fatigue test conditions. Fatigue loading involves cyclic
forces, such as tension-compression cycles, that are applied
to the welded joint. Over time, these cyclic stresses can
lead to crack initiation and propagation [16].

SIF can be determined using various mathematical equa-
tions Pook, Zhang, Swelem and FE-numerical methods.
The Pook and Zhang method is based on the assumption
that the nugget has a circular shape while the Swelem
method is based on the assumption that the nugget has an
elliptical shape [25, 51]. The SIF of the initial cracks around
the nugget were calculated according to Pook’s Eq. (1) and
Zhang Eq. (2), respectively [24].

KI =
F

(d/2)3/2

[
0.341

(
d
t

)0.397
]

(1)

KI =

√
3F

2πd
√

t
(2)

where KI is SIFs under opening Mode-I. F is the applied
loads per spot weld, d is the nugget diameter, and t is the
sheet thickness.

To calculate SIF and determine the crack propagation
numerically, the fatigue test option in ABAQUS was used.
In addition, a minimum to maximum stress ratio of R= 0.1
was used. The fatigue test load is started at 60% of the
maximum tensile shear load [52].

2.3.7. Crack Propagation

Crack propagation occurs when the stress at the crack tip
reaches the threshold fracture toughness (Kth). Fatigue
loads and vibrations under cyclic loading will propagate
the crack, leading to fatigue failure [53]. Cyclic loading,
in the form of vibrations, can cause failure even under
relatively light loads [35, 54]. The existing crack in the
weld nugget will start to grow, and the crack length will
increase as the SIF increases. The fatigue crack propagation
of RSW for Al-Al and Al-Cu joints is investigated based on
the LEFM approach using FEM.

3. Result and discussion

3.1. Nugget Diameters Measurement

FE thermal simulation will develop the proposed weld
area according to heat input and material input properties.
Hence, the nugget diameter was estimated from the FE
simulation in addition to the experiment measurement. Ta-
ble 9 shows the nugget diameter for similar and dissimilar
RSW, which is determined experimentally and numerically
using ABAQUS. It was shown that there are differences in
nugget diameter in the case of Al-Cu welding. The nugget
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on the Cu-side is smaller than on the Al-side, likely due
to higher heating levels on the Al-side compared to the
Cu-side. In the case of Al-Al welding, the weld nugget
diameter is approximately equal. Changes in the nugget
size can influence the SIF [55].

Table 9. Nugget diameter for dissimilar RSW Joint.

dn(mm)± 0.1 mm
RSW Joints Experimental Simulation

Al − Cu, Al side 5.8 5.721
Al − Cu, Cu side 4.6 4.61

Al − Al 6 5.99

The differences in nugget diameter on the two sides of
dissimilar metals due to the effect of the material’s thermal
properties. Hence, the average nugget diameters will be
used in Eqs. (1) and (2) to calculate SIF.

3.2. Tensile Shear Force

The force of the overlapping RSW joints was assessed using
tensile shear tests. Table 10 shows the experimental and
numerical results for Al-Al, and Cu-Al joints. The values
have been compared with the literature. Hence, the current
model and condition has been verified.

Table 10. Tensile force, TF of RSW joints.

Joints
TF (N), TF (N), TF,

Experiment FE literature (N)
Cu-Al 690 842 680 [56]
Al-Al 780 912 750 [57]

The tensile shear force for dissimilar RSW is lower than
those of similar RSW due to the differences in material
properties that can lead to variations in weld quality [58].

3.3. Stress Intensity Factor Calculation

SIF has been calculated using analytical and FE methods.
Hence, the relation between SIF and applied force has been
presented. In addition, numerical simulation shows the
relationship of a-SIF.

3.3.1. SIF for Similar and Dissimilar RSW

As described earlier, the SIF was calculated at fatigue loads
starting from 60% of the experienced tensile load of the
weld nugget [52]. Traditionally, increasing the weld nugget
size causes an increase in tensile force or failure load. There-
fore, as the weld nugget and failure load increase, the SIF
also increases, as seen in Fig. 13.

Pook and Zhang (Eqs. (1) and (2)) developed a straight-
forward equation for RSW joints under tensile shear to
determine SIF [24]. These equations were used to calculate

the SIFs at average nugget diameters of 6 mm and 5.2 mm
for similar and dissimilar joints, respectively. The results
were then compared with the FE solution of the SIF.

Once again, the loads applied to the FE model depended
on the tensile-shear test [52]. Tables 11 and 12 show the
results for SIF for dissimilar and similar RSW numerically
and analytically.

Fig. 13. Relationship of SIF and Load at fatigue load
starting at F = 10%, 20%, 30%, 40%, 50%, and 60% of TS =

780 N and 690 N; dn = 6 mm and 5.2 mm for Al-Al and
Al-Cu, respectively

Fig. 14. Relationship between SIF and Load at dn = 6 mm
and 5.2 mm for Al-Al and Al-Cu, respectively.

There are a differences in fatigue failure and cracking
when dissimilar materials are joined by using RSW, the
differences in their mechanical properties, such as stiffness
or thermal expansion coefficients, can create stress concen-
trations at the interface [22].

In contrast, similar welded joints produce higher mate-
rial homogeneity resulting in a more uniform stress distri-
bution across the weld joint. This minimizes stress concen-
trations and decreases SIF at the crack tip. Additionally,
similar materials typically have compatible coefficients of
thermal expansion, reducing the risk of differential expan-
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Table 11. SIF value for Al-Cu RSW joint, dn=5.2 mm, Max. Force=690 N

ST
(kN)

D
(mm)

Max. Applied
Load (kN)

KI Max. (MPa
√

m)
Pook

KI Max. (MPa
√

m)
Zhang KI Max. (MPa

√
m)

0.69 5.2 0.069 0.0107 0.0036 0.021
0.69 5.2 0.138 0.0215 0.0073 0.031
0.69 5.2 0.207 0.0323 0.0109 0.0441
0.69 5.2 0.276 0.0431 0.0146 0.057
0.69 5.2 0.345 0.0539 0.0182 0.068
0.69 5.2 0.414 0.0647 0.0219 0.084

Table 12. SIF value for Al-Al RSW joint, dn=6 mm, Max. Load=780 N

ST
(kN)

D
(mm)

Max. Applied
Load (kN)

KI Max. ( MPa
√

m)
Pook

KI Max. ( MPa
√

m)
Zhang KI Max. ( MPa

√
m)

0.78 6 0.078 0.0103 0.00351 0.0121
0.78 6 0.156 0.0207 0.00702 0.0222
0.78 6 0.234 0.0311 0.01053 0.033
0.78 6 0.312 0.0414 0.01404 0.0432
0.78 6 0.39 0.0518 0.01755 0.0564
0.78 6 0.468 0.062 0.02106 0.0691

Fig. 15. Relationship between SIF and load, at different dn

using Pook, Zhang, and FE (ABAQUS).

Fig. 16. FE simulation of crack growth; F=414 N, ai=0.1
mm.

sion and contraction during welding. Hence, reducing
the effect of residual stresses [52]. The FE model shows
higher values of SIF compared with the analytical solution

Fig. 17. SIF and crack length of RSW, ABAQUS.

of SIF from Zhang and Pook (see Figs. 13 and 14). This is
because those analytical solutions do not consider factors
such as metal type, crack length to width ratio, and thermal
properties, which were taken into account in the numerical
model.

To make a clear comparison, the same loading was used
for both the analytical and FE models (Fig. 14). The same
behavior was obtained.

The comparison between the FE model and the analyti-
cal solution of SIF is shown in terms of weld nugget area,
see Fig. 15. The increase in SIF of the weld nugget area will
decrease the SIF at the crack tip.

3.3.2. Relation of Crack Growth and SIF

The theoretical equation of SIF for RSW shows the relation-
ship between SIF and metal thickness (t) rather than crack
length (a). Therefore, the current model proposes such a
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(a)

(b)

(c)

(d)

Fig. 18. Crack Propagation at R=0.1: a) during fatigue test; b), and c) FE simulation; d) Comparison between FE and
experiments.
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Table 13. SIF and crack length for RSW Joint by simulation.

Al-Cu Joint Al-Al Joint

TS
(N)

FMax
(60% ST)

(N)
KI (MPa

√
m ) a

( mm)
TS
(N) KI (MPa

√
m ) a

( mm)

690 0 0 0.1 780 0 0 0.1
690 414 0.0218 1.24 780 468 0.0099 1.1
690 414 0.0391 1.76 780 468 0.0157 1.58
690 414 0.0471 3.12 780 468 0.0278 2.93
690 414 0.0579 3.4 780 468 0.0286 3.145
690 414 0.0688 3.74 780 468 0.0359 3.321

relationship between SIF and a. Such a relationship is es-
sential in fracture mechanics because. It helps in assessing
the criticality of a crack or defect in a material or structure.
A higher SIF indicates a greater crack propagation rate. A
crack length of 0.1 mm was inserted in the FE model for
sheet thickness 1 mm (see Fig. 16).

The crack was located at higher stress concentration
area. The FE model shows the crack propagation and its
path around the weld nugget; see Fig. 16, a-f. Table 13
shows the FE results value in terms of tensile shear force of
metals (TS), applied fatigue load (F), and crack length (a).
Fig. 17 shows the schematic FE-results of SIF versus crack
length. As is known, increasing the crack length increases
the SIF at the crack tip. Additionally, the values of SIF at
the crack tip in dissimilar metals are higher than those in
similar RSW metals.

As the crack length increases, the SIF also increases.
Hence, a longer crack creates a larger stress concentration
at its tip, decreasing the expected fatigue life.

3.4. Final Failure and Its Simulation

The pre-existing crack, caused by the notch around the
weld nugget and between the two sheets, propagates
through the sheet thickness and around the weld area due
to the high stress concentration. The region around the
weld nugget suffers from microcracks and residual stresses.
Therefore, the spot weld failed in the form of a pullout fail-
ure mode under the fatigue load for dissimilar RSW joints
(see Fig. 18).

4. Conclusion

This study investigates RSW joints for similar and dissim-
ilar joints with thicknesses of 1 mm. The experiment and
numerical simulation have been carried out. Hence, the ex-
periments results have been compared and validated with
numerical results. The following conclusions have been
drawn from this study:

1. Welding parameters for both similar and dissimilar

RSW metals have been verified and presented, includ-
ing welding current, time, and electrode pressure.

2. Taguchi analysis data has been utilized to determine
the optimum welding parameters.

3. Tensile shear tests have been conducted and compared
with FE results to validate the FE model.

4. Additionally, an FE model has been developed to sim-
ulate crack initiation, propagation, and calculate SIF.

5. Linear Elastic Fracture Mechanics (LEFM) demon-
strates validated results, confirming the accuracy of
the current model.

6. Numerical SIF calculations have been compared with
analytical solutions, showing good agreement.

7. It has been observed that cracks tend to grow around
the spot-welding nugget and propagate under tensile
and fatigue loading.

8. Increasing crack length results in higher SIF, thus re-
ducing the structural integrity of the joints.

9. Al-Cu joints exhibit higher SIF at the crack tip com-
pared to similar Al-Al joints. Additionally, increasing
the weld area decreases SIF at the crack tip, improving
fatigue life.

10. Dissimilar spot weld joints show lower tensile and fa-
tigue toughness compared to similar joints, suggesting
a need for modifications to enhance their strength in
future work.

11. Future work may concern the modification of fracture
toughness in RSW of dissimilar joints presented in this
study, as such joints still suffer from lower toughness
and crack initiation.
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nomenclature

Acronyms
a Crack length [mm]
af Final crack length [mm]
ai Initial kinked Crack Length [mm]
ai/dn Crack growth rate [mm/cycle]
Al-Al Aluminium–Aluminium joint
Al-Cu Aluminium–Copper joint
BM Base metal
Cu-Cu Copper–Copper joint
dn Spot weld or Nugget Diameter [mm]
E Modulus of elasticity [N/mm2]
FEA Finite Elements Analyses
FZ Fusion Zone
HAZ Heat Affected Zone
KI SIF- opening mode [MPa.mm0.5]
KII SIF-Sliding mode [MPa.mm0.5]
RSW Resistance Spot Welding
SIF (K) Stress Intensity Factor [MPa.mm0.5]
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