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ABSTRACT

The aim of this paper is to evaluate the critical stress intensity factor (fracture toughness) for a range of
Resistance Spot Welding (RSW) joints. The geometry of resistance spot welding joints under investigation
comprises lap joints and coach peel joints of 316L stainless steel. The critical stress intensity factor of RSW
lap joints and coach peel joints is calculated based on the experimental results of the shearing tensile tests
and peel tensile tests, respectively. The welding parameters under investigation are the welding current,
welding time, and electrode force. This study employs a fracture mechanics-based approach, to investigate
the influence of RSW welding parameters on the critical stress intensity factor. The results demonstrate
that the critical stress intensity factor exhibits a relatively decreasing trend with an increase in the welding
current, from 8 KA to 16 kA. Moreover, an increase in the nugget diameter is particularly influenced by an
increase in the welding current.

Keywords-Resistance Spot Welding (RSW); welding parameters; coach peel joints; fracture toughness;
stainless steel

their advantageous corrosion resistance, mechanical properties,

I. INTRODUCTION
and aesthetic appeal in the context of welding. The evaluation

A variety of welding processes have been employed in
manufacturing industries, including Gas Tungsten Arc Welding
(GTAW), Submerged Arc Welding (SAW), Shielded Metal
Arc Welding (SMAW), Resistance Spot Welding (RSW), and
Fast Stir Welding (FSW). RSW is a welding process that is
widely used in manufacturing due to its high degree of
repeatability, low-cost equipment, and straightforward process
control [1], for joining different metals, particularly stainless
steels [2-5]. The employment of stainless steels has become
prevalent in a multitude of industrial contexts, largely due to

of fracture toughness in resistance spot-welded lap joints or
resistance spot-welded coach peel joints is a means of
establishing high resistance fracture. Authors in [6] evaluated
the fracture toughness of resistance spot-welded lap joints of
galvanized steel sheets from the stress intensity factor in mode
II. The experimental results demonstrate that an increase in the
welding current, leads to an enhancement in the fracture
toughness. Based on a stress analysis around the spot weld in
lap joints and coach peel joints of Pook Works, authors in [7]
have determined expressions for the variation of stress intensity
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factors in modes I and II. In the context of an overlap joint
subjected to mixed loading conditions, authors in [10] have
proposed the use of an equivalent stress intensity factor as a
means of evaluating the fracture toughness. Authors in [11]
have employed the stress intensity factor solutions proposed by
[7, 8], to predict fatigue using the law in [12]. The stress
intensity factor solutions for spot welds in coach-peel
specimens were investigated through the use of finite element
analyses. Three-dimensional finite element models were
constructed in order to obtain accurate stress intensity factor
solutions [13]. The numerical results indicated the presence of
three modes of fracture, with mode I being the predominant
one. Authors in [14] examined the influence of temperature on
plain fracture toughness in representative regions of a low-
alloyed Cr-Mo steel A-387 Gr-B welded joint.

The effects of weld nugget size on the critical stress
intensity factor of martensitic stainless steel resistance spot
welds are investigated by authors in [15]. The findings indicate
that the fracture toughness is not contingent upon the
dimensions of the weld nugget. Authors in [16] have devised a
novel methodology for measuring the fracture toughness at the
onset of cracking and the crack extension resistance of the
molten zone of resistance spot welds under Mode I loading,
deploying U-shaped specimens. The results indicate that the
fracture toughness at crack initiation of the nugget is
independent of the base material's mechanical properties and
the nugget diameter. The objective of this study is to
investigate the effect of welding parameters of RSW using two
RSW geometries, namely tensile shear joints and coach peel
joints, on the critical stress intensity factor and the size of the
nugget in 316L stainless steel. Analytical models for various
geometries [17, 18], are employed to assess the critical stress
intensity factor.

II. EXPERIMENTAL PROCEDURE

The base metal was selected to be a stainless steel 3161
sheet with a thickness of 1.5 mm, with a chemical composition
which is presented in Table I, and mechanical properties which
are shown in Table II. Welding experiments were conducted
using the resistance spot welding process. Tensile shear joints
and coach peel joints, evidenced in Figure 1, were utilized for
tensile mechanical testing. The spot welds were conducted
using a machine (TECNA) equipped with a pneumatic pressure
system. The welding current and time were input manually and
it was assumed that the diameter of the electrode tip remained
constant at 7 mm. The welding time, current, and electrode
force represent variable welding parameters. The selected
values of the welding current range from 8 kA to 16 kA, while
the welding times are 10, 11, and 13 cycles. The chosen values
of the electrode force are 6 bar and 8 bar. The number of
specimens to be welded was determined through the use of
factorial analysis. The tensile shear and coach peel tests were
carried out on the ControLab testing machine with a capacity of
600 kN and with a constant speed of 30 mm/min. The
experimental data are presented in the shape load-displacement
diagrams used to ascertain the fracture force of the welded
specimens. Additionally, the diameters of the welding nuggets
are gauged in accordance with the American Welding Society
(AWS) standards [19], as observed in Figure 2. These

measurements are then employed to ascertain the fracture
toughness of the tensile shear joints and coach peel joints. The
button size is determined by means of a knife-edge dial caliper.

TABLE 1. CHEMICAL COMPOSITION OF THE 316L
STAINLESS STEEL
C Cr Mn Mo N
0.03 16.5-18.5 2 2-2.5 0.1
P Ni Si S
0.045 10.0-13.0 1 0.015
TABLE II. MECHANICAL PROPERTIES OF 316L STAINLESS
STEEL
oe 0.2% (MPa) UTS (MPa) A% v
315.59 627.86 51.17 0.30
()
,
! 2
3 %
i > 9
() .

VP
P2

Fig. 1. Experimental specimens: (a) coach peel joint (b) tensile shear joint.

f— d—f
‘ |

|~
f I

0
O

ELLIPTICALLY IRREGULARLY
SHAPED BUTTON SHAPED BUTTON

| l

SPECIMEN PEEL SPECIMEN PEEL
DIRECTION DIRECTION

Fig. 2.

]

| | []
D

{ ~ WELD

= BUTTON

D
AVERAGE DIAMETER = ,D,,zz L]

Welding nugget measurement AWS standards.

III. BACKGROUND ON EVALUATION OF
FRACTURE TOUGHNESS

Authors in [20] provided a crucial insight into the
calculation of stress intensity parameters in the presence of a
fissure between two sheets subjected to edge loads.
Subsequently, authors in [9] demonstrated the validity of this
solution, which involves multiplying the structural stress at the
crack's point by the square root of the metal sheet thickness.
The simplified plate theory could be employed to directly
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calculate the stress concentrations at the crack tip. This study
introduces an innovative approach for determining stress
intensity values for spot welds, which is based on the concept
of structural stress. The concept of structural stress was further
examined by authors in [21], in [7, 17, 22], and authors in [23-
28], contributed to a number of formulations that employed
structural stress as an input parameter for determining stress
intensity parameters in spot welds. The primary objective of
their investigation was to ascertain the fatigue strength of
resistance spot welds. In the present study, the stress intensity
factors under various loading conditions for two distinct types
of joints were calculated.

A. Tensile Shear Joint

The most significant stress-inducing variables at the front-
facing vertex parallel to the loaded direction (at the point A in
Figure 3), KI and KII, occur concurrently and can be
determined as [7, 17, 22]:

FV3

Kl = 2Dt M
F
KIl = 7DVE 2)

The following equation can be employed to ascertain the
maximum K/II at the nugget edge's side facing vertex (at the
point B in Figure 3) for tensile-shear spot welds:

_ FV2
KII = = 3
In fact, the equivalent stress intensity factor is given as:
_ P
Keqc = p— “4)

where KI, KII and KIII are the stress intensity factors in MPa/
m?, Kegc is the equivalent stress intensity factor in MPa/m% D
is the diameter of the nugget (mm), ¢ is the thickness of the
plate (mm), and F is the applied force in the tensile shear RSW.

s

t |

Fig. 3. Tensile shear joint under load F.

B. Coach Peel Joint

Based on the symmetry, the highest stress intensity factors
for the coach-peel spot welding are found to coincide (point A,
in Figure 4) and are determined as [7, 17, 22]:

__ 3\2eP
 mDvE

with the coach peel joint's equivalent stress intensity factor
being:

KI (Kl =KIIl =0) )

_ 2v3ep
Keqc == ©)

where e is the distance form center of the nugget to the applied
force (mm) and P is the applied force in the coach peel joint.

1 e
P, P e 'A
t
Fig. 4. Coach-peel joint under load P.

IV. RESULTS AND DISCUSSION

A. Effect of Welding Parameters on Mechanical Properties

The evolution of load-displacement curves under variation
of the welding current is presented in Figure 5, for tensile shear
joints and coach peel joints. In the case of a tensile shear joint,
an increase in the welding current results in an increase in the
displacement and maximum load. For a welding current of 16
kA, a reduction in the displacement and a negligible reduction
in the maximum load were observed in comparison to the
maximum load for a welding current of 14 kA. In the case of
the coach peel joint, a reduction in the maximum load is
evidenced in comparison to the maximum load detected in the
tensile shear joint. In the coach peel joint, the load-
displacement curves are divided into two distinct zones. The
initial zone contains the load-displacement curves
corresponding to the RSW points, while the subsequent zone
includes the load-displacement curves noted in the base metal,
which illustrate the tearing of the base metal. As evidenced by
the load-displacement curves, an increase in maximum load
was observed with an increase in the welding current, under
fixed weld time and applied electrode force conditions.
Additionally, an increase in displacement was observed for a
constant load in Zone II as the welding current was reduced. A
high maximum load is observed for a welding current of 16 kA,
with no displacement occurring in conjunction with this
welding current. This indicates that no tearing of the base metal
occurs under these conditions.

B. Effect of Welding Current on Geometrical Parameters

Figure 6 displays the evolution of the nugget size under the
influence of welding current and welding time for a fixed
electrode force for tensile shear joints and coach-peel joints. An
increase in the welding current results in a corresponding
increase in the nugget diameter, as a consequence of enhanced
heat transfer. Furthermore, the effect of welding time on nugget
diameter is found to be insignificant. The influence of the
welding current on the nugget diameter remains consistent
when electrode force is maintained at 8 bars. Thus, it can be
observed that there is a slight influence of the welding time on
the variation of nugget diameter. At a welding current of 12
kA, an increase of 0.4 mm was observed in the nugget diameter
with an increase in the welding time from 10 to 13 cycles.
Furthermore, there is a slight reduction in the nugget diameter
with an increase in electrode force.

C. Effect of Welding Current on Penetration Depth in RSW
Point

The evolution of the penetration depth in resistance spot
welding is shown in Figure 7 for electrode forces of 6 bar and 8
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bar. It was observed that an increase in the penetration depth 15 w w
occurred in accordance with an increase in the welding current ~6-T=10cycles, F=6 bar
[33]. Furthermore, the impact of welding time is 'g , || ~FT=lleycles, F<6bar A
inconsequential for welding currents between 10 kA and 14 kA P —=—T=13 cycles, F=6 bar r“é%
for F=6 bar and 8 bar. Consequently, for a welding time of 10 g %
cycles and F=6 bar, a minimal discrepancy in penetration depth @) g . =
is discernible in comparison to other welding times. For *
electrode force F=8 bar, no effect of welding time is observed 0
for all variations of the welding current. 6 8 o 2 14 1 1
Welding current (kA)
25 1,5 T T
——T=10 cycles, F=8 bar
20 ’E —=-T=11 cycles, F=8 bar /—j‘_
~ _— M \ -E- P ——To13 evcles, F=s bar
iz‘, 3 = =
A N W0 =
@ 91 / 4
—I=8kA  —I=10kA 0
5 —I=12kA —I=l4kA [] 6 8 10 12 14 16 18
/ —I=16kA Welding current (kA)
0+ : - -
0 4 8 12 16 20 % Fig. 7. (a) Welding current effect penetration depth for F=6 bar, (b)
Displacement (mm) welding current effect on penetration depth for F=8 bar.
8
sk D. Effect of Welding Current on Fracture Toughness
61 —I=10ka As exhibited in Figure 8, an increase in the welding current
= —I-12kA results in a reduction in fracture toughness. Authors in [6],
S0 —reuma verified that within the identical range of welding currents,
(b) ki —I16ka there is a spanning from 8 kA to 10 kA. This phenomenon can
21 be attributed to the high melting and splashing that occurs at
the specified welding current. In comparison to other welding
o currents, a tensile shear joint with an 8-kA current
° ® “ * demonstrates comparatively high fracture toughness.
Displacement (mm) Additionally, minimal fracture toughness is detected at 16 kA.
Fig. 5. (a) Load/Displacement curves under the effect of welding current An increase in welding time has a gradual negative effect on

for tensile shear joint for 7=11 cycles and F=6 bar, (b) load/displacement
curves under the effect of welding current for Coach Peel joints.
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Welding current (kA)
Fig. 6. (a) Welding current effect on nugget size for F=6 bar, (b) welding

current effect on nugget size for F=8 bar.

fracture toughness, with the exception of welding times equal
to 13 cycles. In the coach peel joint, a dispersion of the effect
of the welding current on fracture toughness is demonstrated
for all welding times and all electrode forces. Additionally, it
was observed that for a low welding current (I= 8 kA), the
fracture toughness is at its maximum in comparison to other
welding currents, and then decreases with the increase of the
welding time and electrode force.

Figure 9 presents an increase in the welding current results
along with a reduction in fracture toughness from 8 kA to 12
kA for the coach peel joint. A slight variation in fracture
toughness is observed for F=6 bar when the welding current is
increased from 12 kA to 16 kA. Furthermore, disparities are
evident in the correlation between welding current and welding
time for F=8 bar. These developments are attributable to both
the duration of the welding process and the formation of the
weld nugget, as well as the hardness at the boundary between
the nugget and the Heat-Affected Zone (HAZ) [34].

V. CONCLUSIONS

The distinctive quality of this work lies in its integration of
experimental findings on the impact of spot-welding
parameters with analytical techniques for assessing the critical
stress intensity factor. Furthermore, standardized procedures
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were employed to ascertain the mean weld nugget diameter for
each welding current utilized in the analytical models.

1500
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@ & NN
E— 1100 1] —<—T=10 cycles, F=6 bar \:
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Fig. 8. (a) Effect of welding current on Kegc of tensile shear joint for F=6
bar, (b) Effect of welding current on Keqc of tensile shear joint for /= 8 bar.
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Fig. 9. (a) Effect of welding current on Kegc of coach peel joints for F= 6

bar, effect of welding current on Kegc of coach peel joints for F=8 bar.

The investigation into resistance spot welding joints reveals
a complex relationship between welding parameters and
mechanical properties, which is influenced by a number of
factors, including welding current, welding time, electrode
force, and critical stress intensity factor (fracture toughness).
Higher welding currents typically result in increased

penetration depth. However, this may be accompanied by a
reduction in fracture toughness due to the intensified melting
and splashing effects. The optimal fracture toughness is often
observed at moderate welding currents, such as 8 KkA.
Conversely, excessively high currents, like 16 kA, may yield
minimal fracture toughness.

The duration of the welding process exerts a subtle yet
discernible influence on the mechanical properties of the
material, with prolonged welding times potentially leading to a
reduction in fracture toughness, particularly in tensile shear
joints. Nevertheless, the influence of welding time may differ
depending on the specific joint configuration and welding
parameters employed. The distribution of fracture toughness is
influenced by electrode force, particularly in coach peel joints,
where discrepancies in fracture toughness evolution have been
observed across different electrode forces and welding currents.
It has been demonstrated that lower electrode forces may yield
higher fracture toughness at lower welding currents. However,
the relationship between these variables is complex and may
depend on specific joint characteristics. In conclusion, the
observed trends highlight the critical importance of selecting
optimal welding parameters to achieve the desired mechanical
properties and performance in resistance spot welding joints. It
is crucial to comprehend the relationship between welding
current, welding time, and electrode force in order to achieve
the optimal weld quality, penetration depth, and fracture
toughness. The observed complexities in mechanical property
evolution are attributed to variations in weld nugget formation
and hardness within the boundary of the nugget and heat-
affected zone. The current study offers valuable insights into
the complex dynamics of resistance spot welding processes,
providing guidance for practitioners to improve weld quality,
mechanical integrity, and overall performance in a range of
diverse welding applications.
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