
303-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Introduction

Car designers today seek materials
with the very best stiffness, mass reduc-
tion, and safety performance. The compe-
tition between different materials for
structural applications in cars is intense.
Choice centers on mass saving, formabil-
ity, weldability, corrosion resistance, fa-
tigue resistance, cost, and environmental
factors. Safety and crashworthiness, espe-
cially, should take priority (Ref. 1). 

Austenitic stainless steels are preferred
materials for structural application in rail-
way carriages. They are already widely ac-
cepted for use in structural frameworks and
body paneling of buses and coaches (Ref.
2). Experience gained in these contexts can
be readily transferred to the automotive
sector. Stainless steel is an excellent candi-
date for car body structural applications.
Besides offering weight savings, enhanced
crashworthiness, and corrosion resistance,
it can also be recycled. The material blends
tough mechanical and fire-resistant proper-
ties with excellent manufacturability. Under
impact, high-strength stainless steel offers
excellent energy absorption in relation to
strain rate. It is ideal for the revolutionary
“space frame” car body-structure concept
(Ref. 3). 

Weldability of a material is one of the
key factors governing its application in the
auto industry. Resistance spot welding is
widely used to join sheet metals in the auto-
motive industry (Ref. 4). The quality and
performance of the spot welds significantly
affect the durability and safety design of the
vehicles (Refs. 5, 6). Failure of spot welds
may affect the vehicle’s stiffness and noise,
vibration, and harshness (NVH) perform-
ance on a global level (Ref. 7). Therefore,
the failure characteristics of spot welds are
very important parameters for the automo-
tive industry. Failure mode of resistance
spot welds (RSWs) is a qualitative measure
of mechanical properties. Figure 1 shows
the schematic representation of the main
fracture mode during mechanical testing of
the spot welds. Basically, spot welds can fail
in two distinct modes described as follows
(Refs. 8, 9):

1. Interfacial failure (IF) mode in
which the fracture propagates through the
fusion zone (FZ) — Fig. 1A. It is believed
that this failure mode has a detrimental ef-

fect on the crashworthiness of the vehicles. 
2. Pullout failure (PF) mode in which

the failure occurs via withdrawal of the
weld nugget from one sheet. In this mode,
fracture may initiate in the base metal
(BM), heat-affected zone (HAZ), or
HAZ/FZ depending on the metallurgical
and geometrical characteristics of the
weld zone and the loading conditions.
Generally, the PF mode exhibits the most
satisfactory mechanical properties. 

Failure mode under which RSWs fail is
an indicator of their load-bearing capacity
and energy absorption capability. Spot
welds that fail in the nugget pullout mode
provide higher peak loads and energy ab-
sorption levels than spot welds that fail in
the interfacial fracture one. To ensure relia-
bility of spot welds during vehicle lifetime,
process parameters should be adjusted so
that the pullout failure mode is guaranteed
(Refs. 10, 11). The transition from IF mode
to PF mode is generally related to the in-
crease in the size of the FZ above a mini-
mum value (Ref. 12). The minimum FZ size
is a function of sheet thickness,
BM/HAZ/FZ material properties, and
loading conditions (Refs. 8, 9, 11–15). 

Due to its significant impact on joint
reliability, the failure mode has been an in-
teresting issue for some recent studies.
Chao (Ref. 13), based on the competition
between shear plastic deformation in
nugget circumference (i.e., nugget pull-
out) and crack propagation in weld nugget
(i.e., interfacial failure mode), derived
Equation 1 for critical weld nugget size
(DC) in the cross-tension (TS) test:

where t is sheet thickness, τHAZ is the
shear strength of the HAZ and  is
the fracture toughness of the fusion zone.
Although his model relates the critical
weld size to fracture toughness of the weld
nugget and fracture strength in shear of
the HAZ, he tried to show that his model
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ABSTRACT

Failure mode transition from interfacial to pullout mode during tensile-shear
and cross-tension tests of AISI 304 spot welds are investigated through experi-
mental and theoretical approaches. The failure mechanism of resistance spot
welds during the cross-tension test was studied with the aid of SEM investigation.
In light of the failure mechanism, a simple analytical model is proposed to ensure
pullout failure mode during the cross-tension test. It was found that sheet thick-
ness, fusion zone size, and hardness characteristics of the welds are key factors
controlling the failure mode of spot welds during cross-tension test. Results
showed that increasing the fusion zone size improved the peak load of spot welds
in both cross-tension and tensile-shear tests.
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is not material dependent. The suggested
formula for cross-tension loading is 

Dc = 3.41t4/3 (2)

Despite the fact that Chao’s model was
derived for cross-tension loading, he
claimed that Equation 2 is also appropri-
ate for failure mode prediction in tensile-
shear (TS) loading. 

Sun et al. (Ref. 14) proposed an ana-
lytical model to determine the failure
mode of Al spot welds in the cross-tension
test based on the lower bound limit of load
analysis. The equation used to determine
the critical weld size during cross-tension
test is

Dc = 3.2t/P (3)

where P is the porosity factor (=1 if no
porosity is present in the fusion zone). Ac-
cording to this model, the main factors
governing the cross-tension failure mode
of aluminum spot welds include weld
nugget size, sheet thickness, and level of
weld porosity. They also used a similar ap-
proach to estimate the Dc for advanced
high-strength steel spot welds during
cross-tension test (Ref. 15). 

The objective of the research is to de-
tail the failure mode of austenitic stainless
steel AISI 304 spot welds. It is noticeable
that during service, spot welds in automo-
tive structures can experience both shear
loading due to the relative displacement
or rotation of the adjacent sheets and ten-
sile loading due to the separating forces
applied between the adjacent sheets in a
direction normal to the sheets (Ref. 16).
Therefore, failure under both loading
conditions is critical in automotive appli-
cations. In this paper, interfacial to pullout
failure mode transition during the tensile-
shear and cross-tension test is investigated
and analyzed. The tensile-shear sample
geometry is chosen as a representative
case for predominantly shear load (i.e.,
shear force to the sheet/sheet interface).
The cross-tension test is chosen as a rep-
resentative case for the predominantly
tensile loading condition (i.e., normal
force to the sheet/sheet interface). 

Experimental Procedure

An austenitic stainless steel sheet with
1.2-mm thickness was used as the base
metal in this research. The chemical com-
position and tensile properties of the base
metal are given in Tables 1 and 2, respec-
tively. Spot welding was performed using
a PLC-controlled, 120-kVA AC pedestal-
type resistance spot welding machine.
Welding was conducted using a 45-deg
truncated cone RWMA Class 2 electrode
with 7-mm face diameter. Welding current
was varied from 4.5 to 11 kA, and welding
time, electrode pressure, and holding time
were fixed at 12 cycles, 4 bars, and 30 cy-
cles, respectively. In the present study,
welding parameters were adjusted to
avoid expulsion. 

In order to evaluate the mechanical
performance and failure mode of the spot
welds, the tensile-shear and cross-tension
tests were performed. Samples were pre-
pared according to ANSI/AWS/SAE
D8.9M:97 (Ref. 17). The test schematics
and sample dimensions for the tensile-
shear and cross-tension tests are shown in
Fig. 2A and B, respectively. The mechan-
ical tests were performed at a cross head
of 2 mm/min with an Instron® universal
testing machine. Peak load (measured as
the peak point in the load-displacement
curve) was extracted from the load-dis-
placement curve. The data points for peak
load are the average of the measured val-

ues for three specimens. Failure modes of
the spot welded specimens were deter-
mined by the examination of the fractured
samples. Fracture surface of some samples
was examined under scanning electron mi-
croscope (SEM). 

Samples for metallographic examina-
tion were prepared using standard metal-
lography procedure. Optical microscopy
was used to examine the macrostructures
and microstructures and to measure the
weld fusion zone (weld nugget) size. A mi-
crohardness test was used to determine
the hardness profile of the joints, using a
100-g load on a Shimadzu microhardness
tester. The microhardness traverses were
performed on a diagonal covering mi-
crostructural zones in both sheets. The in-
dentations were spaced 0.3 mm apart.

Results and Discussion

Hardness Characteristic

The hardness characteristic of resist-
ance spot welds is one of the most impor-
tant factors affecting their failure behav-
ior. Figure 3A, B shows a typical
macrostructure and hardness profile of
the AISI 304 spot weld. As can be seen,
there is little variation across the joint.
Since austenitic stainless steel base metal
is not transformable, no hardening oc-
curred in the FZ. The microstructure of
the FZ is austenitic, as shown in Fig. 3C.

Fig. 1 — Schematic representation of typical failure modes that can occur during mechanical testing: A — Interfacial; B — pull-out.

Table 1 — Chemical Composition (wt-%) of the Investigated AISI 304 Base Metal

C Mn Si Cr Ni Cu Nb

0.03 1.2 0.4 18.2 9.5 0.2 0.01

Table 2 — Tensile Properties of the Investigated AISI 304 Base Metal

Yield Strength (MPa) Tensile Strength (MPa) Elongation (%)

300 610 55

A B
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The hardness of the FZ is somewhat lower
than the BM, which can be attributed to its
cast microstructure and the presence of
coarse columnar grains. Moreover, the ef-
fect of the prior work hardening, if any, is
completely removed in the FZ because of
the melting. Observable softening was
found in the HAZ adjacent to the FZ,
where the local hardness of 180 HV was
lower than the BM hardness of 220 HV. A
slight reduction in HAZ hardness can be
attributed to the grain growth and loss of
any possible prior work hardening. The
hardness profile observed for AISI 304
spot weld is in contrast with that for low-
carbon steel reported in literature (Refs.
5, 6, 9). For comparison purposes, a typi-
cal hardness profile for low-carbon steel is
superimposed on Fig. 3B in which the FZ
hardness is significantly higher than the
BM due to formation of hard phases such
as martensite and bainite. 

Failure Mode

Failure modes of spot welds for various
welding conditions were determined by

examination of the
weld fracture sur-
faces. Two failure
modes were ob-
served during ten-
sile-shear and
cross-tension test-
ing: interfacial and
pullout modes. 

It is well known
that FZ size is the
key physical weld attribute controlling the
failure mode and mechanical properties of
RSWs (Refs. 8–10). The effect of welding
current on FZ size is shown in Fig. 4A. Fu-
sion zone size is enhanced as the welding
current increases due to higher heat gen-
eration at the sheet/sheet interface. Figure
4B shows the effect of FZ size on the peak
load in both TS and CT loading condi-
tions. According to Fig. 4A, B, the failure
mode in both tests was changed from IF to
PF by increasing the welding current and
FZ size. In order to avoid the IF mode dur-
ing the tensile-shear test, a minimum
welding current of 9 kA should be used for
welding of AISI 304/AISI 304. However, a

minimum welding current of 5.5 kA is
needed to avoid IF mode during the cross-
tension test. It is well documented that
there is a critical FZ size beyond which
spot welds tend to fail in PF mode and
below that spot welds tend to fail in IF
mode (Refs. 8–10, 18). Maximum FZ size
leading to the IF mode and minimum FZ
size leading to the PF mode in both me-
chanical tests are specified in Fig. 4. Min-
imum FZ size required to obtain PF mode
during the CT and TS loading conditions
are 3.4 and 6 mm, respectively. In the fol-
lowing sections, the transition behavior
during TS and CT are explained in the
light of failure mechanism. It will be seen
that the IF to PF transition is governed by

Fig. 2 — Test configuration and sample dimensions: A — Tensile shear
test; B — cross-tension test.

Fig. 3 — A — A typical macrostructure of AISI 304 RSW along with two main
failure paths during cross-tension testing; B — a typical hardness profile of AISI
304 RSW along with a typical one for a 1.2-mm-thick, low-carbon steel (Fe-0.06C-
0.4Mn) (Ref. 6); C — the FZ microstructure of AISI 304 resistance spot weld.

A A

B

C

B
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fusion zone size and the hardness charac-
teristics of the welds as well as the loading
condition. 

Critical FZ Size in the Cross-Tension Test

Figure 5 shows a simple model de-
scribing stress distribution at the interface
and circumference of a weld nugget dur-
ing the CT test: 

1. In the IF mode, the tensile stress at
the sheet/sheet interface is the driving
force of the failure. Figure 6 is an SEM
image of the fracture surface of a spot
weld that failed in the IF mode during a
CT test exhibiting dimples. Despite the
fact that during interfacial failure in the
cross-tension test experience opening
mode (i.e., mode I of fracture mechanics)
in which the tendency to fail in the brittle
manner is high, the presence of dimples in
the fracture surface indicates the failure
has a ductile nature. This is due to the fact
that AISI 304 austenitic stainless steel is a
soft material with large plastic deforma-
tion before final fracture. Moreover, as
can be seen, the dimples are near equiaxed
indicating that the fracture occurred
under tensile stress normal to the fracture.
This confirmed that the driving force for
IF mode in the CT test is tensile stress. 

2. According to Fig. 5, shear stress at
the nugget circumference is the driving
force for PF mode during the CT test. Fig-
ure 7 illustrates the SEM image of the
fracture surface of a spot weld that failed
in the PF mode during the CT test show-
ing dimples. Moreover, as can be seen, the
dimples are elongated and have the shape
of parabolas pointing in the loading direc-
tion. This confirmed that the driving force
for PF mode in CT test is shear stress.

Therefore, the failure of AISI 304
austenitic stainless steel resistance spot
welds during the cross-tension test can be
considered as a competition between ten-

sile plastic deformation of
the fusion zone (i.e., interfa-
cial failure) and the shear
plastic deformation in the
HAZ (i.e., pullout failure
mode).

In this section, a simple
analytical model is pro-
posed to predict the joint
failure mode during the
cross-tension testing of
austenitic stainless steel re-
sistance spot welds. Fusion
zone size is the most impor-
tant parameter determining
stress distributions in the
sheet/sheet interface and
weld nugget circumference.
For small weld nuggets, be-
fore shear stress causes
nugget pullout, tensile
stress at the sheet/sheet in-
terface reaches its critical
value; as a result, failure
tends to occur under the in-
terfacial failure mode.
Therefore, in this section, an attempt is
made to estimate a minimum fusion zone
size necessary to ensure nugget pullout
failure mode during the tensile-shear test.

Considering nugget as a cylinder with
(D) diameter, failure load at the interfa-
cial failure mode in the cross-tension test,
(PIF)CT, could be expressed as Equation 4:

where D is the FZ size and σFZ is the ten-
sile strength of the FZ. As mentioned pre-
viously, the driving force for the interfacial
failure mode is the tensile stress. This is
why the ultimate tensile strength of the FZ
is used in Equation 4. 

In the pullout failure mode, it is assumed
that failure occurs when shear stress at the

circumference of one-half of the cylindrical
nugget reaches the shear ultimate strength
of the HAZ. Experimental investigations
have shown that pullout failure mode in
cross-tension test initiated from the HAZ
(Refs. 12, 15, 19). Therefore, Equation 5 is
suggested for the pullout failure load in the
cross-tension test, (PPF)CT. 

(PPF)CT = πDtτHAZ (5)

where τHAZ is the shear strength of the fail-
ure location (i.e., HAZ). Note that in Equa-
tion 5, thickness reduction due to indenta-
tion is neglected. Based on the failure
mechanism of the spot welds under the
cross-tension test, despite the fact that the
global loading mode is tensile, the failure
has a shear nature. This is why the shear
strength of the HAZ is used in Equation 5.

P D
IF CT FZ( ) =

π
σ

2

4
(4)

A B

Fig. 4 — A — Effect of welding current on FZ size; B — effect of FZ size on the peak load in the tensile-shear and cross-tension tests. The interfacial to pullout
failure mode transition is also shown. Conventional weld sizing recommendation of 4t0.4 is also superimposed. 

Fig. 5 — A simple model describing stress distribution in spot weld
during the cross-tension test.
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Failure is a competitive process, i.e.,
spot weld failure occurs in a mode that
needs less force. A critical fusion zone size
(DC) can be defined that determines
which one of the failure modes occurs.
Spot welds with D < DC tend to fail via in-
terfacial failure and welds with D > DC
tend to fail via nugget pullout failure
mode. To obtain the critical nugget diam-
eter, DC, Equations 4 and 5 are intersected
resulting in Equation 6, as follows:

Direct measurement of the mechanical
properties of different regions of a spot
weld is difficult. It has been reported (Ref.
20) that there is a direct relationship be-
tween stainless steels’ tensile strength and
their hardness. Also, shear strength of ma-
terials can be related linearly to their ten-
sile strength by a constant coefficient, f.
On that account, Equation 6 can be rewrit-
ten as follows:

where HHAZ and HFZ are hardness values
(HV) of the HAZ and FZ, respectively.
According to Equation 7, the critical FZ
size for the CT loading condition depends
not only on the sheet thickness but also
upon the hardness of the FZ and HAZ. 

Now, to validate the model the experi-
mental results are compared with analyti-
cal results. In the case of AISI 304 stain-
less steel, the average FZ hardness is
approximately 200 HV and the hardness
of the softened zone in the HAZ is about
180 HV. Therefore, the hardness ratio of
FZ to failure location is about 1.1. It is re-
ported that the ratio of the ultimate shear
strength to ultimate tensile strength for
3xxx stainless steel is about 0.75 (Ref. 20).
By substituting these values in Equation 7,
critical fusion zone size is calculated to be
3.2 mm. Figure 4 shows this value sepa-
rates the interfacial and nugget pullout
failure modes in the cross-tension test. It
is of note that according to Equation 2, the
critical FZ size is 4.34 mm, which is higher

than experimentally
determined (DC)CT. 

Critical FZ Size in the
Tensile-Shear Test

The failure mecha-
nism of spot welds
during the tensile-
shear test was investi-
gated in previous re-
search. During the
tensile-shear test, the
shear stress at the
sheet/sheet interface
is the driving force for
the IF mode, and the
tensile stress at the
nugget circumference
is the driving force for
the PF mode (Refs. 9,
10, 21). In previous
works (Refs. 9, 18), in
the light of the failure
mechanism, using a
simple stress analysis,
an analytical mode was proposed to predict
failure mode of spot welds during the ten-
sile-shear test. DC was correlated to the
hardness ratio of FZ to the pullout failure
location, as follows:

where HPFL and HFZ are the hardness of
the pullout failure location (in this case,
the softened region of the HAZ) and
hardness of the fusion zone, respectively. 

In the case of the TS test, assuming f =
0.75 and HFZ/HPFL = 1.1, one can derive
(DC)TS = 5.8 mm according to Equation 8
for 1.2-mm AISI 304 welds. Figure 4 shows
that this value separates the interfacial
and nugget pullout failure modes in the
tensile-shear test. It is of note that accord-
ing to Equation 2, the critical FZ size is
4.34 mm, which is not sufficient to produce
pullout failure in 1.2-mm-thick AISI 304
spot welds. 

It is interesting to note that the mini-
mum FZ size required to ensure pullout
failure mode during the cross-tension test

is much lower than that in the tensile-
shear test. To explain the IF to PF transi-
tion behavior, the following points should
be considered:

1. In the TS test, the driving force for
the IF mode is the shear stress at the
sheet/sheet interface while in the CT test,
the tensile stress at the sheet/sheet inter-
face is the driving force. It is well known
that the shear strength of the metals is
lower than their tensile strength. This
point can partly explain the higher ten-
dency of TS samples to fail in IF mode.

2. In the TS test, the driving force for
the PF mode is the tensile stress at the
nugget circumference, while in the CT
test, the shear stress at the HAZ is the
driving force. During the cross-tension
test, the nugget circumference is subjected
to nearly homogenous shear deformation.
It is well known that the shear strength of
the metals is lower than their tensile
strength. This point can partly explain the
higher tendency of CT samples to fail in
PF mode. 

In the automotive industry, sizing of spot
welds in most cases is based on the 4t0.5 rule
(Refs. 15, 21). The recommended FZ size
for 1.2-mm-thick stainless steel sheet is 4.4

( ) =
×

4
f

(8)D t
H

HC TS
PFL

FZ

( ) =
×

4
f

(7)D t
H

HC CT
HAZ

FZ

D t
C CT

HAZ

FZ
( ) = 4 (6)

τ

σ

Fig.7 — Fracture surface of a spot weld that failed in PF mode during cross-
tension test.

Fig. 8 — Predicated cross-tension strength vs. experimental data. 

Fig. 6 — Fracture surface of a spot weld that failed in IF mode during cross-
tension test.
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mm. As it is seen, the 4.4-mm weld nugget
did not fail in PF mode during the tensile-
shear test. Indeed, (DC)TS is well above the
conventional FZ size recommendation of
4t0.5 — Fig. 4A. However, sizing of low-
carbon resistance spot welds based on the
4t0.5 rule usually results in producing welds
that will fail in the PF mode during the
tensile-shear test. For example, it was re-
ported elsewhere (Ref. 18) that the critical
FZ size for 1.2-mm-thick low-carbon steel
(Fe-0.06C-0.4Mn) in tensile-shear test is
about 3.7 mm, which is much lower than
(DC)TS for AISI 304. It can be attributed
to the differences between the hardness
profiles of low-carbon steel and austenitic
stainless steel — Fig. 3B. Hardness of the
fusion zone of carbon steels is significantly
higher than that of the base metal
(HFZ/HPFL is 2 to 3 depending on the
chemical composition and the sheet thick-
ness; for example, see Fig. 3B) because the
dominant microstructure of the FZ is
martensite (Refs. 5, 6, 9, 18). A soft FZ of
austenitic stainless steels provides a pre-
ferred location for failure to occur. There-
fore, metallurgical factors including hard-
ness characteristics should also be
considered to more precisely analyze and
predict the failure mode of resistance spot
welds.

Mechanical Strength 

As can be seen from Fig. 4B, there is a
direct relationship between peak load and
fusion zone size in both the TS and CT
loading conditions. This is due to increas-
ing the overall bond area by increasing the
FZ size. Therefore, it can be concluded
that the FZ size is the most important fac-
tor controlling the mechanical properties
of AISI 304 RSWs. It is of note that, in this
study, welding parameters were adjusted
such that the expulsion and thus excessive
indentation are avoided. However, in situ-
ations where severe expulsion occurred,
this trend (i.e., direct relation between FZ
size and mechanical strength) is inter-
rupted. Experiments have shown that
welds with expulsion show a slightly larger
FZ size, but lower strength and failure en-
ergy than their counterpart without expul-
sion (Refs. 5, 6, 23). Therefore, a direct re-
lation between strength and FZ size may
not hold over all welding conditions.
Moreover, as mentioned by Sun et al.
(Ref. 14), in practice, a larger weld size is
also associated with a higher energy re-
quirement for the welding equipment,
faster electrode wear, and deeper weld in-
dentation. Therefore, the optimized value
of the weld size should be selected based
on practicality and fitness-for-service cri-
teria (Ref. 14).

As can be seen in Fig. 4B, the peak load
of AISI 304 in CT loading is lower than in
TS loading. According to Chao’s analysis

(Ref. 19), the pullout failure load of the
CT sample is 74% of the TS sample based
on the classic von Mises’s failure theory.
The average ratio of pullout peak load in
CT to TS is about 0.77, which is in good
agreement with analytical analysis. 

It is of note that Equations 4 and 5 can
be used to estimate the failure load of spot
welds under the cross-tension test. For ex-
ample, given the sheet thickness of 1.2 mm
and the FZ size of 6 mm, Equation 5 esti-
mates the weld pullout strength to be

The estimated cross-tension strength is
very close to the experimentally deter-
mined peak load value (i.e., 8.21 kN). Fig-
ure 8 compares the predicted and experi-
mental value for peak load in
cross-tension test indicating a good agree-
ment between the model and experimen-
tal results. Therefore, Equations 4 and 5
can be used to estimate strength of AISI
304 spot welds in the cross-tension test.

Conclusions

Failure mode transition from interfa-
cial to pullout mode during tensile-shear
and cross-tension tests of AISI 304 spot
welds were investigated through experi-
mental and theoretical approaches. The
following conclusions can be drawn from
this study:

1. There is a minimum fusion zone size
to ensure pullout failure mode during me-
chanical testing of resistance spot welds.
The critical fusion zone size to ensure pull-
out failure mode during the tensile shear
test was larger than that of the cross-
tension test. This was explained in terms of
the stress state at the sheet/sheet interface
and the nugget circumference.

2. Based on the failure mechanism of
the spot welds under the cross-tension
(tensile-shear) test, despite the fact that
the global loading mode is tensile (shear),
the pullout failure has a shear (tensile) na-
ture. The driving force for the interfacial
failure mode in cross-tension and tensile-
shear is tensile and shear stress, respec-
tively. 

3. Through theoretical study, it was
found that sheet thickness, fusion zone
size, and hardness characteristics of the
welds are key factors controlling the fail-
ure mode of spot welds.

4. The following relation is proposed to
predict minimum FZ size (DC) required to
ensure pullout failure mode during the
cross-tension test of AISI 304 spot welds: 

where t is sheet thickness, and HFZ and
HFL are hardness of fusion zone and fail-
ure location, respectively. The proposed
analytical model successfully predicts the
critical weld fusion zone size for AISI 304
spot welds. 

5. Fusion zone size was proved to be the
key macrostructural feature controlling
the peak load of spot welds in both cross-
tension and tensile-shear tests. 
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