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Abstract: In this article, the influence of electrode tip
diameter is investigated for spot welded duplex stainless steel
(DSS). Electrode tip diameter and welding current are
considered as the major influencing parameters and their
values are varied within the feasible range, suitable for
0.8mm thick sheet, whereas other important parameters
such as welding time and electrode force are kept constant.
DSS with the chosen thickness range is now becoming a
useful material in automotive body-in-white applications and
in future it will become one of the key materials replacing the
existing materials and hence research outcome of the present
work may be beneficial from application view point. In this
work, the spot welding quality is inspected through
metallurgical aspects (microstructure and microhardness),
physical aspects (nugget diameter and electrode indentation),
mechanical performance (tensile shear strength [TSS]) and
failure mode. The obtained result shows that smaller
electrode tip diameter limits nugget diameter due to
expulsion phenomena and increases electrode indentation
due to higher current intensity. TSS decreases with increase
in electrode tip diameter for the same welding current but
maximum TSS obtained for particular electrode tip diameter
increases with increase in electrode tip diameter up to a
specific limit and then it remains constant.

Keywords: resistance spot welding, duplex stainless
steel, electrode tip diameter, welding current, tensile
shear strength, nugget diameter

1 Introduction
Nowadays, automobile industries are making efforts to
build safer, lighter and more fuel efficient vehicles. To
achieve this goal, materials such as advanced grade of
steels, fibres and aluminium alloys are getting used in
body-in-white applications [1]. Out of these materials,
stainless steel has good potential to improve vehicle
performance by reducing vehicle weight because of its
excellent strength and formability [2]. Furthermore,
next-generation vehicle programme confirmed the pos-
sibility of stainless steel as a structural material in
automobile sector [3]. This programme revealed that
stainless steel not only reduces vehicle weight but also at
the same time increases safety, sustainability and
environmental resistance of structural automotive sys-
tems [2]. Stainless steel can be applicable in subframes,
bumper beam, A and B-pillars, door pillar, crash boxes,
rollover bars, seat rails, fuel rail assemblies and
suspension/wheel housings [2,4,5].

Resistance spot welding (RSW) is a dominant
process for joining sheet metal components in auto-
mobile industries [6]. Typically, there are 3,000–5,000
spot welded joints in a body-in-white of modern vehicles
[7]. RSW is a conventional process, even it is also used in
various industries because of its simplicity, narrow heat
affected zone (HAZ), energy efficiency and ease of
automation [8]. In automotive structural assemblies,
load is transferred through groups of spot welds during
crash. Furthermore, spot welds can act as fold initiation
sites to manage impact energy. Moreover, failure of spot
welding is identified as a key failure during the vehicle
crash. Hence, strength, stiffness and integrity of car
body are greatly affected by the quality of spot welds [7].
Therefore, detailed metallurgical and mechanical study
of stainless steel spot welded joint is necessary before
use in automotive structural parts.

In the past, detailed study about spot welding of
austenitic stainless steel [9–11], ferritic stainless steel
[2,12,13] and martensitic stainless steel [14–16] has been
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carried out. However, very limited literature is available
about the investigation of duplex stainless steel (DSS). It
is identified that DSS is an excellent candidate material
for automobile structural applications due to the
combination of higher mechanical properties and corro-
sion resistance [17,18]. It is more suitable for crumple
zones to absorb the energy during crash due to strain
hardening and favourable behaviour at a higher strain
rate [19,20]. Also, DSS does not have martensitic
transformation and related problem during spot welding.
Therefore, the use of DSS is a good solution to avoid
welding problems of martensite-containing advanced
high strength steel [2,5]. Pouranvari et al. [2] and
Alizadeh-Sh et al. [21] concluded that the fast cooling
rate of RSW and the presence of TiC particles hindered
the post solidification transformation of ferrite to
austenite and results in unbalanced phases in the
microstructure. Arabi et al. [5] investigated the effect of
welding current on microstructure and mechanical
behaviour for RSW of 2304 DSS. Arabi et al. [22]
suggested downsloping technique and in situ post weld
annealing to improve phase balance for DSS, but all the
joints failed in the interfacial failure (IF) mode. Keeping
in view various advantages of DSS and its possible
applicability in automobile sector, it is very essential to
have in-depth research on various joining aspects of
DSS. Furthermore, mechanical behaviour of spot welded
DSS is controlled by ferrite/austenite phase balance and
absence of precipitates such as Cr2N, sigma and chi.
However, these factors are affected by the fast cooling
rate of resistance spot welded joint.

Literature demonstrates that mechanical behaviour of
spot welded joint is mostly affected by welding current,
followed by welding time and electrode force [23].
Furthermore, some process parameters and material
conditions such as holding time [24], surface character-
istics [25], preheating [26], post heating [27], alloy content
[28] and multi pulse [29] are also investigated. However,
there is further scope to improve the mechanical
performance of spot welded joint by electrode tip
diameter. Mikno and Bartnik [30] studied the effect of
electrode diameter and bevel angle on heating of
electrodes and tensile shear strength (TSS) for low carbon
steel. Bayramoglu et al. [31] studied the effect of electrode

tip radius, sheet thickness and welding parameters on TSS
and nugget diameter for low carbon steel.

Keeping in view the suitability and applicability of
DSS in automotive sector as well as a possible scope to
enhance its performance with critical control on elec-
trode tip diameter, attempt is made in this article to
present an in-depth study of the influence of electrode
tip diameter on mechanical behaviour of spot welded
2205 DSS. Moreover, this study also examined the effect
of electrode tip diameter and welding current on
microstructure, microhardness, nugget diameter, elec-
trode indentation, TSS and failure mode. Section 2
describes the experimental procedure executed to carry
out necessary experimental work.

2 Experimental procedure

A 0.8mm 2205 DSS is used as a base metal (BM), and its
chemical composition is presented in Table 1. The as-
received material possesses a yield strength of 655 MPa
and an ultimate tensile strength of 777.6 MPa. Spot
welding is carried out using a three-phase AC inverter
spot welding machine (i4; Prospot). Cu–Cr–Zr electrodes
with variable tip diameter and having 45° truncated cone
are used to obtain necessary spot joints. Squeeze time,
weld time, hold time and electrode pressure are kept
constant at 1,999ms, 240ms, 1,000ms and 4.5 bar,
respectively. Based on the trial experiments, electrode
tip diameter is selected from 5 to 7 mm in increment of
1 mm and welding current from 4 to 7.5 kA in step of
0.5 kA. Three samples are prepared for each run and out
of these, two are used for the tensile shear test and one
for metallurgical examination. Spot welded joint has
more tendency to fail in the IF mode for the tensile shear
test compared to other tests such as peel test and cross
tension test [6,32]. Furthermore, it is observed that if
spot weld joint fails in the pull-out failure (PF) mode
during the tensile shear test, then it will also show
failure behaviour with the PF mode during the peel test
as well as the cross tension test [7]; therefore, the tensile
shear test is carried out to investigate the mechanical
performance of spot welded joint. Table 2 shows the

Table 1: Chemical composition of DSS under consideration

BM C Cr Ni Mo Mn Si N P S

2205 0.018% 22.27% 5.45% 3.02% 1.27% 0.39% 0.20% 0.025% 0.003%
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parameter setting considered during each experiment as
well as measured responses, which are based on the
average values of two individual experimental runs.

Figure 1 shows the standard tensile shear specimen
as per AWS D8.9:2012 standard [33], and the same is
considered in the present work. The tensile shear test is
carried out using universal testing machine (UTES-40;
EIE Pvt Ltd) at the speed of 10 mm/min [33]. To study the
metallurgical properties of the spot welded sample, it is
cut slightly offset from its weld centreline and metallur-
gical samples are prepared according to the standard
metallurgical procedures. To reveal the macrostructure,

Marble etchant (50mL HCl, 50mL H2O and 10 g CuSO4)
is used, whereas for microstructure, Kalling’s No. 1
etchant (1.5 g CuCl2, 33 mL HCl, 33 mL H2O and 33 mL
C2H5OH) is used [2,5]. Nugget diameter is measured with
the help of a vision measuring system (SDM-TRZS 300;
Sipcon, India). Microexamination is carried out on an
inverted optical microscope (Observer A1M; Carl Zeiss).
Microhardness testing is carried out in the diagonal
transverse direction from the BM of top coupon to the BM
of bottom coupon using the Vickers microhardness tester
(HM-211; Mitutoyo) at constant loads of 200 g and
1 kg [33].

Table 2: Parameter setting and measured responses for various experiments

Expt. no. Electrode tip
diameter (mm)

Weld current (kA) Peak load (kN) Nugget diameter (mm)

1 5 4 6.85 3.572
2 5 4.5 10.77 3.951
3 5 5 11.58 4.229
4 5 5.5 12.07 4.504
5 5 6 13.43 4.8
6 5 6.5 12.42 4.739
7 5 7 12.61 3.862
8 6 4 10.67 3.0
9 6 4.5 10.7 3.848
10 6 5 10.19 3.4
11 6 5.5 12.3 4.745
12 6 6 13.16 4.45
13 6 6.5 13.26 5.2
14 6 7 13.93 5.6
15 6 7.5 13.20 5.382
16 7 4 9.74 2.864
17 7 4.5 9.97 2.744
18 7 5 11.05 3.497
19 7 5.5 10.85 3.874
20 7 6 11.66 4.1
21 7 6.5 13.14 4.644
22 7 7 12.19 5.544
23 7 7.5 13.39 6.318

Figure 1: Tensile shear specimen as per AWS D8.9:2012 standard.
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3 Results and discussion

Welding quality of spot welded joint is assessed though
metallurgical aspects (microstructure and microhardness),
physical aspects (nugget diameter and electrode indenta-
tion), mechanical aspect (TSS as a peak load) and failure
mode. Efforts are made in this work to consider all these
aspects, and the results obtained for all the individuals are
discussed in the following subsections.

3.1 Metallurgical aspects

Figure 2(a) shows the macrostructure of welded joint
(electrode tip diameter: 6 mm and welding current:

6 kA), indicating good weld with distinct fusion
boundary and narrow HAZ. Figure 2(b) shows the
microstructure of BM which consists of 50% ferrite and
50% austenite. Figure 2(c) shows that fusion zone (FZ)
microstructure has the columnar grain structure at
centre and the equiaxed grain structure in the narrow
region near the fusion boundary. This is due to the
formation of chilled zone at the fusion boundary, where
the cooling rate is higher which results in faster
nucleation of small equiaxed grains in the random
direction at the nugget edge and forms the equiaxed
grains region similar to the chilled zone in the casting
process. The columnar grains at the centre of nugget are
observed due to possible evolution and growth of
equiaxed grains along possible easiest directions, which

Figure 2: Macro/microstructure of 2205 DSS spot welded joint: (a) macrostructure, (b) BM microstructure, (c) BM/HAZ/FZ interface,
(d) equiaxed grain/columnar grain interface and (e) columnar grain structure at FZ centre (lighter phase is austenite and darker one is ferrite).
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is generally opposite to the direction of heat flow,
towards the centre of the nugget. Figure 2(d) and (e)
shows the microstructure of edge of FZ and centre of FZ,
respectively, which consist of ferrite (dark portion) and
austenite (light portion), indicating less percentage of
austenite compared to ferrite. According to chemical
composition of 2205 DSS, the chromium to nickel
equivalent ratio is 2.51 and solidification and post
solidification path for 2205 DSS is summarised as follows
from welding research counselling (WRC) – 1998 dia-
gram which is shown in Figure 3 [34].

→ + → → + → + +L L F F F A F A Precipitation,

where L = liquid, F = ferrite and A = austenite.
From the WRC diagram, during solidification, 100%

ferrite is formed and it is stable at elevated temperature.
When temperature falls below the ferrite solvus tem-
perature, post solidification transformation of ferrite to
austenite occurred by nucleation and growth process
and results in complete coverage of ferrite grain
boundaries by austenite. Additional austenite is also
formed intragranularly within the ferrite grains, but the
fast cooling rate of RSW hindered the post solidification
transformation of ferrite to austenite, which results in
unbalanced microstructure of FZ.

Figure 4 shows the microstructure for different weld
currents with 6mm electrode tip diameter, indicating
that volume fraction of austenite is more and covers
entire grain boundaries for 7 kA compared to a lower
current of 4 kA. Additionally, intergranular austenite is
also observed for high welding current. This is attributed

to the fact that with increase in welding current, heat
generation in FZ increases, i.e. temperature of FZ that
increases total available time for ferrite to austenite
transformation; therefore, volume fraction of austenite
increases with increase in weld current.

Figure 5(a)–(c) shows microstructure obtained for
electrode tip diameters of 5, 6 and 7mm, respectively, for
a constant welding current of 6 kA. Volume fraction of
austenite shows decreasing trend for electrode tip
diameter because with increase in electrode tip diameter,
contact area increases, which results in less heat
generation for the same welding current and faster
cooling of FZ. Therefore, the volume fraction of austenite
in FZ decreases with increase in electrode tip diameter.

Microhardness profile for resistance spot welded
DSS is shown in Figure 5(d). It is observed that FZ
possesses higher hardness compared to BM because the
individual ferrite phase is slightly harder than the
austenite phase [22] and the volume fraction of ferrite
in FZ is much higher than austenite. The effect of
electrode tip diameter on microhardness is shown in
Figure 6, which shows that electrode tip diameter does
not have any significant effect on microhardness of FZ.

3.2 Physical and mechanical aspects

Figures 7 and 8 show the effect of electrode tip diameter
and welding current on TSS and nugget diameter of spot
welded joint of DSS. It is observed that nugget diameter
and TSS increase with increase in welding current
irrespective of electrode tip diameter. With increase in
welding current, heat generation increases, which results
in increase of nugget diameter and TSS. Similar type of
effect on nugget diameter and TSS is also noted by Arabi
et al. [5] and Pouranvari et al. [2] for their respective
materials with the considered values of electrode tip
diameter. For constant welding current, with an increase
in electrode tip diameter, TSS of welded joint decreases.
This is because, with increase in electrode tip diameter
total heat available is divided into more area and total
heat available per unit area is decreased, i.e. current
density reduces, which results in reduction of TSS.

For 5 mm electrode tip diameter, when the welding
current reaches 6 kA, nugget diameter reaches to its
maximum value, i.e. 4.8 mm. After this, with increase in
current due to high heat generation, expulsion takes
place, which reduces nugget diameter and TSS of welded
joint. Similarly, for 6 mm electrode tip diameter, the
maximum nugget diameter is 5.6 mm and after this it

Figure 3: Pseudo binary diagram of stainless steel [34].
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starts decreasing, and for 7 mm electrode tip diameter,
the maximum nugget diameter is 6.318 mm. Therefore, it
is concluded that maximum nugget diameter and TSS
obtained for a particular electrode tip diameter are
limited by expulsion phenomena. However, welding
current limit observed for this expulsion can be
increased by increase in electrode tip diameter.

With the help of 7 mm electrode tip diameter, it is
possible to increase the nugget diameter up to 6.318 mm,
but a nugget diameter higher than 5.6 mm does not have
significant effect on TSS. Furthermore, it is noticed that
TSS decreases with increase in electrode tip diameter for
the same welding current, but maximum TSS is obtained
for particular electrode tip diameter increases with
increase in electrode tip diameter up to a specific value
and then it remains constant. This signifies that, during
the PF mode, material fails via tensile stress at the

nugget circumference rather shear stress at the sheet/
sheet interface.

Figure 9 shows the effect of electrode tip diameter
on indentation, which shows decreasing trend of
indentation with increase in electrode tip diameter. For
small electrode tip diameter, due to more current
intensity, electrode indentation is higher which reduces
surface quality and lowers the TSS.

3.3 Failure mode

After performing the tensile shear test, failure mode of
each sample is determined based on visual observation
of weld fracture surfaces. A total of five different types of
failure modes are observed for all experiments run,
namely, IF mode, PF mode, double PF mode, partial

Figure 4: Effect of welding current on microstructure with 6mm electrode tip diameter: (a) 4 kA, (b) 5 kA, (c) 6 kA and (d) 7 kA.
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Figure 5: Effect of electrode tip diameter on microstructure with 6 kA welding current: (a) 5 mm, (b) 6mm, (c) 7mm and (d) microhardness
profile for 2205 DSS spot welded joint.
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Figure 6: Effect of electrode tip diameter on microhardness of FZ.
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thickness with PF mode and interfacial fracture with PF
mode, which are shown in Figure 10. From Figure 8, it is
observed that with an increase in welding current,
nugget diameter increases, which results in failure mode
transition from the IF mode to the PF mode. For 5mm
electrode tip diameter, when the welding current is in
the range of 4–5 kA, spot welds failed through the IF
mode and for the current range of 5.5–7 kA, spot welds
failed through the PF mode. Similarly, for 6 and 7mm
electrode tip diameter, the PF mode is observed for 6–7.5
and 6.5–7.5 kA, respectively. It is well known docu-
mented that there is critical nugget diameter beyond
which transition of the IF mode to the PF mode
takes place [7]. Critical nugget diameter to ensure the
PF mode is around 4.5 mm and above this diameter all
samples fail in the PF mode irrespective of electrode tip
diameter.

Previous research studies investigated the failure
mechanism for spot welded joint and concluded that the

shear stress at the sheet/sheet interface is responsible for
the IF mode, whereas tensile stress at the nugget
circumference is responsible for the PF mode.
Furthermore, the critical nugget diameter of 3.57 mm,
recommended by AWS (obtained from 4√t, where t is the
sheet thickness), does not ensure the PF mode for
0.8 mm 2205 DSS, whereas 5√t can provide weld with
the PF mode.

4 Conclusions

A detailed experimental investigation is carried out to
investigate the effect of electrode tip diameter on
metallurgical and mechanical aspects of spot welded
joint of 0.8 mm 2205 DSS. Based on the obtained results,
the following conclusions are drawn:
• With increase in welding current, volume fraction of
austenite increases. This is because, with increase in
welding current, heat generation in FZ increases, i.e.
temperature of FZ that increases the total available
time for ferrite to austenite transformation; therefore,
volume fraction of austenite increases with increase in
weld current.

• With increase in electrode tip diameter, contact area
increases, which results in less heat generation for the
same welding current and faster cooling of FZ.
Therefore, volume fraction of austenite in FZ decreases
with increase in electrode tip diameter.

• Smaller electrode tip diameter limits the increase in
welding current and so the increase in nugget diameter
and TSS. However, maximum welding current without
expulsion increases with increase in electrode tip
diameter.

• TSS decreases with increase in electrode tip diameter
for the same welding current, but maximum TSS
obtained for particular electrode tip diameter increases
with increase in electrode tip diameter up to specific
limit and then it remains constant.

• Electrode indentation decreases with increase in electrode
tip diameter. Due to more current intensity, electrode
indentation is higher in the case of smaller electrode tip
diameter, which reduces surface quality and lowers
the TSS.

• Critical nugget diameter for the PF mode is around
4.5 mm for 0.8 mm 2205 DSS, which confirms that a
critical nugget diameter of 3.57 mm as recommended
by AWS does not ensure the PF mode for 0.8 mm
2205 DSS, whereas 5√t can provide weld with the
PF mode.

Figure 8: Effect of electrode tip diameter and welding current on
nugget diameter and failure mode.
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Overall, TSS obtained from 6 to 7 mm electrode tip
diameter is comparatively similar and higher than 5mm
electrode tip diameter, but welding current requirement
for 7 mm electrode tip diameter is higher than 6mm.
Hence, by considering energy consumption, 6mm elec-
trode tip diameter with 7 kA welding current provides
optimum TSS.
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