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Abstract In this research, the effect of welding current
and heating cycle is studied against the weld strength. The
AISI 347 and AISI 2205 of 2 mm thickness are taken for
conducting the experiment. The squeezing time cycle, hold-
ing time cycle and electrode tip diameter are kept constant.
The welded specimens are fractured using a tensile shear
load testing facility and a macrograph examination is carried
out. The specimen welded with the highest welding cur-
rent of 8.5 kA and 14 heating cycles obtained the largest
weld nugget and absorbed a maximum tensile shear load of
18.5 kN. All the samples except one failed under interfacial
mode and sample 9 failed under pull-out failure mode. The
scanning electron microscope (SEM) image of the failed
nuggets shows a smooth transition from the austenitic to a
mixture of austenitic—ferritic phase structures. The SEM—
energy-dispersive spectroscopy analysis was carried out
on the selected samples for their weld composition. The
elemental spectrum shows a Cr,/Ni, ratio of 2.52 which
confirms a ferritic phase formation upon solidification. The
fractography results show the formation of dimples and torn
bands on the lower and upper surfaces of the fractured nug-
get revealing the ductile failure of the weld. Maximizing the
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welding current and heating cycle maximizes the weld nug-
get area. The specimens which did not attain the minimum
weld nugget size failed in the interfacial mode.

Keywords Resistance spot weld - AISI 347 - AISI 2205 -
Duplex stainless steel - Tensile shear strength - Failure
mode - EDS - Fractography

1 Introduction

Resistance spot welding (RSW) is a traditional and indispen-
sable method of welding thin sheet metals and finds wide
application in the aeronautical and automobile industries.
Several methods are available for joining dissimilar metals,
out of which the resistance spot welding is popularly used
for several applications [1]. Austenitic stainless steel (ASS),
which is non-magnetic and anti-corrosive, is highly ductile
and easily weldable. It has better resistance to oxidation and
intergranular corrosion. ASS is extensively used in chemical
processing plants, petroleum refineries and waste heat recov-
ery systems due to its high anti-corrosive property. Duplex
stainless steel (DSS) consists of an equal amount of austen-
itic and ferritic phases in its composition. DSS exhibits very
good chloride pitting and crevice corrosion resistance when
compared with the 300 series of stainless steel. AISIT 2205
goes well with AISI 347 in terms of welding properties.
Vigneshkumar M et al. [2] reviewed the challenges faced
during the dissimilar spot welding of metals and revealed
the benefits of dissimilar joints over similar joints with the
limitation of the formation of brittle intermetallic phases.
Biradar and Dabade [3] studied the role of the weld param-
eters on the dissimilar weld of mild steel (MS) and ASS
304. A mathematical model was developed to relate the weld
parameters with the weld strength. In addition to the above
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Table 1 Chemical composition
of AISI 347 and DSS 2205

Name of the element C Mn Si Cr P Ni S Nb
AISI 347 composition (%) 0.08 2 0.75 19 0.045 0.02 0.03 1
DSS 2205 composition (%) 0.02 0.82 0.36 23 0.03 5.46 0.01 -

Table 2 — Mechanical Properties of AISI 347 and DSS 2205

Properties Unit AISI 347 DSS 2205
Yield strength (0.2%) MPa 205 448
Tensile strength MPa 525 621
Elongation % 34 25
Hardness (HB) HRB /HRC 87 HRB 31 HRC
Elasticity GPa 201 190
Density Kg/m? 8000 7800

work, Watmon et al. [4] worked on RSW of 1 mm-thick mild
steel sheet and investigated the variation in the mechanical
properties due to the annular recesses on the copper elec-
trode. Resistance spot welding of dissimilar stainless steel
grades was carried out between SS304 and SS430 grades
under various possible combinations [5]. The results of the
study proved that the dissimilar welds exhibit higher hard-
ness and toughness in comparison with similar metal welds.
Similarly, research studies on dissimilar spot welding on var-
ious grades of duplex and martensitic stainless steel provide
considerable information on dissimilar welding characteris-
tics [6-9]. The investigations on RSW of quenched and par-
titioned (Q&P) steels and galvanized dual phase (DP) steels
reported the hardness and strength of the welds at different
critical heat-affected zones. But the RSW of Q&P steel with
low-carbon steel suffers from liquid metal embrittlement on
either side of the base metal [10, 11]. The addition of silicon
to the DP steel up to 1.51 wt% considerably increases the
peak load of failure but any further increase in silicon causes
the peak failure load and fracture energy to drop drastically
[12]. Investigative study on coated advanced high-strength
steels (AHSS) was done by DiGiovanni et al. [13] in which

experiments were conducted with and without zinc coating
on the AHSS plates. The research concluded that the liquid
metal embrittlement (LME) cracking is inevitable in the path
towards fracture. It was observed that the surface modifica-
tion of AHSS leads to a reduction in heat input due to oxide
formation [14]. Das et al. [15] studied the dissimilar spot
welding of AISI-1008 steel with Al-1100 alloy with gra-
phene as interlayer and it revealed that the graphene coating
causes a 124% enhanced strength. Resistance spot welding
of dissimilar metals and their corresponding research have
also been carried out. Shi et al. [16] made a detailed study on
dissimilar RSW of aluminium to steel by varying the polar-
ity on the aluminium sheet. The effect of the interlayer thick-
ness on the mechanical properties of the RSW of aluminium
with magnesium was studied and the results proved that the
interlayer coating enhances the weld strength [17]. RSW of
Al-Mg aluminium alloy with aluminium clad steel sheet
was done and the results showed that the formation of inter-
metallic layer does not play any detrimental role in the weld
strength [18]. The microstructural and mechanical study on
RSW of modern materials was done by Chen et al. [19] in
which five different bonding types were analysed. A. Maurya
et al. [20] experimentally studied the effect of the filler mate-
rial during the gas tungsten arc welding of DSS2507 with
nitronic steel. The study on the microstructure and properties
of the modern laser welding austenitic stainless steel and
P91, P22 steels used for power plant applications was also
carried out [21, 22].

In addition to the study on mechanical properties of the
welded specimens, mathematical modelling of the weld
parameters was done. Sheikhi et al. [23] researched the
prediction model for nugget microstructure and hardness
as a function of the weld cooling rate during the RSW of

Table 3 Experimentation based

Trial No. Welding current Squeezing time  Heating time Holding time Electrode tip
on DoE (kA) (cycles) (cycles) (cycles) diameter (mm)
1 6.5 50 10 10 10
2 6.5 50 12 10 10
3 6.5 50 14 10 10
4 7.5 50 10 10 10
5 7.5 50 12 10 10
6 7.5 50 14 10 10
7 8.5 50 10 10 10
8 8.5 50 12 10 10
9 8.5 50 14 10 10
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Fig. 1 Resistance spot welding machine

automotive steel sheets and Farrahi G et al. [24] compared
the simulation and experimental results of RSW of three thin
low-carbon steel sheets on the weld quality and the depth of
electrode indentation on the nugget. Kumar et al. [25] did
a numerical simulation 3D modelling of RSW of mild steel
and stainless steel specimens and the model was found to
have a strong correlation with experimental results. Aghajani
H and Pouranvari [26] worked on creating a pathway to
develop strong weld spots while RSW martensitic stainless
steels. Pouranvari et al. [27] also contributed to the develop-
ment of an approximation prediction model to analyse the
modes of failure in the resistance spot welds of AHSS.
Stainless steel material in general and austenitic stain-
less steel in particular are preferred to serve corrosive and
high-temperature service areas wherein the materials have
to withstand a certain range of temperature for a prolonged
period. The austenitic stainless steel is prone to undergo the
phenomenon of sensitization in which the chromium carbide
precipitates along the grain boundaries, when the material
is subjected to a temperature range of 500-900 °C [28]. The
niobium-stabilized AISI 347 stainless steel which prevents
the chromium carbide precipitation is widely used for such
service conditions than AISI 316. It is transparent from the
past literature that, the experimentation and analysis of the
weld characteristics of the dissimilar resistance spot weld-
ing of austenitic stainless steel AISI 347 with the duplex
stainless steel AISI 2205 are in the infant stage. Therefore,
the objective of this paper is to investigate the mechanical
and microstructure properties of the dissimilar weld between
the above-mentioned two different grades of stainless steel.

E———-—————————————————

— SPOT
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225

Fig. 2 Tensile shear test sample arrangement

All Dimensions are in mm
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Fig. 3 Welded specimens

2 Materials and Methods

This work studies the dissimilar resistance spot welding of
AISI 347 with AISI 2205. The dissimilar welding of duplex
stainless steel with other grades of steel plays a critical role
in the pressure vessels, superheaters, piping, turbine cas-
ing of power plant units and subsea manifolds [29]. The
most significant reason for adopting dissimilar welding is
to reduce the cost of fabrication by eliminating the expen-
sive high-strength alloys for critical components [30]. The

Fig. 4 Macrograph of welded specimen
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dissimilar welding of two different grades of steel or two
different metals is a challenging task due to several reasons.
When different grades of materials are involved, maintaining
a balance in the physical, chemical and metallurgical proper-
ties during the welding and post-welding process is a highly
impossible scenario [31]. A lot of metallurgical issues and
defects are likely to occur if a dissimilar welding process
is not carefully executed. In spite of these challenges, dis-
similar welding is inevitable due to its overwhelming advan-
tages. These challenges though cannot be totally avoided, it
is possible to mitigate these effects by proper control of the
weld parameters and post-treatment of the welding [32]. In
this regard, it is very essential to carry out research on the
RSW of various dissimilar metals. Hence in this study, the
microstructure and mechanical properties of the dissimilar
welding of austenitic AISI 347 and DSS 2205 are investi-
gated in detail. As this pair of dissimilar metals has not been
investigated in the literature, the research output of this study
would be very significant for future researchers. Tables 1
and 2 show the chemical composition and the mechanical
properties, respectively, of both the base metals.

Based on the preliminary trials carried out, the range of
the welding current and heating cycle was decided. Then,
within the decided range, 9 experimental trials were done
as per the design of experiments (DoE) shown in Table 3,
by varying the welding current and heating time cycles at
three different levels. The squeezing time cycle, holding time
cycle and electrode tip diameter was kept constant through-
out the experiment. The resistance spot welding trials
were carried out using the NASH 815 V2 microprocessor-
controlled manual pedal-operated resistance spot welding
machine shown in Fig. 1. The dimensions of the welding
samples are shown in Fig. 2. The welded specimens are

3 —SS 347-IF
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Fig. 5 Tensile shear testing mounting arrangement for weld speci-
men

shown in Fig. 3. After welding, the samples were cut across
its cross section using wire cut electric discharge machining,
to expose the weld nugget. The cut sections were macro-
etched to expose the weld nugget for inspection. The mac-
rograph examination shown in Fig. 3 reveals the quality of
the weld nugget (Fig. 4). Further to assess the strength of
the weld, the welded samples were fractured using Tinius
Olsen H50KL Tensile Shear testing machine with a loading
rate of 1 mm/min. The mounting arrangement of the tensile
shear testing machine is shown in Fig. 5.

3 Results and Discussion
3.1 Macrograph Results

The welded specimens were subjected to macrograph analy-
sis by sectioning the specimen along the centre of the weld,
then polished with standard metallographic techniques and
analysed with Welding Expert software. The weld macro-
graph examination results are reported in Table 4.
According to the American National Standard, the eligi-
ble nugget diameter for a given thickness ‘#’ of a material
is represented by the relation 4\/ t [6]. While studying the
nugget diameter of the welded specimens, specimen 6, 8
and 9 has acquired a nugget diameter well above the thresh-
old value of 4\/ t. Hence out of the 9 specimens welded in

Table 4 Macrograph of weld
nugget for various welding
current and heating cycles

Welding current 6.5 kA

Heating cycles

7.5kA 8.5 kA

10 cycles  AISI 347
DSS2205
12 cycles  AISI 347
DSS2205
14 cycles  AISI 347

DSS2205

Length = 4.8119 mm
Thickness = 2.0094 mm

Length = 2.0697 mm
Thickness = 1.1088 mm

Length = 3.8888 mm
Thickness = 1.0938 mm

Length = 5.2308 mm
Thickness = 1.8390 mm

Length = 5.2816 mm
Thickness = 2.3158 mm

Length = 4.8607 mm
Thickness = 2.3047 mm

Length = 5.9423 mm
Thickness = 2.6864 mm

Length = 5.8221 mm
Thickness = 2.3624 mm

Length = 6.1273 mm
Thickness = 2.8049 mm
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Fig. 6 - Tensile shear load—displacement curve

a - AISI 347
b - AISI 347 -Weld IF

Fig. 7 a AISI 347 Base Metal Microstructure; b AISI 347—Weld Interface Microstructure; ¢ AISI 2205 Base Metal Microstructure; and d AISI
2205—Weld Interface Microstructure

total, these 3 specimens qualify to be the eligible welds  load—displacement curve in Fig. 6 can be correlated. The
surpassing the minimum nugget diameter. To substanti-  macrograph images of specimen 6, 8 and 9 shows that the
ate, the macrograph images in Table 4 and the tensile shear ~ nugget area is in an increasing pattern and their tensile shear

load before failure is also in ascending order and sample 9
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Table 5 Ultimate tensile strength and joint efficiency

Trial no.  Ultimate tensile  Joint efficiency Joint efficiency

strength (MPa) ~ w.r.t AISI 347 (%) w.r.t DSS 2205
(%)

1 158 30.10 25.44

2 161 30.67 25.93

3 186 35.43 29.95

4 191 36.38 30.76

5 227 43.24 36.55

6 267 50.86 43.00

7 258 49.14 41.55

8 281 53.52 45.25

9 304 57.90 48.95

has recorded a maximum failure load of 18.5 kN. When
the welding current is kept to a maximum of 8.5 kA, an
increasing trend can be witnessed in the nugget diameter
with the increase in the heating cycles. In addition, upon
observation of the weld lobes of the specimen welded with
6.5 kA welding current a poor depth of penetration is seen
and has failed below 11 kN of tensile shear load. The nugget
diameter increases with the increase in the heating cycle and
the welding current and this conforms to the results obtained

Fig. 9 EDS line scan of weld nugget
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by Jagadeesha T during the experimentation of RSW of aus-
tenitic stainless steel [6, 9]. The weld nugget formed under
6.5 kA welding current has no clear demarcation of the weld
lobe from the base metals.

3.2 Microstructure Analysis

Whenever it comes to the dissimilar RSW of two base met-
als, the formation of heat-affected zones (HAZ) adjacent to
either side of the fusion zone is inherent. Hence dissimilar
spot welding is always characterized by a fusion zone or
weld zone, HAZ and base metal zone. The microstructure
image shown in Fig. 7a shows the base metal on an austen-
itic background structure with grain boundaries of ferrite.
The austenitic stainless steel in as welded condition has
the tendency to produce delta ferrite boundaries [33]. The
HAZ of the austenitic base metal as shown in Fig. 7b shows
the presence of ferritic boundaries in the weld lobe [34].
The presence of ferritic structure can be seen to gradually
increase from the base metal side to the interface region.

60

40—
20+

100

This increase in the ferritic structure at the weld nugget
region is accounted by the effect of an increase in the tem-
perature and diffusion of AISI 2205 in the weld lobe. The
microstructure of the second base metal AISI 2205 is given
in Fig. 7c. Establishing austenitic—ferritic phase balance is
one of the prominent issues while dealing with DSS [35].
The dendritic grain structure is the ferritic phase which
is formed on the background of the austenitic phase. The
microstructure of the interface region of the DSS with the
weld lobe can be seen in Fig. 7d. The clear transition in the
grain structure from the base metal region to the weld nug-
get region is due to the application of the electrode force and
the heat cycles.

Vignesh K et al. [34] have also reported a similar behav-
iour of formation of delta ferrite in the austenitic steel region
during the RSW SS 316L with DSS 2205. The austenitic
phases reduce as the surface moves from the SS347 base
metal region to the weld nugget and the combination of the
ferritic dendrites with coarse austenite can be seen at the
interface. This phenomenon is due to the diffusion of both

cps/ev
14 b
12
10 T

5 Mn
810

CrNi S |

C Fe Sil Mo T Cr Mn Fe Ni
4
2
ol

1 2 3 El 5 6 3 8 9 10

Fe
Ni

Mn

Ti

200
Distance / um

Fig. 10 DSS 2205 Interface with base metal: a Micrograph; b EDS spectrum; and ¢ Line scan
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Fig. 11 AISI 347 Interface with base metal: a Micrograph; b EDS spectrum; and ¢ Line scan

the parent metals at very high temperatures produced due to
the heat cycles [36].

3.3 Tensile Shear Test and Failure Mode Analysis

The specimens for the tensile shear test were prepared as
per the AWS standard 11.2.3.2.1. Fig. 6 shows the shear
load—displacement curve of the various samples. The frac-
tured samples of the tensile shear test are shown in Fig. 8.
The shear stresses predominant at the weld nugget cause
interfacial failure [6]. In this current research, the sam-
ples welded under 6.5 and 7.5 kA welding current have
failed under interfacial mode and the sample welded under
8.5 kA have failed under pull-out mode [37]. The weld
nuggets having a diameter less than the critical nugget
diameter of 4\/ t which is 5.65 mm for the current study
fail in interfacial mode. The weld nuggets that exceed this
critical value, i.e. sample 9 having a nugget diameter of

6.127 mm, fail in pull-out mode after absorbing a maxi-
mum shear load of 18.3 kN and displacing 8.35 mm [38,
39]. The welding current and heating cycle for this sample
are 8.5 kA and 14 cycles, respectively, which implies that
as the welding current and the heating cycles are increased
simultaneously, the weld nugget increases in size. This
causes the weld nugget to absorb maximum shear load
before failure [40]. Upon visually investigating the fail-
ure mode of the other samples welded below 8.5 kA have
failed under interfacial mode [41]. The shear load data
shows that the failure load keeps on increasing with the
increase in welding current and heating cycles as the weld-
ing force and electrode tip diameter are kept constant. The
increase in shear load can be attributed to welding cur-
rent and heating cycles. Table 5 shows the ultimate tensile
strength and the joint efficiencies of all the samples. Since
the current research is focused on the dissimilar welding,
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Mo Si

Fig. 12 EDS Elemental Mapping: a Weld zone Microstructure; b EDS Spectrum; ¢ Chromium; d Ferrous; e Nickel; f Manganese; g Molybde-

num; h Silicon; and i Sulphur

the joint efficiency is calculated by considering the ulti-
mate tensile strength of both the base metals.

3.4 EDS Analysis

To study the metallurgical changes in the weld specimen
after welding, an EDS study is made at four locations which
are illustrated in Fig. 7. Location ‘a’ shows the base metal
AISI 347, location ‘b’ shows the interface of the AISI 347
and the weld nugget shows the mixed structure of austenite
and ferrite. Similarly, location ‘c’ shows the AISI 2205 base
metal region, and location ‘d’ shows the interface of the
AISI 2205 with weld nugget, where the ferritic structure
tends to decrease and the austenitic patches begin to emerge.
[42].

The EDS line scan shown in Fig. 9 renders information
about the key metallic composition of the weld nugget. In
Fig. 9, the EDS results of the midline of the weld zone have
been presented. The weld interface, EDS spectrum and line
scan, respectively, of the DSS 2205 base metal are shown in

@ Springer

Fig. 10a, b and c. Similarly, the weld interface, EDS spec-
trum and line scan, respectively, of the AISI 347 base metal
are shown in Fig. 11a, b and c.

Fig. 12a shows the microstructure of the midline of the
weld nugget and Fig. 12b shows the elemental spectrum of
the weld centre. In this current study, the Cr,/Ni,, ratio is
2.52 which makes it very clear that the weld pool has solidi-
fied as ferrite and this inference is backed up by the spectrum
results which show the highest weight percentage of 67.01
of ferrous in the weld composition [8]. Fig. 12c—i represents
the elemental mapping of the weld nugget.

3.5 Fractography Analysis

The majority of the failure of the welded samples are due to
interfacial mode except for one sample which has failed in
the button pull-out failure mode. The interfacial failure of
the weld is due to the poor shear strength of the weld nug-
get area at the interface region [7]. Sample 9 which failed
under pull-out failure mode was subjected to fractography
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oyaals

Fig. 13 SEM Fractography

analysis to understand its failure mechanism. Fig. 13 shows
the fractography images of the failed sample 9. As seen in
Fig. 13c, the weld nugget has undergone substantial plastic
deformation due to the tensile load. The amount of plastic
deformation that has occurred can be attributed to the soft
nature of both the base metals. But the shearing of the sam-
ple has occurred around the circumference of the nugget, i.e.
initiated from the HAZ of the base metal AISI 347 as austen-
itic stainless steels are less hard than the duplex ones[7]. The
formation of the dimples and torn bands shown in Fig. 13a
and b affirms the ductile nature of failure of the sample.

4 Conclusion

The following conclusions have arrived as an outcome of
the research:

e The specimen welded with a welding current of 8.5 kA
and 14 heating cycles possesses a maximum nugget
diameter of 6.127 mm.

e The weld nugget area increases with an increase in the
welding current and heating cycles.

e The application of the electrode force, heating cycles and
the faster cooling rate of the spot welding process results
in the transition of the microstructure of the base metals.

e The specimen welded with a maximum welding current
and heating cycle exhibits a maximum displacement of
8.35 mm and fails at a maximum shear load of 18.3 kN.

e The weld specimen which attains a nugget diameter
greater than 4\/; fails through pull-out mode wherein
all other specimens fail in interfacial mode.

¢ The weld zone has a Cr,/Ni,, ratio of 2.52 and hence the
solidification of the weld occurs in ferrite mode and this
is confirmed by the EDS spectrum.

e The presence of the dimples and torn bands on the lower
and upper surfaces of the failed weld nugget shows the
ductile type of failure.
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