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Resistance spot welding (RSW) of dissimilar metals is an emerging trend in automobile industries in the manufacture of passen-
ger-vehicle bodies. It provides the material characteristics and advantages of both metals. In this research work, the influence of
heat addition and maximum interface temperature in the RSW ol austenitic stainless-steel sheets (AISI 304 and AISI 316L) is
investigated by welding the specimens at various levels of welding current and weld time. The ultimate strength of the
spot-welded joints is analyzed to evaluate the amount of heat utilization and the quality of spot welds, finite-element analysis,
and macrostructural evaluations. The thermal distribution profile and stress-strain analysis on the welded specimens are carried
out with the 3D finite-element model developed using ABAQUS V6.6 software through incremental electro-thermal-structural
analysis. A maximum tensile shear failure strength of 253 MPa was obtained with a nugget diameter 6.55 mm and the heat utili-
zation being 59.69 %.

Keywords: resistance spot welding, numerical analysis, heat utilization, nugget growth, Schaeffler diagram

Razvoj novih metod uporovnega tockovnega varjenja (RSW; angl.: Resistance Spot Welding) razli¢nih oziroma nekompatibilnih
materialov je postal trend v avtomobilski industriji in proizvodnji ohisij drugih vrst transportnih vozil. To naj bi zagotavljalo in
ohranjalo lastnosti in prednosti obeh medsebojno zvarjenih kovin. V pri¢ujofem ¢lanku avtorji opisujejo raziskavo vpliva vnosa
toplote in maksimalne temperature na meji med izbranima zvarjenima kovinama. V eksperimentalni raziskavi so izbrali za
medsebojno tofkovno varjenje plofevini iz austenitnega nerjavnega jekla AISI 304 in AISI 316L. Preizkuse varjenja na izbranih
vzorcih so izvajali pri razliCnih nivojih in Casih elektrinega toka varjenja. Maksimalno poruino trdnost tofkovno zvarjenih
spojev so analizirali in ovrednotili glede na koli¢ino vneSene energije (toplote) in kakovosti nastalih toCkovnih zvarov s pomodjo
metode kon¢nih elementov in makrostrukturnega ocenjevanja. Profil porazdelitve toplote in napetostno-deformacijsko analizo
zvarjenih vzorcev so dolocili s pomod¢jo modela na osnovi 3-D metode kon¢nih elementov. Za to so uporabili programsko orodje
ABAQUS V6.6 in metodo inkrementalno elektro-termiCne strukturne analize. Maksimalna striZno-natezna poruSilev zvarnega
spoja je nastopila pri 253 MPa in njegovem premeru 6,55 mm ob 59,69 % izkoristku toplote.

Kljune besede: uporovno tofkovno varjenje, numeri¢na analiza, toplotni izkoristek, rast zvarne leCe, Schaefflerjev diagram

1 INTRODUCTION mal, and electrical conductivity. Nugget offset was ob-
served when welding most dissimilar metals due to the
heat imbalance caused by the differences in the material
properties of both metals.>7 It deteriorates the mechani-

cal performance of welded joints and limits its practical

The resistance spot welding process (RSW) has been
widely involved in the production of cars, buses, trucks,
and railway bodies. The RSW process’s importance is

emphasized by the fact that each car assembly consists of
approximately 5000 to 7000 spot welds.'

The RSW process’s significant advantages are that it
is fast, well suited for high volume production, and eas-
ily automated.” The automobile industries’ focus is
shifted towards manufacturing lightweight passenger ve-
hicles at low cost with enhanced features such as reliabil-
ity and build quality.* The desired characteristics cannot
be met with an individual metal, and there comes the
need to join different metals.* However, at the same time,
it is impossible to spot weld materials with a vast differ-
ence in material properties such as melting point, ther-

*Corresponding author’s e-mail:
vigneshkumarmech@gmail.com (M. Vigneshkumar)
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applications. The AISI 304/316L structure can be used in
an automobile chassis with the external surfaces shall be
AISI 316L to have better corrosion resistance. AISI 304
can be used for the internal surfaces to reduce the cost of
the structure.

2 EXPERIMENTAL PART

The finite-element modeling of RSW is challenging
since it requires simultaneous physical electrical-thermal
interaction.® Feulvarch et al.” analyzed two finite-element
models for establishing the necessary boundary condi-
tions in the RSW process. The model assumed normal
flux transfer between two elements as they were close to
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Table 1: Heat utilization in the RSW of dissimilar sheets
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Welding | Number of | Nugget | Average re- . - g Ultimate | Actual ulti-
SI. No.| current welding cy- vol%ﬁle sistancf value Healjmpul Heal l}tmmd Heat f}"hZEd stress — FEA | mate stress
(kA) cles (mm?) @Q) 2 @ (%) Imodel (MPa)|  (MPa)
1. 6 4 16.78 §9.20 256.91 95.18 37.05 176.1 183
2. 6 6 25.82 87.61 378.47 157.45 41.60 186.8 196
3. 6 8 31.47 86.35 497.37 203.87 40.99 192.4 195
4. 6 9 35.58 85.85 556.30 236.41 42.50 204.6 212
5. 6 10 38.15 85.46 615.31 258.78 42.06 210.6 211
6. 7 4 28.87 86.58 339.39 184.93 54.49 180.2 185
7. 7 6 38.09 84.66 497.80 270.09 54.26 188.7 193
8. 7 8 42.18 §3.54 654.95 321.46 49.08 218.6 222
0. 7 9 51.35 83.17 733.55 402.54 54.88 2164 218
10. 7 10 57.00 82.89 812.32 457.31 56.30 233 235
11. 8 4 32.99 83.99 430.02 243.75 56.68 190.4 195
12. 8 6 48.22 §2.54 633.90 401.03 63.26 198.6 207
13. 8 8 50.90 82.07 840.39 458.30 54.53 235.6 239
14. 8 9 46.62 §2.04 945.10 432.09 45.72 241.9 248
15. 8 10 58.52 82.06 1050.36 555.14 52.85 243.7 246
16. 9 4 43.82 §2.31 533.36 375.00 70.31 2124 220
17. 9 6 50.90 82.17 798.69 496.43 62.16 238.6 244
18. 9 8 60.45 83.01 1075.81 640.09 59.50 2424 248
19. 9 9 66.68 83.52 1217.72 726.90 59.69 248.4 253
20. 9 10 60.09 84.04 1361.44 670.93 49.28 240.7 248

each other. The second model considered the relative dis-
placements between the contact elements in establishing
the contact conditions, thus providing better results than
the previous model. However, the mechanical contact
area was not considered to establish the thermal contact
conditions, and it was selected arbitrarily. Vignesh et al.'®
attempted to join AISI 316L and duplex sheets using a
spot-welding process. They found that the developed fi-
nite-element model predicted the maximum failure stress
value of 660.32 MPa with 0.1 % of error.

Based on a literature survey it is found that in most
cases the nugget growth is correlated with welding cur-
rent, the diameter of the electrode, and weld time for
spot welding of similar metals based on a numerical
analysis using a mechanical-thermal-electrical coupled
model.'""* However, the influence of heat input on the
nugget’s growth and the percentage of heat being utilized
in the joining of similar or dissimilar metals using RSW
are not explored, to the best of our knowledge. Hence, in
this research work, an extensive investigation of the in-
fluence of heat input and the percentage heat utilized in
the formation of weld nugget for the spot welding of dis-
similar austenitic steel sheets is analyzed using the com-
mercial finite-element software Abaqus 6.11.

AISI 304 sheet of 1.5 mm thickness and AISI 316L
sheet of 2 mm thickness are cut into the required size of
30 mm X 30 mm, as per the AWS D8.9-97 standard us-
ing a shearing machine,” as shown in Figure 1.

Specimens are cleaned with acetone to remove the
dirt and rust present and welded using a 35 kVA AC spot
welder JPC 35. Trial experiments are initially conducted
with constant welding current with varying welding time
and vice versa to arrive at the practical process parameter
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levels for the selected dissimilar material and its thick-
ness. Based on trial experiments, a full factorial design
of experiments is developed with the welding current
varied between 6 kA and 9 kA and 4-10 welding cycles,
as presented in Table 1.

AlISI304

AISI316L

Figure 1: Resistance spot welded dissimilar specimens
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Figure 2: Flowchart depicting the methodology of the analysis

The holding time, squeeze time, and electrode pres-
sure are maintained at 10 welding cycles, 12 welding cy-
cles, and 1.5 bar, respectively. The methodology adopted
for evaluating the heat input on the spot-welded nugget’s
quality is depicted in Figure 2. Microstructural images
are captured by Carl Zeiss type optical microscope to
study the phase transformations in the weld nugget. The
microhardness test is performed to evaluate the welded
joints” plastic and elastic behaviors by conducting hard-
ness tests at several locations, such as the nugget area,
heat-affected area, and base metals using a Vickers hard-
ness test. It is performed in the transverse direction from
the top specimen of AISI 316L to the bottom specimen
of AISI 304 across the weld nugget. The time duration
between the application of the force from the beginning
to 9.8 N is achieved in 10 s. For all the indentations, the
approach velocity is maintained at 150 pm/s.

The finite-element model is subjected to a conver-
gence test after meshing to reduce the computation time
in the stress-strain analysis.'* All the active edges at the
end of the AISI 316L side are fixed using the ABAQUS
software’s encastre boundary condition. Both the transla-
tion (Ul = 0, U2 = 0 and U3 = 0) and rotation motion
(UR1 = UR2 = UR3 = 0) are restricted in all directions.
The AISI 304 plate is loaded as well as permitted to
move in the linear direction (U2 = U3 = 0 and URI =
UR2 = UR3 = 0). Fine mesh is used at the contact sur-
faces of the electrode and workpiece and a course mesh
is used at the remaining sections to reduce the computa-
tion time. The Q3D8 element of the Abaqus software
with 5 degrees of freedom and a total of 30026 nodes is
used in the current model. Numerical simulations are
performed on the finite-element model by applying a
load on the AISI 304 specimen in the x direction until
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the nugget is pulled out from the specimen, and the re-
sults are evaluated.

The standard Johnson Cook material parameters for
AISI 304 and AISI 316L are obtained from the experi-
mental quasi-static uniaxial tensile tests performed at
varying strain rates and temperatures, as shown in Ta-
ble 2.15-!7 The Coefficients of A, B, C, n, and m are ac-
quired to fit the Johnson Cook empirical model to deter-
mine the strain rate, as shown in Equation (1).'?

Oug = (A + Be")(1 +C ln('s*eq)('l -T™) (1)

Ocq- €'eq and T"™ are the equivalent stress, equivalent
plastic strain, and triaxility, respectively.

The material parameter A is taken as 0.2 % of the off-
set yield stress at ambient temperature. The B and n pa-
rameter values are selected for the curve fitting, C from
the high strain experimental analysis conducted at ambi-
ent temperature, and m from the high-temperature test
data.

£7C= (D, + Dyexp(D; 0))(1 + Dyln &7, )(1 + DsT') (2)

whereas Dy, D>, D3, Dy, D5 are the material constants,
T" and " represent the homologous temperature and
triaxility, respectively.

The Jonson-Cook material damage parameters for the
AISI 304 sheet used in the Abaqus explicit software for
simulation are as follows: D, = 0.69, D, = D; = Ds =0,
D, = 0.0546.'%1% The corresponding values for the AISI
316L sheets are D, = 0.05, D, =344, D; =2.12, D; = 0,
D4 =0.002.1°

T,. T, and T, are the temperatures of the different con-
ditions such as melting, ambient, and absolute, respec-
tively.

= (% +Z Ag,) 1 £

4)
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Copper electrode

AlISI 304
AISI 316L

Figure 3: Numerical model to evaluate thermal distribution and strain
analysis in RSW process

where w is the damage parameter, £%q is the initial plas-
tic strain, is the incremental equivalent plastic strain.
The model predicts the nodal point value of the equiva-
lent plastic strain, and it is assumed that failure occurs if
@ > 1 occurs. The model can predict the high strain rate
of metals, and hence it is suitable for testing the integ-
rity of spot-welded sheets.

Table 2: Standard material parameter value for Johnson Cook failure
model

A B ic
(MPa) | (MPa) | " C m. | &
AISI 316L| 238 |1202.4] 0.675 |0.0224| 1.083 | 0.49
AISI 304 | 280 | 8025 | 0.622 |0.0799] 1 I

3 RESULTS AND DISCUSSION

The outcomes of the numerical and experimental in-
vestigations are shown in Table 2. The developed 3D nu-
merical model is shown in Figure 3. From the results,
the diameter of the weld nugget can be inferred as di-
rectly proportional to the heat input. The heat input tends
to increase as the welding current and welding time in-
crease. At a welding current of 6 kA and 4 welding cy-
cles, heat input amounts to 256.91 J. The nugget diame-
ter is found to be 4.82 mm, which is just 68.8 % of the
electrode diameter, equal to 7 mm. It indicates inade-
quate heat input and produces a nugget volume of
16.78 mm?. The ultimate strength is relatively low and
observed to be 183 MPa. Also, the maximum interface

I Time= 4 cycles
Current= 6 kA
¥ Maxtemp= 1490.3°C

L-I’

Figure 4: Temperature gradient profile for 6 kA welding current and 4
cycles time
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Figure 5: Macrostructure samples: a) sound spot weld, b) defective
spot weld

temperature is 1490.3 °C, as shown in Figure 4, which is
just above the melting point of both the materials.

The optimal nugget diameter for the maximum ulti-
mate strength of 253 MPa is obtained with a heat input
of 1217.72 J when the current of 9 kA is passed for 9
welding cycles.

The nugget volume was found to become the maxi-
mum of 66.68 mm? with an interface temperature of
2836.2 °C. The nugget diameter obtained (6.55 mm) is
93.57 % of the electrode diameter, with the heat utiliza-
tion being 59.69 %. The welded specimen’s macro-
structure indicates the nugget is free of voids, as shown
in Figure 5a. The maximum heat input of 1361.44 ]
when the 9 kA welding current is passed for a period of
10 welding cycles causing an increase of nugget diame-
ter (6.73 mm), but a decrease of the nugget thickness
(1.69 mm), leading to a decrease in the nugget volume to
60.09 mm?. The weld nugget’s ultimate strength is re-
duced to 248 MPa on account of a smaller nugget vol-
ume and the ejection of the base-metal melt from the in-
terface because of overheating. It is verified by the
existence of a void in the weld nugget of specimen 20, as
shown in Figure 5b.

The lowest ultimate stress of the welded joint is at-
tributed to an insufficient heat input. The ultimate stress

Materiali in tehnologije / Materials and technology 56 (2022) 3, 307-313
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Figure 6: FEA-based highest tensile shear failure load: a) ultimate stress and b) strain
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Figure 7: Experimental ultimate stress and strain for the highest ten-
sile shear failure load

increases with the increase of the heat input. The subse-
quent increase of the welding current to 7 kA, 8 kA, and
9 kA at 10 welding cycles, the ultimate stress is found to
be 233 MPa, 243.7 MPa, and 240.7 MPa, respectively.

AlSI 304

Weld Nugget

AISI 316L

The maximum ultimate stress of 248.4 MPa with a plas-
tic strain of 4.267% is observed in trial 19, as presented
in Figure 6a and 6b, respectively. The experimental ulti-
mate stress and strain for trial 19 is 253 MPa and 4.46 %
strain, as shown in Figure 7. It shows that the numerical
model exhibits a better similarity with the experimental
model and the error percentage being just 2.26 %.

The weld-nugget microstructure obtained for speci-
men 19 using the electron microscope is shown in Fig-
ure 8. The base-metal AISI 304, AISI 316L, and the
weld nugget are indicated in Figure 8a.

As the interface temperature is much higher than the
alloying elements’ solidus temperature in the austenitic
stainless steel, alloying elements are melted in the
heat-affected and fusion zone. Thus, it leads to the for-
mation of a supersaturated austenite solution on cooling
with the delta ferrite (0) precipitation in the austenite
matrix. The existence of d-ferrite in the nugget zone is
shown in Figure 8b. The amount of d-ferrite in the area
adjacent to the heat-affected-zone boundary is more than
at the center of the weld nugget. It is evident that the so-

Austenite

Delta ferrite

Figure 8: Spot-weld microstructure: a) weld nugget, b) delta ferrite and austenite
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Figure 9: Prediction of weld nugget’s microstructure with Schaeffler diagram

lidification occurred in the ferrite austenite mode (FA).
The cooling rate at the interior of the fusion zone is
smaller compared to the boundary due to the presence of
water-cooled electrodes. Hence, the austenite dissolves
ferrite at the interior of the fusion zone due to the lower
cooling rate. However, the absorption of ferrite by the
austenite at the boundary is prevented by rapid cooling.
The Schaeffler diagram can be used to estimate the weld
nugget’s microstructure based on the equivalent chro-
mium and nickel contents in the base metal.”>* The
chromium and nickel equivalents for the AISI 304 are
17.125 and 13.4, respectively, whereas, for AISI 316L, it
is 20.5 and 15.9. The equivalent composition indicates
both the base metals’ microstructure to be fully auste-
nitic, as shown in Figure 9.

It has been found that the centerline of the weld nug-
get coincides with the base-metal interface. It is highly
desired for better mechanical strength, and it is attributed
to the identical material properties of both the materi
als.* The dilution ratio is the proportion of each base
metal in the weld nugget. For the dilution ratio of 50 %,
the resultant weld structure must be fully austenitic as
per the Schaeffler diagram. The deviation between the
actual and predicted microstructure could be due to the
accelerated high cooling rate induced by the wa-
ter-cooled electrodes used in the process. The cooling
rate of the RSW process is more than 1000 °C.** The
weld’s microstructure is free of any intergranular crack
in the heat-affected zone and void on account of excess
heat input, indicating a sound weld joint. The thermal ef-
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ficiency of the spot-welding process (70.31 %) is ob-
served to be less than an arc-welding process (79.5 %).7

4 CONCLUSIONS

In the present work, the influence of heat input and
maximum interface temperature on nugget volume in the
RSW of stainless steel (AISI 304 and 316L) is studied
using a 3D finite-element model, and the following ob-
servations are made:

e The minimum heat required for nugget formation for
the RSW process of the selected dissimilar sheets is
found to be 256.91 J., But the tensile shear failure
load is observed to be a minimum of 7.85 kN, and
only 37.05 % of the heat input is utilized.

e The nugget diameter and the nugget volume are gen-
erally found to be increasing with heat input until
overheating of the specimens causes expulsion.

o The optimal heat input of 1217.72 J delivers the high-
est tensile shear failure load, with 59.69 % of the heat
utilized. The microstructure of the specimen also in-
dicates the efficient joining of dissimilar austenitic
stainless steels with a defect-free weld nugget.

e The excessive heat of 1361.44 J causes increases in
the nugget diameter, but a decrease in the nugget
thickness, leading to an overall reduction in the nug-
get’s volume. The excessive heat causes voids in the
weld nugget, leading to the poor mechanical perfor-
mance of the spot-welded specimens.

Materiali in tehnologije / Materials and technology 56 (2022) 3, 307-313
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