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ABSTRACT 

The objective of the current study is to research the influence of resistance spot welding process (RSW) parameters 
in regard with the sounding of similar AISI 316L weldment by using a combined experimental and numerical 
investigation. Four welding process parameters were utilized; "welding current, electrode pressure, squeeze time, 
and welding time". Sheet metal AISI 316L with 0.6 mm thickness was utilized. A tensile-shear experiment is 
applied to decide the value of tensile-shear force for the welded sample. The findings of tensile-shear force were 
analyzed statistically through utilizing a Taguchi technique with the assistance of a Minitab software. The results 
demonstrated that the optimum estimations of process parameters that gave the higher tensile-shear force 4.6 KN 
were; welding current: 6000A, electrode pressure: 30Bar, squeeze time: 0.5second, welding time: 0.5second. An 
experimental analysis was carried out to explore the required considerations for building an appropriate simulation 
model. In order to investigate the effect of welding parameters and to analyze the welding nugget formation 
process in AISI 316L, a thorough finite element model is developed by using ANSYS software, the adopted model 
involve electrical and thermal fields, therefore, to solve the strong interactions of the thermal and electrical 
phenomena during this process, the model of FE takes into consideration as material properties of temperature-
dependent and interactions of electric-thermal contact through whole interfaces.   
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INTRODUCTION 

Resistance Spot Welding (RSW) is one of the essential processes to sheet metals join for industrial ingredients 
because of the actuality that it has the most elevated efficiency. Moreover to the industry of automotive, RSW of 
stainless steel is additionally broadly utilized, in transport vessels, office, and home items, utensils and kitchen 
furniture, and building applications, where RSW 4000-6000 joints are utilized in every vehicle, for example, an 
enormous number of RSW joins utilize of tools able to do dependably reliably assessing of the quality RSW their 
own welding parameters [1-7].  Stainless steel (SS) is recognized for its highly of anti-corrosion protection and it 
has been broadly utilized in the metier of conveyance means, particularly in the manufacture of the train body. As 
of late, the lightweight of the vehicle has gained significance as a method for reducing carbon emanations and 
energy utilization of vehicles. Environmentally agreeable automobile demand structures that are strong sufficient 
and that can endure the loading of fatigue when as little weight as possible [8-10].  

The austenitic stainless steel (ASS) strength can be essentially expanded by cold deformation, for instance, 
forming, bending, and rolling. The ASS deformation strengthening produces from fractional transmutation of 
austenite into martensite. The low thermal conductivity and high resistivity make ASS an adequate material for 

mailto:usamah.barrak@yahoo.com


Multi-coupled Field Simulation and Experimental Study of AISI 316L Stainless Steel using Resistance Spot Welding

151 

RSW since it produces more heat of joule but it squanders less than ordinary carbon steel within the same 
conditions [11-13]. In any case, the higher thermal expansion coefficient in ASS causes a propensity to originate 
the voids of shrinkage in the welds. Due to the need for more economical and efficient welding methods, the RSW 
process has been used to welding of ASS. The applied high electrode force leads to increment cost of consuming 
electrode caps, diminish the service life of the electrodes, and energy consumption of increasing [14-16]. Several 
studies have researched in stainless steel welding by the RSW process, where the flow of molten metal is studied 
in welding nuggets, and the modeling of finite-elements has been used to simulate the mechanism of multiple 
physics during the RSW process.  

The finite element model was proposed to scrutinize the temperature distribution and nugget zone formation 
through the process of RSW, as long as to investigate the influence of welding time and welding current on the 
size of the weld nugget. The tensile shear test (TST) is the laboratory test of most widely used in the recognized 
of weld strength for the reason that of its easiness. Thus, the RSW joints quality is estimated from its tensile shear 
load bearing capacity (TSLBC), which is the maximum value of load obtained through the TST, wherever the 
factor maximum significant influencing TSLBC is the welding nugget size [17-23]. Mezher M.T, et.al [24-26] 
and Namer, N. S, et.al [27, 28] studied the forming and tribological parameters on the quality of formed parts by 
utilizing different operations. Barrak, O. S, et.al  [29] Studied the tensile shear strength of welded joints by using 
double pre-holed joining process.  The objective of this investigation is to acquire the optimum tensile-shear force 
of welded similar AISI 316L sheets by resistance spot welding of examining the welding parameters influence 
(welding current, Electrode Pressure, Squeeze time, & Welding time). Moreover, a software of Minitab was 
employed to implementation technique the design of experimental (DOE) to distinguish the influence of welding 
parameters on the tensile-shear force of joint, then the numerical simulation was had been coordinated into the 
examination influence the heat source of welding process on the temperature distribution and the resultant shape 
of nugget zone. 

EXPERIMENTAL WORK 

Materials 

Stainless steel AISI 316L utilized in the RSW process. The mechanical and chemical characterization were 
examined experimentally and recorded in table 1 &2. "The specimen dimensions used in this work according to 
the standard specification of the AWS" [30]. Figure 1 illustrates the dimensions sheet metal AISI 316L, which is 
(16 * 76) mm with 0.6 mm thickness, the width of overlap (16 * 16) mm. 

Table 1. Chemical Composition of AISI 316L 

Element wt% C Cr Ni Mo Mn P Si S N Fe 
AISI 316L 0.026 17.3 11.2 2.42 1.15 0.027 0.5 0.022 0.07 Bal 

Table 2. Mechanical properties of AISI 316L 

Material Property 
Yield Strength 
σy (MPa) 

Tensile Strength σu 

(MPa) 
Elongation EL 
 (%) 

AISI 316L 283 631 31 

Figure 1. Schematic of the specimen 
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Welding parameters 

Machine Electrode 

The machine electrode was used in a dome shape with a 4 mm circular contacting area, that the RWMA GROUP 
A class 2 type B, and made from chromium-zirconium-copper alloy [30]. 

Design of Experiments method (DOE) 

The RSW process parameters that were utilized to prepare the samples illustrated in fig.2, where the parameters 
have a significant in determining the quality of welded joints, which utilized the DOE method to decide the 
machine welding parameters of the RSW for every sample. Three-level estimations of the RSW parameter 
(welding current, electrode pressure, squeeze time, and welding time) applied for welding the stainless steel AISI 
316L specimens, the Taguchi method utilized to designed experimental as appeared in table 3. 

Table 3. Welding Machine Parameters 

No. Current 
(A) 

Pressure 
(bar) 

Squeeze time 
(s.) 

Welding time 
(s.) 

1 5000 20 0.5 0.25 
2 5000 25 0.75 0.5 
3 5000 30 1 0.75 
4 6000 20 0.75 0.75 
5 6000 25 1 0.25 
6 6000 30 0.5 0.5 
7 7000 20 1 0.5 
8 7000 25 0.5 0.75 
9 7000 30 0.75 0.25 

Figure 2. Welded Specimen 

Mechanical Tests (Tensile-Shear Test) 

Welded samples were characterized mechanically through tensile-shear testing. Everyone sample was installed 
on each edge to prohibit slipping and installation by shim to prevent bending during the test. "The velocity of the 
tensile-shear test was set up to equal 10 mm/min"[31]. Where the specimens test of joint indicated which the 
failure occurs at some of it in the welding zone and others in the heat-affected zone (HAZ) as appeared in Figure 
3.
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Figure 3. The tested tensile-shear force specimens. 

Finite element model 

The RSW operation includes electrical and thermal fields, and contact interactions along faying interfaces. The 
contact interactions involve thermal, electrical, and mechanical contacts whereas the thermal and electrical 
conduction along the faying interface is largely influenced by the temperature and mechanical contact pressure at 
the interface as well as the material structure and surface properties. The principle of the RSW is based on the 
Joule heating principle which is described by moving an electrical current through the specimens to be welded 
herewith producing heat by each of frame material resistance and interfacial contacts (electrode/sheet metal and 
faying interface) as well. A significant amount of generation is requested to heat up, melt, and bond the sheet 
metals. It is an operation consisting of passing electrical current, mechanical squeezing, water cooling, material 
heating, melting, and solidification. A transient thermal model is developed by using ANSYS software to simulate 
the RSW process and build a two-dimensional axisymmetric model as a thermo-electrical model to analyze the 
welding operation, in addition, Thermo-electric coupling element type was utilized to mesh the model and solid 
element type were employed to model the thermal, elastic and plastic behavior of the faying surfaces between the 
electrodes and sheets as depicted in figure 4. Quadrilaterals element type Plane 182 in numerical analysis is used 
for the modeling, as for tips of electrode caps and the central section of both sheets since these regions are the 
main part of the current investigation and might be experienced an excessive increase of the temperature 
distribution and deformation in the welding process, therefore, quite finer mesh with average size 0.1 mm are 
employed whereas coarser meshes for the other parts which distant from contact area with average size 0.4 mm. 
The resultant mesh of FE model is consisting of overall 11992 nodes and 3742 elements. 

Figure 4. Mesh method of finite element model of RSW process: a) overall view, b) enlarged view 

During the FEM set-up, at the first the electrode was applied to the AISI 316L sheets with identified force and it 
generated in initial deformations and contact area, and the distribution of temperature was taken into consideration 
as an increment case from fully coupled thermal - electrical FE analysis. The welding current result in the Joule 

a b 

Upper Electrode  

Bottom Electrode  

Upper Sheet  
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heating at the faying surfaces of AISI 316L sheets and electrode were determined. Therefore, the generating of 
heat in the welding area will be accomplished and the overall findings after multiple loops were acquired with aid 
of the mechanical analysis. Consequently, the problems of heat flow in the RSW process are heat conduction 
regarding fusion and the later solidification. 

The following equations is used for the thermal filed aspects such as conductivity and generation equations [32]: 

∂h
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=  ∂
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 ( λ ∂t
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 ) + λ
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In above equation T, λ, H, t, ρE, ϕ and Q denotes temperature, the thermal conductivity, enthalpy, time, electrical 
resistivity of material, electrical power and heat generation rate per unit of volume respectively. The differential 
equation of governing current conduction for the electrical potential field in the electrode sheet order can be find 
by the following equation [32]: 
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The electrical  contact resistances (ECR) is vital the welding process especially at the initial stages and this property 
are defined to solve the contact problem between the electrode and AISI 316L, AISI 316L and electrode. As a 
result of ECR, Joule heat generates at contact interfaces. Therefore, the ECR is defined as the resistance per unit 
area at the contact interfaces. The ECR is calculated as follow [32]: 

qe = (∆U)
ECR 

2
 (4) 

Where qe  and ∆U are heat generation rate and electrical potential difference along the contacting interfaces 
respectively  

The thermal contact resistance (TCR) per area along contact interfaces are calculated as expressed in the equation 
below [32]:  

qh = ( ∆T
TCR

)                  (5) 

where qh and ∆T are heat flux and temperature difference respectively. 

Furthermore, the presence of multi-phases such as liquid, solid, solid state transformation and solid-liquid 
transition in the welding area consider the most crucial problem which is exerted impact on the heat generation in 
regard with temperature distribution. The problem of latent heat during the analysis of RSW model is solved based 
on determination of Enthalpy which is calculated as follow [33]:        

H = ∫ ρC(T)dt  (6) 

Where ρ and C(T) are density and specific heat of weldments respectively. 

RESULTS 

Tensile-shear test 

Fig. 5 exhibits the consequences of tensile-shear force test, where the test was performed and the results evidenced 
that the least tensile-shear force was 2.8 KN at electrode pressure 20 bar, welding current 6000A, squeeze time 
0.75 s., and welding time 0.75 s., while the maximum tensile-shear force was 4.6 KN that is acquired at the 
electrode pressure 30 bar, welding current 6000A, squeeze time 0.5 s., and welding time 0.5 s. For the all samples, 
the failure happened at HAZ for each sample, this demonstrates to acquire the utmost joint strength on the selected 
range of welding parameter. Where a rational different in the estimations of force was recognized in distinct 
welding conditions. 
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Figure 5. Tensile-shear force 

Design of Experimental analysis 

A program of Minitab was utilized to investigate the results information from the test of tensile-shear with the 
assistance of the Taguchi method. The welding parameters of all samples illustrated in table 3 were carefully as 
entry information in this program. The tensile-shear force was supposed as output information whose has been 
statistical construe by the Taguchi technique through the plot of interaction and main effect. 

Main Effect Plot 

Fig. 6 delineates the main effect plot of welding parameters of RSW; "welding current, electrode pressure, squeeze 
time, and welding time" on the tensile-shear force of the welded samples. The results demonstrated that all 
parameters included an influence on the tensile-shear force of the joint. The acute effect of the squeeze time was 
found in contrast with other welding parameters. Increasing the squeeze time brought diminishing the tensile-
shear force of the welded samples. While, it was discovered that the increment of tensile-shear force with rising 
of the welding current and welding time of the RSW parameter until the 6000A & 0.5 second, respectively, but it 
decreases with an accretion of these RSW parameters. The oscillate influence was found of the electrode pressure 
on the tensile-shear force; when increasing this welding parameter to 25 bar diminished the tensile-shear force, 
however the electrode pressure when it's above than 25 bar excess the tensile-shear force of the welding samples. 

Figure 6. Main effect of RSW process parameters 
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Interaction Plot 

The input information of RSW process parameters was statistically analyzed to acquaintance the influence of 
every two process parameters of RSW on the output response (tensile-shear force) by means of the Minitab 
program. The interaction chart was utilized to recognize the influence of the RSW process parameters on the 
tensile-shear force, shown in fig. 7. Table 4 abbreviate the depiction of fig. 7. 

Figure 7. Interaction plot of tensile-shear force 

Table 4. Effect of two parameters on the tensile shear force 

Two parameters The effect (better state) 
Welding current with 
electrode pressure 

The Welding current 6000 A gave maximum amounts of tensile-shear force, 
when the electrode pressure 30 bar. 

Welding current with 
squeeze time 

The Welding current 6000 A gave maximum amounts of tensile-shear force, 
when the squeeze time 0.5 sec. 

Welding current with 
welding time 

The Welding current 6000 A gave maximum amounts of tensile-shear force, 
when the welding time 0.5 sec. 

electrode pressure with 
squeeze time 

The electrode pressure 30 bar gave maximum amounts of tensile-shear force, 
when the squeeze time 0.5 sec. 

electrode pressure with 
welding time 

The electrode pressure 30 bar gave maximum amounts of tensile-shear force, 
when the welding time 0.5 sec. 

Squeeze time with welding 
time 

The Squeeze time 0.5 sec gave maximum amounts of tensile-shear force, when 
the welding time 0.5 sec. 

It was established which the optimum tensile-shear force in the welding of similar stainless steel by RSW is F = 
1.436 KN. Also, the batter of RSW process parameters that improve the optimum tensile-shear force were welding 
current 6000A, electrode pressure 30 bar, squeeze time 0.5 sec, and welding time 0.5 sec. 

Finite element results 

The numerical simulation process displays the gradual heat generation, conduction, and progressive development 
in the nugget zone, moreover, the Dynamic current flow dominates the heat generation during the whole welding 
process. Fig. 8 presents the numerical results of the temperature distribution at various welding time stages, as 
shown the temperature distribution is in a radial orientation which is attributed to spreads of the current flow in 
the radial orientation as the contact region enlarge in the same orientation as well. The squeeze time is 0.5 sec, 
welding time is 0.5 sec, the welding current is 6000 A, the electrode pressure is 30 bar. As obvious from fig. 8a 
the temperature at the initial welding stage records high level than the other regions at the surfaces of the sheet- 
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sheet and electrode – sheet of welding process due to generated high current density at these contact interfaces 
and the produced temperature at the center of the faying interface welding was increased very fast. The AISI 316L 
heat resistance dramatically rises as the current evolution although the current is stayed constant owing to the 
rising AISI 316L resistivity as the sheet metal heats up.  

In addition, when the contact regions at the interfaces begin to enlarge as a result of sheet metal softening and 
deformation, the electric resistance of AISI 316L launch to decrease though the electrical resistivity of the sheet 
metal remains to raise with the temperature of sheet metal. The expansion contact of the region and the increase 
in the temperature of the material is considered vital because it leads to a slow decrease in the heat resistance of 
the material, Also the heat resistance considered the main factor resulted in the temperature distribution and as it 
is shown in figure 8, its amount represents the highest at the interfacial contact of the sheet - sheet. It is clearly 
shown that the highest temperature at the initial welding stage is 530°C at the sheet-sheet interface which is 
attributed to the Joule heat created along the contact interface line between the two sheets, while the generated 
temperature of the sheet-electrode increased slowly and its value still the same of the initial.  

The carbon content of AISI 316L is 0.026 as is illustrated in table 1, as it has well known the AC1 which represents 
the temperature range of austenite phase generation equal 723°C and the complete and the temperature range of 
austenite completion AC3 is 910°C, therefore the microstructure of the welded joints at this stage still the same 
as long as the generated welding temperature is below than AC1 and it is worth mentioning the temperature 
distribution at the electrode – sheet contact interface is more lower in comparison with that value of the sheet - 
sheet. Henceforth the controlled parameter of the effect on the welding temperature distribution is the magnitude 
of the lower and upper sheets. In the next welding stage, the generated welding temperature reaches 1340°C and 
this means the two sheets get entered into plastic coherence phenomenon, but it stills lower than the melting point 
of AISI 316L is 1400°C. At the following stage, the temperature reaches above 1600°C, therefore the melting 
process has been occurred at the faying surface, and then increasing the volume of the molten material around this 
surface and progressively increase unto the welding current is disconnected.  

The highest value of temperature in this region is higher than that of AC3, consequently, the austenite will fill this 
area. It worth noticing the maximum welding temperature was kept at the center of the contact interface of the 
sheet-sheet during the whole RSW process, another interesting observation is that the shape of pool molten metal 
is elliptical as a consequence of the cooling water at the electrode and this elliptical shape represents the nugget 
zone. The heat-affected zone (HAZ) is generally defined as the region concealed between the interfacial contact 
of AISI 316L and the welding electrode. When the generated temperature continued in increasing, the nugget zone 
is kept growing until the maximum temperature reaches above 1970°C as shown in fig. 8, therefore the nugget is 
fully formed at this stage, whereas the temperature at the sheet-electrode contact raised much more slowly and 
the highest level was recorded 882.36 °C. 

Figure 8. Numerical results of temperature distribution 
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CONCLUSION 

AISI 316L stainless steel was weld by RSW process were experimentally and numerically investigated, the 
following conclusions were observed: 

1- The tensile-shear force of joint was increment with rising the welding current until 6000A. 
2- The tensile-shear force of the joint was increment with growing the applied electrode pressure above 25 bar. 
3- The tensile-shear force of the joint was diminution with increasing the squeeze time above 0.5 sec. 
4- The tensile-shear force of the joint was increment with growing the welding time until 0.5 sec. 
5- A multi-physics coupled electric-thermal model is very accurate to simplify the interfacial contact problem 

and simulate the RSW process.   
6- The evolution of the nugget size owing to the increase in the contact radius which is described by a sort of 

little growing followed by a gradual decline unto the completion of the RSW process. 
7- A predictive model for the temperature distribution is accurately achieved with the aid of thermal contact 

resistance (TCR) modification. 
8- The developed model was revealed to give effectively tool invalidating the operation of RSW design thoughts 

such as the geometrical shape of electrodes and design of weld precdure before time-consuming and costly 
experimental tests. 
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