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Resistance spot welding (RSW) is an important fusion welding process used in many applications, including 
storage tanks, pipes, and medical tools. For this, should be improved the joints and developing the process 
parameters and through this research will be discussed the results and concept development. Herein, 1 mm-thick 
AISI 316 austenitic stainless steel was welded by RSW, and the effect of the welding process parameters, such as 
“welding current, pulses, squeeze time, and welding time”, on the mechanical properties, nugget diameter (ND), 
and microstructure of AISI 316 were investigated. As a result, there was a direct relationship between shear-tensile 
force and ND. The maximum shear-tensile force (12.5 kN) was obtained using 7500 A, 3 pulses, 1.8 s squeeze time, 
and 1 s welding time. The ND was maximized using 7500 A, 3 pulses, 1.6 s squeeze time, and 0.8 s welding time. 
The DOE analysis gives an indication about the relation between the parameters and ND on the hand and the 
parameters and shear strength on the other hand. The microstructure was investigated by optical microscopy, 
revealing the presence of martensitic, widmanstatten austenite, and ferrite structures.  
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1. Introduction 

 
 The Resistance Spot Welding process is one of the important welding methods, and so it was utilized 
as a joining process in stainless steel welding which had a thin thickness for manufacturing structures, 
particularly in the lightweight industries, building ships, and automotive. Automobiles generally require more 
than 3000 welds performed by resistance spot welding (RSW) [1-3], which is the most suitable technique for 
rapidly joining metal sheets and plates. Notably, the common applications of RSW are railway vehicles, 
appliances, buses, truck trailers, recreational vehicles, and office furniture. RSW is also applied in space and 
aeronautical applications [4-6] and can be used to weld similar and dissimilar metals [7-9]. For example, an 
aluminium joint can be joined to steel by RSW [10-12]. 
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The RSW process involves multiple physical interactions, including electrical, mechanical, metallurgical, and 
thermal phenomena. The major process parameters are “welding current, pressure, squeeze time, and welding 
time”. The weld quality is mainly influenced by the welding current, welding time, and electrode force. Multiple-
solidification welding schedules and multi-ring domed electrodes are used to obtain high-quality weld nuggets 
with high joint strength [13]. Moreover, the design of experiment (DOE) approach can be used to determine the 
effects of RSW parameters on the properties of welded joints. The welding current is the most influential factor 
on the molten metal pool and the heat-affected zone (HAZ). Changes in “sheet thickness and welding time” also 
contribute to the weld properties, but the effects of the other parameters were less important [14].  
 In this study, the influence of the microstructure of metallic sheets on the mechanical properties of the 
RSW was evaluated, considering that homogeneous spot welds usually provide high shear-tensile strength 
[15]. The size and shape of the weld nuggets (WN) are related to the quality and strength of the RSW welds. 
In the RSW process, heat generation and nugget size are directly correlated. The heat generated through 
welding and the resulting shape and size of the WN are primarily determined by the contact resistances at the 
faying surface between workpieces, as well as the “welding current, welding time, and sheet thickness” [16, 
17]. Welding current and time can be raised to make the nuggets bigger. However, an increase in welding 
energy may result in significant surface indentations and weld spatter because the resistance heat typically 
concentrates in the nugget's centre. Because of the increased stress concentration, the nugget strength may be 
reduced, and the welding process may become unstable [18-22]. These process parameters must be optimised 
to acquire the maximum WN size and joint force.  
 In contrast, the temperature created at the sheet/electrode interface and subsequent weld oxidation has 
received less attention. The oxidation of stainless steel is a well-known result of chromium depletion in the 
material, thus affecting its corrosion resistance properties [23]. The mechanical properties are improved by 
using the acceptable current range and suitable conditions to increase the spot weld size [24]. In the present 
study, Minitab was utilised to analyse the effects of the technique parameters on the joint properties, 
considering that the surface treatment can significantly affect the shear strength [25, 26]. RSW was conducted 
to weld alloy materials according to the “AWS/ANSI C1.1M/C1.1:2012 standard”, while accounting for the 
“welding current, pulses, squeezing time, and welding time” [27]. 
 Specifically, the effects of the RSW method parameters on the mechanical properties and size of weld 
nuggets were studied, using AISI 316 stainless steel. The results were analysed using the design of the 
experiment method (DOE) to evaluate the influence of each parameter on the nugget diameter (ND) and 
mechanical properties. These results can be employed to optimise the RSW parameters for joining AISI 316. 
DOE is a structured approach for collecting data and making discoveries. 
 
2. Experimental procedure 
 
2.1. Material and specimen 
 
 The AISI 316 alloy was used because of the higher importance of its applications with 1 mm thickness 
welded employing the RSW process, as illustrated in Fig.1, which indicates the dimensions of the welded 
samples and welding region. The mechanical properties and chemical composition of the AISI 316 are 
displayed in Tabs 1 and 2, respectively. 
 

 
 

Fig.1. Schematic of welded sample. 
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 The parameters employed for welding the samples are indicated in Tab.3. The samples were joined by 
RSW based on the parameters listed in Tab.3, and representative results are shown in Fig.2. All the parameters 
within the acceptance criteria of the resistance spot welding. 
 
Table 1. Mechanical properties AISI 316. 
 

Material Property Yield strength 
σy, (MPa) 

Tensile strength 
σu, (MPa) Elongation (%) Hardness 

Brinell HB 
AISI 316 285 636 34 198 

 
Table 2. The chemical composition of AISI 316. 
 

Element wt% AISI 316
C 0.07 
Cr 17.3 
Ni 11.4 
Mo 2.62 
Mn 1.19 
P 0.025 
Si 0.52 
S 0.02 
N 0.08 
Fe Bal. 

 
Table 3. Process parameters used for joining AISI 316. 
 

No. Welding current (A) Sq. time (sc.) welding time (sc.) Pulse 
1 4500 1.2 0.6 1 
2 4500 1.6 0.8 2 
3 4500 1.8 1 3 
4 6000 1.2 0.8 3 
5 6000 1.6 1 1 
6 6000 1.8 0.6 2 
7 7500 1.2 1 2 
8 7500 1.6 0.6 3 
9 7500 1.8 0.8 1 

 
2.2. Shear-tensile force test 
 
 Shear-tensile force tests were performed at room temperature with a maximum load of 50 kN and a 
crosshead velocity of 10 mm/s. The spot-welded behaviour of AISI 316 under static load was assessed to 
determine the force and ND after failure. 
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Fig.2. The welded samples. 
 
2.3. Microstructure test 
 
 The sample was cut across the transverse direction of the welding joint, and various preparation 
procedures “(mounting, grinding, polishing, and etching, respectively)” were performed to acquire smooth and 
mirror-like surfaces.  
 Mounting: The metal sample is mounted by placing it in a mold and then filling the mold by a suitable 
material that embeds the metal sample and holds it firmly.  
 Grinding: this process removes cutting marks and cleans the specimen surface, The principle of this 
process is depends on the fact that it is abrasive particles in succession finer grain sizes are utilized to remove 
materials from the surface of the sample Until getting the desired result. 
 Polishing: The purpose of this process is to ensure that the sample structure is made visible with a 
superficial finish that didn’t disturb the examination. This is typically done in two or three steps using suitable 
cloths of polishing and progressively finer abrasives. 
 Etching: A chemical technique process is utilized to highlight materials features at microscopic levels. 
An optical microscope was employed to inspect the morphology and microstructure. 
 
3. Results and discussion 
 
 In this research the results are discussed with the other researchers and with the aid of DOE improved 
the results. Many applications can use these results in manufacturing and industries. 
 
3.1. Shear-tensile force 
 
 The shear-tensile specimens exhibited button pull-out, making it possible to estimate the ND. It also 
quantified the shear-tensile force of the welded joints, providing information about the spot weld failure 
mechanisms and joint quality. 
 Figure 3 displays the welded samples after the shear test, revealing the fracture surfaces of the RSW 
joints, including peeling fracture and shearing-off fracture, with and without deformation [28]. 
 The shearing-off fracture without deformation: provide an indication of low-quality RSW process joints.  
 For shearing-off fracture with deformation:  the adhesive forces between the two samples of steel plate 
were higher than that for shearing-off fracture without deformation. 
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 For peeling fracture: the nucleated cracks around the RSW process joints, and propagated along the 
RSW joints edge with increasing displacement. The RSW process lab joints with peeling fracture had higher 
shearing tensile strength and deformation than those with shearing-off fracture. 
 The ultimate shear-tensile strength indicates the highest fracture resistance of the welded joint. Figure 
4 indicates the shear-tensile force results. The maximum shear-tensile force was 12.5 kN (sample No.7), the 
minimum was 3.7 kN (sample No.1), and the welding parameters of the sample are specified in Tab.3. 
 

 
 

Fig.3. The samples after shear-tensile testing. 
 

 
 

Fig. 4. Shear-tensile force 
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3.2. Design of experiment (DOE) 
 
 The shear-tensile force test results were analysed based on the DOE, which helps explain the effects 
of various parameters on the mechanical properties and ND. 
 Figure 5 indicates the effects of welding parameters on shear-tensile force: 

• The shear-tensile force increases as the welding current increases.  
With the increasing welding current for the RSW process, the amount of melting of the base metal 
will be increased gradually, which will increase the weld nugget width. Thus, the strength of 
bonding of the RSW joint increased, and the tensile shear force increased as a result. 

• The shear-tensile force increases as the pulse increases. 
The increase in pulse will enlarge the connection joint area between the two samples, and as a 
result, will increase the joint strength. 

• Squeeze time has a variable effect on shear-tensile force. The shear-tensile force is higher at 1.2 s 
than at 1.6 s and then increases to the maximum value at 1.8 s. 

• The shear-tensile force continuously increases as the welding time increases. 
Figure 6 displays the effects of welding parameters on the ND: 

• The ND increases as the welding current increases.  
• Increasing the pulse also increases the ND. 
• Squeeze time has a variable effect on ND, which increases at 1.2-1.6 s and then decreases at 1.8 s. 
• Welding time has a variable effect on ND, which increases at 0.6-0.8 s and then decreases at 1 s. 

Improving the weld nugget gives a good tensile strength [13, 18]. The size and shape of the weld nuggets 
controlled the quality and strength of the joints [16, 17]. 
 

 
 

Fig.5. Mean effects of parameters on shear-tensile force. 
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Fig.6. Means effects of parameters on ND. 
 
3.3. Relation between the shear-tensile force and the nugget diameter (ND) 
 
 Figure 7 shows the NDs obtained after performing the shear-tensile test. The lowest ND was 6.2 mm, 
and the largest ND was 13.7 mm, which occurred for samples No.1 and 7, respectively. The most widely 
employed metric for evaluating the quality of a weld is the ND. The amount of energy that the joint can absorb 
before failing, and thus its strength, is often inferred from the measured ND [29]. 
 

 
 

Fig.7. NDs of the samples after shear-tensile force testing. 
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 The relation between the shear-tensile force and the ND is shown in Fig.8. The shear-tensile force 
increased when the ND increased from 6.2 to 11.65 mm. However, it suddenly decreased at 10.35 mm and then 
recovered, reaching the maximum shear-tensile force at the maximum ND. Direct correlations were found 
between ND and the tensile-shear force for AISI 316. A smaller spot diameter indicates a weaker joint, but a 
larger spot diameter and larger ND can provide a sufficient joint quality [29]. 
 

 
 

Fig.8. The relationship between shear-tensile force and ND. 
 
3.4. Microstructure test. 
 
 Figures 9 and 10 shows the microstructure of the welding zone, base metal, and HAZ.  
 

 
 

Fig.9. The microstructure of the AISI 316 welding zone. 
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 The solid-liquid phase transformation was observed in the welding zone. In the welding zone, 
columnar grains formed in the direction of the compression force imposed by the electrode. The presence of 
martensitic, widmanstatten austenite, and ferrite structures was confirmed, as shown in Fig.6, because the fast 
cooling rate of the molten metal. Martensitic and widmanstatten austenite structures form in hypoeutectic 
stainless steel during fast cooling and there is no preheat or post heat treatment. The HAZ is indicated in Fig.7, 
where no phase transformation occurs, just grain growth [30]. For improving the microstructure should be 
preheating and post-heat treatment for the weld nugget to achieve better microstructure. 

 

 
 

Fig.10. Optical images of the base metal, HAZ, and fusion zone. 
 
4. Conclusion 
 
 RSW and the effects of “welding current, pulses, squeeze time, and welding time” on the shear-tensile 
force, ND, and microstructure of AISI 316 were investigated in this study. The results demonstrated that the 
welding current and pulse significantly affected the shear-tensile force because they are directly associated 
with heat generation during welding. Furthermore, an increase in ND influenced the shear-tensile force of the 
welded joint, which contained martensitic, widmanstatten austenite, and ferrite structures. In the future many 
problems can be studied like; the improvement of microstructure by preheating and post-heating, using other 
parameters and its effect on the weld nugget, …etc. 
 This research solved many problems which face manufacturing and contributed to improving the 
industries which deal with the RSW of stainless steel.  
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Nomenclature 
 
 RSW – Resistance Spot Welding 
 AISI – American Iron and Steel Institute 
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 ND – Nugget Diameter 
 DOE – Design of Experiment 
 HAZ – Heat-Affected Zone  
 WN – Weld Nuggets 
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