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ABSTRACT 
In this study, mechanical properties of resistance spot welded joints of ferritic stainless steel sheets with 

unequal thickness were investigated. Influence of welding current on mechanical properties, such as load bearing 

capacity, failure energy and failure mode were investigated. Geometrical attributes of the weld, such as nugget size 

and weld penetration were also analysed. Microstructure at various locations, such as fusion zone and heat affected 

zones were examined and correlated with mechanical properties. Increasing input current resulted in enlargement of 

the nugget size, better weld strength and improved energy absorption capacity, in expulsion free welds. Fusion zone 

hardness was found to be more than that of base metal. Nugget shape was found to be asymmetrical, with the centre 

line of the nugget getting shifted towards the thicker sheet side. 
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1. INTRODUCTION 
Resistance spot welding is a fusion welding process in which heat is generated by the resistance of the sheets 

being welded, by the flow of a localized current (Pouranvari, 2013). It is widely used in automotive and rail car 

industries (Thakur, 2010). Two copper electrodes are used to press the work sheets together with pressure and high 

current is made to pass through it. The growth of the weld nugget is, therefore, determined by its controlling 

parameters such as current, weld time, electrode tip size, and force (Goodarzi, 2009; Feng, 2006). A modern vehicle 

typically contains 2000 to 5000 spot welds (Chao, 2003). 

Vehicle crashworthiness, which is defined as the capability of the vehicle structure to provide adequate 

protection to its passengers in the event of a crash, largely depends on the integrity and mechanical performance of 

the spot welded joints (Pouranvari, 2008). Therefore, evaluation of spot weld quality is vital to ensure reliability of 

a vehicle.  

Ferritic stainless steels account to nearly half of the AISI 400 series stainless steels. They are considered as 

cheaper substitutes to austenitic stainless steels (Mohandas, 1999). Nowadays, ferritic stainless steels are widely used 

for structural applications of buses and rail coaches (Pouranvari, 2015).  

Often, it is required to weld sheets of dissimilar thickness by RSW. In spite of so many applications involving 

dissimilar thickness spot welding, reported literature dealing with the same are limited. Quality and mechanical 

behavior of the spot welded joint significantly affect the durability and crashworthiness of the vehicle (Alizadeh-sh, 

2015; Sun, 2008). Hence in this study, an attempt is made to investigate the nugget growth and mechanical 

performance of dissimilar thickness spot welded joints of AISI 409M ferritic stainless steel with respect to change 

in welding current.  

2. MATERIALS AND METHODS  

Material: In this study, 2mm and 3mm  thick cold rolled sheets of ferritic stainless steel AISI 409M were welded 

by resistance spot welding. Test samples for tensile shear test were made ready, confirming to ISO 14273 standards 

(ISO 14273, 2000). The size of the test specimen used in this study was of 60 mm width and 138 mm length. Chemical 

composition of both the test materials was tested with spectrometer and is shown in Table 1. 

Table.1. Chemical composition of test material (Percentage by weight) 

Grade C Si Mn P S Cr Cu Ni Ti Fe 

AISI 409M 0.03 0.415 0.875 0.027 0.013 12.32 0.014 0.072 0.02 Balance 

Experimental: The experiment was conducted on a PLC controlled, 75 KVA, pedestal type resistance spot welding 

machine (Make-Jaihind Sciaky, Model- P252). Truncated cone type electrodes made of copper alloy, with a tip 

diameter of 8 mm, RWMA class 3, were used for welding. Welding was done with varying current, starting from      

7 kA (Kilo ampere) to 15 kA with a regular increment of 1kA. Electrode force and welding time values were kept 

constant, as 3.5 kN (kilo Newton) and 17 cycles (1 cycle = 20 milliseconds) respectively, based on preliminary trials. 

Values of other parameters such as squeeze time, hold time and off time were chosen as 40 cycles, 20 cycles and     

20 cycles respectively, throughout the experiment. 

Mechanical Tests: Tensile shear test was conducted on a universal tensile testing machine (Make-TE-Jinan, Model-

WDW 100). Peak load- the load corresponding to the peak point in the load-displacement curve of tensile shear test, 

was recorded for each test sample. The energy absorbed during failure was determined by measuring the area below 
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the load-displacement curve, up to the peak load, of tensile shear test (Zhang and Zenkara, 2006) as shown in 

Figure.1.  

 
Figure.1. A typical load-displacement curve in tensile shear test of RSW joint (Zhang and Zenkara, 2006) 

Mode of failure such as, interfacial mode or pull out mode, in each sample was noted during the tensile shear 

test. To determine the size of the nugget, peel test was carried out on specimens, welded at varying currents and 

average diameter of the nugget was recorded corresponding to each current value.  

Metallurgical Study: Specimens for microstructure examination were prepared according to standard 

metallographic procedure. Etching of the specimens was done with Kalling’s No. 1 etchant. Microstructure 

examination was carried out at various locations such as base metal (BM), heat affected zone (HAZ) and fusion zone 

(FZ) by optical microscopy. Fusion zone size was also measured through microscope using wire cross sections. 

   Micro hardness was measured by hardness tester, Make-Shimadzu, 0.5Kg. Micro hardness was taken at the 

fusion zone of each specimen. 

Macroscopic Test: Macrograph of spot welded dissimilar thickness joint consists of three distinct regions such as 

BM, HAZ and FZ. Geometrical characteristics such as size and shape of the nugget, amount of penetration of the 

weld can be obtained from the macrograph.  

3. RESULTS AND DISCUSSION 

Mechanical Properties: Mechanical properties of the dissimilar metal spot welded joint have been analysed by 

recording tensile shear strength, failure energy, nugget size and micro hardness. It was observed that there is a direct 

correlation between peak load and welding current. Scatter plot of peak load with current is shown in Figure.2. 

However, it can be seen from the graph that, at higher current values, peak load does not increase with further increase 

in current, due to expulsion. Expulsion results in heat and metal loss from the weld, causing reduction in peak load. 

Fusion zone size increases with increase in current value, as a result of additional heat input and subsequent increased 

melting of metal. The correlation between nugget diameter and current is given in Figure.3. As in the case of tensile 

shear strength, nugget diameter ceases to be in direct relationship with current, at high current ratings, due to 

excessive expulsion. It is well documented in studies in the past, that fusion zone size is one of the most important 

controlling factors of peak load (Pouranvari, 2007). 

  
Figure.2. Tensile shear strength-current graph Figure.3. Effect of current on nugget diameter 

Failure energy or the energy absorbing capacity of the weld joint also was found to be in direct relationship 

with current (Figure.4). Failure energy in a tensile shear test depends upon the peak load and the displacement during 

failure. The energy absorption capacity of the weld joint increases with increase in current, primarily, due to increase 

in fusion zone size. Again it was observed that expulsion associated with high welding current results in drop of 

failure energy.  

  
Figure.4. Effect of current on failure energy Figure.5. Effect of nugget size on peak load 
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The correlation between nugget diameter and peak load is given in Figure.5. It can be seen that peak load 

increases with increase in nugget diameter. Increase in nugget size increases the area to resist the external load and 

hence peak load increases with increase in nugget size. 

In spot welding, usually failure occurs in two modes such as, interfacial mode and pull out mode. In 

interfacial mode, failure occurs by crack propagation along the nugget in a plane parallel to the surface of the sheet, 

whereas, in pull out mode, complete withdrawal of the nugget from one of the sheet takes place (Pouranvari, 2007; 

2011). In tensile shear test of dissimilar thickness spot welded joint, test samples welded at current value of 12 kA 

and below were found to be failing by interfacial mode. Peak load and failure energy for those welds which fail in 

pull out mode are usually better than those welds, which fail under the interfacial mode (Pouranvari, 2007).  

Macrostructure: The macroscopic image of the spot welded joint is given in Figure.6. An asymmetrical nugget 

shape has been observed, in dissimilar thickness spot welded FSS joint, with the size of the FZ on the higher thickness 

side being larger than that of the lower thickness side. It can also be observed that the penetration in the larger 

thickness side is more than that at the smaller thickness side. 

The asymmetrical weld nugget in dissimilar metal spot welded joints can be attributed to the difference in 

thickness. The side with larger thickness will melt more as the heat concentration there will be more compared to the 

other side, since the distance from the faying surface to the electrode tip is more in case of the thicker plate. Also, 

the bulk resistance in the thicker sheet is more than that of thinner sheet and as a result, more amount of melting 

takes place in the thicker side.  

In RSW, heat balance can be defined as a condition in which the fusion zones in both the sheets being joined 

will undergo approximately equal degree of heating and pressure (Pouranvari, 2011). In such a situation, the weld 

profile will be symmetrical and both the sides will have equal amount of penetration. Heat balance is influenced by 

thermal and electrical conductivities of the metals being joined, geometry of the weldment and geometry of the 

electrode tip. When the sheets of different thickness are joined, the heat balance is disturbed primarily because the 

bulk resistances in both sides are not equal. 

It can be observed from the macrograph that the centre line of the nugget is shifted slightly from the plane 

of mating surfaces towards the side of thicker sheet.  

  
Figure.6. Macrograph of the weld Figure.7. Penetration level of sheets with increase 

in welding current 

  Penetration level of both the sides was measured for all the samples welded with varying current from 7 kA 

to 15 kA. It was observed that the penetration level on thinner sheet is more than that of thicker sheet for all the 

current values (Figure.7). At 13 kA of welding current, the penetration of 2 mm sheet side was 1.4 mm (70%), 

whereas that of 3 mm side was 2.58 mm (86%). For the thinner side, heat can be dissipated easily compared to the 

thicker side, as the electrode, which is a copper alloy with cooling water flowing inside, is placed nearer to it. Hence 

the extent to which metal is melted in the thinner sheet is less than that of the thicker sheet. The difference in 

penetration level can be attributed to this reason. Since the bulk resistance of thicker sheet is more than that of thinner 

sheet, it is possible that more heat is generated at the thicker sheet side, compared to the thinner sheet side. The 

additional heat generated in this way also contributes to the deeper penetration of weld nugget in the thicker sheet 

side.  

Microstructure: A fully ferritic microstructure with equaiaxed ferrite grains was seen in the base metal of FSS 

(Figure.8). 

In the HAZ of FSS, while examining the microstructure, two distinct regions were observed (Figure.9). The 

region close to the base metal, where relatively lower temperature prevailed (LTHAZ), consists of fine grains of 

ferrite with a small amount of martensite along the grain boundaries whereas the region next to it and close to the 

fusion zone, where relatively higher temperature was experienced during the welding process (HTHAZ), exhibited 

coarse grains of ferrite. Similar result was reported in the past in RSW of AISI 409M steel sheets of equal thickness 

(Subrammanian, 2016).  

http://www.jchps.com/


Journal of Chemical and Pharmaceutical Sciences   Print ISSN: 0974-2115 

JCHPS Special Issue 12: August 2017 www.jchps.com   Page 11 

  
Figure.8.  Microstructure of base metal Figure.9. Microstructure at HAZ 

Microstructure of fusion zone was found to be consisting predominantly of columnar ferrite with a small 

amount of martensite along the grain boundaries (Figure.10). Higher micro hardness values obtained at fusion zone 

can be attributed to the presence of martensite. 

  
Figure.10. FZ Microstructure, arrow marks shows 

martensite 

Figure.11. Effect of  current on   

FZ - microhardness 

Micro hardness: On analysing the micro hardness values of the fusion zones of weld samples welded at different 

current, it was found that the micro hardness values increased slightly with increase in current (Figure.11). This could 

be due to the variation in the cooling rate when the heat input increases with rise in current. Along the nugget, 

microhardness was found to be increasing from base metal area to the fusion zone area. The ratio of fusion zone 

hardness to base metal hardness was nearly 1.42. Though, along the HAZ there was an increase in microhardness, 

its value dipped at the high temperature HAZ area, near to the fusion zone boundary, due to excessive grain growth. 

The grain growth at this area can be related with the absence of high temperature austenite in FSS and the rapid 

cooling rate inherent with resistance spot welding (Lippold and Kotechi, 2011).  

In pull out failures, the failure location was found to be the HAZ of 2 mm thickness sheet. Softening of the 

HAZ due to grain growth offered a preferred location for fracture. However, in the low temperature HAZ, fine grains 

were noticed. 

4.  CONCLUSION 

Resistance spot welded joints of dissimilar thickness sheets of AISI 409M ferritic stainless steel were 

investigated for mechanical properties and microstructure transformations. The following are the important 

conclusions of this investigation. 

 Unlike sheets with similar thickness, level of penetration in each of the two sheets was found to be unequal. 

Penetration level was more in thicker plate compared to the thinner sheet. 

 Load bearing capacity and energy absorption capacity of the joint increased with increase in welding current 

in expulsion free welds.  

 Transition of failure mode took place from interfacial to pull out mode, beyond a welding current value of 

12 kA. 

 Fusion zone microstructure consists of predominantly of ferrite with small amount of marten site. 

 Asymmetrical nugget shape was observed, with the nugget area at the thicker sheet side being larger than 

the thinner side, due to difference in bulk resistance of the sheets. 
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