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Abstract: In this paper, the effect of fusion zone size on the mechanical properties of drawing quality 
specially killed (DQSK) low carbon steel resistance spot welds is investigated. Microstructure, 
hardness profile and the quasi-static tensile-shear tests were studied. Mechanical performance was 
described in terms of peak load and energy absorption. Results showed that the fusion zone size is the 
key controlling factors of the peak load and energy absorption of DQSK steel resistance spot welds. 
Regression-based relation was obtained to correlate to mechanical performance of the spot welds with 
fusion zone size. 
 
Key words: Resistance spot welding, Fusion zone size, Mechanical properties, DQSK steel. 
 

INTRODUCTION 
 

Resistance spot welding is the predominant process in the sheet metal joining, particularly in automotive 
industry. Vehicle crashworthiness, which is defined as the capability of a car structure to provide adequate 
protection to its passengers against injuries in the event of a crash, largely depends on the integrity and 
mechanical performance of the spot welds (Pouranvari et al., 2008; Sun et al., 2008).  

Analyzing and predicting the spot welds performance and their failure is a challenging problem. Spot weld 
performance refers to the overload and dynamic (fatigue and impact) performance. Because of the dynamic 
nature of many sheet metal assemblies such as automobiles, dynamic strength of the spot welds should be of 
primary importance in the weld quality requirements. It plays a key role in safety, reliability, and integrity of the 
welded structures (Zhang and Senkara, 2005). Accidents, rough roads or driving conditions which apply 
excessive loads on the vehicle, are some of the cases which can cause overload failure (Pouranvari et al., 2007).  

The complexity of the spot welds comes from a number of factors including: 
(i) Failure mode and failure mechanism of spot welds is a complicated phenomenon. Failure mode and failure 

mechanism largely depend on the complex interplay between the weld geometry and fusion zone/heat 
affected zone/base metal materials properties as well as the test geometry, and the stress state in each weld 
(Zuniga, 1994; Pouranvari and Marashi, 2009; Pouranvari and Marashi, 2010). Therefore, the prediction of 
the failure mode and failure location is a challenging issue.   

(ii) Spot weld does not have a homogenous structure. Due to the weld thermal cycle, three distinct 
microstructural zones (i.e. fusion zone, heat affected zone and base metal) are created in the weld and its 
vicinity (Pouranvari et al., 2007). This microstructural heterogeneity complicates the failure analysis and 
the failure mode prediction, since analyzing the spot weld failure requires the characterization of the failure, 
strain hardening and the strain rate sensitivity properties of the fusion zone and heat affected zone (Zuniga, 
1994). 

(iii) Strength mismatch between the fusion zone, the heat affected zone and the base metal creates strain 
concentration at the lower strength microstructural zone. Therefore, to predict the spot weld failure, the 
strain gradient should be known (Zuniga, 1994). 

(iv) Geometrically, spot weld causes an external crack at the joint . Moreover, applying electrode force during 
resistance spot welding process creates an indentation; therefore, stress concentration is created at the 
indentation wall (Goodarzi et al., 2008; Pouranvari, 2011). Thus, the stress concentration associated with 
these two effects, should be considered in analyzing the spot weld failure. 
 
In this paper, the effect of the weld geometrical factor (i.e. fusion zone size) on the mechanical performance 

of the drawing quality specially killed (DQSK) low carbon steels spot welds is investigated.  
 
Experimental Procedure:  

2 mm thick DQSK low carbon steel was used as the base metal, in this research. Spot welding was 
performed using a programmable logic controller (PLC) controlled 120 kVA AC pedestal type resistance spot 
welding machine. Welding was conducted using a 45-deg truncated cone RWMA (resistance welding 
manufacturing alliance) Class 2 electrode with 8-mm face diameter. A two-pulse AC current with no 
intermediate cooling between pulses was used.   
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To investigate the effect of the weld fusion zone size on the mechanical properties of the welds, welding 
current was varied step by step from 10 kA to 14 kA. Welding time, holding time and electrode force were kept 
constant at 9 cycles, 20 cycles and 5 kN, respectively.  

The static tensile-shear test samples were prepared according to ANSI/AWS/SAE/D8.9-97 (1997) standard. 
14060 mm samples were cut and a single spot weld was made at the center of an overlapped area that 
measured 45 mm. The tensile-shear tests were performed using an Instron universal testing machine with 2 
mm/minute strain rate. Peak load (measured as the peak point in the load-displacement curve) and failure energy 
(measured as the area under the load-displacement curve up to the peak load) were extracted from the 
load-displacement curve. Failure mode was determined from the failed samples.  

Samples for metallographic examination were prepared using the standard metallography procedure. 
Optical microscopy was used to examine the microstructures and to measure the weld fusion zone dimensions. 
Microhardness test was used to determine the hardness profile in the horizontal directions (50 μm away from 
weld centreline), using a 100g load on a Shimadzu microhardness tester.  

 
RESULTS AND DISCUSSION 

 
Microstructure And Hardness Profile:  

Fig. 1 shows a typical macrostructure of the spot weld indicating three distinct microstructural zones in the 
joint region: (i) Fusion zone (FZ) or so called weld nugget, (ii) Heat Affected Zone (HAZ), (iii) Base Metal 
(BM). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: A typical macrostructure of low carbon steel resistance spot weld. 

 
Fig.2a shows the FZ microstructure indicating that the FZ consists of a directional columnar structure 

growing towards the weld centreline. The microstructure of the FZ mainly consists of lath martensite with 
boundaries decorated by the grain boundary ferrite and Widmanstätten ferrite  (Fig.2a).  Despite the low carbon 
content of the base metal and its ferritic structure, martensite phase was formed due to the high cooling rate of 
RSW process. It is reported that, the cooling rate during the RSW, ranges from roughly 3000 C/s for 2 mm 
thick sheets to over 105 C/s for thicknesses less than 0.5 mm (Gould et al., 2006).  

The presence of the water cooled copper electrodes and their quenching effect as well as the short welding 
cycle can explain the high cooling rates of the RSW process. Fig.2b shows a typical hardness profile of the joint 
indicating the three distinct zones corresponding to FZ, HAZ and BM. Weld nugget hardness is about two times 
more than the value of the base metal, due to the martensite formation in this zone.  

 

  
(a)                                                                              (b) 

 
Fig. 2: (a) microstructure of FZ and (b) a typical hardness profile. 
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Fig. 3: Effect of welding current on the fusion zone size. 
 
Mechanical Properties: General Comments: 

Peak load of the spot welds in the interfacial and pullout failure modes can be expressed by equations 1 and 
2, respectively: 
 

2
IF 1 FZF f D                                                                              (1) 

 

PF 2 FLF f D t                                                                          (2) 

 
where, D, is the fusion zone size, t, is the sheet thickness at the failure location, FZ, is the ultimate shear 
strength of the FZ, FL, is the ultimate tensile strength of the failure location in the pullout failure mode and f1 
and f2 are the material dependent coefficients. These equations are based on the fact that the required load for 
the failure to occur is proportional to the ratio of the failure location strength product to the failed cross section, 
in each failure mode. In equation 1, the area of the fusion zone in the plane of the sheet/sheet interface is 
considered, while, in equation 2 the area of the fusion zone in the plane perpendicular to the sheet surface is 
taken into account. As mentioned above, the driving force for the interfacial failure mode is the shear stress. 
This is why that ultimate shear strength of the FZ is used in equation (1). Based on the failure mechanism of the 
spot welds under the tensile-shear test, despite the fact that the global loading mode is shear; the failure has a 
tensile nature. This is the reason why the ultimate tensile strength of the failure location is used in equation (2). 
Pullout failure location of the spot weds in the tensile-shear test is primarily dictated by their hardness profile. 
The pullout failure location of the low carbon steel RSWs is in the BM.  

In the following, the effects of the FZ size and the FZ hardness on the mechanical strength of the spot welds 
are discussed. 

 
Effect of FZ Size on Mechanical Properties: 

To examine the relationship between the peak load (and the failure energy) and the weld nugget size, a 
scatter plot of peak load (and failure energy) vs. weld size was constructed, and a trend line was added to the 
scatter plot to show the general trend (Fig.3). Fig.6b shows the effect of FZ size on the peak load. As can be 
seen, there is a direct correlation between FZ size and peak load. To establish a relationship between weld 
attributes and peak load, the following relation was developed using mathematical regression: 
 
Peak Load=1.5D+11.1                                 (3) 

 
Fig.7b shows the effect of FZ size on the failure energy. As can be seen, there is a direct correlation 

between FZ size and the failure energy.  To establish a relationship between weld attributes and failure energy, 
the following relation was developed using mathematical regression: 
 
Failure Energy=6.35D-12.8                (4) 
 

The peak point in load-displacement plot of tensile-shear test corresponds to the point of crack propagation 
through the weld nugget, for interfacial mode, and to the necking/cracking point at failure location, for pull out 
mode. For interfacial mode, the bigger the nugget size the higher is the interfacial resistance to shearing. For 
pull out mode, increasing nugget diameter increases the nugget resistance against rotating and therefore, 
increases the required force for necking/cracking at failure location. In both cases, increasing weld nugget size 
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increases the required force and energy for failure to occur. According to Fig.4 and Fig.5, fusion zone size is the 
most important controlling parameter of peak load and energy absorption of the DP600 spot welds. Similar 
conclusion was obtained for galvanized low carbon steel (Goodarzi et al., 2008), HSLA steels (Nieto et al., 
2006), austenitic stainless steels (Pouranvari, 2011), TRIP800 steel and DP800 (Sun et al., 2008). In summary, it 
can be concluded that the weld FZ size is the main controlling factor of the RSW mechanical properties in terms 
of the peak load and energy absorption. This can be attributed to i) transition of the failure mode from interfacial 
to pullout by increasing the FZ size and ii) increasing the overall bond area in both failure modes by increasing 
the FZ size. It has been proved that the FZ size is the most important parameter controlling the mechanical 
properties of the spot welds. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Effect of fusion zone size on the peak load . 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Effect of fusion zone size on the energy absorption . 
 
Conclusions: 
1. The strength of the spot welds in the interfacial mode depends on the fusion zone size and the shear strength 

of the fusion zone. The strength of the spot welds in the pullout failure mode depends on the fusion zone 
size, sheet thickness and tensile strength of the failure location.  

2. Fusion zone size proved to be the most important controlling factor of the spot weld peak load and energy 
absorption primarily due to the increasing of the overall bond area caused by increasing the FZ size and also 
as a consequence of the transition in the failure mode from interfacial to pullout. 

3. Regrssion-based relation was obtained to correlate to mechanical performance of the spot welds with fusion 
zone size. 
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