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Abstract. While investigating the fatigue strength of spot-welded joints, the effects of 
sheet spacing or gap amounts between sheet joints may be considered as one of the most 
important parameters on the fatigue life duration of the joints. The main goal of the 
present work is to study the influence of sheet spacing on the fatigue life of 5083-O 
aluminium alloy spot welded tensile-shear joints. The amounts of sheet spacing are the 
average values over three measurements of photograph observation of the cut-off 
surfaces from the nugget centre of the spot-welded joints. The amounts of gap distances 
between spot weld sheet joints for three different electrode clamping force levels were 
0.09mm, 0.11mm and 0.13mm, respectively. The values of notch strength reduction 
factors have been obtained at all levels of applied loads based on volumetric approach. 
The fatigue lives of spot welded joints have been obtained according to the volumetric 
method using the notch strength reduction factors and the available smooth S-N curve of 
5083-O aluminium alloy sheets. The results based on the volumetric approach have been 
compared with the experimental fatigue test data and there is good agreement between 
numerical predictions and experimental results.

1 Introduction
Spot welding is widely used for fabricating and joining of metals when the thickness of sheet 

joints is up to about four millimetres. A very common example of applying the spot welding 
technique is the metal sheet joining in the automotive industry in which 3000 to 5000 spots are used 
for every automobile body assembling. 

Among a variety design criteria such as yielding, buckling, fatigue, creep and corrosion, fatigue 
failure is the most frequent mode and the main cause of damage which should be avoided through 
appropriate design. Although several papers have been published dealing with the fatigue life of spot 
welded joints [1-7], it seems that because of very complex and maybe unknown mechanical and 
metallurgical parameters, further attempts are required for better understanding the behaviour of the 
joints subjected to the repetitive loading. 

Some factors which affect fatigue life of spot welded joints can be classified into the following 
categories; stress concentration factors, residual stresses, material characteristics, welding process 
parameters (welding time schedule, electric current and electrode clamping pressure), weld quality 
(weld nugget size, amount of sheet spacing, penetration, indentation) and etc. Among the above 
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mentioned parameters, fatigue strength reduction factor and notch radius effects play important roles 
with regard to the fatigue life of spot welded joints and need further refinement. 

Adib et al. [8] investigated the fatigue life prediction of spot welded joints for different 
geometries including gap effects between sheet joints. To obtain effective stresses, effective 
distances and notch strength reduction factors, they plotted the stress distributions along the line –
fatigue crack opening path– starting from the point susceptible to fatigue crack initiation through the 
sheet thickness and normal to the loading direction. However, the crack growth morphology results 
of spot weld tensile-shear joints have been shown that directions of crack propagation are not exactly 
perpendicular to the loading direction, but they make angles about 75 degrees with respect to the 
loading direction [9]. A typical propagated fatigue crack in the spot weld tensile-shear joint has been 
shown in Figure 1. 
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Fig. 1. Propagated fatigue crack at the root of spot weld nugget

Notch radius or sheet spacing effect is a very important parameter which can influence the 
fatigue life especially in mono spot welded joints [8, 9]. Different values of gap between sheets 
produce different stress distributions near the spot-weld roots, therefore they will affect on fatigue
life of the spot welded joints. Although the larger gaps cause to increase slightly the amounts of 
stresses near the notch roots due to bending effect, as it will be shown in this study, they reduce 
mean stress and strain range during a complete loading-unloading cycle, therefore according to the 
modified Morrow’s damage equation it can improve the fatigue life of spot welded joint which 
seems to be in conflict with the statement “the gap effects increases stress values and stress 
distribution pattern near notch root and produces a lower fatigue life in fatigue analysis of  spot-
welds“ given by Adib et al. [8]. Larger gaps also can reduce notch strength reduction factors which 
are very important parameters while assessing the fatigue life of the joints, but the stresses rise again 
because of bending effect. It is worth mentioning that, very small gap distance (nearly zero) between 
sheet joints increases the stress values because of high stress concentration factor. In this case the 
gap behaves as a very sharp crack; however the bending effect can be neglected. 

The instant at which the fatigue failure is assumed to occur is also of great importance. The 
fatigue process is usually divided into three phases; crack initiation, crack propagation and final 
failure. It is appropriate to consider the initial crack at the inner surface of the joint near the root of 
nugget, but unfortunately these cracks are invisible during fatigue tests. 

Pan and Sheppard [10] studied the fatigue life prediction of modified coach peel and tensile-shear 
spot weld specimens using cyclic strain range method. According to their work, fatigue failure was 
defined as the occurrence of visible cracks on either outer surface of a specimen. However, 
experimental crack growth morphology results have revealed that it may take thousands of cycles for 
crack growth from inner side to the outer side of the joints [11]. 
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The objective of the present study is to provide complete information about the effects of notch 
radius and as a consequence the stress concentration effects on the fatigue strength of the spot 
welded joints. To this end, the joints with different amounts of notch radius have been considered 
and fatigue strength reduction factors have been obtained. The volumetric approach has been used to 
assess the fatigue life of the joints.

2 Theoretical Background   

The stresses at the notch maybe magnified locally by the stress concentration factor tK  a 
compared with the average nominal stresses in the item. This stress rise will of course be very 
harmful with respect to fatigue damage, but it can not give directly the effective stress range in 
fatigue. Therefore, the fatigue strength reduction factor should be introduced.

In the present investigation, the fatigue strength reduction factor will be obtained based on the 
volumetric approach which proposed by Pluvinage [12]. Two major elements indicate that the 
fatigue mechanism requires a physical volume to take place; fatigue tests are generally affected by a 
large scatter and fatigue resistance is influenced by the size of specimen and the relative stress 
gradient which are dimensional parameters. 

This approach leads to a two parameter fatigue initiation criterion, the effective stress and the 
effective distance. The effective distance is associated with a particular point of the elastic-plastic 
stress distribution presented in a bi-logarithmic graph. The effective stress corresponds to an average 
value over this distance of the stress distribution weighted by the distance and the relative stress 
gradient. A typical elastic-plastic stress distribution near a notch has been shown in Figure 2. 
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Fig. 2. A typical elastic-plastic stress distribution near a notch [12]

The limit between region II and III can be considered as the effective distance with a high degree 
of confidence. According to the volumetric approach, fatigue strength reduction factor is given by 
the following formula:

∫ −= effX
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where effX  is the effective distance, nσ  is net stress, yyσ  is the crack opening stress, and χ  is 
relative stress gradient which is defined as follows:
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3 Experiments

The material employed in this investigation was 1.5mm thick 5083-O Aluminium alloy whose 
chemical composition and mechanical properties have been presented in Tables 1 and 2, 
respectively. 
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Cu Si Fe Mn Mg Zn Ti Al
0.1 0.4 0.4 0.4-1 4-4.9 0.25 0.15 Bal
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Young’s modulus
(GPa)

Yield stress 
(MPa)

Tensile strength 
(MPa)

Elongation 
(%)

Poisson’s ratio 
(ν ) 

70 145 290 22 0.33

Three types of spot weld tensile-shear specimens with three different electrode clamping force 
were produced for this investigation. Details of RSW process parameters and welding attributes are 
presented in Table 3. 
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Electrode force 
(kN)

Electric Current 
(kA) Nugget diameter (mm) Gap distance (mm)

2.5 20 7.48 (6.10 t ) 0.09

3 20 7.53 (6.14 t ) 0.11

3.5 20 6.08 (4.96 t ) 0.13

The configuration of spot weld tensile-shear specimen has been shown in Figure 3.  

Spot weldSpot weldSpot weldSpot weldSpot weldSpot weldSpot weldSpot weldSpot weldSpot weld

Fig. 3. Configuration of tensile-shear spot weld specimen
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Fatigue test results for three different types of spot welded joints have been shown in Figure 4. 
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Fig. 4. Fatigue test results for three different types of spot welded joints 
(Gaps are equal to 0.13, 0.11, and 0.09 mm, respectively)

As it can be seen in Figure 4, increasing the electrode force from 3000N to 3500N despite of 
decreasing in the weld nugget, improved the fatigue life of the joints significantly, however 
increasing the electrode force from 2500N to 3000N had no major impact to improve the fatigue 
strength of the joints. Details of all experimental tests are available in the previous paper by 
Hassanifard et al. [9]. 

4 Finite Element Analysis 

To obtain the fatigue life of the joints with three different gaps listed in Table 3 and also notch 
strength reduction factors, three dimensional models of the joints were simulated using ANSYS 
finite element software. Structural 8-node element was used to perform the non-linear analysis for 
obtaining the amounts of stress and strain values near the roots of nuggets. To obtain more realistic 
and mesh insensitive results, sub-modelling technique was applied. Figure 5 show the finite element 
meshed model and sub model of the joints in different views. 

(A) (B)

(C) (D)

(A) (B)

(C) (D)
Fig. 5. Finite element meshed model and sub model of the joints in different views;

(A) Isometric view of the joint, (B) Isometric view of sub-model, (C) Front view of sub-model, 
(D) Top view of sub-model
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The amount of sheet spacing has been divided into six elements and the minimum size of the 
elements at the root of nugget was 0.015 mm. 

Non-linear analyses for different loads at the approximate range of 30%-80% of static fracture 
load were applied on the models and the values of equivalent mean stress and strain range were 
obtained during one complete loading-unloading cycle. The elastic-plastic stress distributions and 
relative stress gradients along the crack path starting from the roots of nuggets have also been 
extracted.

5 Results and Discussion

Figure 6 show the crack opening stress distributions and relative stress gradients along the crack 
paths from the nugget roots for applying 50% of static fracture load for spot weld specimens with 
different gaps between their sheets. The values of notch strength reduction factors have been 
obtained at all levels of loads based on volumetric approach. As it can be seen in Figure 6, the 
maximum stresses do not occur at the roots of nuggets. 
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Fig. 6. Crack opening stress distribution and relative stress gradient along the crack path from the nugget root of 
spot weld for applying 50% of static fracture load; (A) gap= 0.09 mm, (B) gap=0.11mm and (C) gap=0.13mm

Loading data, mean stress, strain amplitude and notch strength reduction factors for spot weld 
specimens having three different gaps compared with the case that gap has not been simulated 
between sheet joints, are listed in Table 4. 
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C-Type (Gap=0.13mm)B-Type (Gap=0.11mm)A-Type (Gap=0.09mm)

fKε∆(MPa)mσfKε∆(MPa)mσfKε∆(MPa)mσ
Load 

(kN)

8.90.0022101.348.90.0023103.49.00.0028108.621.6

8.00.0042106.038.10.0045108.18.10.0048109.652

6.30.0062114.586.40.0067118.56.50.007119.822.4

5.80.0082125.365.90.0086128.46.00.0091129.032.8

5.10.0131141.545.20.0138141.65.30.0141143.533.2

The results indicate that increasing the gap distance between sheets decrease the values of mean 
stress, strain range, and notch strength reduction factor.  
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Figure 7 shows the stress range versus fatigue lives for all spot weld specimens obtained from the 
volumetric approach. As it can be seen in this Figure, smaller gaps predict the smaller lives for the 
joints, because the small distance can behave as a sharp crack, hence the stresses near the root of 
nugget increases because of higher amounts of stress concentration factors. When the gap distance 
become larger, the amount of stresses increase slightly because of bending effects in tensile-shear 
joints, however the amounts of stress concentration factor and notch strength reduction factors which 
have been obtained based on the volumetric approach decrease significantly, therefore they produce 
the higher fatigue lives. Figure 7 also show very good agreement and similar pattern with S-N curve 
shown in Figure 4. 
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Fig. 7. Stress range versus predicted fatigue lives based on the volumetric approach for all spot weld specimens

6 Conclusions

The influence of sheet spacing in resistance spot welding process and also the notch strength 
reduction factor on the fatigue life of 5083-O aluminium alloy spot welded tensile-shear joints has 
been investigated in this study. 

It would appear that increasing gap between sheets increase the amounts of stresses at the notch 
roots because of bending effects but it has been shown that mean stress and strain range in a 
complete loading-unloading cycle and also the values of notch strength reduction factor decrease 
with rising sheet spacing amounts. 

Sheet spacing appeared to have a more considerable role in fatigue performance of spot welded 
joints. Existing a notch with a large radius of its root is the most important reason to have a longer 
fatigue life of the joints which have produced by higher electrode forces. Also, the effects of notch 
discontinuity as the stress concentration areas play more important role in either low cycle or high 
cycle fatigue regimes.  The results based on the volumetric approach have been compared with the 
experimental fatigue test data and there is relatively good agreement between numerical predictions 
and experimental results.
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