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Abstract: One of the most important problems in the welded Joints is the low fatigue 

strength due to the residual stresses. Purpose of this study is to investigate the effect 

of residual stresses on S/N diagram of the welded joints. For this purpose, welding 

process of two plates is firstly modeled on a precise and three-dimensional model. 

This simulation has been carried out in two non-coupled thermal-mechanical steps, 

including the birth and death of elements technique, presence of molten flow inside 

melting pool and latent heat generated by phase transformations in the simulator 

program. Thermal and mechanical results of the program are compared with 

numerical and experimental results of other researchers, which indicates acceptable 

accuracy of the program. In the next step, effect of welding process residual stress 

on S/N diagram is investigated with two different fatigue criteria, which the results 

indicate a decrease in the fatigue strength. Goodman's modified fatigue criterion 

shows 88%, and Gerber's criterion shows 78% of reduction. Finally, by examining 

effect of changes in air flow parameters and preheating, the results showed that the 

transient air flow reduced fatigue strength for 5% and preheating, results in a 9% 

increase in fatigue strength. 

Keywords: Fatigue Criteria, Residual Stress, S/N Diagram, Welding Process  

Reference: Saeed Jouzdani, Ali Heidari, “Evaluation of S/N Diagram in Welded 

Joints Based on Different Fatigue Failure Criteria”, Int J of Advanced Design and 

Manufacturing Technology, Vol. 13/No. 3, 2020, pp. 67–74. DOI: 

10.30495/admt.2020.1885273.1164.  

Biographical notes: Saeed Jouzdani received his MSc in Mechanical Engineering 
from Khomeinishahr Branch of Islamic Azad University 2018. His research interests 
include the field of applied mechanical design. Ali Heidari received his PhD in 
Mechanical Engineering from Isfahan University of Technology 2014. He is 
currently Assistant Professor at the Department of Mechanical Engineering, 
Khomeinishahr Branch, Islamic Azad University, Khomeinishahr, Iran. More than 
19 journal papers, 39 accepted conference papers and 1 published book are the 
results of his researches so far. He has been involved in teaching and research 
activities for more than 13 years. His current research interest includes Thermal 
stresses, Metal forming, Mechanical design and Optimization.  

https://dx.doi.org/10.30495/admt.2020.1885273.1164


68                                   Int  J   Advanced Design and Manufacturing Technology, Vol. 13/ No. 3/ September – 2020 
  

© 2020 IAU, Majlesi Branch 
 

1 INTRODUCTION 

Welding process is one of the most common methods of 

joining in metal structures; the reason for this is its 

ability to joint different geometric shapes to each other 

[1]. One of the main defects in the welded joints is the 

failure caused by the fatigue phenomenon [1-3]. 

Typically, fatigue strength of welded joints is much less 

than strength of the base metal [4]; due to factors such 

as residual stresses, areas with different mechanical 

properties and non-homogeneous geometry in welded 

joints. Among them, the residual stresses have a deep 

effect on the behavior of high cycle fatigue life [4-5]. 

The residual stresses distribution prediction in welded 

structures is very complicated by the presence of 

different physical phenomena such as heat, electricity or 

mechanical work [6-7]. Due to the difficulties of precise 

measurement of amount of residual stresses [8], 

therefore, numerical methods are often used to 

determine stress distribution. Today, fatigue behavior 

analysis of welding joints with multi-axial stresses have 

not been completely solved [9], therefore different 

methods have been proposed to obtain an equivalent 

single-axial stress [10-12].  

An equivalent effective stress hypothesis was proposed 

by Sonsino for soft steel welding under a non-

proportional multi-axial loading, which did not take into 

account the actual amount of residual stresses[13, 14]. A 

definitive method to predict fatigue life of the joints with 

spot welding process, taking into account the residual 

stresses was developed by Bae et al. [15]. In this method, 

maximum value of main stress at the edge of metal is 

defined as the midrange stress component in the 

Goodman relation.  

Karsovsky et al. [16] investigated effect of post weld 

heat treatment on the residual stresses. They simulated 

the welding process with 5 passes and then, using critical 

plane method and Findley's injury criterion [17], found 

that possibility of failure was not related to the post weld 

heat treatment. Vassansarjah et al. [18] conducted a 

study of multi-pass processes using conventional TIG 

and A-TIG methods; it was found that A-TIG process 

had a lower residual tensile stress. Yuguan et al. [19] 

studied the stress concentration factors in K-shaped 

welded joints using finite element method. They also 

simulated the temperature field, and the distribution of 

residual stress using the Element birth and death 

technology. The results indicated that the residual stress 

was higher than yield strength and was improved after 

heat treatment.  

Ganesh et al. [20] performed thermal-mechanical 

analysis of tungsten-arc welding process with protective 

gas on 316LN austenitic stainless steel. After a detailed 

study and numerical modeling, they validated results 

with two non-destructive methods of X-ray and 

ultrasonic waves testing. Vassansargaja et al. [21] 

investigated welding process effect of type 316LN 

austenitic stainless steel on residual stresses. To this end, 

they developed three models with different geometries 

for the welding of tungsten arc with protective gas. After 

experimental work, numerical results were confirmed by 

performing radiographic test and micro structural 

analysis. Non-destructive ultrasonic wave test was used 

to measure residual stresses.  

Bhatti et al. [22] investigated thermal-mechanical 

properties of materials in different steel types on residual 

stresses. They found that in order to evaluate residual 

stress in carbon steels, heat capacity for thermal analysis 

is an important parameter. Lopez-Jauregi et al. [23-24] 

described an alternative method to assess High Cycle 

Fatigue (HCF) life prediction based on numerically 

estimated RS values. Results have shown good 

correspondence for the HCF range, with a maximum 

average error of 15% in stress for the studied 

configurations.  

Wang et al. [25] investigated effects of residual stresses 

on fatigue behavior of T-joint joints by fracture 

mechanics based on coupled stress and energy criterion. 

The finite element method was used to determine the 

residual stresses in welding process; it was determined 

that effects of residual stresses on yield strength for 

crack radii smaller than 0.5 mm were significant and for 

crack radii greater than or equal to 0.5 mm were 

insignificant. Also, effects of residual stresses can 

change direction of crack curvature and reduce ductility. 

In addition, predicted fatigue strength with this method 

has good compliance with proposed value in the IIW 

standard. 

The aim of this study is to investigate effect of residual 

stresses in tungsten arc welding with CO2 protective gas 

on S/N diagram of welding joints. For this purpose, 

welding process is first simulated with non-coupled 

method and then accuracy of its results is validated. 

Then, based on two different fatigue criteria, effect of 

residual stresses on the fatigue strength was investigated. 

Moreover, the effects of transient air flow and 

preheating temperature on residual stresses and S/N 

diagram have been investigated as two new works in this 

study too. 

2 FINITE ELEMENT MODEL 

In this study, welding process of two similar plates with 

a width of 80 mm, length of 200 mm and a thickness of 

10 mm was studied. Figure 1 shows geometry of model 

on the X-Y plane and shows joining form of two plates. 

Type of process is tungsten arc welding with CO2 

protective gas. In order to achieve an accurate 

simulation, modeling is carried out in a three-

dimensional method. With respect to the symmetry, only 

half of the model is simulated. 
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Fig. 1 Front view of model in X-Y plane. 

Figure 2 shows model meshing method. Due to the 

severe gradient of temperature and stress around the 

weld zone, this zone is more important. Therefore, a 

finer meshing is used in this zone [26]. “Table 1ˮ 

specifies the welding parameters. Figure 3 shows the 

order of passes. 

 
Fig. 2 Model meshing. 

 
Table 1 Welding parameters for each pass [24] 

Pass 
Current 

(A)  

Voltage 

(V)  

Welding speed 

(mm/s)  

1 275 28.2 9.1 

2 275 28.2 8.1 

3 275 28.2 6.1 

 

 

 

Fig. 3 Order of welding passes. 

 

The time between the first and second passes is equal to 

35 seconds, between the second and third passes is 37 

seconds, and after the third pass solution continues until 

achieving ambient temperature. Welding efficiency is 

75% for the first pass, 80% for the second pass and 90% 

for the third pass [24]. In order to simulate three weld 

passes, the birth and death of elements are used, in 

which, instead of eliminating the elements, the ability of 

death of elements is used, in such a way that for the death 

of the elements, the decreasing coefficient is multiplied 

by their hardness, and although the force vector of the 

dead element is zero, it shows itself in the force vector 

of the elements. On the other hand, mass, specific heat 

and other effects are close to zero and do not add to total 

mass and energy sum of the whole model, and for birth 

of the elements, the above coefficients return to their 

original value too [27]. 

3 MATERIAL PROPERTIES 

In this study, the work piece is made of S275JR. 

Properties of this steel and weight percent of its 

constituent elements are given in “Table 2ˮ [24]. 

 
Table 2 Chemical Compositions (%) of S275JR steel [24] 

C Mn Cu S P 

<0.21 <1.5 <0.55 <0.035 <0.035 

 
Thermo-physical and mechanical properties of the 

material in terms of temperature are shown in “Figs. 4 

and 5ˮ. Work-hardening rule is also considered as linear 

isotropic. 

 

 
 

Fig. 4 Temperature-dependent thermal physics properties 

f S275JR steel [24]. 
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Fig. 5 Temperature-dependent mechanical properties of 

S275JR steel [24]. 

4 THERMAL SOLUTION RESULTS 

Since thermal stresses obtained from plastic strain, effect 

of stresses on phase transformations, and changes in heat 

transfer coefficient due to surface strains are 

insignificant, mechanical and thermal equations can be 

solved independently using non-coupled solution [5-8]. 

Due to symmetry, convectional heat transfer coefficient 

in central line is zero and in the rest of surfaces it is equal 

to 15 kmW 2 . Ambient temperature is 25 Co . In order to 

consider the effect of melting pool fluid flow, thermal 

conductivity coefficient is increased at a temperature 

above the melting point with a coefficient. Effect of 

latent heat of phase change is also considered by 

increasing specific heat coefficient at the phase change 

temperature [4], [6]. In the thermal model, the solid70 

element that is a three-dimensional, eight-node element 

with thermal conductivity ability is used. This element 

has one degree of freedom (temperature) at each node 

and is suitable for three-dimensional transient thermal 

flows. In this study, Goldak's double-ellipsoidal heat 

source model has been used to simulate the thermal 

source. In “Fig. 6”, thermal history of a point with 

position of x = 8.08 mm, y = 10 mm and z = 22.2 mm, 

that is called thermal solution indicator point, is shown 

up to 2437 seconds after start of welding. Obviously, an 

increase in temperature will be observed at each point 

corresponding to each welding pass. In “Fig. 7”, thermal 

history of indicator point is compared with experimental 

and numerical results of other researchers. Temperature 

measurement is done by camera and thermocouple. This 

comparison shows that numerical results of the present 

study are in suitable accordance with experimental 

results. 

 
Fig. 6 Thermal history of indicator point. 

 

 

 

Fig. 7 Thermal history comparison with experimental and  

numerical results of other researchers. 

5 MECHANICAL SOLUTION RESULTS 

In first step of simulation, based on 3D thermal solution, 

temperature distribution model was determined during 

welding process. In next step, obtained temperature 

history is applied to mechanical model as a thermal load, 

and after mechanical solution, stress distribution will be 

achieved. Mechanical model is exactly the same as the 

thermal model (except the type of element and boundary 

conditions). Element used in mechanical model is the 

solid185 that is a three dimensional, eight-node, and 

structural element. 
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In “Fig. 8”, distribution of residual stresses on a line in 

x-z plane with initial point coordinates x1 = 23.75, z1 = 

0, y1 = 10, mm and end point x2 = 23.75, z2 = 200, y2 

= 10, mm, which is called mechanical solution indicator 

line is provided. As it can be seen, stress values along 

welding length have different values that maximum 

tensile stress based on numerical solution of present 

study, is 136/23 MPa, at a distance of z = 110 mm from 

center of coordinate system. In this figure, the numerical 

results of mechanical solution are compared with 

experimental and numerical results of other researchers. 

This comparison shows that the results of this study 

follow the experimental residual stresses trend suitably. 

 

 
Fig. 8 Comparison of transversal residual stresses on the 

indicator line with experimental and numerical results of 

other researchers. 

6 S/N DIAGRAM CONSIDERING RESIDUAL 

STRESSES OF WELDING PROCESS 

First, this section describes how to apply residual stress 

on modified Goodman's fatigue criterion and to obtain a 

S/N diagram for which residual stress is included. Figure 

9 shows S/N diagram of S275JR steel without applying 

residual stresses. Modified Goodman's criterion is as 

follows [23]: 
 

(1) 
nSS ut

m

f

a 1



 

 

Which, a  is amplitude component of stress, m is 

midrange component of stress, 
fS  is fatigue strength,

utS  is ultimate base metal tensile strength and n  is 

safety factor. 

 

Fig. 9 S/N diagram of S275JR steel [23]. 

 

Modified Goodman's criterion considering residual 

stress and 1n  is as follows [23]: 

 

(2) 1

ut

res

f

resa

SS


 

 

Which, resa  is amplitude component in the presence of 

residual stresses and res  is the maximum amount of 

residual stresses that is obtained from the simulation and 

considered as a midrange component of stress.To apply 

the residual stresses on S/N diagram and to calculate the 

fatigue strength by considering residual stresses, 

Equation 2 is rewritten as follows: 

 

(3) 














ut

res

fresa
S

S


 1 

 

Therefore, how to plot S/N diagram for welded joints 

will be such that, regarding the constant of the residual 

stress and ultimate tensile strength in different cycles of 

S/N diagram, different values of fatigue strength in each 

cycle based on the base metal S / N diagram are 

determined, and placed in equation (3). In this way, the 

amount of new amplitude component is obtained by the 

presence of residual stresses for the welded joints. By 

repeating this process in different cycles, the amount of 

new amplitude components in each cycle is calculated, 

and based on these values, S/N diagram will be plotted 

considering presence of residual stresses. Similarly, the 

S/N diagram can be obtained by considering residual 

stress using Gerber's criterion. The Gerber relation with 

respect to the residual stresses and 1n  is as follows: 
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In “Fig. 10”, S/N diagram of welded component 

obtained from modified Goodman's Fatigue criterion 

and Gerber's fatigue criterion are compared to S/N 

diagram of the base material. As shown in “Fig. 10”, 

residual stresses have a significant effect on fatigue 

diagram of welded component and greatly reduce 

fatigue strength. This issue shows the need of solutions 

to reduce residual stresses of the welding process. On the 

other hand, it is observed that Gerber's criterion shows 

approximately 78 percent, and Goodman's criterion 

shows approximately 88 percent reduction in fatigue 

strength. In other words, modified Goodman's fatigue 

criterion is more prudent than Gerber's fatigue criterion. 

 

 
Fig. 10 Comparison S/N diagrams obtained from the 

modified Goodman's criteria, Gerber's criterion and base 

metal. 

7 EFFECT OF TRANSIENT AIR FLOW AND 

PREHEATING TEMPERATURE 

Blowing an air flow on the joints has increased 

coefficient of air convection heat transfer and 

accelerated cooling. In “Fig. 11”, S/N diagrams obtained 

from modified Goodman's criteria have been compared 

in two modes of blowing air flow on the joints and 

presence of static air. As shown in this figure, blowing 

an air flow on the piece  kmWhA

225  resulted in a 

reduction of approximately 5% of fatigue strength of the 

piece relative to static air flow  kmWhA

215 . 

In “Fig. 12”, S/N diagrams obtained from modified 

Goodman's criteria are compared in two modes of pre-

heated and non-pre-heated. The results of this research 

show that preheating heat treatment on the joints reduces 

equivalent residual stress and results in approximately 

9% increase in fatigue strength of the joints when not 

preheated. Preheat temperature is Co100 . 

 
Fig. 11 Effect of convectional heat transfer coefficient on 

S/N diagram. 

 

 
Fig. 12 Effect of preheating heat treatment on S/N diagram. 

8 CONCLUSION 

In the present study, process of arc welding with 

tungsten electrodes and CO2 protective gas is simulated 

in a three-dimensional and high precision and validated. 

Based on mechanical solution results, effects of residual 

stresses created in welded joints on S/N diagrams and 

fatigue strength have been evaluated. Key findings of 

this research are: 

- The residual stresses have a significant effect on the 

fatigue diagram of welded joints and greatly reduce the 

fatigue strength, which this issue shows urgent need for 

solutions to reduce residual stresses. 
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- The Gerber's criterion and Goodman's criterion reduce 

fatigue strength by approximately 78 percent, and 

approximately 88 percent, respectively. In other words, 

the modified Goodman's fatigue criterion is more 

cautious than Gerber's fatigue criterion. 

- Blowing airflow on the joints increases equivalent 

residual stresses and reduces approximately 5% of 

fatigue strength in S/N diagram relative to static airflow. 

- Preheat heat treatment on the joints reduces equivalent 

residual stress and results in approximately 9% fatigue 

strength in the S / N diagram than when this treatment is 

not performed. 

8 APPENDIX OR NOMENCLATURE 

a  : Amplitude component of stress 

m  : Midrange component of stress 

fS  : Fatigue strength  

utS  : Ultimate strength 

resa  : Amplitude component in presence of residual 

stresses 

res  : Maximum amount of residual stresses 

n  : Safety factor 

Ah  : Convection heat transfer coefficient 

PHW : Welding process with preheating 
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