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ABSTRACT  

This paper presents a numerical study for fatigue life estimation of a cylindrical specimen made of 

aluminum alloy under high cycle fatigue regime. The fatigue life is assessed through the stress-life 

approach. The sample is weakened by either a cluster of surface defects or by an equivalent defect. Two 

different forms of defects are considered. The load conditions are assumed to be uniaxial tension-

compression with a load ratio R = 0.1. To account for non-zero mean stress the Goodman correction is used. 

The material properties are considered to be combined nonlinear isotropic and kinematic hardening 

implemented in ANSYS Workbench software. 
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Introduction 

Most of the metal structures are subjected to cyclic mechanical loads during their service 

life. Even if the applied loads never exceed the elastic limit of the material, it is possible 

that after a certain number of cycles failure may occur. Therefore, it is important to 

understand how the mechanical properties of the material degrade as a result of the 

gradual accumulation of damage under the influence of various stresses below the elastic 

limit, i.e., the fatigue life of the material.  

For a correct estimation of fatigue life, it is necessary to determine the appropriate 

parameters of the metal in question as a result of many experiments, as well as to account 

for a lot of different factors affecting fatigue behavior such as surface condition, type of 

loading, environment conditions, etc. The literature analysis indicates that fatigue 

performance of structures is hard to predict since it depends on numerous parameters.  

Moreover, the majority of structures always contain a certain number of defects, 

which, becoming stress concentrators, reduce the strength and fatigue life of the 

structure. For metals such local stress concentrators may often result from manufacturing 

process [1,2] or be induced by corrosion [3–5]. The effect of defects on fatigue strength 

has been widely studied for decades, nevertheless, a lot of dependencies are still unclear. 

It is known with reasonable accuracy about two parameters that influence fatigue limit 

significantly. The first of them is defect size; it was shown by many researchers that 

fatigue limit decreases with increasing defect size, e.g., [6–9]. The second known 
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characteristic is defect location: surface, subsurface or internal. Studies, comparing 

surface and internal defects, clearly showed that surface ones are more dangerous than 

internal ones, e.g., [6,10,11]. Papers, where subsurface defects were considered, showed 

that this type of defect location is most harmful to fatigue life [12,13]. Recent 

experimental research by Nadot [14] performed for different materials and various 

parameters shows that the defect’s size, type and position are among the major 

parameters affecting fatigue performance. The author notes that assessing fatigue limit 

in the presence of a defect is indeed a challenging task where many questions are not yet 

answered. Including those issues of interest named the local material behaviour near 

defects, which may be not only elastic but also plastic, which is considered in limited 

research on structures weakened by defects. 

The influence of single defects on the stress-strained state of structures has been 

studied extensively both for surface and internal defects. However, it is obvious that real 

materials may contain several defects, which, being in close proximity, begin to interact 

with each other. In particular, defects caused by production activities, namely casting 

defects or welding defects, corrosion pits, surface roughness, micro inclusions, 

dislocations, are often located close together, which leads to interaction of fields of 

stresses and significantly reduces the strength limit of the material [6,15].  

In [3,16,17] it is noted that corrosion pits on the surface of steels and aluminum 

alloys have a complex shape, where the main and secondary pitting at the bottom can be 

conditionally distinguished. Studies carried out on the modelling of stress-deformed 

structures containing one corrosion defect of such a complex shape show that the 

influence of the additional pitting leads to a significant increase in the stress 

concentration coefficient [16–18]. 

It is worth mentioning that in situations where the defects are located in close 

proximity to each other, it is very difficult to determine the actual size and form of 

damage [11,19]. That is why research designed to find simplified forms that could 

approximate such complex forms of defects or sets of defects is extremely relevant. Such 

simplified forms are utilized in a few papers for a variety of problems, where they are 

usually called “equivalent” forms for the considered complex-shaped surface or internal 

defects or “equivalent” defects, e.g. [11,20,21]. 

In [22] a cluster of surface defects is approximated by a rectangle to determine the 

ultimate strength of a plate with randomly distributed defects. More complex approach 

which may be considered as multiple equivalent rectangles is used in [23]. Simplified 

conical, cylindrical and spherical shapes of pits are used [24] to numerically assess the 

ultimate strength of hull structural plate with multiple local corrosion defects. Rounded 

rectangles are also utilized to approximate complex-form defects or set of defects 

[21,25,26]. Note that in papers [21,25,26], where the defects are simplified by rounded 

rectangles, the rounded edge serves for avoiding singularities in finite element analysis, 

yet the possible effect of the different values of the rounding radius is not studied. 

Authors of [24,27,28] showed that the form of defects (circular, conical, elliptical or 

cylindrical) has a slight effect on strength of plates under different loading. However, in 

the mentioned papers neither the effect of varying sizes of the defect with rounded 

rectangle form nor the influence of complex forms of defects are not considered.  
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Experimental and numerical research for aluminum alloy under cyclic load is conducted 

in [20]. Spherical and three types of complex form artificial defects were introduced in 

specimens. Fatigue test results were complemented by finite element analysis conducted for 

geometries with two types of equivalent defect forms: spherical and elliptical. Simulations 

performed with elliptical defects provided better correspondence with experimental results. 

The possible reason for that might be that the elliptical defects account for the orientation 

of the defect which is extremely important for fatigue life prediction.   

The impact of surface defect interaction is investigated in order to assess the high 

cycle fatigue performance of aluminum alloy in [21]. Nonlinear hardening is used to 

describe the material behaviour under uniaxial cyclic load. The stress distribution around 

the cluster of three hemispherical defects on the surface of a cylindrical specimen is 

numerically calculated. Circumferential and longitudinal configurations of defects are 

considered as well as various defect sizes, distances between defects and applied loads. 

The numerical results obtained through the Crossland criterion are compared with 

experiments by Mu et. al. [29]. Additionally, authors [21] proposed substituting three 

interacting hemispherical surface defects with a single equivalent defect in the shape of a 

rounded rectangle. The calculated fatigue limit of the model with the equivalent defect is 

compared with the fatigue limit of the model with three interacting defects. It is concluded 

that the fatigue limit of specimens with the cluster of defects can be estimated by the finite 

analysis of the model with the single equivalent defect. The authors report that the fatigue 

limit obtained using the equivalent defect is greater than with three interacting 

hemispherical defects, with the difference being within 7%. However, it remains 

unexplored whether the equivalent defect sizes proposed in [21] are optimal, and whether 

the suggested method can be applied to estimate the fatigue limit when defects are of 

complex forms [3,16,17]. These questions are addressed in the present paper. 

In this paper, the fatigue life of a specimen made of aluminum alloy is assessed. 

Fatigue life is determined by the SN curve method. The specimen is weakened by a cluster 

of surface defects. Three hemispherical defects and three defects of a complex shape, 

where the main and secondary hemispherical pitting at the bottom can be conditionally 

distinguished, are considered. The defects are located in close proximity to each other so 

that the interaction of stress fields takes place. Three models with corresponding 

equivalent defects that could approximate complex forms of the considered sets of 

defects are constructed and analyzed. The combined nonlinear isotropic and kinematic 

hardening model is utilized to describe the material behaviour. The mean stress 

correction is used to account for the effect of non-zero mean stresses. 

 

Fatigue life assessment 

The most common approaches for assessing fatigue damage under cyclic loading are a 

stress-life approach, a strain-life approach and fracture mechanics approach [30]. In 

stress-life and strain-life approaches, the number of cycles to failure is represented as a 

function of alternating stress and mean stress, alternating stress and R-ratio (defined as 

a ratio of the minimum stress value to the maximum stress value), and alternating strain 

and mean strain, respectively [30]. In fracture mechanics approach the rates of growing 

cracks are analyzed to assess fatigue life [30]. 
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The stress–life approach is used in applications where the applied stress is 

essentially within the elastic range, and the material has a long cyclic life. This approach 

is suitable when the degree of plastic straining is negligible, as in high cycle fatigue 

regime (HCF), where plastic strains are relatively small and concentrated in a small area. 

Stress–life data is usually represented by SN curve, which is either plotted as a log-linear 

or a log-log plot. SN curve is obtained from constant-amplitude uniaxial cyclic tests 

performed for a given material for different alternating stresses with the same stress ratio 

R. Different SN curves are therefore generated for different R-ratios. The Basquin model 

is widely used to determine fatigue life in terms of stress–life in the case of uniaxial loads 

for multi-cycle fatigue [31]. According to this model based on fatigue curves, the 

difference between the minimum and maximum stresses in the cycle is linearly related 

to the number of cycles before the destruction [32]: 

𝜎𝑎𝑁𝑓
𝑏 = 𝑐,                (1) 

where 𝑁𝑓 is the number of cycles before destruction, 𝜎𝑎 – stress amplitude of a symmetric 

loading cycle, b = const – fatigue strength exponent, c = const. For the cases where mean 

stress is non-zero, the load amplitude needs to be corrected before using Eq. (1). The 

parameters 𝑏 and 𝑐 depend on the material properties. Numerical parameters of the 

Basquin model are determined by the SN curve of the alloy considered. 

The strain–life approach considers the plastic deformation that may occur during 

fatigue loading. This method accounts for localized yielding, which is often the case in 

metal components corresponding to low cycle fatigue (that is a relatively short fatigue 

life, usually less than 105 cycles). In such a case, the plastic deformation of a material 

may take place not only in a small area near stress concentrators.  

In this research, fatigue life is assessed through the stress-life approach using 

Basquin's relation Eq. (1).  

 

Mean stress correction 

SN curve methods are widely used to estimate fatigue life of materials under symmetrical 

loading conditions, i.e., where mean stress is zero. As mentioned above, by performing 

multiple tests it is possible to obtain the SN curves for a considered material under 

different mean stress conditions. It is obvious that resources for conducting experiments 

are quite limited, or it may be impossible to create the necessary conditions. Thus, the 

case with a zero mean stress has become the one that has been most studied 

experimentally. Whereas, when the magnitude of loading in both directions is different, 

mean stress value plays a vital role in fatigue life estimation [33–35]. None-zero mean 

stress may decrease or increase the estimated life depending on parameters of a problem 

[35]. There are variety of models for the mean stress correction developed for different 

materials and conditions, e.g. [36–38]. Such models allow one to use the data from 

experiments with zero mean stress for a case where the mean stress is non-zero. The 

mean stress correction essentially provides the stress amplitude called equivalent 

amplitude (with zero mean stress) which results in the same fatigue damage as the given 

non-symmetric stress amplitude (with non-zero mean stress). By means of equivalent 

amplitude fatigue life is assessed. Some of the common mean stress correction methods 

are the Coffin–Mason relationship [39], Morrow’s mean stress approach [40] and the 
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Smith, Watson and Topper [41]. A new model to account for the mean stress is proposed 

and found to be valid for different materials in [42]. 

One of the widely used mean stress corrections is Goodman equation [43] that is 

generally suitable for brittle materials [44]:  
𝜎𝑎

𝜎𝑎𝑟
+

𝜎𝑚

𝜎𝑢
= 1,                (2) 

where 𝜎𝑎 – is the stress amplitude, 𝜎𝑚 – mean stress, 𝜎𝑢 – ultimate tensile strength. That 

used to solve for 𝜎𝑎𝑟 – equivalent amplitude of a corresponding symmetric cycle. 

Smith-Watson-Topper (SWT) mean stress correction is a good choice for general 

use and quite accurate for aluminum alloys [41,45,46]: 

𝜎𝑎𝑟 = 𝜎𝑚𝑎𝑥√
1−𝑅

2
,               (3) 

where 𝜎𝑚𝑎𝑥 = 𝜎𝑚 + 𝜎𝑎.  

 

Problem formulation  

The cylindrical sample of aluminum alloy either with a cluster of three corrosion defects 

or with a single equivalent defect is considered under HCF regime. The load conditions 

are assumed to be uniaxial tension-compression with R = 0.1. The problem is to 

numerically assess the fatigue life of a sample for various load values and different defect 

shapes. Mean stress correction is made by Goodman theory (Eq. (2)). The distribution of 

von Mises stress under static uniaxial tension is also analyzed.   

 

Material  

The paper considers the alloy AS7G06 with T6 post-thermal treatment. The chemical 

composition are shown in the Table 1 [29]. 

 
Table 1. Chemical composition of AS7G06 

Element Si Mg Fe Cu Mn Ni Zn Pb Ti 

% 7.00 0.56 0.097 <0.015 <0.03 <0.01 <0.01 <0.003 0.13 

 

 

 

Fig. 1. SN curve for AS7G06: blue dots correspond to experimental results [29],  

orange curve results from fitting a set of data points with a quadratic function 
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The material parameters are specified in the ANSYS Workbench package in the 

Engineering Data section. The material behavior is described by a model with a combined 

nonlinear isotropic and kinematic hardening implemented in ANSYS Workbench. 

Moreover, SN curve for the considered material (Fig. 1) obtained in [29] was used to 

find numerical parameters needed for fatigue life estimation. 

 

Model 

The geometric model was built in the ANSYS SpaceClaim package. The elementary model 

in question is a cylinder corresponding to the gauge part of the experimental samples 

either with a cluster of surface defects or with a single equivalent defect. Cylinder has a 

diameter 10 mm and length 20 mm. Five geometries with differently shaped defects have 

been constructed:  

1. A sample with three hemispherical defects (Fig. 2(a)). All hemispherical defects are 

equal to each other, their radii are set to 𝑟𝑚 = 0.32 mm. The distance between defects 

equals 0.1 mm.  

2. A sample with three defects of a complex form: every defect consists of the main defect 

and a secondary damage at the bottom of the main one (Fig. 2(b)). Both the main and 

secondary damage are of a hemispherical form. All main defects are equal to each other, 

their radii are set to 𝑟𝑚  = 0.32 mm. The distance between main defects equals 0.1 mm. 

All secondary defects are equal to each other and have a radius 𝑟𝑠 = 0.08 mm. 

3. A sample with one equivalent defect to approximate geometry (i). The defect is modeled 

as a rectangle cut with a rounded edge. The rectangle dimensions are length = 6𝑟𝑚, 

width = 2𝑟𝑚 and height = 
𝑟𝑚

2
, the radius of curvature of a rounded edge is 0.1𝑟𝑚. 

4. A sample with one equivalent defect to approximate geometry (i) (Fig. 2(c)). The defect 

is modeled as a rectangle cut with a rounded edge. The rectangle dimensions are length 

= 6𝑟𝑚, width = 2𝑟𝑚 and height = 
𝑟𝑚

4
, the radius of curvature of a rounded edge is 0.1𝑟𝑚. 

5. A sample with one equivalent defect to approximate geometry (ii) (Fig. 2(d)). The defect 

is modeled as a rectangle cut with a rounded edge. The rectangle dimensions are length 

= 6𝑟𝑚, width = 2𝑟𝑚 and height = 𝑟𝑚+𝑟𝑠, the radius of curvature of a rounded edge is 0.1𝑟𝑚. 

 

 

Fig. 2. Geometries with differently shaped defects 
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Due to symmetry, only a one fourth part of each of the considered models was 

constructed (see Fig. 3). It should be noted that sizes in geometry descriptions (i–v) are 

given for the whole elementary models. Consequently, in constructed parts with the 

equivalent defect (iii –v), the length and width of the defect are 3𝑟𝑚 and 𝑟𝑚, respectively. 

The height of the equivalent defect in one fourth part of each of the considered models 

(iii –v) remains as indicated above. 

The constructed geometric models have the following boundary conditions: on the 

cross-section corresponding to the boundary of the gauge part of the sample, the force 

corresponding to the amplitude in cyclic tests is applied; the symmetry condition 

(“frictionless support” condition in ANSYS Workbench) acts on the cross-section planes of 

the quarter of the model (planes a and b in Fig. 3). 

 

 

 

 

Fig. 3. A geometrical model with the equivalent-form defect: 

a, b – the planes with symmetry condition; arrows indicate the plane of load application and direction 

 

 

 

Fig. 4. Stress distribution for constructed geometries (stress values are given in MPa) 
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To use the finite element method, a tetrahedron mesh was constructed. Moreover, 

since the vicinity of the defects is a probable place of stress concentration, the face sizing 

method was additionally applied to the surface of the defects, allowing to set a fine grid 

in the specified areas (Fig. 4).  

The mesh convergence study was carried out in order to ensure the accuracy of 

solution. With various finite element meshes, several static analysis simulations for 

geometry with three surface defects of a complex form (geometry (ii)) were conducted. 

Figure 5 shows the maximum von Mises stress corresponding to the number of elements 

in a certain mesh. It was found that for meshes with the number of elements over 106 the 

relative differences between results of considered simulations is less than 4 %. Therefore, 

for further analysis the number of elements was approximately 1.2 × 106. 

 

 
 

Fig. 5. Mesh convergence of maximum von Mises stress obtained with different meshes 

 

Results 

Stress distributions near the local defects for the set of geometries in question are 

presented in Fig. 4 for the applied static load equal to 60 MPa. They clearly demonstrate 

that for geometries with a cluster of three pits (i) and (ii) (Fig. 4(a,b), respectively) a 

significant increase in the value of the von Mises stress is observed in the presence of the 

secondary damage (geometry (ii), Fig. 4(b)). Note that in the case of defects of a complex 

shape (Fig. 4(b)), the maximum stress values are reached at the joint of the secondary 

defects with the main ones. For geometry (i) with three defects of a hemispherical form 

(without a secondary damage), the maximum of the von Mises stress is achieved at the 

sharp edges between the defects (Fig. 4(a)). This result is in accordance with [21,48,49].  

From Fig. 4 it is seen that the difference between maximum stress values in a 

sample with three hemispherical pits (i, Fig. 4(a)) and a sample with equivalent defect  

(iv, Fig. 4(c)) is below 3 %. While the difference between values of maximum stress 

obtained in geometry (ii, Fig. 4(b)) with a cluster of complex-shaped pits and the geometry 

(v, Fig. 4(d)) with the equivalent defect is over 30 % for a considered load. Therefore, the 

equivalent defect (iv) provides a good approximation of a cluster of hemispherical pits (i) 

in terms of prediction of stress values for static analysis (Figs. 4(a,c)). At the same time, 

none of the considered equivalent defects (iii–v) allows to estimate the stress values near 
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a cluster of complex-shaped pits (ii) for static analysis. It should be noted that the 

difference between results obtained for a sample with three hemispherical pits  

(i, Fig. 4(a)) and for the equivalent defect (iii) is sufficiently more than 3 %.  

The dependencies of calculated fatigue life values of constructed models (i–v) from 

values of applied loads at R = 0.1 with the Goodman mean stress correction (Eq. (2)) are 

shown in Fig. 6. It can be seen that the maximum life of geometries considered coincides, 

but in the case of defects of a complex shape (geometry (ii), solid orange curve) it is 

achieved at a maximum load of 60 MPa, while for geometry with defects of a 

hemispherical form without a secondary damage (geometry (i), solid blue curve) the 

maximum value of fatigue life is maintained up to a load of 90 MPa. In this case, the 

maximum load at which a structure with secondary damages (geometry (ii)) does not 

undergo instantaneous destruction reaches 60 MPa when for the second model (geometry 

(i)), it reaches 90 MPa. Thus, the presence of a secondary defect at the bottom of the main 

one causes a significant decrease in strength. Note that in contrast to steel and titanium 

alloys, aluminum alloys do not have a distinct fatigue limit. Consequently, aluminum 

specimens are susceptible to fatigue failure, even under minimal stress amplitudes. 

 

 

 

Fig. 6. Dependence of fatigue life from values of applied loads 

 

It is seen from Fig. 6 that the curves for geometries (i) and (iv), (ii) and (v) are close 

to each other for all considered applied loads. However, the analysis of results showed 

that for a fixed load value the estimated lifetimes between geometries (i) and (iv) may 

reach 40 %. This difference grows with the growing applied load. For loads under 66 MPa 

the difference is less than 30 %. In the same way the difference between the estimated 

fatigue lifetimes between geometries (ii) and (v) grows as load grows, reaching 33 % at 

56 MPa. For loads under 48 MPa the difference is less than 26%. 

Thus, the geometries with equivalent defects (iv) and (v) provide overestimated 

values of calculated fatigue lifetimes up to 40 and 33 %, respectively, compared with the 

results of lifetimes obtained using geometries with pit clusters (i) and (ii). 
 

 

30

40

50

60

70

80

90

100

1,E+00 5,E+05 1,E+06 2,E+06 2,E+06 3,E+06

A
p

p
lie

d
 lo

ad
, M

P
a

Number of cycles

geometry (i)

geometry (iii)

geometry (iv)

geometry (ii)

geometry (v)



78  L.A. Almazova, O.S. Sedova 

Conclusions 

In the paper a cylindrical sample of aluminum alloy either with a cluster of surface defects 

or with a single equivalent defect is considered at high cycle fatigue regime under 

uniaxial tension-compression load with ratio R = 0.1. Using ANSYS Workbench the fatigue 

life of a sample for various load values and different defect shapes is numerically 

assessed. Goodman mean stress correction is performed to account for non-zero mean 

stress. The distribution of von Mises stress under static uniaxial tension is also analyzed 

for different defect shapes.   

It was found that the equivalent defect may be used for prediction of stress values 

for a specimen with a cluster of three hemispherical pits for static analysis. 

It was shown that the form of surface pits plays significant role for the calculated 

fatigue life. Complex form of surface defects reduces fatigue strength.  

The error of modelling a cluster of three pits by a single equivalent defect grows 

with the growing applied load for both considered shapes of pits. The assessment of 

fatigue life of locally corroded specimens through a single equivalent defect may provide 

overestimated values of fatigue lifetimes up to 40 % for a cluster of three hemispherical 

pits and up to 33 % for a cluster of three complex-shaped pits.  
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