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ABBREVIATIONS AND SYMBOLS 

Abbreviation Designation 

ASM American Society for Metals 

ASTM American Society for Testing of Materials 

BSD SEM backscattered electron detector image 

CT Compact tension specimen for fracture mechanics testing 

DSG Defect Stress Gradient Approach/Criterion 

EDX Energy-dispersive X-ray spectroscopy 

EDM Electro Discharge Machining 

EIM Equivalent Inclusion Method 

EPFM Elastic Plastic Fracture Mechanics 

FEM, FEA, FE- Finite Element Method, Finite Element Analysis, Finite Element 

HCF High-Cycle Fatigue  

ISO International Organization for Standardization  

LCF Low-Cycle Fatigue  

LEFM Linear Elastic Fracture Mechanics 

LOM/OM Light Optical Microscopy 

NCI Nodular Cast Iron 

PSB Persistent slip bands  

PSM Persistent slip markings 

SE SEM secondary electron image 

SEM Scanning electron microscopy 

SIF Stress Intensity Factor 

S-N Stress-Life approach/curve/method 
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Latin symbols 

Symbol Designation Unit 

a  Crack length [mm] 

aij  Deviatoric backstress tensor [MPa] 

a∇  Defect influence parameter in the DSG criterion [μm] 

√area  Equivalent defect size parameter by Murakami [μm] 

√areaall  Allowable equivalent defect size [μm] 

b Fatigue strength exponent [−] 

c Fatigue ductility exponent [−] 

da dN⁄   Crack propagation rate [m/cycle] 

f Crack opening function by Newman [−] 

l Crack length  [mm] 

mP  Exponent constant in the Paris equation  [−] 

sij  Deviatoric stress tensor [MPa] 

A Largest bounding dimension of a surface defect [μm] 

𝐴𝑊  Wöhler curve parameter, theoretical fatigue strength at one load cycle [MPa] 

AW,Cr  Crossland Wöhler curve parameter, theoretical fatigue strength at one load cycle [MPa] 

A%   Elongation at fracture [%] 

B Bounding width of a surface defect  [μm] 

𝐵𝑊  Wöhler curve parameter characterising the slope [−] 

𝐵W,Cr  Crossland Wöhler curve parameter characterising the slope [−] 

C Bounding depth of a surface defect  [μm] 

CP  Constant in the Paris equation [−] 

E Tensile modulus of elasticity [GPa] 

I1  First invariant of the stress tensor [MPa] 

J2  Second invariant of the deviatoric stress tensor [MPa] 

G  Energy release rate [J m2⁄ ] 

HB Brinell hardness  [−] 

HV Vickers hardness [−] 

J  J-integral [J m2⁄ ] 

KCr   Crossland equivalent multiaxial stress concentration factor  [−] 

Kt   Linear elastic stress concentration factor [−] 

Kf  Fatigue notch factor  [−] 

K, KI, KII, KIII   Stress Intensity Factor and Stress Intensity Factors in the respective mode [MPa√m] 

KIc   Plane strain fracture toughness in Mode I [MPa √m] 

Kop   Opening stress intensity [MPa √m] 

Nf  Number of cycles to total fracture [cycles] 

Ni  Number of cycles to short crack initiation [cycles] 

Nlc.i  Number of cycles to long crack initiation  [cycles] 

Nlc.g  Number of cycles spent on long crack growth [cycles] 

Nsc.g  Number of cycles spent on short crack growth [cycles] 

Np  Crack propagation life [cycles] 

Pf  Probability of failure [−] 

Rm  Ultimate tensile strength [MPa] 

Rp0.2  Proof strength at 0.2% plastic strain  [MPa] 

Sa   Remote stress amplitude [MPa] 

R   Global or local stress-ratio, load-ratio (R-ratio) [−] 

T   Period of a load cycle in fatigue [s] 

U  Effective stress-intensity ratio by Elber [−] 

Y   Crack shape or geometry factor [−] 
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Greek symbols 

Symbol Designation Unit 

αCr  Material parameter for the Crossland criterion [MPa] 

βcr  Material fatigue strength parameter for the Crossland criterion [MPa] 

δij  Kronecker delta [−] 

εf
′  Fatigue ductility coefficient in the Manson Coffin equation  [−] 

εa
el  Elastic strain amplitude [mm/mm] 

εa
pl

  Plastic strain amplitude [mm/mm] 

Π  Internal mechanical potential [J] 

σa  Stress amplitude in a load cycle [MPa] 

σCr  Equivalent stress by the Crossland HCF criterion [MPa] 

σCr
max  Local maximum of the Crossland equivalent stress [MPa] 

σCr
∞   Far-field Crossland equivalent stress [MPa] 

σDSG  Fatigue equivalent stress in the DSG approach [MPa] 

σf
′  Fatigue strength coefficient in the Basquin equation [MPa] 

σh  Hydrostatic stress [MPa] 

σij  Cauchy stress tensor [MPa] 

σm  Mean stress in a load cycle  [MPa] 

σmax  Maximum stress in a load cycle  [MPa] 

σmin  Minimum stress in a load cycle  [MPa] 

σn  Normal stress [MPa] 

σv.M  Equivalent stress by the von Mises yield criterion [MPa] 

σw and σe Fatigue or endurance limit [MPa] 

σw0  Defect free fatigue limit  [MPa] 

σy  Yield strength [MPa] 

σy
106

  Mean value of fatigue strength at 106 cycles [MPa] 

τi  Shear stress vector [MPa] 

τn  Magnitude of the shear stress vector [MPa] 

μy
106

  Standard deviation of fatigue strength at 106 cycles [MPa] 

∆a  Crack length extension [mm] 

∆K  Stress intensity factor range [MPa√m] 

∆Keff  Effective stress intensity range [MPa√m] 

∆Kfc  Stress intensity range corresponding to fatigue fracture [MPa√m] 

∆Kth  Threshold stress intensity range [MPa√m] 

∆Kth.eff  Effective threshold stress intensity range [MPa√m] 

∆Kth.lc  Threshold stress intensity factor for long cracks [MPa√m] 

∆Kth.sc  Threshold stress intensity factor for short cracks [MPa√m] 

∆σw  Fatigue limit stress range [MPa] 

∆σw0  Fatigue limit stress range for plain specimens [MPa] 

∆σ  Stress range [MPa] 
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1. INTRODUCTION 

The current thesis investigates the phenomenon of the defect induced fatigue process and is focused on the 

high-cycle fatigue behaviour of nodular cast iron (NCI) components. Considering that high-cycle fatigue is known 

for being strongly linked to the surface condition, the fatigue life reduction effect of the various surface 

discontinuities is a fundamental question. From the standpoint of creating as-precise-as-possible fatigue life 

assessment for the components, the role of defects is nonnegligible as they are usually the initiators of the fatigue 

cracks and their presence is almost inevitable in the subsurface region of castings. NCI components have numerous 

advantages compared to their forged and machined counterparts, such as the efficient mass production of complicated 

shapes with mechanical properties comparable to steel. Due to their beneficial properties, they are widely used in 

different industrial branches, amongst them the transportation industry. The main price to pay for their advantageous 

behaviour is the inhomogeneity of material properties yielding from many various phenomena, including the 

characteristics of the flow in the casting form and the solidification process. Both the inevitable presence of the 

casting skin and the different types of casting defects lead to large scale scatter of the fatigue properties of NCI 

material. 

Figure 1.1 displays surface defects on NCI components found during the visual quality control process. A 

detailed consideration of these inhomogeneities leads to more accurate service life calculations, which allows for the 

application of reduced safety factors without compromising reliability. Important decisions must be made to 

differentiate between the various phenomena affecting the fatigue strength. Specific type of inhomogeneities having 

criticality above a given threshold are to be assessed individually during the quality control process, preferably with 

the application of a proven assessment method that can predict their impact on the service life. The expected effect 

of the uncontrolled and imperfect microstructure is to be considered during the design phase of the components. 

 

Figure 1.1. Examples for surface defects on nodular cast iron components. 

From the standpoint of engineering system manufacturers, the classification process of castings supplied by 

various foundries poses several difficulties. System manufacturers usually apply quality control guidelines for 

material strength based on the testing of monotonic testing properties of test specimens machined from randomly 

selected castings. However, high cycle fatigue being a surface linked failure mode, the measurement of the 

monotonic bulk behaviour does not ensure the expected fatigue performance for a cyclically loaded component. 

There are internationally applied standards which define examination rules for the surface condition of castings 

(such as the European standard EN 1370 [1] and the ASTM A802 [2]). However, none of them presents a quantitative 

approach for the description of fatigue strength based on the inspected surface conditions. The current research was 

initiated and supported by the Knorr-Bremse Rail System Budapest to gain first-hand theoretical and experimental 

knowledge related to the defining factors of defect induced fatigue. These can be utilised to create a quantitative 

design and quality control guideline for the surface examination of safety-critical castings.  

The pre-existing published methodologies for defect induced fatigue often make significant simplifications 

and are rarely aimed at providing generally applicable theories focused on the component scale. The lack of 

experimental fatigue test data for the ISO 1083 500-7 [3] grade of interest hinders the reliable application of published 

methodologies.   

    

1000 𝜇𝑚 
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The fundamental problem is the predictability of the high-cycle fatigue strength for a given service life goal 

in the presence of surface defects detected during the quality control process. For that, the defects must be 

characterised with parameters that contain the necessary information describing their criticality. High cycle fatigue 

strength is then to be calculated depending on these parameters under multiaxial loading conditions for various 

industrial components. Figure 1.2 presents an overview of the experimental approach of the research. The goal to 

assess components with surface defects is reached systematically, starting from the analysis of test specimen 

behaviour and validating the findings on component tests. The complexity of defective fatigue strength is reduced 

with the analysis of defects having controlled size, shape, morphology and microstructure through the artificial 

introduction of machined defects. Subsurface defects are hidden from the visual inspection process; however, 

detected during the fracture surface analysis, are analysed comparatively based on the experience gained under 

controlled circumstances. 

 

Figure 1.2. Experimental approach of the research. 

From a general viewpoint, the high-cycle fatigue behaviour of defective components is in focus of the current 

work. However, under positive mean stress state, the structural stress reaches into the elastoplastic regime for a 

portion of the full load cycle for NCI test specimens having fatigue lives near the fatigue limit. In the presence of 

stress concentrators, the local cyclic plasticity at the tip of the defect is expected to have a significant effect. The 

crack initiation and propagation phases of the whole fatigue life are investigated separately in the thesis for a thorough 

understanding of the fatigue process. Figure 1.3 displays a schematic of the theoretical approach of the research. 

 

Figure 1.3. Theoretical approach of the research. 
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1.1. Necessity of research 

Several methodologies have been developed for the modelling of defect induced fatigue over the recent years; 

however, most of them have many shortcomings if one tries to apply them in an industrial environment. There is no 

commonly accepted methodology for the assessment of notches, while the effect of defects has significantly more 

unknown factors.  

The notch and defect sensitivity research have been generally limited to the effect of circumferentially 

machined notches and hemispherical defects in contrast to natural ones. Only a limited number of studies [4,5] tried 

to analyse the impact of the defect shape on the fatigue life. Understanding the effect of the defect shape is an essential 

step towards the description of the effect of natural surface defects having complex shapes. 

A severe question in the view of the author, which is often neglected or taken for granted, is the transferability 

of fatigue data obtained by the testing of polished specimens to components. This issue has been highlighted in the 

review of W. Schütz in 1996 [6] and is still relevant. Researchers develop and validate methods solely on specimen 

data, leaving the issue of transferability to the engineering praxis. Practising engineers often do not have the time 

and resources to find and document general solutions.  

Multiaxiality of the stress state, heterogeneity of material properties along the cross-section and the varying 

proportion of the crack initiation and propagation phases are to be considered in the processing cylindrical specimen-

based experience to complex components. Another factor supporting the importance of the current research is that 

experience and knowledge related to the cyclic material, and fatigue strength properties are limited for the ferritic-

pearlitic ISO 1083 500-7 [3] NCI grade. It is interesting to note that there are significantly more experimental results 

are available for the mainly ferritic 400-18 and the mainly pearlitic 600-3 classes. 

1.2. Research aim 

The current research aims to provide transferable answers between the specimen and component scales of 

defect induced high-cycle fatigue with the ISO 1083 500-7 [3] ferrite-pearlitic grade castings in focus. Throughout 

this research, the Defect Stress Gradient approach [7] has been found to cover the technical constraints of the research 

program, which is why this work follows on with further development for this approach compared to its previous 

formulations. A fatigue testing experimental campaign is summarised in this work, whereas the new theoretical and 

experimental findings are compared with each other. 

From a scientific standpoint, this work aims to assess the high-cycle multiaxial fatigue life of NCI material 

with surface defects based on the critical characteristics, such as defect shape, size, orientation, location and 

surrounding microstructure. The influence of defect shape is investigated detail in the work since that is an often-

neglected factor in the literature. Furthermore, a transfer of experimental data from small test specimens to the scale 

of industrial components is aimed for a general understanding of the problem. 

From an engineering standpoint, the aim of this work to derive a methodology based on scientific results. This 

method should be able the decision-making process of engineers to decide, whether a given component (with its 

unique surface conditions) would meet the design requirements based on the post-processing of the fatigue 

assessment results for the idealised state of the component. There are technical constraints for the research for it to 

be applicable for the fatigue design of castings of the transportation industry:  

1) the initiation of microstructurally long fatigue crack is usually considered as a failure criterion in the 

transportation industry, since regular inspections are not necessarily ensured for all safety critical components, 

2) components are mainly designed for high-cycle fatigue life, often against the fatigue limit, 

3) complex geometries and stress state combined with a large number of load cases. 

 

Based on the review of the literature related to the casting defects of ferrite-pearlitic nodular cast irons and a 

visual inspection campaign conducted on components with surface defects, the defect size range of particular interest 

has been designated to be 50 – 2500 𝜇𝑚.  
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1.3. Research method 

During the research program, the first step was understanding the phenomenon of fatigue of nodular cast iron 

material starting from the ground up. Experiments were conducted to gain knowledge related to the microstructure, 

static and cyclic material behaviour, which led to the capability of modelling the subsequent linear elastic and cyclic 

fatigue tests on test specimens with Finite Element (FE) Simulations. Based on the experiences from this step, the 

low- and high cycle fatigue test results on cylindrical specimens opened the way for assessing component fatigue 

strength. As an intermediate step between polished cylindrical tensile specimens and components with complex 

geometry and casting skin 4-point bending experiments have been conducted on flat test samples with various surface 

properties. The aim was to identify materiel parameters on cylindrical specimens under cyclic tensile loading, then 

to perform FE-Simulations for components which can be validated with the component fatigue tests results.  

FE-simulations were conducted with the ANSYS Mechanical Research Edition 19.4 software. Various 

modelling techniques and post-processing assessment methods have been combined to simulate component fatigue 

strength. A significant part was done by linear and nonlinear continuum- and fracture mechanics FE-calculations 

computing local stresses, strains and stress-intensity factors. The numerous used additional pre- and post-processing 

methods and tools are presented in detail in the Thesis, connected to their application. 

A schematic is shown in Figure 1.4 with the plan of the research program displaying the connection points of 

the experimental and theoretical side. 

 

 

Figure 1.4. The Research method of the PhD research. 
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1.3.1. Method of modelling material behaviour at different scales 

Nodular cast irons are widely known for their heterogeneous microstructure containing spheroidal nodules of 

graphite surrounded in ferrite phase, embedded in a pearlitic matrix. On a microstructural level the fatigue process 

is defined by the cyclic microplasticity of the ferrite grains surrounding the graphite nodules and the propagation of 

this microstructurally small crack thorough the different grains. However, this heterogeneity of the microstructure of 

the investigated ferrite-pearlitic cast iron is not considered directly in the modelling process. A modelling approach 

directly incorporating microstructural heterogeneity would not be able to provide reliable and effective answers on 

the scale of structural components. Figure 1.5 displays an outline of the modelling strategy for the Thesis with the 

focus lying on the transferability of experience between the small test specimen to component scale.  

The effect of casting defects starts to lower the fatigue limit of a polished specimen above the size range of 

approximately 200 𝜇𝑚. On a cast surface, where the surface defects are to be found, the average surface roughness 

is considered to be 200 𝜇𝑚 (expressed in Rz), which in reality often makes even 500 𝜇𝑚 defects indistinguishable 

from the usual surface roughness. At the macroscopic level the material behaviour shows isotropic and homogeneous 

behaviour, which is supported by the shape of the cyclic flow curve and the fracture surface analysis of various 

fatigue test specimen. Even with this reasonable simplification of the real material constitutive relation, the 

transferability of fatigue behaviour from the small test specimen level to the structural component scale raises several 

difficulties. 

 

 

Figure 1.5. Modelling strategy for transferable methods and generalised application at the component scale.   
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1.4. Organisation of the research program 

The development of the calculation models and the assessment of the various measurements has been 

conducted at the Department of Machine and Product Design under the supervision and support of Prof. Károly 

Váradi. The experimental campaign of the PhD research has been supported by the Knorr-Bremse Rail Systems 

Budapest. There have been two rounds of measurements conducted at the Bay-Zoltán Applied Research Ltd. on 

behalf of Knorr-Bremse serving as experimental support for the PhD research. Furthermore, fatigue tests have been 

undertaken on railway brake components at the test centre of Knorr-Bremse Rail Systems Budapest, the results of 

which are also included in the current work. Experimental data from previous related industrial research programs 

of Knorr-Bremse has been utilised in the thesis as well. Through an industrial partnership between the Knorr-Bremse 

Rail Systems and the ISAE-ENSMA French National Institute for Mechanics and Aeronautical Engineering Prof. 

Yves Nadot, has worked as a scientific advisor for the research project. 

Table 1.1. presents an overview of the experimental side of the research program, whereas all tests were made 

on ISO 1083 500-7 [3] grade cast iron. The test specimens for the measurements conducted at the Bay Zoltán Applied 

Research Ltd. were machined from the lever components used for the component tests. The author of the thesis 

generally planned, organised and evaluated the measurements which were conducted by laboratory experts for 

fatigue testing. This division of tasks was due to the characteristics of the various fatigue tests, namely the 

geographical constraint of high-quality fatigue testing and process control equipment, their complexity and long-

term nature. 

Table 1.1. Summary of experimental campaigns having results utilised in the Thesis. 

Testing Institute Period Description Roles 

Bay Zoltán Applied 

Research Ltd. 

(Miskolc) 

Round 1 

06.11.2017-

16.02.2018 

Chemical and metallographic properties 

Monotonic tensile properties (4 spec.) 

Fatigue limits for cylindrical specimens at different load 

ratios (3x5 spec.) 

Led by: Márton Gróza 

Conducted by: Bay Zoltán 

Ltd. 

Report: BLJ-135/2017 [8] 

Bay Zoltán Applied 

Research Ltd. 

(Miskolc) 

Round 2 

27.07.2018-

31.03.2019 

Cyclic material properties (5 spec.) 

Effect of artificial defects on the fatigue strength (25 spec.) 

Effect of casting skin, structural stress gradient and machined 

defect on the fatigue strength (8 spec.) 

Fatigue crack growth, threshold state (12 spec.) 

Led by: Márton Gróza 

Conducted by: Bay Zoltán 

Ltd. 

Report: BLJ-082/2018 [9] 

Knorr-Bremse Rail 

Systems Budapest 

01.01.2018-

06.03.2018 
Component Wöhler curves for lever components (30 spec.) 

Fracture surface analysis  

Led by: KB 

Conducted by: KB 

Report: (internal KB) 

Knorr-Bremse Rail 

Systems Budapest 

01.09.2018-

30.11.2018 
Component Kitagawa diagram (13 spec.) 

Fracture surface analysis 

Led by: Márton Gróza 

Conducted by: KB 

Report: - 

Knorr-Bremse Rail 

Systems Budapest 

07.07.2016- 

29.06.2017 

Visual inspection of surface defects on defective cast brake 

lever components (106 spec.) 

Led by: Márton Gróza 

Conducted by: Márton Gróza 

Report: - 

Department of 

Materials Science 

and Engineering 

(BME) 

05.2018 
Images for fracture surface analysis by Scanning Electron 

Microscopy (Bay, Round 1) 

Led by: Márton Gróza 

Conducted by: ATT BME 

Report: - 

Department of 

Polymer 

Engineering (BME) 

02.2019 
Images for fracture surface analysis by Scanning Electron 

Microscopy (Bay, Round 2 and KB tests) 

Led by: Márton Gróza 

Conducted by: PT BME 

Report: - 
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2. LITERATURE REVIEW 

In this chapter, a brief overview is presented of the historical development of fatigue research followed by an 

introduction to the scientific background of the current study including the concurrent research advancements of 

defect induced fatigue. With the analysis of concurrent, partly applicable, methods to the problem of fatigue crack 

initiation from surface defects in NCI components, conclusions are drawn in context of the research aim. 

2.1. History of fatigue research 

According to W. Schütz [6] the first fatigue tests were conducted by Albert [10] in 1837, when he conducted 

fatigue tests on conveyor chains used for mining. His name, however, became known for inventing the modern wire-

rope. In 1842 Rankine [11], known for his finding in thermodynamics, investigated the fatigue strength of railway 

axles. The French Morin proposed a safe-life like design approach for the replacement of horse-drawn mail coaches 

after 60 000 km. It was common practice to start inspecting the axles of mail coaches after 70 000 km, and the 

criticality of section change zones was also known. The term “fatigue” was first mentioned by Braithwaite [12] in 

1854 during his description of service fatigue failures of brewery equipment, crankshafts, railway axles. Allowable 

stresses have been mentioned in his work as well.  

The first one to systematically investigate mechanical fatigue in its current definition was August Wöhler1 

between 1852 and 1870, who was conducting his research on behalf of the French Railway Company [13]. They 

have detected numerous axle failures and wanted to investigate this matter. An extremely severe railroad accident 

occurred in May 1842, when a fully occupied train on the route from Versailles to Paris crashed due to axle failure. 

More than 50 people lost their lives presumably. This tragedy has later become a milestone in fatigue research. 

Wöhler conducted strain measurements during train journeys. His statement regarding the severity of passing over 

switches is used to this day, the number of passed switches is the basis for the allowable stresses in railroad design 

[14]. The famous Wöhler diagram (S-N approach, applied stress amplitude vs. number of cycles to failure) was 

introduced by his successor, Spangenberg. William J.M. Rankine2 has also made a remarkable contribution to the 

interpretation of the accident in Versailles. Observing the fracture surface, he concluded, that the sudden fracture 

was the consequence of a continuous decrease in the load-carrying cross-section [14]. Johann Bauschinger3 found a 

reduction in the compression yield strength after load reversal from initial plastic tension, and vice versa [15]. The 

change in the structural stress-strain characteristics of polycrystalline metals is due to microscopic plasticity of the 

individual grains. Notwithstanding the results of Wöhler and his co-workers, the physical mechanism of material 

fatigue was unknown around 1900. The observation of the microstructural mechanisms was limited by the lack of 

sufficient microscopy. The first observations were made by Ewing and Humfrey in 1903. Studying Swedish iron 

specimens under rotating-bending, they found the formation and growth of slip bands, which developed into fatigue 

cracks [16]. The well-known and widely used Basquin4 relationship (between 𝑁𝑓, the number of cycles to failure and 

∆𝜎 2⁄ , the stress amplitude) was published in 1910 [17]: 

∆𝜎

2
= 𝜎𝑓

′(2𝑁𝑓
𝑏), 2.1 

where 𝜎𝑓
′ fatigue strength coefficient and 𝑏 the fatigue strength exponent. This description of the Wöhler curve 

leads to a linear relationship where the stress amplitudes and the fatigue life are plotted on a log-log plot.  

One of the essential tools of the fatigue life assessment used today was introduced by Palmgren [18] and Miner 

[19]. The Miner’s rule states that damages due to different stress amplitudes can be accumulated linearly. In equation 

2.2 𝑁𝑖 denotes the actual number of cycles at a certain stress amplitude, whereas 𝑁𝑓𝑖 is the number of cycles to 

fracture at this load level. It must be noted that the Miner’s rule is a simplified equation and is not representing the 

physical behaviour of the damage cumulation process. The main limitation is due to the fact that it is not considering 

the initiation and propagation phases of fatigue damage separately, and therefore gives distorted predictions. Despite 

 

 

1
 1819-1914, German Railway engineer. 

2
 1820-1872, Scottish mechanical engineer, civil engineer, physicist and mathematician, leading scientist in thermodynamics in the 19th century. 

3
 1834-1893, German engineer and mathematician, professor of Engineering Mechanics at Munich Polytechnic 

4
 named after Olin H. Basquin, 1869-1946, American physicist, professor of applied mechanics in Northwestern 
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its limitations, it is still widely used in today’s engineering praxis, however the actually used damage sum can be 

higher and lower than one [14]. 

∑
𝑁𝑖

𝑁𝑓𝑖

=

𝑖

1 2.2 

Around 1920 a fundamentally new approach had been introduced, in focus of which stood the analysis of 

cracks utilising stress (Inglis) [20] and energy (Griffith) [21] parameters. The new field named fracture mechanics 

revolutionised the assessment of fatigue and with that, the whole approach dealing with the phenomenon. The 

consideration of notch stresses and notch factors in the field of structural integrity and materials engineering were 

introduced by August Thum and Heinz Neuber [22]. Notches play an important role; hence they act often as the 

initiators of the fatigue process. Manson [23] and Coffin [24] (independent from each other) proposed a relationship 

between the plastic strain amplitude ∆휀𝑝𝑙 2⁄  and the number of cycles to failure 𝑁𝑓. The Manson-Coffin equation and 

curve is still widely used to describe the low-cycle fatigue behaviour of metallic materials: 

∆휀𝑝𝑙

2
= 휀𝑓

′ (2𝑁𝑓)𝑐 . 2.3 

In equation 2.3 휀𝑓
′  is the fatigue ductility coefficient, and 𝑐 is the fatigue ductility exponent. 

The aircraft industry became the driving force of fatigue research around the second World War. Owing to the 

new measurement- (electron microscopy), calculation- (crack propagation with fracture mechanics) and testing-

methods (servo-hydraulic mechanical testing systems) there was a significant progression in fatigue research in this 

era [14]. For the assessment of crack-propagation, the Linear Elastic Fracture Mechanics (LEFM) approach became 

well acknowledged. George R. Irwin introduced the stress-intensity factor 𝐾 in 1958, as a parameter independent 

from component dimensions [14]. As equation 2.4 shows, it is a function of the crack length 𝑎, the stress state 𝜎 and 

the 𝑌 geometry factor in its simplified form. 

𝐾 = 𝜎√𝜋𝑎𝑌 2.4 

Paul C. Paris used Irwin’s concept and created a connection between the crack growth rate 𝑑𝑎 𝑑𝑁⁄  and the 

driving local stress-intensity range ∆𝐾 [25]. This simple equation 2.5, hence it contains only two material constants, 

became the basis of several fracture mechanical methods. Paris law has neglected important parameters, like the 

mean stress-, and crack closure effects. 

𝑑𝑎

𝑑𝑁
= 𝐶𝑃∆𝐾𝑚𝑃  2.5 

Elber modified the Paris-Erdogan equation to account for crack closure (the crack faces of a growing crack 

may have contact before complete unloading from tensile stress due to the compressive residual stress state in the 

crack tip wake) by using ∆𝐾𝑒𝑓𝑓 = 𝐾𝑚𝑎𝑥 − 𝐾𝑜𝑝 in the Paris-Erdogan equation, where 𝐾𝑜𝑝 is the opening stress 

intensity level [26]. 

𝑑𝑎

𝑑𝑁
= 𝐶𝑃∆𝐾𝑒𝑓𝑓

𝑚𝑃  2.6 

In the 1970s the technological advancement (damage-tolerant approach for nuclear power plants, new 

materials for gas turbine blades operating in high temperature) has required new methods, which had to be capable 

to account for the crack-tip plasticity. The Elastic-Plastic Fracture Mechanics (EPFM) theory utilising the cyclic J 

integral and cyclic-tip opening (∆CTOD) approaches are capable to accurately describe the local forces driving the 

crack-propagation [14]. Significant advancements have been introduced by L. Gillemot and E. Czoboly in the 1970-

80’s related to the extension fracture mechanics concepts to ductile materials and low-cycle fatigue [27–30]. Two 

recent accidents have shown that there is still a lot to learn about this phenomenon. In 1998 a high-speed train (ICE) 

in Germany derailed because of a broken wheel rim failed by fatigue. With 101 casualties this was the most severe 

railroad accident in Germany. In 2001 a fully occupied Airbus A300 crashed in New York, more than 250 people 

were killed. The catastrophe was traced back to the fatigue failure of the composite vertical stabiliser and rudder 

[14]. 
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2.2. Nodular cast iron material 

Cast irons, in general, have a high number of advantages related to the manufacturing process and mechanical 

properties over cast steel. First and foremost, their 30 to 40% lower manufacturing cost must be pointed out. The 

better wear resistance and vibration damping characteristics offer an edge over steels in many engineering 

applications. The European Standard EN 1563 [31] defines nodular cast iron as carbon and silicon-based alloy, 

whereas the carbon is mainly present in the form of spheroidal graphite particles. Nodular cast iron (NCI) is also 

known as ductile iron (DCI), spheroidal cast iron or spheroidal graphite iron (SGI), globular cast iron. The term 

‘nodular’ refers to the shape of the graphite particles, which are embedded on the microstructure level into the 

metallic matrix. The nodular particle shape increases strength and toughness compared to classical grey iron with 

lamellar graphite. The volume fraction of the particles is typically between 7% and 15%, and their diameter is in the 

range between 10 μm and 150 μm [32]. Currently, NCI represents about 20 to 30% of the cast iron production in 

most industrial countries [33]. The ISO 1083 international standard [3] enlists the standard composition of the NCI 

material, the primary material properties of this material are comparable to steel. Furthermore, cast irons are more 

machinable, and the graphite content acts as a self-lubricating system resulting in better wear resistance. The better 

vibration damping capability is another beneficial effect of the graphite content. However, the disadvantageous 

effects of the graphite also have to be mentioned, as the degradation of ductility and fracture toughness [34]. The 

basis of their behaviour is to be found in their microstructure and metallurgical characteristics. The melting 

temperatures of cast iron are 300 to 350 ℃ lower than those of cast steel [34]. Owing to the higher concentration of 

free carbon and higher silicon content graphitic cast iron has better fluidity and less shrinkage than any ferrous based 

metal [34]. One of the leading manufacturing advantages of NCI is that it does not require heat treatment to produce 

graphite nodules [35]. NCI is manufactured by treating low-sulphur liquid cast iron with an additive containing 

magnesium, or cerium. Before, or during casting, silicon-containing alloy is inoculated into the molten material [33]. 

The eutectic graphite phase separates from the molten iron during solidification similar to grey cast iron. Owing to 

different additives the graphite grows as spheres, rather than as flakes. NCI is therefore much stronger and has a 

higher elongation at fracture than conventional grey iron. From a practical standpoint it can be considered as a natural 

composite of spheroidal graphite particles and a metallic matrix structure [35]. The significance of nodular cast irons 

for various engineering applications has been continually growing for a long time. Due to its microstructural 

inhomogeneity defects and graphite particles dominate the failure mechanisms [32].  

2.2.1. Microstructure and its effects on mechanical properties 

Nodular cast iron microstructure consists of the steel matrix containing ferrite and pearlite at different ratios 

depending on the grade (displayed in Figure 2.1) and spheroidal graphite nodules yielding from the high carbon 

content of the base material. The ferrite-pearlite ratio fundamentally defines monotonic elastic properties, whereas 

the nodule shape also plays an important role. The physical properties of the ferritic and pearlitic phases are well-

known: ferrite has high ductility with moderate strength and hardness, whilst pearlite has higher strength and 

hardness and hardness with reduced ductility owing to its cementite content. The characteristic mechanical properties 

are a consequence of the spheroidal shape of the graphite nodules, and any deviation from this shape causes 

significant changes affecting these properties. As a general rule, 90% nodularity (at least 90% of the graphite content 

is in nodular form) is desired [33]. Figure 2.2 shows the microstructure of ductile iron with varying degrees of 

nodularity. As the ratio of non-nodular to nodular graphite increases the mechanical properties relating to strength 

decrease, especially the ones that are related to failure (e.g. tensile strength, fatigue strength) [33]. Figure 2.2.d 

presents the effect of nodularity on the tensile strength and the 0.2% proof strength of NCI. El Soeudy [36] assessed 

the microstructural properties of NCI utilising the aspect ratio (the ratio of width to height) parameter. A sequential 

transition can be observed: the aspect ratio of the graphite flakes in grey cast iron is between 0.03 to 0.2, in vermicular 

(or compacted) graphite iron it is 0.21 to 0.55, and it reaches its maximum for NCI ranging from 0.56 to 1. 

The formation of a so-called casting skin is characteristic of spheroidal graphite iron. The properties of the 

microstructure near the surface are different than those in the bulk of the casting. The result of this abnormal surface 

layer, decreasing the mechanical properties can be critical for thin-walled castings [37]. The fundamental causes of 

this phenomena are graphite degradation and graphite depletion due to the metal-mould interaction [37]. Figure 2.3.a-

b. shows the common features of casting skin on cast irons. According to Boonmee [38], this effect can be quantified 

with a ‘skin factor’, which is the ratio between the properties (i.e. tensile strength, fatigue strength) of as-cast samples 

and those of the machined samples. It must be stated that Boonmee’s results are valid for CG irons, which is more 

susceptible to the casting skin effect than ductile iron. Based on his results, the calculated fatigue skin factors were 

0.85, 0.73 and 0.68 for the CG irons with 15, 30 and 40% nodularity, respectively. It is worth noting that the casting 
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skin can be significantly decreased with shot-blasting [38]. Figure 2.3.c shows the reduction in the unnotched and 

notched fatigue limit as the cast section size increases. The effect of section size can be summarised: both thin 

(casting skin effect) and thick-walled (property degradation) castings possess degraded mechanical properties. 

   

Figure 2.1. Different grades of nodular cast iron: FCD400, FCD600, FCD700 (JAS), equivalent to GJS 400, GJS600, GJS 700 

(EN), respectively [39]. 

 

Figure 2.2. Microstructure of ductile iron with a decreasing degree of nodularity; a) 99% nodularity, b) 80% nodularity, c) 

50% nodularity, d) tensile and yield strength of ductile iron versus visually assessed nodularity [33]. 

 

Figure 2.3. a-b) Common features (i.e.: graphite degradation, depletion, surface roughness, ferritic rim and high-nodularity 

zone) of the casting skin [38], c) Effect of cast section size on the fatigue limit of NCI [34].  

d) 

   

a) 

200 𝜇𝑚 

b) c) 
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2.2.2. Classification of nodular cast iron 

The ISO 1083 [3], EN-1563 [40] and ASTM A536 [41] standards provide material grade designations and 

mechanical properties for the different grades of NCI. The various NCI grades are the result of the varying proportion 

of the ferritic phase and pearlitic structure, offering a compromise of strength and ductility. Pearlite can be partially 

or totally replaced by bainite or tempered martensite in grades with higher strength. The mechanical properties are 

determined by the ferrite to pearlite ratio, which can be adjusted by alloying pearlite stabilising elements, or by heat 

treatment. Mechanical properties depend strongly on the wall thickness as well. Table 2.1. gives a quick overview 

on the material classification and Table 2.2. contains the most important material properties, according to the EN 

1563 standard. The listed strength parameters in Table 2.1 are the minimum values for a composition to qualify as a 

given grade.  

Table 2.1. Example of the ISO 1083 [3], EN 1563 [31] and ASTM A536 [41] material standards. 

Standard 
Material 

Designation 

Relevant wall 

thickness 

𝑡 [mm] 

0.2% proof 

strength 

𝑅𝑝0,2 [MPa] 

Tensile strength 

𝑅𝑚 [MPa] 

Elongation 

𝐴 [%] 

ISO 1083 

EN 1563 

ISO 1083/JS/500-7 

EN-GJS-500-7 

t ≤ 30 320 500 7 

30 < t ≤ 60 300 450 7 

60 < t ≤ 200 290 420 5 

ASTM A536 65-45-12 - 310 448 12 

Table 2.2. A collection of mechanical properties of ductile irons of interest according to ISO 1083 [3] and DIN EN 

1563 [40]. 

 Ferritic irons Ferritic-pearlitic irons 

 GJS-400-18 GJS-450-10 GJS-500-7 GJS-600-3 

0.2% proof strength 𝑅𝑝0,2 [MPa] 247 293 323 346 

Tensile strength 𝑅𝑚 [MPa] 400 450 500 600 

Elongation 𝐴 [%] 18 10 7 3 

Shear and torsional strength [MPa] 360 405 450 540 

Compression strength [MPa] 700 700 800 870 

Modulus of elasticity (tension and compression) 𝐸 [GPa] 169 169 169 174 

Poisson’s ratio 𝜈 [−] 0.275 0.275 0.275 0.275 

Fatigue limit completely reversed tension-compression 

(unnotched) σw0.T
𝑅−1  [MPa] 

135 155 170 205 

Fatigue limit pulsating tension (unnotched) σw0.T
𝑅0  [MPa] 110 125 135 160 

Fatigue limit rotating bending5 (unnotched) 𝜎𝑤0.𝑅𝐵  [MPa] 195 210 224 248 

Fatigue limit rotating bending6 (notched) 𝜎𝑤𝑛.𝑅𝐵  [MPa] 122 128 134 149 

Fracture toughness7 𝐾𝐼𝐶  [MPa√𝑚] 82 72 63 38 

Brinell hardness 𝐻𝐵𝑊 170-200 160-210 170-230 190-270 

 

  

 

 

5 Diameter of test specimen: 10,6 [mm] 
6 Diameter of notch root: 10,6 [mm]; circumferential 45° notch with 0,25 mm root radius and a notch depth of 3,6 mm 
7 Values for 25 mm cast samples (as-cast conditions), higher values should be expected for thicker walled castings 



PhD Thesis, Effect of surface defects on the fatigue life of nodular cast iron components 06.02.2020. 
 

 

M. Gróza 20/106 
Budapest University of Technology and Economics 

Department of Machine and Product Design 
 

2.2.3. Defects in nodular cast iron 

The unwanted presence of the various casting defects is inseparable from the production technology; however, 

one can develop complex processes, which can control their occurrence through process settings in accordance with 

the mechanical utilisation of the components and verify this with quality control. Some of the defect induced fatigue 

fractures fall into the scatter band of the base material, some of them lower it, and therefore considered to be harmful. 

An important goal for all companies using castings as structural components is to find those defects, which start to 

lower the fatigue strength of the base material. Moreover, even if a certain defect lowers the fatigue life compared to 

the base material it can be considered unharmful when it is located at an unutilised part of the component and 

therefore has no effect on the in-service life. There is substantial uncertainty involved since there is no single method 

that can provide the answer to these questions. 

Like all metallurgical products, iron castings contain voids, inclusions and other imperfections. These flaws 

can be acceptable (regarding the viewpoints of structural integrity and appearance), some of them can be repaired 

with grinding, but the most severe cases lead to rejection of the component. The ASME Boiler & Pressure Vessel 

Code Section IX [42] applies the systematic nomination, where the detected discontinuities are named flaws, and the 

rejected ones are referred to as defects. 

Generally, this type of decision depends on the significance in relation to the service function of the casting 

and the quality control standards being applied [43]. Beeley [43] considers seven categories of defects: shaping faults 

arising in pouring, inclusions and sand defects, gas defects, shrinkage defects due to volume contraction in the liquid 

state and during solidification, contraction defects occurring mainly or wholly after solidification, dimensional errors 

and compositional errors and segregation. The significance of casting defects can only be ascertained in connection 

with the function of the component. In most cases the behaviour under service loads is the determinative viewpoint, 

but appearance might also play an important role. Moreover, defects can influence the hydraulic soundness and the 

surface condition of the part [43]. The fluid retention capability is a basic requirement of hydraulic cylinders, valves 

and pipelines. Such equipment is usually tested via proof pressure. Intergranular porosity is a common cause of 

leakage [43]. The severity of an arbitrary defect depends on its size, form, position and the local stress-field. 

Knowledge of the stress-distribution is critical at the inspection stage. Generally, surface defects are more 

dangerous, due to the higher stress state of the surface (the neutral axis is located typically in the bulk). More 

significant defects can also increase the structural stress by reducing the load carrying cross-sectional area. However, 

this effect is secondary compared to their stress concentration effect. Discrete defects have a fundamental influence 

on the fatigue resistance of the component [43]. Surface pits and inclusions behave as a starting point for corrosive 

attack. Therefore, surface flaws are strictly prohibited for castings operating under corrosive conditions [43].  Failures 

of castings can be differentiated into design failures and defect-related failures. In case of a design failure, even a 

perfect casting (which meets the specified requirements) does not perform to specifications. Failures, which cannot 

be anticipated by the designer (the component does not fulfil the acceptance criteria) are considered defect-related 

failures [44]. Both types of failures have to be prevented. This goal can only be achieved by active communication 

between designers, foundry engineers and quality-control experts. The best and most cost-efficient way to avoid 

casting failures is a teamwork approach between the designer and the foundry [44]. The deviations in castings can 

be nominated as flaws, discontinuities, imperfections or defects. Some of these imperfections can be corrected by 

shot blasting or machining. Other discontinuities can be acceptable in some locations. However, critical casting 

imperfections can lead to service failure. In the following the definitions of the imperfections and discontinuities of 

interest will be presented, based on the ASM Handbook Vol.11: Failure Analysis and Prevention [44]: 1) gas 

porosities (voids caused by entrapped gas, such as air or steam, or by the expulsion of dissolved gases during 

solidification), 2) sand holes (pits in the surface of a sand casting resulting from a deposit of loose sand on the surface 

of the mould) and 3) shrinkage porosities (Voids resulting from solidification shrinkage). The current focus is on 

visible defects located on cast surfaces (not internal defects discovered during the machining process), regardless of 

their nature. 
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2.3. High-cycle fatigue 

In the current section, the phenomenon of high-cycle fatigue is introduced with special attention given to the 

nodular cast iron material. High-cycle fatigue is not clearly defined in terms of the resulting fatigue, often fatigue 

lives above 104-105 load cycles are considered to be in the high-cycle regime [45,46]. Nominal stresses in the 

component are generally below the yield limit apart from the vicinity of notches or defects leading to a linear-elastic 

behaviour at the component scale. 

2.3.1. The process of fatigue 

Fatigue is the weakening of a material caused by repeatedly applied loads. According to Murakami [47] fatigue 

is the initiation and subsequent growth of a crack, or growth from a pre-existing defect, until it reaches a critical size. 

First, one must understand the underlying mechanism of fatigue, which is usually observed with an optical 

microscope during the fatigue testing of unnotched specimens. In case the loading exceeds a certain threshold, 

microscopic cracks initiate at inhomogeneities, such as the surface, persistent slip bands, and grain interfaces. The 

stages of damage evolution (Figure 2.4) under cyclic loads are crack nucleation beginning with cyclic slip, micro-

crack growth, macro-crack growth to final catastrophic fracture of the component [45,48]. In pure metals the slip-

band mechanism of crack formation is responsible for crack nucleation, however, it is strongly influenced by the 

presence of microstructural irregularities such as graphite nodules and inclusions in less homogenous materials. 

Micro-crack, or in other terms short crack growth, is dominated by the interaction of the crack and the microstructure 

and is generally the most significant phase of the total fatigue life. The concept of fracture mechanics has shown 

great success in the prediction of macro-crack growth and fracture behaviour; it is therefore considered a mostly 

well-understood regime of the fatigue life. 

 

Figure 2.4. Different phases of fatigue life and the relevant influencing factors based on the work of Schijve [45] and Suresh 

and Ritchie [49]. 

Figure 2.5 shows the general fatigue diagram based on the work of M.P. Weiss [50], which displays an 

interesting concept for unifying the local stress and strain-based (so-called strength-based methods) with fracture 

mechanics. For the assessment of damage, this concept employs the crack length, which is an undoubtedly more 

robust way to look at the problem than utilising the Miner’s concept [18,19]. The nominal cyclic stress amplitude is 

normed by the ultimate strength on the vertical axis, providing a general description for various metallic materials. 

Nominal cyclic stresses higher than the yield limit of the material lead to low-cycle fatigue which for uncracked 

structures is usually assessed by local strain-based methods. As the damaging process continues, the behaviour of 

the initiated cracks can be modelled with elastoplastic fracture mechanics. For lower nominal stress amplitudes, the 

macro-crack initiation phase becomes more and more dominant, leading to this regime dominated by non-

propagating cracks, which will be strongly linked to the scope of this thesis. The region for non-propagating cracks 

is the Kitagawa diagram [51], which will be used frequently later on in this work. 

One of the main factors differentiating monotonic and cyclic fatigue strength is the fact that crack initiation 

under high-cycle conditions is primarily a surface phenomenon [52]. The reason for this is the nature of the bending 

and torsional stress distributions local stresses are generally the highest at the surface. Moreover, considering the 

same inclusion shape its concentration effect is higher on the surface owing to the plane stress state constraint. From 

the standpoint of environmental effects, Billaudeau and Nadot [53] has reported significantly different crack growth 

rated in air and vacuum environment. Manufacturing related tool marks and scratches, which are again linked to the 

surface, are often at the start of the fatigue process in the lack of stronger stress concentrators. 
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Figure 2.5. The general fatigue diagram based on the concept of M.P. Weiss [50].  

2.3.2. Crack nucleation 

The nucleation process is linked to the cyclic stress-strain behaviour of crystalline materials. Polycrystalline 

materials are generally considered to be isotropic and homogeneous from a macroscopic scale. However, from the 

standpoint of cyclic microplasticity, they are most certainly neither isotropic nor homogeneous. The behaviour of a 

polycrystalline material can be described by the aggregation of individual crystals with the consideration of the 

appropriate orientations. The macroscopic deformation can be traced back to the shear deformation of the different 

grains with the account of compatibility. With the accumulation of plastic strain, the internal dislocation structure 

starts to change inside a given grain. After the formation of a surface relief (extrusion and intrusion), a fatigue crack 

is nucleated. Ewing and Humfrey [16] were the first to identify the formation of surface relief with optical microscopy 

in Swedish iron. They have reported of the localized slip in the surface grains and the formation of surface markings. 

They applied re-polishing to the surface however to slip bands were “persistent”. This led to the designation PSB as 

persistent slip bands and PSM as persistent slip markings. PSMs are extrusions and intrusions on the surface, which 

are the first visible signs of the damage accumulation process. J. Polák [54–56] conducted significant experimental 

investigations related to the formation of PSB-s and PSM-s under fatigue loading on pure 316L austenitic stainless 

steel. Figure 2.6 shows images of the fatigue crack nucleation process regulated by the forming of surface reliefs. 

 

  

Figure 2.6. a) Transmission electron microscopy image of a foil (produced by focused ion beam cutting from the surface of a 

316L steel sepecimen fatigue tested with 휀𝑎
𝑝𝑙

= 10−3 for 3800 cycles /8.3% 𝑁𝑓/) covered by Pt coating with initated fatigue 

crack from the work of J. Polák and J. Man [56], b) SEM image from the 316L specimen surface fatigue tested with 휀𝑎
𝑝𝑙

= 10−3 

for 600 cycles with a rectangular post-mortem crater produced by focused ion beam cutting for better display from the work of 

J. Polák et al. [54].  

a) b) 
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2.3.3. Short crack growth 

The growth of short cracks is the most significant state of fatigue life in both low- and high cycle fatigue for test 

specimens and components as well. Approaching the short crack behaviour from the conventional testing and 

assessment side is often distributed in an unknown proportion between crack initiation and propagation. Depending on 

various factors, such as the load type, the section size and the respective fatigue regime, the macro-crack initiation 

process can range from a small percentage to the entire fatigue life. Figure 2.7.a displays crack initiation, and total life 

curves plotted against the non-logarithmic life to avoid the compressive effect of a logarithmic display. The significance 

of the initiation and propagation phases also varies for the different metallic materials. For NCI, the scientific 

community agrees, that the trend is similar as in Figure 2.7, the high-cycle fatigue life is macro-crack initiation 

dominated. For the description of short crack growth LEFM is not directly applicable for the description of short 

crack growth since the plastic zone, and the grain size are comparable to the size of the crack. Short cracks are known 

to grow below the propagation threshold of long cracks, which leads to a discrepancy between calculations made 

with crack growths models and the experiments even for the uncomplicated cases. Suresh and Ritchie [49] 

distinguished physically short cracks (shorter than 1 mm), mechanically short cracks (smaller than the plastic zone) 

and microstructurally short cracks (shorter or comparable to the microstructural unit of the material) and chemically 

short cracks (where the growth is strongly influenced by the environment). Crack growth rates of short cracks, when 

plotted alongside long crack growths curves, seem higher, which is mainly due to the computation of the SIF range. 

It is calculated similarly as for long cracks, meanwhile, the stress and strain fields are significantly different. Figure 

2.8.a shows the short crack propagation process in polycrystals. From that it can be understood that in some materials, 

cracks can initiate; however, they cannot propagate through the PSB-s. When the crack is not able to create a large 

enough plastic zone, it can grow if the applied stress produces enough plastic strain in a neighbouring grain to induce 

double slip, so that the crack can grow in a low-index crystallographic plane [57]. There is an interesting connection 

between the presence of a sharp fatigue limit and the cyclic hardening effect under constant stress amplitude loading. 

This also explains the disappearance, or translation of the sharp fatigue limit under variable amplitude fatigue 

loading, where cyclic hardening is lower. Figure 2.8.b illustrates the crack growth rate for short- and long cracks. 

The structural barriers act as obstacles for the microstructurally short cracks, leading to significant drops in the crack 

growth rate. 

 

Figure 2.7. Schematic S-N curve for fatigue crack nucleation and final fracture [46]. 

 

Figure 2.8. a) Illustration fo the short crack growth in polycrystals, b) Comparison of short and long crack growth after [57], 

based on the research of J. Polák and P. Liškutían [58].  
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Stage II crack growth 
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crystallographic planes approximately perpendicular to 
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2.3.4. Long crack growth 

The propagation of long- or macro-cracks is relatively well-understood with the consideration of 

environmental effects, their measurement and calculation both lies on firm theoretical background. LEFM tend to 

predict their behaviour with acceptable accuracy, and testing processes are clearly defined, it’s application for the 

design of so-called fracture proof structures is part of the engineering praxis for high-tech industrial branches such 

as the aerospace industry. At this scale of the crack length surpasses the microstructural barriers and effects, most 

metallic materials show homogeneous and isotropic behaviour. There are a few recent studies [59,60] concerned 

with the behaviour of long cracks in nodular cast irons, and these are however mainly linked to particular applications 

and extensions, the long crack propagation models are rarely further developed. 

2.3.5. Considerations specific for nodular cast irons 

Fatigue limit of cast materials is mainly controlled by their heterogeneous microstructure and by the presence 

of casting defects. There is an agreement in the scientific society [39], [61–63], that the fatigue life of NCI is governed 

by the size of a single graphite particle or casting defect, from where the fatigue crack initiates. Following this train 

of thought, the lower bound of the fatigue life in cast components can be estimated based on the maximum defect 

(or inclusion) size, which is present in a component [64]. The fatigue cracks initiate (~60..100%) exclusively from 

casting defects, mainly from inclusions right below the surface layer. (This means, that a visual inspection may not 

be adequate to evaluate the components.) In the absence of defects, the primary crack initiation occurs at graphite 

nodules [65]. However, if the production quality is high enough, initiation chooses the next largest inhomogeneity, 

the graphite nodules. According to Costa [66], the main crack does not always origins at casting defects and may 

have its origin in graphite nodules. In the course of the current research fatigue cracks dominantly initiated from 

various near-surface defects, although there were cases where the critical defect was not identifiable and fatigue 

cracks initiated from the surface, presumably from graphite nodules. According to Di Cocco et al. [61], the damage 

evolution leading up to macroscopic crack formation of NCI material can be summarised in the following steps: 1) 

separation between nodular graphite and matrix under low stress, 2) plastic deformation in matrix around nodular 

graphite, 3) initiation of microcracks in deformed matrix between nodular graphite, 4) linkage of graphite elements 

by microcracks and formation of larger microcracks and linkage of main crack and selected microcracks to form 

macrocracks. The different properties of the ferrite phase and pearlite microstructure lead to a complex phenomenon, 

where the ferrite phase undergoes larger plastic straining due to its lower strength. The main damaging micro-

mechanism in notched ferritic NCI specimens is the so-called ‘onion-like’ mechanism, which consists of an internal 

debonding between nodule core (lower hardness) and nodule shield (higher hardness) [61]. Figure 2.9 shows the 

debonding of graphite particles and the growth of the created voids. The initial crack tip is marked with  white-, and 

the loading direction is signed with a red arrow. The graphite nodules de-bond not only directly, also in the vicinity 

of the crack plane [32]. 

 

   

Figure 2.9. Damage evolution: a) crack opening, b) debonding of graphite particles at the crack tip, c) crack propagation [32]. 
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2.3.6. Stress-Life approach 

For components with nominal stresses in the elastic regime, stress-based methods are the most applied for the 

calculation of fatigue life. The Stress-Life approach is well suited for crack initiation calculation for components 

experiencing high-cycle fatigue, whereas the nominal stresses are under the yield limit. An essential hypothesis of 

the approach that local cyclic plasticity at stress concentrators does not change the elastic structural behaviour. 

2.3.6.1. Wöhler curve 

S-N curves (Stress-Life, also known as Wöhler curves) representing the high-cycle fatigue behaviour of a 

given material grade, are usually derived from the load-controlled testing of polished cylindrical test specimens under 

alternating tension-compression or rotating bending. The planning and statistical analysis of the stress-life test data 

are regulated by the International Standard ISO 12107:2012 [67]. The loading is controlled to have sinusoidal 

waveform, whereas one of the load signal amplitude, range or maxima is controlled combined with the load ratio, 

minimum or mean stress. Cycles are recorded during fatigue testing, which is generally conducted until total 

specimen fracture. There is controversy related to the Stress-Life approach being applicable to crack initiation life 

prediction, with the tests being conducted until fracture. Therefore, the propagation phase is not directly separable 

from the measurement data. Experience shows that for small diameter specimens tested under pulsating tension in 

the high-cycle fatigue regime the long-crack propagation phase is negligible. Therefore, total life is a good 

approximation of initiation life. However, for components having larger cross sections undergoing multiaxial fatigue, 

especially in the lower life region, no such simplification can be made. Figure 2.10.a illustrates an S-N curve and 

Figure 2.10.b shows a Haigh-type mean stress diagram at the fatigue limit for positive mean stresses. Stresses are 

computed using the cross-sectional area of the specimen proof section, even when notches are introduced. The letter 

𝑆 is generally used instead of 𝜎 to sign that nominal, far-field stresses are being considered. Basquin’s equation is 

used to derive the curve corresponding to mean fatigue strength, which is a linear fit in a logarithmic display of the 

plot: 

𝑆𝑎 = 𝐴𝑊𝑁𝑓
𝐵𝑊 , 𝑙𝑔(𝑆𝑎) = 𝑙𝑔(𝐴𝑊) + 𝐵𝑊𝑙𝑔(𝑁𝑓) . 2.7 

Basquin’s equation is used to fit the fatigue test data for cycles from 103 − 104 (plastic strains driven low-

cycle fatigue) ranging to the up to 106 − 107 (the fatigue limit and the limit range to very high cycle fatigue). There 

are other models applicable to describe HCF test data as well; Kohout and Vechet [68] proposed a new function for 

the description of the fatigue life of test specimens in both the low- and high-cycle fatigue regions. 

 

Figure 2.10. a) Schemathic S-N curve, b) Haigh-type mean stress influence diagrams for the fatigue limit. 

Wöhler curves are also used for the description of component fatigue strength. Lee et al. [69] proposed the 

consideration of the additional statistical uncertainty in the form of a reliability factor, the stress multiaxiality effect 

with the load type factor, the surface finish, the specimen size, the mean stress state and the notch effect. Koncsik 

and Lukács [70] have proposed a similar methodology to derive the component-specific S-N curve for the prediction 

of fatigue life. The FKM Guideline [71] employs a similar approach as well; however, it is presented in great detail. 

Generally, in today’s engineering praxis the way to transfer specimen specific fatigue properties to components is 

achieved with semi-empirical factors through the modification of the material-specific base S-N curve. Often the 

material-specific curves are derived from standard monotonic test data (e.g. ultimate tensile strength), adding a 

further layer of uncertainty to the assessment process. In the current work the aim is to describe the defect influenced 
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component fatigue behaviour with the experimental data obtained through the testing program and with the 

development of applicable methods. 

2.3.6.2. Multiaxial fatigue criteria 

The presence of multiaxial stress state is inevitable in the case of components with complex geometry under 

real-world loading conditions. In the vicinity of notches or small surface discontinuities, such as various casting 

defects the state of stress is usually multiaxial and different from the one in the body. The application of multiaxial 

criteria is needed in order to compare the criticality of general stress states to the fatigue test data, which has been 

conducted mainly under uniaxial loading conditions. The state of stress and strain at any given point of a linear elastic 

body can be specified using six stress (𝜎11, 𝜎22, 𝜎33, 𝜎12, 𝜎23, 𝜎13) and strain (휀11, 휀22, 휀33, 휀12, 휀23, 휀13) components acting 

on orthogonal planes 𝑥, 𝑦 and 𝑧. Using the transformation equations or Mohr’s circle on the Cauchy stress tensor 

given by Equation 2.8 the stresses and strains can be calculated in any other coordinate system. 

𝜎𝑖𝑗 = [

𝜎11 𝜎12 𝜎13

𝜎21 𝜎22 𝜎23

𝜎31 𝜎32 𝜎33

] 2.8 

Different fatigue criteria utilise different type of variables. Shear stresses are usually linked with plasticity and 

crack initiation, whereas the maximal normal stress is held to be responsible for propagating fatigue cracks. Similar 

considerations have been deduced related to the effect of multiaxial mean stresses and stress amplitudes.  Critical 

plane type criteria generally use the stresses and strains acting normal or tangential to a given plane. The introduction 

of the various concepts related to stress multiaxiality and its consequences related to the fatigue strength follows the 

method of [72]. The stress vector (T𝑗
(𝑛)

) across an imaginary surface perpendicular to the ni surface normal vector is 

given by the following equation: 

𝑇𝑗
(𝑛)

=  𝜎𝑖𝑗𝑛𝑖  . 2.9 

Whereas the stress vector can be split into a normal- 𝜎𝑛, and a tangential shear stress vector component 𝜏𝑖: 

𝜎𝑛 =  𝑇𝑗
(𝑛)

𝑛𝑖  . 2.10 

where the magnitude of the shear stress vector is: 

𝜏𝑛 = √𝑇𝑖

(𝑛)
𝑇𝑖

(𝑛)
− 𝜎𝑛

2 . 2.11 

A significant part of multiaxial fatigue criteria uses the invariants of the stress or strain tensor. Generally, the 

criteria valid for the high-cycle domain use stresses, since the mainly elastically strained components can achieve lives 

in this regime. Application of invariants in a given criterion leads to the convenient feature of being independent of the 

coordinate system used for the evaluation, dealing with scalar values is always more accessible than it is with vectors. 

The stress tensor can be divided into a hydrostatic (responsible for volume change) and deviatoric (responsible for 

distortion or shape change) part. The hydrostatic part is related to the sum of the three normal stresses, the first invariant 

of the stress tensor: 

𝐼1 = 𝜎𝑖𝑖 = 𝑡𝑟(𝜎𝑖𝑗) =  𝜎11 + 𝜎22 + 𝜎33. 2.12 

The hydrostatic stress can be considered as the average of the three normal stresses, or in other terms the third 

of the first invariant: 

𝜎ℎ =
1

3
𝜎𝑖𝑖 =

1

3
𝐼1 =

1

3
𝑡𝑟(𝜎𝑖𝑗). 2.13 

The deviatoric stress tensor is derived by the subtraction of the hydrostatic stress tensor from the stress tensor: 

𝑠𝑖𝑗 = 𝜎𝑖𝑗 −
𝜎𝑘𝑘

3
𝛿𝑖𝑗  . 2.14 

The second invariant of the deviatoric stress tensor is given by, which is related to the commonly used von 

Mises yield criterion: 

𝐽2 =
1

2
𝑠𝑖𝑗𝑠𝑗𝑖 =

1

2
𝑡𝑟(𝑠2) =

𝜎𝑣𝑀
2

3
 .  2.15 
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Fatigue criteria are applied to evaluate the criticality of a given complex time dependent stress state induced 

by cyclic loading. Their application is generally limited to crack initiation assessment, hence their continuum 

mechanics based nature. A short classification is given in Table 2.3 based on the used strength related variables. 

Table 2.3. Classification of the multiaxial fatigue criteria based on the nature of the variables [72]. 

Designation Strain-based criteria Stress-based criteria Mixed criteria 

Optimal 

application 
low-cycle fatigue high cycle fatigue both 

Advantages 
elastic and plastic strain components 

can be easily distinguished 

average stress and strain 

hardening effects can be 

considered 

consider stress effects, 

distinguishes elastic and 

plastic strain 

Disadvantages 
do not consider the average stress or 

strain hardening effects 

stress vary only slightly after 

the elastic limit 
 

Global criteria involve different invariants of the stress or strain tensor. They are widespread in the industry 

owing to their reliability and convenient applicability. However, global criteria cannot predict the orientation or 

direction of the initiating fatigue cracks. Global criteria utilising hydrostatic stresses are not suitable for the 

assessment of nonproportional out-of-phase loading conditions [73]. Critical plane criteria usually evaluate the 

criticality of the loading based on a scalar variable extracted from an equivalent cycle measured in the critical plane. 

The determination of the critical plane requires complex analysis, in return for detailed information related to the 

fatigue process. Table 2.4. provides a quick overlook of the multiaxial fatigue criteria based on their characteristics. 

Figure 2.11. shows the comparison of three widely used multiaxial fatigue criteria (from Sines, Crossland and Dang 

Van) under proportional biaxial (𝜎2 = 𝑘𝜎1) loading conditions, namely repeated and alternating planar stress. 

Table 2.4. Classification of the multiaxial fatigue criteria based on their characteristics [72]. 

Designation Global criteria Critical plane criteria 

Characteristics 
based on invariants of strain or stress tensors, on 

energy or some averages around the analysed point 

related to the plane where the fatigue crack 

will be initiated 

Examples 
Sines, Crossland, Grübisic and Simbürger, 

Papadopoulos, Palin-Luc and Lasserre 

Stulen and Cummings, Findley, Mc 

Diarmid, Dang Van 

 

Figure 2.11. Representation of the Sines, Crossland and Dang Van criteria under repeated and alternating proportional biaxial 

stress state [72]. 
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2.3.6.3. The Crossland criterion 

A more detailed introduction is provided for the Crossland criterion since it is applied within the Defect Stress 

Gradient methodology in the following chapters. It is chosen for its reliability and relatively easy applicability due 

to its global, invariant based nature. The Crossland criterion is based on a combination of the amplitude of the second 

invariant of the stress deviator and the maximum hydrostatic stress over a given load cycle [72]. The Crossland 

criterion is expressed: 

𝜎𝐶𝑟 = √𝐽2,𝑎 + 𝛼𝑐𝑟𝜎ℎ,𝑚𝑎𝑥 ≤ 𝛽𝐶𝑟  , 2.16 

where αcr is a material parameter characterising the sensitivity of the deviatoric stress amplitude to the 

hydrostatic stress maximum, which can be considered independent from the fatigue life in the high-cycle fatigue 

regime. 𝛽𝐶𝑟 is the parameter related to the fatigue strength corresponding to a given number of load cycles. The 

identification of this criterion requires the knowledge of fatigue limits under at least two different loading conditions. 

For example, the Crossland parameters can be calculated from the fully reversed torsion and pulsating tension fatigue 

limit.  

The deviatoric stress amplitude √J2,a is calculated as with the double maximisation over the loading period T: 

√𝐽2,𝑎 =
1

2√2
𝑚𝑎𝑥
𝑡𝑚𝜖𝑇

{𝑚𝑎𝑥
𝑡𝑛𝜖𝑇

√(𝑠𝑖𝑗(𝑡𝑚) − 𝑠𝑖𝑗(𝑡𝑛)) : (𝑠𝑖𝑗(𝑡𝑚) − 𝑠𝑖𝑗(𝑡𝑛))}, 2.17 

where 𝑠𝑖𝑗 is the deviatoric stress tensor from Equation 2.14. Considering the limitations of the Crossland 

criterion and the characteristics of the experimental setup of the thesis proportional and sinusoidal loadings have 

been used, and at first, the calculation is limited to elastic stresses. With these considerations, the stress tensor at a 

general point P is in the geometric coordinate system: 

𝜎𝑖𝑗𝑔.𝑐.
𝑃 = (

𝜎11
𝑃 𝜎12

𝑃 𝜎13
𝑃

𝜎21
𝑃 𝜎22

𝑃 𝜎23
𝑃

𝜎31
𝑃 𝜎32

𝑃 𝜎33
𝑃

) (𝑘𝑚𝑒𝑎𝑛
𝑃 + 𝑘𝑎𝑚𝑝

𝑃 ∙ 𝑠𝑖𝑛𝜔𝑡), 2.18 

where 𝜎𝑖𝑗
𝑃  is a component of the stress tensor at point P for a unit load. The amplification factors 𝑘𝑚𝑒𝑎𝑛

𝑃  and 

𝑘𝑎𝑚𝑝
𝑃  correspond to the mean stress and the stress amplitude, respectively, 𝜔 is the angular frequency and t is the 

time. 

Transforming the geometrical coordinate system to the principal coordinate system with three nonzero 

components (σ11
P∗, σ22

P∗, σ33
P∗)and considering a loading period of 𝑇 = 1𝑠 and an angular frequency of ω = 2π 𝑠⁄  

each component of the deviatoric stress tensor reached its maximum (or minimum) value at 𝑡 = 0.25 𝑠 (𝜔𝑡 = 𝜋/2) 

and minimum (or maximum) value at 𝑡 = 0.75 𝑠 (𝜔𝑡 = 3𝜋/2). With that, the simplified form is:  

√𝐽2,𝑎 =
1

2√2
√(𝑆𝑃∗(𝑇/4) − 𝑆𝑃∗(3𝑇/4)): (𝑆𝑃∗(𝑇/4) − 𝑆𝑃∗(3𝑇/4)), 2.19 

where 𝑆𝑃∗is the deviatoric stress tensor at point P, in a principal coordinate system. This is the method, which 

will be used later in the assessment within the FE-postprocessor. The hydrostatic stress at point P: 

𝜎ℎ
𝑃 =

𝜎11
𝑃∗ + 𝜎22

𝑃∗ + 𝜎33
𝑃∗

3
(𝑘𝑚𝑒𝑎𝑛

𝑃 + 𝑘𝑎𝑚𝑝
𝑃 ∙ 𝑠𝑖𝑛𝜔𝑡). 2.20 

The periodically varying hydrostatic stress reaches its maximum value either at 𝑡 = 𝑇/4 or 𝑡 = 3𝑇/4. From 

that, the maximum of the hydrostatic stress over a load cycle 𝜎ℎ,𝑚𝑎𝑥: 

𝜎ℎ,𝑚𝑎𝑥
𝑃 = 𝑚𝑎𝑥 (𝜎ℎ

𝑃 (
𝑇

4
) , 𝜎ℎ

𝑃 (
3𝑇

4
)). 2.21 
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2.3.7. Fracture mechanics approach 

The fatigue life of components is usually predicted by traditional strength-based theories in the engineering 

praxis. These theories generally do not consider the presence of defects and other discontinuities and cannot account 

for the geometrically nonlinear aspect of the fatigue crack growth behaviour. Fracture mechanics numerical 

simulations are a possible approach to predict the fatigue life of defective components since an initial crack size is 

present in all fracture mechanics-based fatigue life calculation. Various numerical engineering tools have been 

developed over the years based on the theory of fracture mechanics and the application of the Finite Element Method. 

Linear elastic fracture mechanics (LEFM) predicts the behaviour of cracks in solid materials under load, and it is 

widely used for the fatigue assessment of components under components subjected to cyclic loading. The method is 

applied with the presumption of an existing initial crack. The theory is based on continuum mechanics and is therefore 

only applicable when the relevant length scales are large compared to the length scale of the microstructure (for the 

current scope the average ferrite grain size is ≅40 𝜇𝑚) [48]. Using LEFM in an FE-simulation -in possession of 

certain material parameters- the fatigue crack propagation in brittle materials can be calculated with reliable accuracy. 

Another way of estimating the fatigue life of components compared to conventional local stress- and strain-based 

methods is simulating the crack propagation from the possible initiation points of a component. According to the 

energy approach, a crack is able to propagate when the available energy for crack growth overcomes the resistance 

of the material [74]. Griffith proposed the following energetic criterion (Equation 2.22.), which states that for 

initiation and to maintain quasi-static crack propagation in a conservative system, the provided energy release rate 

has to be equal to the dissipative energy needed for fracture per crack area. The dimension of G (the driving force 

for fracture) is [
J

m2] or [
N

m
] [75]. The fracture occurs when 𝐺 = 𝐺𝐶, the critical energy release rate (materials 

resistance to fracture). 

−
𝑑𝛱

𝑑𝐴
= 𝐺 = 𝐺𝐶  2.22 

The potential energy of an elastic body is defined as the difference of U, the strain energy stored in the body, 

and F the work of external forces. 

𝛱 = 𝑈 − 𝐹 2.23 

The energy release rate for a wide plane in plane stress with a crack of length 2a (Figure 2.12) can be calculated 

as: 

𝐺 =
𝜋𝜎2𝑎

𝐸
. 2.24 

2.3.7.1. The stress intensity factor 

A crack can be considered as an infinitely sharp notch. Assuming a zero notch radius, the stress at the crack 

tip becomes infinitely high, in other terms, the stress field becomes singular near the crack tip. Considering an 

infinitely extended plate of thickness t containing a crack of length 2a (Griffith crack), which is loaded on all side 

with a stress 𝜎. If the stress distribution can be considered as plane stress and the material is linear-elastic, 

homogenous, and isotropic stress state can be calculated analytically with near-field approximation. For isotropic 

linear-elastic material behaviour, the asymptotic near field solutions always have the same mathematical form, the 

strength of this crack-tip field is entirely determined by the stress intensity factors 𝐾𝐼 , 𝐾𝐼𝐼 , and 𝐾𝐼𝐼𝐼. K-factors are 

determined by the geometry of the body, the size and position of the crack, the loading and boundary conditions [75]. 

Figure 2.12. displays the in-plane stress components of a surface element near the crack-tip in elastic material. Each 

stress component is proportional to the single constant 𝐾𝐼. In the knowledge of 𝐾𝐼, all three components of the plane 

stress state can be computed with Equations 2.25. 

𝜎𝑥𝑥 =
𝐾𝐼

√2𝜋𝑟
𝑐𝑜𝑠 (

𝜃

2
) [1 − 𝑠𝑖𝑛 (

𝜃

2
) 𝑠𝑖𝑛 (

3𝜃

2
)], 

𝜎𝑦𝑦 =
𝐾𝐼

√2𝜋𝑟
𝑐𝑜𝑠 (

𝜃

2
) [1 + 𝑠𝑖𝑛 (

𝜃

2
) 𝑠𝑖𝑛 (

3𝜃

2
)], 

𝜏𝑥𝑦 =
𝐾𝐼

√2𝜋𝑟
𝑐𝑜𝑠 (

𝜃

2
) 𝑠𝑖𝑛 (

𝜃

2
) 𝑐𝑜𝑠 (

3𝜃

2
). 

2.25 
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KI is nominated as the stress-intensity factor (SIF) and it characterises the crack-tip conditions in a linear 

elastic material. For a plate with a crack the mode I stress intensity factor (KI [MPa√m]) is given by: 

𝐾𝐼 = 𝜎√𝜋𝑎𝑌. 2.26 

Based on the orientation of the stress field to the crack, three characteristic load cases are distinguished: mode 

I, II, and III, see Figure 2.13. left. In mode I, the largest principal stress is perpendicular to the crack surface. Tensile 

stresses open the crack separating the surfaces. In modes II and III the crack surfaces are loaded in shear, the crack 

surfaces slide with friction and thus dissipate part of the external work. This leads to the phenomenon, that a growing 

crack -independent of its initial orientation- tries to change its direction to be perpendicular to the maximum principal 

stress, as it has been schematically displayed in Figure 2.8. In most cases the maximum principal stress σI determines 

the crack propagation process. The stress intensity concept provides the static fracture criterion: KI = KIc, whereas 

KIc is the fracture toughness, the material resistance against static fracture [75]. 

The connection between the energetic (G) and stress intensity (𝐾𝐼) approach is (the same relationship is valid 

for 𝐺𝐶 and KIc) [74]: 

𝐺 =̂ 𝐺𝐼 =
𝐾𝐼

2

𝐸
 2.27 

 

Figure 2.12. Through-thickness crack in an infinite plate subjected to a remote tensile stress and stresses near the tip of a crack 

in an elastic material [74]. 

 

Figure 2.13. Load cases in fracture mechanics and an infinite plate containing a surface crack [48]. 

2.3.7.2. Fatigue crack propagation 

The basic theorem of fracture mechanics considers the static or monotonic loading of cracked structures. First, 

Paris et al. [25] applied fracture mechanics for fatigue problems, which since became a well-established tool of 

fatigue assessment. There are some areas of the application of fracture mechanics which remained controversial 

which are mainly but not limited to variable loading, large-scale plasticity, and the behaviour of short cracks. In case 

of a propagating crack driven by a constant amplitude stress intensity range (Figure 2.14) a plastic zone forms at the 

crack tip, and the propagating crack leaves a plastic wake behind [74]. This is one of the effects that lead to the crack 

closure phenomenon, which is the reason for the crack propagation rate being load-ratio dependent. 

Mode I Mode II Mode III 
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Figure 2.14. Constant amplitude fatigue crack growth under small-scale yielding conditions [74]. 

The rate of crack propagation (𝑑𝑎 𝑑𝑁⁄ ) can be characterised by the stress intensity factor range ∆𝐾 = 𝐾𝑚𝑎𝑥 −

𝐾𝑚𝑖𝑛 and the load ratio 𝑅 = 𝐾𝑚𝑖𝑛 𝐾𝑚𝑎𝑥⁄  and can be expressed in the following general form [74]: 

𝑑𝑎

𝑑𝑁
= 𝑓(∆𝐾, 𝑅). 2.28 

The number of cycles during the crack from an initial crack length 𝑎0 propagates to a final crack length 𝑎𝑓 

crack length can be calculated [74]: 

𝑁 = ∫
1

𝑓(∆𝐾, 𝑅)
𝑑𝑎

𝑎𝑓

𝑎0

. 2.29 

Multiple crack growth equations (f(∆K, R)) have been developed over the years, starting from the law of Paris 

[25], which proposes a linear relationship on log-log scale between the SIF range and the crack propagation rate: 

𝑑𝑎

𝑑𝑁
= 𝐶𝑃(∆𝐾)𝑚𝑃 . 2.30 

Forman et al. [76] proposed a modification to the Paris model to account for the increased crack growth rates 

due to the stress ratio and in the critical growth region: 

𝑑𝑎

𝑑𝑁
=

𝐶𝑃(∆𝐾)𝑛𝑃

(1 − 𝑅)𝐾𝐶 − ∆𝐾
 . 2.31 

Klesnil and Lukas [77] modified the Paris equation (Equation 2.30) in order to consider the threshold stress 

intensity range ∆𝐾𝑡ℎ. This equation, however, does not account for the R-ratio dependence of ∆𝐾𝑡ℎ. 

𝑑𝑎

𝑑𝑁
= 𝐶𝑃(∆𝐾𝑚𝑃 − ∆𝐾𝑡ℎ

𝑚𝑃) 2.32 

The NASGRO equation [78] (Equation 2.33.) describes fatigue crack growth in the near-threshold, stable mid-

range and near-critical regimes. It accounts for the mean stress effects using a crack closure model, where 

C, n, p, and q are material constants, and 𝑓 is the crack opening function by Newman [79]. The NASGRO equation 

and its modified formulations slowly became the scientific and industrial standard for the modelling of crack 

propagation. 

𝑑𝑎

𝑑𝑁
= 𝐶2 [(

1 − 𝑓

1 − 𝑅
) ∆𝐾]

𝑛 (1 −
∆𝐾𝑡ℎ

∆𝐾
)

𝑝

(1 −
𝐾𝑚𝑎𝑥

𝐾𝑐
)

𝑞 2.33 
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2.3.7.3. Crack closure 

Elber [80] noticed that at the stiffness of the specimens at low loads was close to uncracked specimens (Figure 

2.15.a). He concluded that this change in stiffness was the result of the contact between the crack surfaces, in other 

terms the crack closure. 

 

Figure 2.15. a) Change of specimen stiffness under tension, b) The effective portion of the acting stress intensity range from 

[74], based on the work of Elber [26,80]. 

Crack closure decreases the rate of fatigue crack propagation by reducing the effective stress-intensity range. 

Considering a specimen under a cyclic loading described by 𝐾max and 𝐾min the crack faces are in contact under 𝐾op 

(opening stress-intensity). Elber assumed that the portion of the load below 𝐾op does not contribute to crack 

propagation. He defined the effective stress-intensity range ∆𝐾eff, and the effective stress- intensity ratio U and 

modified the Paris equation the following way: 

∆𝐾𝑒𝑓𝑓 = 𝐾𝑚𝑎𝑥 − 𝐾𝑜𝑝  , 2.34 

𝑈 =
∆𝐾𝑒𝑓𝑓

∆𝐾
=

𝐾𝑚𝑎𝑥−𝐾𝑜𝑝

𝐾𝑚𝑎𝑥−𝐾𝑚𝑖𝑛
 , 2.35 

𝑑𝑎

𝑑𝑁
= 𝐶(∆𝐾𝑒𝑓𝑓)

𝑚
 . 2.36 

Suresh and Ritchie [49] identified five underlying mechanisms of fatigue crack closure (Figure 2.16), namely 

a) plasticity-induced closure, b) roughness-induced closure, c) oxide-induced closure, d) closure induced by a viscous 

fluid and e) transformation-induced closure. 

 

Figure 2.16. Fatigue crack closure mechanisms from [74] based on the findings of [49]. 

2.3.8. The threshold stress-intensity factor range 

Crack propagation starts, when the value of ∆𝐾 exceeds the threshold value ∆𝐾𝑡ℎ. Most experts divide the 

threshold into two parts: an intrinsic threshold, which is a material property, and an extrinsic part, which is a function 

of the loading conditions. The effect of the load ratio on ∆𝐾𝑡ℎis usually explained by the effects of crack closure 

(Chapter 0.). Considering an intrinsic threshold of ∆𝐾𝑡ℎ
∗ and 𝐾op independent from the R-ratio the relationship 

between ∆𝐾𝑡ℎ and ∆𝐾𝑡ℎ
∗ is given by [74]: 

𝑈∆𝐾𝑡ℎ = ∆𝐾𝑡ℎ
∗ 2.37 

  

a) b) 

a) b) c) d) e) 



PhD Thesis, Effect of surface defects on the fatigue life of nodular cast iron components 06.02.2020. 
 

 

M. Gróza 33/106 
Budapest University of Technology and Economics 

Department of Machine and Product Design 
 

"U" can be calculated according to Equation 2.35, which can be rearranged in the form: 

𝑈 = 𝑚𝑖𝑛 [(
1

1−𝑅
−

𝐾𝑜𝑝

∆𝐾𝑡ℎ
) , 1]. 2.38 

Maierhofer et al. [81] proposed modifications for the NASGRO model for long cracks for it to be applicable 

on the short crack growth. Special attention was given to the threshold stress intensity factor range since that regulates 

the non-propagation – propagation transition, which is probably the most significant phenomenon in material fatigue. 

The basic physical idea behind their approach is that each closure mechanism requires a certain crack extension 

length to build up completely. ∆𝐾𝑡ℎ is known for being dependent on the crack length, leading to the differences 

between short- and long-crack behaviour. Their model is displayed in Figure 2.17.a supported with experimental 

results on the 25CrMo4 steel displayed in Figure 2.17.b.  

 

Figure 2.17. a) Illustration of the build-up of crack closure due to plasticity induced crack closure and roughness induced crack 

closure mechanisms with fictitious length scales and b) Crack resistance curves: crack growth threshold ∆Kth vs. crack 

extension ∆𝑎 for different load ratios R – experimental data points and analytically predicted curves [81]. 

The NASGRO crack growth model [78] has shown to describe the long-crack growth behaviour of various 

metallic materials accurately. The effect of different load ratios is modelled by using the crack opening function 𝑓 

from Newman [82]. The threshold SIF ∆𝐾𝑡ℎ range can be calculated as: 

∆𝐾𝑡ℎ = ∆𝐾0√
𝑙

𝑙 + 𝑙0

[
1 − 𝑓

(1 − 𝐴0)(1 − 𝑅)
]

−(1+𝐶𝑡ℎ𝑅)

, 2.39 

where 𝐴0 is part of the 𝑓 crack opening function from Newman [82]. The crack opening function f = 𝐾𝑜𝑝 𝐾𝑚𝑎𝑥⁄  

(the ratio of the crack opening SIF and the maximum SIF) accounts for the different crack closure mechanisms. 

Newman [82] identified the following approximation for the crack opening function: 

𝑓 = {
𝑚𝑎𝑥(𝑅; 𝐴0 + 𝐴1𝑅 + 𝐴2𝑅2 + 𝐴3𝑅3) ,                       𝑅 ≥ 0
𝐴0 + 𝐴1𝑅,                                                         − 2 ≤ 𝑅 < 0
𝐴0 − 2𝐴1,                                                                       𝑅 < 2

 2.40 

𝐴0 = (0.825 − 0.34𝛼 + 0.05𝛼2) [𝑐𝑜𝑠 (
𝜋𝜎𝑚𝑎𝑥

2𝜎𝑦

)] 2.41 

𝐴1 = (0.415 − 0.071𝛼) (
𝜎𝑚𝑎𝑥

𝜎𝑦

) 2.42 

𝐴2 = 1 − 𝐴0 − 𝐴1 − 𝐴3 2.43 

𝐴3 = 2𝐴0 + 𝐴1 − 1 2.44 

 

  

a) b) 
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2.4. Effect of casting defects on the fatigue strength 

From a theoretical standpoint, the methods for the fatigue assessment of defective material either model the 

defect as a notch within the framework of continuum mechanics or as an equivalent crack through fracture 

mechanical description of the phenomenon. Table 2.5 presents a summary of the historical development of methods 

applicable to the description of defect induced high-cycle fatigue in metallic materials. At the beginning of the 

investigations for the understanding of defect induced fatigue, defects were directly considered equivalent to long- 

or short fatigue cracks. In these fracture mechanics-based approaches the crack nucleation phase was considered 

negligible since the hypothesis was that the stress concentration effect of the discontinuities leads to imminent crack 

nucleation. Considering complete equivalence between surface defects and cracks of equivalent size, the theory of 

LEFM can be applied to model the threshold state of the crack propagation, which is directly linked to the fatigue 

limit. This approach depends heavily on the threshold stress intensity factor range ∆𝐾𝑡ℎ. Experiments have shown 

[39], that fatigue cracks can be observed below the fatigue limit, which gives strong support for the fracture 

mechanical approaches. Modelling casting defects as short cracks is a well-established practice in the industry due 

to its robust reliability and broad applicability. Fracture mechanical calculations generally lead to conservative 

results; however, the level of conservatism is hard to quantify.  

The fracture mechanics approach for short crack problems originates from the study of Kitagawa and 

Takahashi [51], as they were the first to characterise the behaviour of short fatigue cracks. They concluded that ∆𝐾𝑡ℎ 

decreases with decreasing crack size. They proposed the normalized threshold stress intensity factor ∆𝐾𝑡ℎ ∆𝐾𝑡ℎ.𝑙𝑐⁄  and 

the normalised crack length 𝑙 𝑙0⁄  to create a unified theory for long and short cracks. Their model has been modified 

and further improved by numerous researchers. The diagram displaying the effect of crack or defect size on the 

fatigue limit has been nominated as the Kitagawa diagram for which an illustration is proposed in Figure 2.18. 

Smith’s model [83] is essentially a simplified version of the Kitagawa and Takahashi model [51]. The fatigue limit 

σw is expressed by two straight lines; ∆𝐾𝑡ℎ = ∆𝐾𝑡ℎ 𝑙𝑐 and 𝜎𝑤0 are considered constant. The prediction of the fatigue 

limit is non-conservative over the transition from long to short cracks. The difference looks insignificant on a log-

log graph; however, it can lead to significantly erroneous results in the transition zone, which is near the region of 

interest for small casting defect analysis.  

El Haddad et al. [84] introduced the fictitious crack length 𝑙0, which brings short crack data in line with the 

results acquired with long crack considerations. The fictitious crack length is a fitting parameter in the El Haddad 

model, it does not correspond to any physical phenomenon in the material. Basically, through the definition of 𝑙0 the 

method calculates the value of ∆𝐾𝑡ℎ as a function of the crack length 𝑙.  

Tanaka et al. [85] concluded that the threshold condition is determined by the grain boundaries blocking the 

crack-tip slip band. The observation of short cracks arresting at grain boundaries has been known to have a significant 

impact on the growth rates of short cracks [86]. The method proposes a theoretically clear description of the problem, 

however, contains parameters which are difficult to obtain experimentally and tend to lead to highly conservative 

results. 

 

Figure 2.18. The Kitagawa diagram displaying the effect of defect size on the fatigue limit.  
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Table 2.5. Summary of models for the consideration the effect of defects on the fatigue limit. 

Author Defect model 
Defect 

parameter 

Material 

parameters 
Formula 

Smith et al. [83], 

(1977) 
long crack 𝑙 ∆𝐾𝑡ℎ.𝑙𝑐

𝑅−1, ∆𝜎𝑤.0
𝑅−1 ∆𝜎𝑤

𝑅−1 =
∆𝐾𝑡ℎ.𝑙𝑐

𝑅−1

√𝜋𝑙
 

El Haddad et al. 

[84], (1979) 

physically short 

crack 
𝑙 ∆𝐾𝑡ℎ.𝑙𝑐

𝑅−1, ∆𝜎𝑤.0
𝑅−1 ∆𝜎𝑤

𝑅−1 =
∆𝐾𝑡ℎ.𝑙𝑐

𝑅−1

√𝜋(𝑙 + 𝑙0)
, 𝑙0 =

(∆𝐾𝑡ℎ.𝑙𝑐
𝑅−1/∆𝜎𝑤

𝑅−1)2

𝜋
 

Tanaka et al.[85], 

(1981) 

microstructurally 

small crack 
𝑎 𝜎𝑤

𝑅−1, 𝐾𝑐
𝑚, 𝜎𝑓𝑟

∗  𝜎𝑤
𝑅−1 = 𝜎𝑤0

𝑅−1 [
(2/𝜋)√𝑏/𝜔0𝑐𝑜𝑠−1(𝑎/𝑏) − 1

1 + 𝐾𝑐
𝑚/𝜎𝑓𝑟

∗ √𝜋𝜔0

] √𝜔0/𝑏 

Lukas et al. [87], 

(1986) 
notch 𝜌, 𝐾𝑡 𝑙1, 𝜎𝑤0

𝑅−1 𝜎𝑤
𝑅−1 = 𝜎𝑤0

𝑅−1
√1 + 4.5(𝑙1/𝜌)

𝐾𝑡

,  

Mitchell et al. 

[88], (1977) 
notch 𝜌, 𝐾𝑡 𝑅𝑚 𝑜𝑟 𝐻𝐵, 𝜎𝑤0

𝑅−1  𝜎𝑤
𝑅−1 = 𝜎𝑤0

𝑅−1
1

1 + (𝐾𝑡 − 1)/(1 + 𝐶 ′/𝜌)
, 𝐶′ = 0.0254 (

2070

𝑅𝑚
)

1.8

 

De Kazicy et al. 

[89], (1970) 
empirical 𝐷 𝑅𝑝0.2, 𝐾𝐷𝐾 , 𝜎𝑤0

𝑅−1 𝜎𝑤
𝑅−1 = 𝜎𝑤0

𝑅−1
1

1 + 𝐾′√𝐷
, 𝐾′ =

𝑅𝑝0.2

𝐾𝐷𝐾

 

Murakami et al. 

[90–93] (1980-

2016) 

empirical √𝑎𝑟𝑒𝑎, Floc 𝐻𝑉 
σw = Floc(HV + 120)(√area)

−1
6⁄

∙ [
(1 − R)

2
]

α

, α

= 0.371 + HV ∙ 104 

Beretta et al. [93] 

Romano et 

al.[94] 

(1997-2019) 

Empirical, short 

crack, 

probabilistic 
√𝑎𝑟𝑒𝑎 𝐻𝑉 , ∆𝐾𝑡ℎ.𝑙𝑐 , ∆𝐾𝑡ℎ.𝑒𝑓𝑓 ,  

Extension of the Murakami method in a probabilistic 

framework based on the weakest link approach 

Costa et al. [66] 

(2010) 
empirical 𝑎𝑟𝑒𝑎 𝐻𝑉 𝜎𝑤

𝑅−1 = 1.25𝐻𝑉(1 − 0.03𝛹𝑖), 𝛹𝑖 = 𝑥𝑦 

Harkegard et al. 

[64,95]  

(2010-2012) 

probabilistic 

long crack √𝑎𝑟𝑒𝑎 𝐶, 𝑚, 𝛾 
𝑑𝑎 𝑑𝑁⁄ = 𝐶(∆𝐾)𝑚, Gumbel distribution for 

estimating the size of the largest defect 

Nadot et al. 

[5,96,97] 

Groza et al. [7] 

(2006-2019)  

notch with stress 

gradient √𝑎𝑟𝑒𝑎 𝛼𝐶𝑟 , 𝛽𝐶𝑟 , 𝑎∇ Defect Stress Gradient approach, will be detailed in  

Pessard-Morel et 

al. [98–101] 

(2013-2019) 
probabilistic √𝑎𝑟𝑒𝑎, local 

stress max. 

∆𝐾𝑡ℎ.𝑙𝑐 , ∆𝐾𝑡ℎ.𝑒𝑓𝑓 ,  

𝜎𝑤0, 𝑒𝑡𝑐. 

various criteria with the weakest link hypothesis and 

the Weibull probability distribution function 

Another possible strategy is to consider defects as notches and utilise stress concertation factor (𝐾𝑡) to describe 

their effect on the fatigue limit. Lukas et al. [87] assumed that non-propagating cracks at the notch root have a semi-

elliptical shape with the crack depth l0 (which has to be determined by curve fitting of fatigue test data). The model 

is valid for notches whose stress concentration factor 𝐾𝑡 does not exceed 4. Mitchell et al. [88] applied the Peterson’s 

formula for notches to the fatigue limit prediction of metal components containing small material defects. 

De Kazincy’s [89] and Murakami’s [90–93] empirical methods are both grounded on fracture mechanical 

considerations. Still, in the final fatigue limit prediction formulas, the background remains hidden owing to the large-

scale data-fitting process on fatigue tests. Based on the pioneering work of Murakami [90] and his fellow researchers, 

such as Endo [39] starting from the 1980’s the phenomenon of defect regulated fatigue became widely known. The 

introduction of the defect size parameter √𝑎𝑟𝑒𝑎, which is in strikingly good correlation with the mode I stress 

intensity factor of an equivalent (~bounding) elliptical crack (𝐾𝐼) left a constant mark in the field. Table 2.5. presents 

an overview of some of the significant (however, it is far from a comprehensive list) models developed for the 

assessment of fatigue strength of materials with defects. After the introduction of the √𝑎𝑟𝑒𝑎 parameter nearly all 

methods employ it in some way for the combined simplified description of the defect size, shape and orientation. 

Murakami [90] states that the fatigue limit of NCI is defined by threshold propagation phase of short cracks, and 

makes this statement the basis of his empirical model, which is a short-crack propagation model, which utilises the 

correlation of the threshold stress-intensity range and the Vicker’s hardness. The SEM analysis of Endo [39] supports 

the statement of Murakami, Figure 2.20 displays a large number of identified non-propagating cracks near graphite 

nodules at the fatigue limit, with a) higher and b) lower magnification. Murakami and Endo argue that small defects 

and inclusions behave in a similar manner. Murakami’s and Endo’s conclusions became the commonly accepted 
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scientific opinion, namely that the fatigue limit of defective material is regulated by the threshold state of non-

propagating cracks, instead of the strictly understood crack nucleation. However, in the scope of the current thesis, 

the non-propagating short crack behaviour is part of the macro-crack initiation process, since this leads to more 

precise calculations which can be directly linked to the fatigue strength of real components. Different approaches 

exist for the defect - equivalent crack conversion, since fracture mechanics usually considerers penny shaped and 

elliptical cracks in the simplified formulas, which are 2D geometrical features contrary to the 3D defects.  

Murakami and Endo [102] proposed the combined mechanical - geometrical parameter √𝑎𝑟𝑒𝑎 for two- and 

three dimensional defects based on microscopic observations of the crack initiation- and propagation behaviour of 

metals and numerical stress analysis of cracks with different shapes. √𝑎𝑟𝑒𝑎 is defined as the square root of the area 

obtained by projecting a defect onto the plane perpendicular to the maximum principal stress [103]. Figure 2.19. 

shows the interpretation of this parameter. Since then, the √𝑎𝑟𝑒𝑎 parameter became well-established in the 

engineering practice for characterizing various defects in metals. It has been agreed that the value of ∆𝐾𝑡ℎ for short 

cracks is smaller than it is for long cracks. The reason for this is linked to the crack closure mechanism, which is 

significantly weaker for small crack lengths. Figure 2.21. illustrates the surface defect surface crack conversion 

process from the standpoint of the defect induced crack initiation process. Experience shows, that during the initiation 

phase of defect induced fatigue, a unified crack front is formulated around the defect in the plane perpendicular to 

the Max. Principal stress. The formulated surface braking crack has comparable dimensions to the defect initiating 

it. 

The applicability of traditional approaches is often limited since most of them were developed and validated 

on rotating bending and fully reversed tension-compression fatigue tests on small cylindrical test specimens. Only a 

limited number of experiments have been conducted under higher mean stress states, under torsion or complex 

loading conditions on components. For the description of the fatigue limit as a function of the defect influence the 

most common approaches are based directly on the state-of-the-art theory of LEFM, the Murakami model [104], the 

various probabilistic approaches [94,99] and the Defect Stress Gradient approach [5]. 

Nadot and Billaudeau [4,96] have investigated the mechanism of fatigue on defective low carbon 1045 steel 

and nodular cast iron material. They have introduced artificial defects with controlled size and geometry to the 

surface of fatigue samples and conducted fatigue limit tests under tension, torsion and combined tension-torsion. 

Based on the analysis of SEM observations (Figure 2.22) and the stress distribution around the defects they have 

concluded, that the first stages of crack nucleation at the tip of the defect occurs in the maximum shear plane and in 

the maximum loaded part of the defect under both tension and torsion loading, which is very similar to the behaviour 

observed on polished defect-free specimens. Based on this, it is fundamentally right to apply a conventional 

multiaxial fatigue criterion on the assessment of crack initiation even int the presence of defects. The initiated short 

crack after reaching the macroscopic scale propagates in mode I, perpendicularly to the direction of the maximum 

principal stress.  

From the recent year, the advancements made by the research group linked to Morel and Pessard et al. [98–

101] led to interesting improvements in the analysis of the effect of defects in various materials with particular 

attention the modelling of fatigue scatter, the impact of multiple defects and the size effect from the standpoint of 

defect induced fatigue process. The research group is continuously developing a probabilistic framework utilising 

different criteria (Crossland, LEFM, Murakami) with the application of combined initiation and threshold 

propagation models for different regimes of the Kitagawa diagram. 

 

Figure 2.19. Definition of the equivalent defect size parameter √area [103].  
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Figure 2.20.a) Non-propagating cracks at the fatigue limit in NCI around a graphite nodule and b) lower magnification image 

showing a large number of non-propagating cracks (arrows indicate the position of the non-propagating cracks) [39].  

 

Figure 2.21. The equivalence of the defect size parameter √𝑎𝑟𝑒𝑎 and the half crack length 𝑎 at the crack initiation. 

 

 

Figure 2.22. Mechanism of the fatigue process at artificial hemisherical surface defects under a) tension and b) torsion [96]. 
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3. INVESTIGATION OF THE CAST IRON MATERIAL 

An experimental campaign has been carried out with the aim of understanding the role of surface defects in 

the high-cycle fatigue crack initiation process. To achieve comparable fatigue test data between components and 

specimens, the test specimens have been machined from the same type of brake lever component, and their chemical 

composition and microstructure were carefully analysed. Chemical composition, metallography and monotonic 

tensile tests were carried out with the aim of gaining comparable indicators which can be used to qualitatively 

compare fatigue test results with standards, engineering guidelines and literature results in the future. This section 

contains the necessary information for the understanding of microstructural effects and to model the material 

constitutive relation in further calculations. 

3.1. Chemical composition 

The chemical composition was analysed on one of the as-cast 4-point bending specimens (H2.5) by ARL 3460 

OES and LECO CS-444 machines, according to OES 001:1999 and CS 001:1995. Results are summarised in Table 

3.1, and compared to recommended values by the American Society for Metals (ASM), since the International and 

European standards do not provide values related to the chemical composition. Results show that the specimens used 

in the two rounds of fatigue testing have a nearly identical composition, which is also within range of the ASM 

recommendation for this grade. 

3.2. Metallographic properties 

The characteristics of the microstructural features were evaluated on the H2.5 (Bay Round 1) and H1.1 (Bay 

Round 2) specimen in accordance with ISO 945-1 [105], and summarised in Table 3.2. Results confirm that the 

investigated material qualifies for the grade 500-7. Appendix Table A.1 and Table A.2 summarise the results of the 

metallographic investigations, they display the nodular cast iron microstructure on the polished and etched surface 

of the H2.5 (Round 1) and H1.1 (Round 2) specimens. 

3.3. Monotonic properties 

Monotonic tensile behaviour is often considered as the most important way to characterise material strength 

in the engineering praxis. Furthermore, it is used widely for material qualification during the quality control process. 

Details of the testing process and results are summarised in Appendix Table A.3, and Table A.4 and a brief summary 

is presented in Table 3.3. Monotonic tensile test results also confirm that the investigated material qualifies as ISO 

1083 [3] and EN 1563 [31] 500-7 cast iron, and there is no significant difference between the specimens in two 

rounds of fatigue testing. 

3.4. Cyclic properties 

The testing of cyclic material properties is a necessity to conduct precise elastoplastic simulations modelling 

the cyclic hardening behaviour of the material, to calculate the accumulation of local plastic strain, which leads to 

microcrack initiation. Displacement controlled measurements were conducted at room temperature to determine the 

cyclic stress-strain relationship and low-cycle fatigue behaviour since that was possible using the same set of test 

specimens. The cyclic test specimens (Appendix Figure A.16) were designed to provide accurate results under 

symmetric tension-compression loading (R-1) and large plastic deformation. The tests were carried out on an Instron 

8850 servo-hydraulic machine with a symmetric sinusoidal 0.5 Hz frequency loading (Appendix Figure A.17). The 

failure criterion was a 25% drop in the max. load. The data points for the cyclic flow curve represent the material 

behaviour at half-life, the stress-strain and cyclic hardening results for the different strain amplitudes are presented 

in Figure A.18-Figure A.21. Displacement was measured by means of an extensometer with gauge length of 10 mm 

and max. travel of 1 mm. Measurement data is summarised in Table 3.4. and displayed in Figure 3.1. According to 

the Coffin-Manson relationship, the total strain can be separated into elastic and plastic parts as a function of load 

reversals: 

휀𝑎 = 휀𝑎
𝑒𝑙 + 휀𝑎

𝑝𝑙
=

𝜎𝑓
′

𝐸
(2𝑁𝑓)−𝑏 + 휀𝑓

′ (2𝑁𝑓)−𝑐  . 3.1 

The measured Coffin-Manson strain life parameters are 휀𝑓
′ = 0.726, 𝑐 = −0,7689, 𝜎𝑓

′ 𝐸⁄ = 0.006 and 𝑏 =

−0.1031.  
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Table 3.1. Average chemical composition of the test specimens (Bay Zoltán tests [8,9]). 

 %C %Si 
%M

n 
%P %S 

%C

r 
%Cu 

%M

g 

%N

i 

%M

o 
%Al %V 

Round 1 

mean 
3.57 2.1 0.18 

0.02

3 

0.00

6 
0.02 0.32 0.031 0.03 0.002 

0.01

3 

0.00

8 

Round 2 

mean 
3.42 2.25 0.17 

0.03

7 

0.01

1 
0.02 0.33 0.042 0.03 0.002 

0.01

7 

0.00

7 

ASM 

standard[35] 
3.6-

3.8 

1.8-

2.8 

0.15-

1 

max  

0.03 

max  

0.00

2 

0.03- 

0.07 

0.15-

1 

0.03- 

0.06 
0.03 - - - 

Table 3.2. Metallographic properties of the test specimens (Bay Zoltán tests [8,9]). 

Casting batch Nodules /mm² Nodule size Graphite cont. [%] 
Ferrite 

cont.[%] 
Pearlite cont.[%] 

BAY Round 1 213 6 12.8 51.5 35.7 

BAY Round 2 268 6 9.6 49.1 41.3 

Table 3.3. Monotonic tensile properties (Bay Zoltán tests [8,9]). 

Casting batch Rp0.2  [MPa] Rm  [MPa] A [%] E [MPa] 

BAY Round 1 (4 measurements) 325±7 504±18 11±1 171 390 ± 1269 

BAY Round 2 (2 measurements) 336; 312 523; 474 8.1; 13.8 170 071 ± 730 

Table 3.4. Cyclic and low-cycle fatigue test results (Bay Zoltán tests [8,9]). 

No. R 
𝛆𝐚 

(%) 

𝛆𝐚 

(𝒎𝒎 𝒎𝒎⁄ ) 

𝛆𝐚.𝐞.𝟓𝟎% 

(𝒎𝒎 𝒎𝒎⁄ ) 

𝛆𝐚.𝐩.𝟓𝟎% 

(𝒎𝒎 𝒎𝒎⁄ ) 

𝛔𝐦𝐚𝐱  

(𝐌𝐏𝐚) 

𝛔𝐦𝐚𝐱.𝟓𝟎%  

(𝐌𝐏𝐚) 

𝐍𝟐𝟓% 
(cycles) 

𝟐 ∙ 𝐍𝟐𝟓% 
(reversals) 

C1.1 -1 0.5 0.005 0.002688 0.002312 410.8 408.2 824 1 648 

C1.2 -1 0.4 0.004 0.002555 0.001445 398.38 397.8 2 528 5 056 

C1.3 -1 0.3 0.003 0.002428 0.000572 385.67 383.7 3 453 69 06 

C1.5 -1 0.25 0.0025 0.002157 0.000343 356.34 352.9 12 565 25130 

C1.4 -1 0.2 0.002 0.001856 0.000144 317.18 312.7 
30 005 

(runout) 
60 010 

 

 

Figure 3.1. a) Monotonic and cyclic test results and b) the Coffin-Manson strain-life curve (Bay Zoltán tests [8,9]). 
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4. INVESTIGATION OF FATIGUE BEHAVIOR ON TEST SPECIMENS 

Considering the industrial context with components designed for high-cycle fatigue lives near the fatigue limit, 

numerous force-controlled high-cycles fatigue tests were conducted on cylindrical fatigue tests specimens. The 

cylindrical specimens were machined from the bulk of brake lever components and then polished in order to obtain 

what is aimed to be the “defect-free” fatigue data. Experimental investigations were conducted in order to investigate 

the effect of positive mean stresses on the fatigue limit of the base material. The base material contained micro-

shrinkages and inclusions of equivalent sizes in the 100-350 µm range. Their effect is analysed in contrast to the 

artificially machined ones later in this Chapter, in Section 4.6. Based on these results, it became possible to identify 

the parameters for the Crossland multiaxial fatigue criterion. In the following, tests were conducted on cylindrical 

specimens with artificially machined defects to experimentally determine the Kitagawa diagram and obtain 

parameters for the Defect Stress Gradient approach by Vincent et al. [5]. 

4.1. Definition of failure criteria for testing and modelling 

The stages of damage evolution under cyclic loads [48] are crack initiation crack propagation and final 

catastrophic fracture of the component. The crack propagation part of fatigue life can be divided into the growth of 

short (𝑁𝑠𝑐.𝑔) and long (𝑁𝑙𝑐.𝑔) fatigue cracks. However, from the standpoint of measurement and calculation, it is easier 

to account for the short crack growth behaviour coupled to the initiation phase leading to long cracks (𝑁𝑙𝑐.𝑖). The total 

life to fracture is then defined by Equation 4.1. 

𝑁𝑓 = (𝑁𝑖 + 𝑁𝑠𝑐.𝑔) + 𝑁𝑙𝑐.𝑔 = 𝑁𝑙𝑐.𝑖 + 𝑁𝑙𝑐.𝑔 4.1 

Figure 4.1 displays the modelling strategy for the current research, where the crack initiation is defended as 

the initiation of an approximately 1 mm long macro-crack. Usually, damage evolution starts at a highly loaded 

position of the component, as it is displayed in Figure 4.2. The resulting crack then propagates in the material 

according to the laws of Fracture Mechanics. In the last stage of life, the crack propagates unstably throughout the 

specimen, causing fracture. 

 

Figure 4.1. Phases of the fatigue life and the modelling strategy of the current research (based on the phases of fatigue life 

from Schijve [45], and the classification of short cracks from [49].  
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Figure 4.2. Crack initiation from a notch perpendicular to the fracture surface from the notch root in 500-7 NCI material. 

4.2. Stress-Life relationship 

During the course of the research load controlled high-cycle fatigue tests were conducted at the and Bay-

Zoltán [8,9] Institute on cylindrical specimens (layout drawings are displayed in the Appendix Figure A.1-Figure 

A.15, HCF specimen tests drawing in Figure A.22) under R0.05 pulsating tensile load and the results were plotted 

on Wöhler type curves. Different techniques have been utilised to derive the fatigue data relevant to the current 

scope. Specimens were tested at different stress amplitudes to obtain the dependence of fatigue strength from the 

number of load reversals. For some applications the only knowledge of the fatigue strength at 106 cycles was 

necessary since that is a commonly used design criterion in various engineering guidelines, such as the FKM 2012 

[71]. The fatigue strength at 106 cycles will be referred to as the fatigue limit, for reasons of simplicity. A detailed 

description of the step-by-step method is presented in Section 4.3, which was used to determine individual fatigue 

limits for each specimen.  

Figure 4.3. shows the Stress-Life curve derived from the testing of 500-7 NCI polished cylindrical test 

specimens under R0.05 pulsating tension. The plotted data is presented in Appendix Table A.7, which summarises 

the results of the Wöhler-type polished specimen tests. Additional data points for 106 cycles are plotted from Table 

A.5 and Table A.6. Specimens have been machined from brake lever components for the experiments conducted at 

the Bay-Zoltán Institute to represent real material performance. It is important to note, that since the specimens have 

been machined from the bulk, the date shows bulk material behaviour, whereas the effects linked with the surface 

are excluded. The evaluation process of the results in accordance with the ISO 12107 International Standard [67]. 

When deriving the S-N curve, stresses are computed using the cross-sectional area of the specimen proof section. 

Generally, Basquin’s equation is used to obtain the curve corresponding to the mean fatigue strength, which is a 

linear-fit in a logarithmic display of the plot: 

𝑆𝑎 = 𝐴𝑊𝑁𝑓
𝐵𝑊 , 𝑙𝑔(𝑆𝑎) = 𝑙𝑔(𝐴𝑊) + 𝐵𝑊𝑙𝑔(𝑁𝑓) .  

Basquin’s equation has been used to fit the fatigue test data for cycles from 103 (plastic strains driven low-

cycle fatigue) ranging to the up to 106 (which is considered as the fatigue limit given the current scope). Various 

statistical models have been applied and being continuously applied for the description of the scatter of fatigue test 

results, whereas in case of the Stress-Life approach scatter can be expressed in means of strength (Y-axis) and life 

(X-axis). The respective international standard ISO 12107 [67] proposes the application of normal or lognormal 

distribution for the fatigue strength and lognormal distribution for the scatter of fatigue life and the corresponding 

fatigue strength. In the traditional way of testing, a specified number of test specimens is tested at each load horizon, 

where the interpretation of fatigue life scatter can be easily calculated. The understanding of scattering considering 

different load or life levels is not evident. In order to resolve this contradiction, all data points are transformed to a 

chosen level of fatigue life following the methodology of the ISO 12107 [67] international standard (test results are 

translated to 106 cycles, as it is displayed in Figure 4.4.). This means that not only the experimental scatter is 

investigated, the inaccuracies of the S-N curve model (eg. Basquin’s equation) are also considered in the scatter. 

From a design engineering standpoint, this can be considered beneficial. For reasons of simplicity, the scatter is often 

considered to be constant along the S-N curve. The distribution of fatigue strength 𝑆 at a given fatigue life 𝑥 = 𝑙𝑜𝑔(𝑁) 

is considered a random variable and is expressed as a cumulative distribution function: 

𝑃(𝑦) =  
1

𝜎𝑦√2𝜋
∫ 𝑒

[−
1
2

(
𝑦−𝜇𝑦

𝜎𝑦
)

2
]
𝑑𝑦

𝑦

−∞

 , 4.2 

where 𝑦 = 𝑆 is the fatigue strength at μy and σy are respectively, the mean and the standard deviation of 𝑦. 

The logarithm of fatigue life is considered to have a normal distribution.  
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The hypothesis of the fatigue strength having lognormal distribution is confirmed with the Kolmogorov-

Smirnov [106] and Chi-square [107] tests resulting in 0.63 and 0.28 probability values respectively lying above than 

the significance level 0.05. The lower limit of the fatigue strength at a probability of failure 𝑃 for the population at a 

confidence level of 1 − 𝛼 can be estimated from the equation: 

�̂�(𝑃,1−𝛼) = �̂�𝑦 − 𝑘(𝑃,1−𝛼,𝜈)�̂�𝑦 , 4.3 

where the coefficient k(P,1−α,ν) is the one-sided tolerance limit for a normal distribution variable and ν is the 

number of freedom. For the 𝑛 = 10 test results, the number of freedom is 𝜈 = 1 − 𝑛 =  9, which leads to the 

k(P,1−α,ν) coefficient at 90% survival probability at 90% confidence level being k(90%,90%,9) = 2.065.  

 

Figure 4.3. Wöhler curve for cylindrical polished test specimens at R0.05 (Bay Zoltán [8,9] tests). 

 

Figure 4.4. a) Empirical probability density of fatigue strength at 106 cycles and the fitted lognormal probability density 

function, b) Derivation of the scatter of fatigue strength. 

Table 4.1. Parameters for high-cycle fatigue Wöhler curve for 500-7 NCI cylindrical polished test specimens at the load 

ratio of R0.05, and parameters of the lognormal distribution describing the scatter of the fatigue strength at 106 cycles. 

AW [MPa] BW [-] μy
106

 σy
106

 

295.7 -0.0483 150.4 15.9 

  

a) b) 



PhD Thesis, Effect of surface defects on the fatigue life of nodular cast iron components 06.02.2020. 
 

 

M. Gróza 44/106 
Budapest University of Technology and Economics 

Department of Machine and Product Design 
 

4.3. The mean stress effect on the fatigue limit 

The stress amplitude instead of the traditionally considered stress maximum was recognised by Wöhler to be 

a determinative factor of the fatigue phenomenon. However, the offset of the alternating or pulsating cyclic stress is 

a first-order parameter as well, since it determines how much -if any- of the load cycle is spent above to elastic limit. 

Load controlled high-cycle fatigue tests have been conducted on polished cylindrical fatigue tests specimens to study 

the effect of positive mean stresses on the fatigue limit. The testing procedure followed the “step-by-step” approach 

[108,109], which has led to a value of the fatigue strength at 106 for each specimen tested. 5-5-5 specimens have 

been tested at the load ratios R-1, R0.05 and R0.5. 

1. Using the value of the initial stress amplitude 𝜎1 for the first test in every group. 

2. Fracture before 106 cycles → Decreasing stress amplitude with one step 𝑑 for the next specimen. 

3. Reaching 106 cycles without fracture → Recording this event → Increasing the stress amplitude with one step 

𝑑 for the same specimen. 

3/a. Fracture before 106 cycles → Recording this event → Decreasing the stress amplitude with one step 𝑑 for 

the next specimen. 

3/b. Reaching 106 cycles without fracture → Recording this event → back to step 3. 

Figure 4.5-Figure 4.7 illustrates the method for the different possible scenarios during the testing process. For 

specimens with several steps before failure, the fatigue strength must be corrected, in order to account for the 

detrimental effect of the previous loading steps. The following equation can be applied for this correction [108]: 

𝜎106 =
𝑁𝑓

106 ∙ (𝜎𝑛 − 𝜎𝑛−1) + 𝜎𝑛−1 , 4.4 

where 𝜎𝑛 and 𝜎𝑛−1 are the amplitude loads that caused the failure and before failure, respectively, and Nf is 

the number of cycles to failure at the current load step. In case failure occurs before 106 cycles, the linear relationship 

between logarithmic fatigue life and strength given by Equation 4.3 is utilised. Assuming, that 𝐵 (slope of the S-N 

curve) is a characteristic value of the unnotched material, the 106 endurance limit (𝜎106) can be estimated for 

premature failure in the following way: 

𝜎106 = 10𝐵𝑊∙𝑙𝑔(106)+𝑙𝑔𝐴𝑊   4.5 

Based on the test results for cylindrical fatigue test specimens tested previously at R0.05 pulsating tension the 

A and B parameters are given in Table 4.1. 

 

 

Figure 4.5. Practice in the case: reaching 106 cycles without failure (for a specified specimen). 

𝜎𝑎 [𝑀𝑃𝑎] 

𝑁𝑓  [𝑐𝑦𝑐𝑙𝑒𝑠] 106 

𝜎𝑗  𝑑  
𝜎𝑗+1  

𝜎𝑗+2  
𝑑  

(2)  

correction for previous loading 

steps 

the test specimen reaches 106 

cycles without failure 

 failure 

(𝑖)  number of steps before failure 

𝜎𝑗  stress amplitude in the given step 

𝑑  step 
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Figure 4.6. Practice in the case: direct failure in the first step before 106 cycles (for a specified specimen). 

 

Figure 4.7. The practice of the step by step method (for tests in one test group). 

For a better understanding of the experimental results, they are plotted alongside the curves derived from some 

of the widely applied traditional mean stress correction formulas in Figure 4.8. There are some more complex 

methods for the description of the mean stress influence, which estimate the mean stress effect differently in different 

mean stress regimes. Recently, the mean stress effect is considered within the multiaxial fatigue criteria; therefore, 

in the current chapter, the classical formulas are covered. Goodman proposed a linear curve between the fully 

reversed tension-compression (R-1) fatigue limit and the ultimate strength: 

𝜎𝑎
𝑒 = (1 −

𝜎𝑚

𝜎𝑢

) 𝜎𝑎,𝑅−1
𝑒 . 4.6 

Soderberg’s approach was more conservative, ha proposed, that the line starting from the same R-1 fatigue 

limit should relate to the yield strength on the mean stress axis: 

𝜎𝑎
𝑒 = (1 −

𝜎𝑚

𝜎𝑦

) 𝜎𝑎,𝑅−1
𝑒 . 4.7 

Gerber proposed to connect the same points as Goodman, but used a parabola instead of the linear approach: 

𝜎𝑎
𝑒 = [1 − (

𝜎𝑚

𝜎𝑢

)
2

] 𝜎𝑎,𝑅−1
𝑒 . 4.8 

The Analytical Strength Assessment Guideline FKM [71] suggests the application of a multilinear curve, 

whereas the curve has a change in slope at the compression-compression tension-compression transition, at R0 and 

at R0.5. The high mean stress region is abruptly corrected with the curve limiting the static strength, which -in a 

simplified formulation- connects the yield limits on the two axes. Figure 4.8. shows the comparison of experimental 

results with the curves of the Goodman, Soderberg, Gerber and FKM method. Table 4.2. summarises the 

experimental data included in the analysis. The Goodman approach is in the best agreement with measured data from 

the tested classical methods. 

𝜎𝑎 [𝑀𝑃𝑎] 

𝑁𝑓  [𝑐𝑦𝑐𝑙𝑒𝑠] 106 

𝜎𝑗  

correction using Basquin’s law 

failure 

𝜎𝑗  stress amplitude 

𝜎𝑎 [𝑀𝑃𝑎] 

𝑁𝑜. 𝑜𝑓 𝑡𝑒𝑠𝑡𝑠 𝑖𝑛 𝑜𝑛𝑒 𝑔𝑟𝑜𝑢𝑝 

𝜎1  failure 

𝜎𝑗  stress amplitude 

1  2  3  4  

𝜎1 + 𝑑  

5  6  7  8  9  …  

𝜎1 − 𝑑  

𝜎1 + 2𝑑  

one specimen one specimen 

the test specimen 

reaches 106 cycles 

without failure 

 

initial stress amplitude 

𝑑  stress step  

𝜎𝑖  
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Figure 4.8. Effect of positive tensile mean stress on the fatigue limit of 500-7 NCI cylindrical polished test specimens. 

Table 4.2. Summary of experimental data related to the effect of positive mean stress on the fatigue limit of 500-7 NCI 

polished cylindrical fatigue test specimens (BAY-2 tests). 

 σa,R−1
e  [MPa] σa,R0.05

e  [MPa] σa,R0.5
e  [MPa] σy [MPa] σ𝑢 [MPa] 

Mean value 253 149 98 324 502 

Deviation (∓) 3 4 2 9 20 

4.4. Multiaxial fatigue behaviour 

The Crossland criterion (introduced in Section 2.3.6.3) is applied in the current research for the description of 

stress multiaxiality under proportional in-phase loading conditions in the high-cycle fatigue regime. Apart from the 

experimentally determined fatigue limits based on the tests conducted at the Bay-Zoltán Institute, the results of Y. 

Nadot [96] are utilised for the identification as well since they contain valuable data for the torsional fatigue 

behaviour. The fatigue limits used for the identification process are listed in Table 4.3. The identified parameters are 

summarised in Table 4.4, including the parameters for the unified Crossland Wöhler-curve and the shape parameter 

of the fitted Weibull distribution. Figure 4.9.a displays the identification procedure on the deviatoric plane, and 

Figure 4.9.b shows the criterion unifying the fatigue test results from different load ratios into a single curve. 

Table 4.3. Fatigue limits used for the parameter identification process of the Crossland criterion for 500-7 NCI. 

Source Results from the Bay-Zoltán Institute  Results from Y. Nadot [96] for NCI 

Fatigue limit σa,R−1
e  [MPa] σa,R0.05

e  [MPa] σa,R0.5
e  [MPa] σa,R−1

e  [MPa] σa,R0.1
e  [MPa] σa,R−1.tor

e  [MPa] 

Value 253 149 98 245 162 225 

Table 4.4. Parameters for the Crossland multiaxial fatigue criterion for polished 500-7 NCI. 

αcr [-] βCr [MPa] μy,Cr
106

  AW,Cr [MPa] BW,Cr [-] 

1.24 233 24.8 469 -0.0535 

 

Figure 4.9. a) Identification of the Crossland parameters on fatigue test data at 106 cycles and b) the unified Wöhler-curve.  

a) b) 
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4.5. Crack propagation behaviour 

Since all high-cycle fatigue tests were conducted until total fracture, it is important to separate the crack 

initiation life and the corresponding strength to apply local stress-based methods in a precise manner. For the 

understanding and analysis of the long crack propagation behaviour crack growth tests were carried out at the Bay 

Zoltán Institute (Figure 4.10) on CT (compact tension) specimens in accordance with ASTM E647-15 [110] on an 

Instron 8874 servo-hydraulic fatigue testing machine under the load ratio R0.1 and R0.5. Additional tests were 

conducted for the propagation threshold regime as well. The part drawing for the CT specimen geometry is displayed 

in Figure A.35. Both optical measurements based on the DIC technique (digital image correlation) and the 

compliance method has been utilised for the measurement of the crack length. DIC measures the displacement filed 

on the specimen surface by comparing images at different stages of the load application. Strain fields can be then 

derived based on the displacement data. The compliance method derives crack length from the force-displacement 

slope normalised for elastic modulus and specimen thickness. For the CT specimen, the stress intensity factor range 

is given by: 

∆𝐾 =
∆𝑃

𝐵√𝑊

2 + 𝛼

(1 − 𝛼)3/2
(0.886 + 4.64𝛼 − 13.32𝛼2 + 14.72𝛼3 − 5.6𝛼4) , 4.9 

where 𝛼 = 𝑎 𝑊⁄  and ∆𝑃 = 𝑃𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛 is the acting force range.  

4.5.1. Determination of crack growth behaviour 

The NASGRO crack growth model [78] given by Equation 2.33 is utilised in the current work to fit the 

experimental crack growth data. The threshold stress intensity factor range ∆𝐾𝑡ℎ is given by Equation 2.39, whereas 

the effect of different load ratios is modelled by using the crack opening function 𝑓 from Newman [82] provided by 

Equation 2.40-2.44. Parameter identification for the NASGRO model was achieved with a curve fitting process 

employing the least squares method on the experimental data. The NASGRO model, with the parameters summarised 

in Table 4.5 offers a good description of the experimental crack growth data shown in Figure 4.14.  

Table 4.5. Parameters of the NASGRO/ESACRACK long crack propagation model for EN-GJS-500-7 NCI. 

Symbol Designation Value Unit 

𝑎0  material constant depending on the microstructure 0.038 mm 

𝛼  plane stress/plane strain constrain factor 2.5 - 

𝜎𝑚𝑎𝑥 𝜎𝑦⁄   ratio of the maximum applied stress to the yield stress 0.2 - 

∆𝐾0  the value of ∆𝐾𝑡ℎ at R0 7.4 𝑀𝑃𝑎√𝑚 

𝐶𝑡ℎ+  fitting parameter describing the R-dependence of ∆𝐾𝑡ℎ 1 - 

𝐾𝐼𝑐  Plane strain fracture toughness  55 𝑀𝑃𝑎√𝑚 

𝐶2  constant for the Paris equation for 𝑝 = 𝑞 = 0, and 𝑓 = 𝑅 5 ∙ 10−9 mm/cycle 

𝑛  constant for the Paris equation for 𝑝 = 𝑞 = 0, and 𝑓 = 𝑅 3.5 - 

𝑝  fitting parameter describing the transition in the range I-II 0.99 - 

𝑞  fitting parameter describing the transition in the range II-III 0.60 - 

  

Figure 4.10. Crack propagation testing and crack length measurement with the ARAMIS SRX DIC system [111]. 
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Figure 4.11. Fracture surfaces of the T1, T2, T3, T4, T7 and T8 CT specimens. 

 

Figure 4.12. Optical measurement of the crack length with the ARAMIS system on the T1 specimen. 

 

Figure 4.13. Comparison of measured crack length vs. number of low cycles with compliance and optical methods. 

 

Figure 4.14. Crack growth data for R0.1 and R0.5 loading and the fitted NASGRO/ESACRACK model. 
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4.5.2. Determination of the propagation threshold stress intensity range 

Observing Figure 4.14 it becomes clear that the NASGRO model is not able to accurately model the measured 

near-threshold behaviour (in the identification process ∆𝐾0 is a resulting parameter, however not the precise one). 

The ASTM E647-15 [110] proposes the identification of the crack propagation threshold through the analysis of the 

near-threshold behaviour between 10−6 and 10−7 𝑚𝑚 𝑐𝑦𝑙𝑐𝑒⁄  propagation rate. The standard advises to find the best 

linear fit on a log-log plot. This process is displayed in Figure 4.15 with non-logarithmic axes for better visibility of 

the datapoints. The standard defines the threshold as the extrapolated value of ∆𝐾th at 10−7 𝑚𝑚 𝑐𝑦𝑙𝑐𝑒⁄ . With this 

method, ∆𝐾𝑡ℎ
𝑅0.1 = 8.76 𝑀𝑃𝑎√𝑚 and ∆𝐾𝑡ℎ

𝑅0.5 = 7.43 𝑀𝑃𝑎√𝑚 is obtained. Figure 4.16 shows the effect of a) load ratio 

and b) the crack length on the fatigue threshold. For higher positive load ratio, the propagation threshold decreases 

for a given crack size whilst approaching the effective value ∆𝐾𝑡ℎ.𝑒𝑓𝑓 , which is considered to have crack closure 

effects excluded. The value of the effective threshold displayed in Figure 4.16.a is an estimated value based on the 

experimental data plotted. With the decrease of the crack length, the propagation threshold also decreases due to the 

weaker plasticity induced crack closure effect, which is not built up yet. 

 

Figure 4.15. Measured crack growth rates in the propagation threshold region for load ratios a) R0.1 and b) R0.5, estimation of 

the effective threshold stress intensity range. 

 

Figure 4.16. a) Effect of load ratio on the long crack threshold stress intensity factor range and b) effect of crack length on the 

propagation threshold. 
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4.5.3. Separation of initiation and propagation phases for the Wöhler tests  

To gain transferable experience from the measurement of the test specimens to the scale of components, the 

macro-crack initiation and propagation phases of the fatigue life must be separated. In addition to the differences in 

the initiation and propagation assessment, a propagating crack leads to a change in the component geometry and 

stiffness and therefore, in the stress and strain field. Based on the crack propagation measurements, the parameters 

of the NASGRO crack growth model have been identified for the investigated NCI material. With this knowledge, 

the macro-crack initiation curves can be derived from the tests that have been conducted until total fracture. For test 

specimens tested under pulsating tension near the fatigue limit, the experience shows, that the macro-crack 

propagation life is negligible. Crack initiation in the current context is perceived as the formation of a 1 mm deep, 

penny shaped crack. In the current section the significance of crack propagation life is investigated. Results show 

that crack propagation life can indeed be neglected in this context. For the assessment, the total fatigue life is divided 

into the cycles spent on the formation of a 1 mm deep crack (~Nlc.i)and to the subsequent cyclic fatigue crack growth 

leading to fracture (~Nlc.g): 

𝑁𝑓 = 𝑁𝑙𝑐.𝑖 + 𝑁𝑙𝑐.𝑔 4.10 

Figure 4.17. show the applied crack growth model where the initial crack size 1 mm and the final crack size 

was 4 mm, half the specimen diameter in accordance with the fracture surface observations. Fatigue cracks have 

been observed to usually propagate until half the specimen diameter, which is 4 mm in this case. The fracture criteria 

of the mode I SIF achieving the value of 𝐾𝐼𝑐 is also in good agreement with the optical analysis of the fracture 

surfaces. The crack length dependent SIF range is calculated as: 

𝛥𝐾 = 𝛥𝜎𝑡𝑌√𝜋𝑎 , 4.11 

where the shape factor for a penny-shaped surface crack in cylindrical bodies under cyclic tension is given by: 

𝑌 = 0.92 (
2

𝜋
) 𝑠𝑒𝑐 (

𝜋

2

𝑎

𝑑
) √

𝑡𝑎𝑛(
𝜋

2

𝑎

𝑑
)

𝜋

2

𝑎

𝑑

(0.752 + 1.286 (
𝜋

2

𝑎

𝑑
) + 0.37 (1 − 𝑠𝑖𝑛 (

𝜋

2

𝑎

𝑑
))

3

) . 4.12 

The dependence of the crack shape factor Y on the crack length is shown in Figure 4.18.a. The NASGRO 

model is employed for the calculation of propagation life, which has been introduced in Section 2.3.7.2. 

The experimental results for the R0.05 pulsating tensile fatigue test with the fitted total life curve and the 

calculated 1 mm macro-crack initiation life curves are shown in Figure 4.18.b. Results show that the long crack 

propagation life, which is the region between the plotted curves, is negligible near the fatigue limit for small 

cylindrical fatigue test specimens. 

 

Figure 4.17. Propagation of a penny-shaped surface crack in cylindrical bodies under cyclic tension. 
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Figure 4.18.a) Crack shape factor calculation for the cylindrical tensile test specimens, b) Experimental total life and 

calculated 1 mm macro-crack initiation life for the polished cylindrical specimens tested under pulsating tension at the load 

ratio R0.05. 

4.6. Effect of defects on the fatigue limit 

The defect induced high-cycle fatigue process is investigated under controlled circumstances in order to 

differentiate it from other effects as clearly as possible. For the same polished cylindrical high cycle fatigue 

specimens machined defects were introduced with controlled shape and size. The fracture surfaces of each specimen 

were analysed with optical (OM) and scanning electron microscopy (SEM) at the Department of Polymer 

Engineering (Table 1.1 summarises the layout of the experimental program). Linear and nonlinear FE-simulations 

are presented for the interpretation of the effect of the local stress and strain state on the experimental fatigue 

behaviour. Results of different methods are compared with the experiments. The Defect Stress Gradient approach is 

developed further with the aim of gaining a better understanding and the ability to predict the fatigue strength of 

components with surface defects. 

For the experimental investigation, artificial defects of different size and shape have been machined on 

cylindrical fatigue test specimens. The defect type, morphology and size range for this investigation is based on the 

experience gained by visually inspecting the surface defects on railway brake lever components. Due to technological 

reasons, the machining of the sphere-like defects led to three different realisations of this shape. The smallest (√𝑎𝑟𝑒𝑎 ≅

500 𝜇𝑚) defects have been drilled, and therefore have drilled-hole like geometry (Table 4.6) Medium (√𝑎𝑟𝑒𝑎 ≅ 900 𝜇𝑚, 

Table 4.7) and large (√𝑎𝑟𝑒𝑎 ≅ 1400 − 1800 𝜇𝑚, Table 4.8) spherical defects were micro-milled which led to a spherical 

shape. However, the medium-sized surface defects are considered to have a rounded conical shape in the calculations. 

The transversal (Table 4.9), longitudinal (Table 4.10) and tilted (Table 4.11) ellipsoidal-keyhole shaped defects have 

been micro-milled as well. Specimens have been highlighted with bold in the “ID” column, in case the machined 

artificial defect was at the initiation of the fatigue process. In these cases, dimensions of the defects have been 

measured from various images created with optical and electron-microscopy. Direct measurement of the cross-

sectional defect dimensions is not possible for specimens where the fracture surface is not intersecting with the 

artificially machined defect. For the cases, where fatigue crack initiation was induced by natural defects, the 

equivalent size of the defect has been estimated considering the similarity of the machined defects of the same type. 

The fatigue tests were conducted at room temperature (23℃) under load control with a sinusoidal load curve 

cycling at 30 Hz on an INSTRON 8874 servo-hydraulic testing machine. Failure criterion was the complete 

separation of the fracture surfaces, whereas the load stepping methodology (the step-by-step method, which has been 

described in detail in Section 4.3) has been applied with a 10 MPa step in the stress amplitude, as for the polished 

specimens. Test results are displayed in Figure 4.19 on a Kitagawa type plot and summarised in Table A.7 and Table 

A.8. The y-axis shows nominal stress amplitudes corresponding to 106 cycles (which is a good approximation of the 

fatigue limit) calculated based on the net cross-section of the test cylindrical test specimens. A significant scatter in 

the Kitagawa relationship can be observed for defects in the 0-400 𝜇𝑚 range. This can be interpreted as the interaction 

of natural defects (micro-shrinkages, oxides, graphite degeneration, etc.) with the constant high stress distribution 

(cyclic tension) of an unnotched specimen. For the small spherical defects, the zone for potential crack initiation is 

localised around the tip of the defect, which leads to a low scatter compared to the expected trend. Larger defects 

lead to a broader process zone with high stresses and therefore exhibit a more significant scatter. The fracture surface 

analysis of specimen F2.12 in Figure 4.23 supports this hypothesis, where crack initiation from a non-metallic 

inclusion on the surface of an 1847 𝜇𝑚 defect can be observed. The longitudinally oriented ellipsoidal defects seem 

to lead to a lower reduction of the fatigue strength than the spherical ones for the same equivalent size √𝑎𝑟𝑒𝑎. The 
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transversally machined ellipsoidal defects also seem to be less critical than the spherical defects, which is interesting, 

since their elastic stress concentration effect is significantly higher compared to the hemispherical ones. 

Generally, fatigue cracks for all specimens are initiating from the surface of the machined defect, or from 

surface and subsurface inhomogeneities which are more critical than the artificial one on the same specimen. The 

zone characterised by crack propagation is relatively small compared to the static fracture zone created in the last 

cycle. The static fracture zone shows brittle characteristics. For the spherical-like and transversal defects the fracture 

surface is located at the central plane of the defect. This is not the case for the longitudinal defects, where the stress 

concentration effect is the highest near the changes in curvature at the transition zone located at both ends. Tilted 

defects lead to a more complexly shaped fracture surface. 

The fracture surface of the F2.2 specimens (Figure 4.20) containing a small (≅ 464 𝜇𝑚) drilled hole-like 

machined artificial defect show, that critical cracks are initiating from the bottom radius of the defect. Analysis of 

the river marks (cracks propagating in other planes than the critical one) and the shape of the fatigue propagation 

crack region (recognisable based on its lighter grey colour due to its lower roughness) lead to the identification of 

the crack initiation location. For the F2.4 specimen with a conical-spherical defect of ≅ 872 𝜇𝑚, displayed in Figure 

4.21, the crack front shape hints at an uneven crack growth rate. The discontinuous crack front is often due to notch 

induced fatigue, which is indeed the case presented. Fracture surfaces of the F2.5 (Figure 4.22) specimen show 

material residue inside the defect-void, which can be probably explained by the assembled graphite from the turning 

and polishing operations. 

Figure 4.23 shows an interesting case, where a non-metallic inclusion with some degenerated graphite is 

located on the defect surface on the fracture surface of the F2.12 specimen. The transversely oriented defect 

(compared to the specimen axis and the loading direction) in Figure 4.24 initiates fatigue cracks at its flat bottom 

surface. 

 

Figure 4.19. Kitagawa type plot of the experimental results for different defect sizes and shapes for ISO 1083 500-7 NCI 

specimens tested under pulsating tension (R0.05). 
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Table 4.6. Dimensions of F2.1 and F2.2 machined artificial surface defects on the tensile specimens (Round 2). 

ID 
ØD 

[μm] 

h1 

[μm] 

h2 

[μm] 

R 

[μm] 

r 

[μm] 
√𝑎𝑟𝑒𝑎 
[μm] Defect geometry SEM fractography F2.1 

F2.1 839 119 354 20 20 480 

 

 

F2.2 845 142 358 20 20 470 

Table 4.7. Dimensions of F2.3 and F2.4 machined artificial surface defects on the tensile specimens (Round 2). 

ID 
ØD 

[μm] 

h 

[μm] 

R 

[μm] 
√𝑎𝑟𝑒𝑎 
[μm] 

Defect geometry SEM fractography F2.4 

F2.3 1633 751 515 889 

 

 

F2.4 1571 720 469 872 

Table 4.8. Dimensions of F2.5-F2.12 machined artificial surface defects on the tensile specimens (Round 2). 

ID 
R 

[μm] 
√𝑎𝑟𝑒𝑎 
[μm] 

Defect geometry SEM fractography F2.6 

F2.5 1169 1458 

 

 

F2.6 1148 1353 

F2.7 1176 1373 

F2.8 1135 1443 

F2.9 1136 1400 

F2.10 1157 1380 

F2.11 1531 1886 

F2.12 1536 1847 

Table 4.9. Dimensions of F2.13 and F2.18 machined artificial surface defects on the tensile specimens (Round 2). 

ID 
l 

[μm] 

d 

[μm] 

h 

[μm] 

u 

[μm] 

R 

[μm] 
√𝑎𝑟𝑒𝑎 
[μm] 

Defect geometry SEM fractography F2.1 

F2.13 - - - - - 222 

 

 
 

F3.14 - - -  - 234 

F2.15 1620 517 310 1249 165 586 

F2.16 - - - - - 469 

F2.17 -  - - - 374 

F2.18 1577 418 284 1320 170 625 
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Table 4.10. Dimensions of F2.19 and F2.20 machined artificial surface defects on the tensile specimens (Round 2). 

ID 
l 

[μm] 

D 

[μm] 

h 

[μm] 

R 

[μm] 
√𝑎𝑟𝑒𝑎 
[μm] 

Defect geometry SEM fractography F2.1 

F2.19 5627 1654 1363 358 1108 

 

 

F2.20 5630 1666 1358 340 1175 

Table 4.11. Dimensions of F2.21-F2.23 machined artificial surface defects on the tensile specimens (Round 2). 

ID 𝜑 

[deg] 

l 

[μm] 

D 

[μm] 

h 

[μm] 

R 

[μm] 
√𝑎𝑟𝑒𝑎 
[μm] 

Defect geometry SEM fractography F2.1 

F2.21 45 1634 676 - - 698 

 
 

F2.22 30 1576 688 290 490 660 

F2.23 90 1678 737 - - 361 

 

 

Figure 4.20. Crack initiation from √𝑎𝑟𝑒𝑎 ≅ 464 𝜇𝑚 hole-like defect, fracture surface of the F2.2 (BAY Round 2) tests 

specimen, fracture in the 2nd step after 476 821 load cycles at 140 MPa stress amplitude (1st step: 106 cycles at 130 MPa 

amplitude), R0.05. 

 

Figure 4.21. Crack initiation from √𝑎𝑟𝑒𝑎 ≅ 872 𝜇𝑚 conical-spherical defect, F2.4 (BAY Round 2) tests specimen, fracture in 

the 1st step after 387 275 load cycles at 130 MPa stress amplitude, R0.05. 
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Figure 4.22. Crack initiation from √𝑎𝑟𝑒𝑎 ≅ 1458 𝜇𝑚 sized spherical defect, F2.5 (BAY Round 2) tests specimen, fracture in 

the 1st step after 736 302 load cycles at 120 MPa stress amplitude, R0.05. 

 

Figure 4.23. Crack initiation from √𝑎𝑟𝑒𝑎 ≅ 1847 𝜇𝑚 hemispherical defect, F2.12 (BAY Round 2) tests specimen, fracture in 

the 2nd step after 88 982 load cycles at 110 MPa stress amplitude (1st step: 106 cycles at 100 MPa amplitude), R0.05. 

 

Figure 4.24. Crack initiation from √𝑎𝑟𝑒𝑎 ≅ 586 𝜇𝑚 transversal defect, F2.15 (BAY Round 2) tests specimen, fracture in the 2nd 

step after 73 463 load cycles at 150 MPa stress amplitude (1st step: 106 cycles at 140 MPa amplitude), R0.05. 
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Figure 4.25. Crack initiation from √𝑎𝑟𝑒𝑎 ≅ 1108 𝜇𝑚 longitudinal defect, F2.19 (BAY Round 2) tests specimen, fracture in the 

2nd step after 285 007 load cycles at 140 MPa stress amplitude (1st step: 106 cycles at 130 MPa amplitude), R0.05. 

 

Figure 4.26. Crack initiation from √𝑎𝑟𝑒𝑎 ≅ 660 𝜇𝑚 tilted defect, F2.22 (BAY Round 2) tests specimen, fracture in the 2nd step 

after 631 507 load cycles at 140 MPa stress amplitude (1st step: 106 cycles at 130 MPa amplitude), R0.05. 

 

Figure 4.27. Crack initiation from √𝑎𝑟𝑒𝑎 ≅ 253 𝜇𝑚 nonmetallic inclusion, F2.21 (BAY Round 2) tests specimen, , fracture in 

the 2nd step after 453 714 load cycles at 140 MPa stress amplitude (1st step: 106 cycles at 130 MPa amplitude), R0.05. 

4.6.1. Comparison of results with commonly applied methods 

The most prevalent methods for the description of defect induced fatigue are based on the modelling of the 

non-propagating state of cracks which are frequently observed at a load state corresponding to the fatigue limit 

around small inhomogeneities, inclusions, graphite nodules or even larger artificial defects. The reason for that is the 

strange phenomenon, that small crack can initiate from stress-concentrators which are not able to propagate further 

due to steep gradient of the original stress field and the crack closure effect, which becomes more significant with 

the increasing crack length. The results of the three fundamental methods are compared with the experimental results. 

Two of them are simply different interpretations of the application of fracture mechanics on the non-propagating 

crack problem. The third is the Murakami method [102], which is widely applied for the fatigue assessment of various 

defective metallic materials in a scientific context despite its empiric nature. 

4.6.1.1. Prediction based on the threshold SIF range 

Considering defects as equivalent crack leads usually leads to an initial crack size, which can be considered a 

macroscopic crack (~larger than 1 mm). For a macroscopic crack in an elastic body, the fatigue limit can be expressed 

from the threshold non-propagation condition under mode I: 
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∆𝜎𝑤(𝑎) =
∆𝐾𝑡ℎ.𝑙𝑐(𝑅)

𝑌√𝜋𝑎
 𝑓𝑜𝑟 𝑎 > 𝑎0 , 4.13 

where 𝑌 = 2 𝜋⁄  is the shape factor at the bottom of a hemispherical surface crack embedded in an infinite 

body under tension. The experimentally measured defect size has been expressed in terms of √area, which can be 

converted to an equivalent crack length considering a semi-circular surface crack with the following formulas: 

 √𝑎𝑟𝑒𝑎 = 𝑎√
𝜋

2
 ;  𝑎 = √𝑎𝑟𝑒𝑎√

2

𝜋
 . 4.14 

With the application of this conversion Equation 4.13 can be expressed in terms of the equivalent defect size: 

∆𝜎𝑤(√𝑎𝑟𝑒𝑎) =
∆𝐾𝑡ℎ.𝑙𝑐(𝑅)

𝑌√√2𝜋√𝑎𝑟𝑒𝑎
  . 4.15 

The value of ∆𝐾𝑡ℎ.𝑙𝑐 at the load ratio 0.05 is 9.3 𝑀𝑃𝑎√𝑚 derived from the experimental results presented in 

Figure 4.15-Figure 4.16. 

4.6.1.2. Prediction based on the effective threshold SIF range 

It has been agreed that the value of ∆Kth for short cracks is smaller than it is for long cracks. The reason for 

this mainly is linked to the crack closure mechanism, which is significantly weaker for small crack lengths. Figure 

4.16.a shows the effect of the crack length on the threshold SIF range and. Figure 4.16.b shows the effect of the load 

ratio. Researchers [112] emphasise that the initiating crack is not equal to a fatigue crack with the same length, since 

it has different stress-strain state along the crack path. For the consideration of this effect, one can argue, even though 

that the crack has a crack length corresponding to long cracks, the threshold state is regulated by the effective value 

of the threshold SIF range. The effective threshold corresponds to the behaviour of short cracks without the closure 

effect. With this model, the evolution of the fatigue limit depending on the crack length is given by: 

∆𝜎𝑤(𝑎) =
∆𝐾𝑡ℎ.𝑒𝑓𝑓

𝑌√𝜋𝑎
= ∆𝜎𝑤(√𝑎𝑟𝑒𝑎) =

∆𝐾𝑡ℎ.𝑒𝑓𝑓

𝑌√√2𝜋√𝑎𝑟𝑒𝑎
 𝑓𝑜𝑟 𝑎 > 𝑎0 . 4.16 

The value of ∆𝐾𝑡ℎ.𝑒𝑓𝑓 is 3.75 𝑀𝑃𝑎√𝑚 based on the experimental results and the NASGRO model. The 

comparison of the models with the experimental results is shown in Figure 4.29. 

4.6.1.3.  Prediction based on the Murakami model 

The empirical approach of Murakami is under continuous development [90–92,103,113,114] since 1983 when 

Murakami and Endo [102] proposed a new geometrical parameter √𝑎𝑟𝑒𝑎 for two- and three dimensional defects 

based on microscopic observations of the crack initiation- and propagation behaviour of metals, and numerical stress 

analysis of cracks with different shapes. Since then, the √𝑎𝑟𝑒𝑎 parameter became well-established in the engineering 

practice for characterizing various defects in metals. They derived the following empirical relationship to describe 

the Kitagawa curve, which is expressed between the rotating bending fatigue limit 𝜎𝑤  and the equivalent defect size 

parameter √𝑎𝑟𝑒𝑎: 

𝜎𝑤
𝑛√𝑎𝑟𝑒𝑎 = 𝐶𝑀, 4.17 

where 𝐶𝑀 is a material constant and n=6. The Murakami-Endo model has an estimated error band of 10% on 

ferrous materials containing defects ranging from 16 to 1000 𝜇𝑚, according to the authors. Another highly valuable 

empirical finding of the research of Murakami and Endo is the introduction of the √𝑎𝑟𝑒𝑎 parameter, which provides 

a good estimation of the mode I SIF for elliptical surface cracks with the following formula: 

√𝑎𝑟𝑒𝑎
1/3

∝ 𝐾𝐼  . 4.18 

As a short illustration let us consider an elliptical surface crack with a depth of 1 mm with a varying surface 

length. Figure 4.28.a shows the mode I SIF-s at the bottom of semi-elliptical cracks in a semi-infinite body computed 

with FEA, where the depth is fixed for simplicity. Figure 4.28.b displays the correlation of √𝑎𝑟𝑒𝑎
1/3

 and the mode I 

SIF at the bottom of the crack. This comparison shows the strength of the √𝑎𝑟𝑒𝑎 parameter, and how it is directly 

linked to fracture mechanics. Applying LEFM, the √𝑎𝑟𝑒𝑎 parameter is able to characterize the severity of defects 

without any additional parameters, meaning a higher value of √𝑎𝑟𝑒𝑎 should always lead to a lower fatigue strength, 

when other parameters are fixed. According to the Murakami model, the fatigue limit can be calculated directly with: 
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𝜎𝑤.𝑠𝑐 = 𝐹𝑙𝑜𝑐(𝐻𝑉 + 120)(√𝑎𝑟𝑒𝑎)
−1

6⁄
∙ [

(1 − 𝑅)

2
]

𝛼

, 4.19 

where 𝐹𝑙𝑜𝑐 is the correction factor that depends on the location of the defect: 1.43 for a surface defect, 1.41 for 

a defect just below the surface and 1.56 for an interior defect [103]. The parameter 𝛼 depends on the type of material 

and is given by 𝛼 = 0.371 + 𝐻𝑉 ∙ 104 for ductile irons. 𝑅 is the load ratio at the place of the defect and for complex 

loading conditions it can be calculated as R = (σw − σm) (σw + σm)⁄ .  HV=200 hardness was considered based on the 

experimental results for the 500-7 NCI material as the main input parameter of the Murakami approach. A 

differentiation is given for approximately √𝑎𝑟𝑒𝑎 ≥ 1000 𝜇𝑚, where the equivalent crack is microstructurally long.  

In this regime, the threshold SIF range for crack propagation is a constant value, estimated as: 

∆𝐾𝑡ℎ.𝑙𝑐 = 3.3 ∙ 10−3 ∙ (𝐻𝑉 + 120) ∙ √𝑎𝑟𝑒𝑎𝑙𝑐

1/3
∙ [

(1 − 𝑅)

2
]

𝛼

 4.20 

This leads to the following equation for the fatigue limit for a given defect size with long crack considerations: 

𝜎𝑤.𝑙𝑐 =
∆𝐾𝑡ℎ.𝑙𝑐(𝑅)

√𝜋√𝑎𝑟𝑒𝑎
 . 4.21 

With the proper combination of Equation 4.19 and 4.21 the simulated Kitagawa curve is displayed in Figure 

4.29 in comparison with the experimental results. 

 

Figure 4.28.a) Mode I SIF-s for elliptical surface cracks in a semi-inifinete body computed with FEA, b) Correlation between 

√𝑎𝑟𝑒𝑎
1/3

 and the mode I SIF at the bottom of a semi-elliptical crack. 

4.6.1.4. Discussion 

The application of the long-crack propagation threshold leads to non-conservative results, which is not 

surprising. The crack closure effect for long cracks is significantly larger for long cracks than it is for short cracks 

initiation from a defect. Results computed with the effective threshold SIF range are highly conservative in 

comparison to the test results. The method neglects the crack nucleation and long crack propagation phase of fatigue, 

concentrating on the threshold propagation state of short cracks. The conservativism of the method is hard to quantify, 

to be applicable in combination with other methods to assess the effect of defects. Based on the results, it can be 

concluded that the direct application of the basic fracture mechanics principles does not lead to a precise prediction 

of the test results. Defects, therefore, cannot be considered directly as equivalent cracks of the same size, even with 

the consideration of the short crack behaviour. However an accurate fracture mechanics based assessment is 

definitely possible, Nadot et al. [115] were able to model the behaviour of casting defects with a more complex crack 

propagation model considering the position and size of the defect, the short-crack behaviour and the influence of the 

notch on the stress state.  

The Murakami model provides slightly conservative results with a good description of the trend of the 

experimental results. Due to its empirical nature, it is known for providing a good prediction for the effect of defects 

on the fatigue limit. The underlying fracture mechanics theory is hidden under multiple empirical factors and 

correlations. The Murakami model has introduced several pioneering aspects for the modelling of the defective 

fatigue strength and is based on the simply available Vicker’s hardness of the base material as a material parameter. 

The correlation of the material fatigue strength and hardness should always be investigated carefully, and the method 

can lead to erroneous results for some material grades, such as the high-strength silicon alloyed ferritic nodular cast 

irons.  

a) b) 

A/2 [mm] 
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There are clearly more factors to consider than the equivalent defects size in order to achieve an accurate 

description of the Kitagawa relationship. The tested methods provide one curve, whereas there are clearly multiple 

trends and effects visible on the experimental Kitagawa diagram in Figure 4.19. 

 

Figure 4.29. The Kitagawa diagram with the Murakami, Threshold SIF range and Effective Threshold SIF range based models 

compared to experimental results at 106 cycles from cylindrical HCF specimens tested at R0.05. 

4.7. The casting skin effect on the fatigue limit 

4-point bending tests have been carried out with the aim of gaining relevant data related to the fatigue 

performance with and without the casting skin effect at the load ratio R0.1. The flat test specimens have been 

machined from the surface regions of the lever components according to the layout drawings Figure A.1-Figure A.15. 

The part drawings for the specimens are displayed in the Appendix Figure A.30 and Figure A.31. Under bending, 

the influence of the surface region with the highest loading increases, which is an ideal condition to investigate the 

effect of the casting skin experimentally. In order to understand the complex casting skin effect, results (H2.1 and 

H2.2) are compared with specimen results having polished surface (H1.1 and H1.2), polished surface with ≅
1500 𝜇𝑚 artificial defects (H3.1 and H3.2) and cast surface with ≅ 1500 𝜇𝑚 artificial defects (H4.1 and H4.2).  

The fatigue tests were conducted until fracture on an Instron 8874 servo-hydraulic testing machine with a 

sinusoidal force-controlled loading 30 Hz (Appendix Figure A.32) at room temperature. First, the test setup was 

validated under monotonic loading conditions by means of strain measurement. Despite that, only the second round 

of testing (Table A.11) produced reliable results, the test results from Round 1 (Table A.10) remain unused in the 

thesis. The step-by-step methodology was employed (detailed in Section 4.3) to determine the HCF bending fatigue 

strength at 106 cycles with a 25 MPa step size in the maximum stress. 

Figure 4.30. compares the fracture surfaces of a polished specimen H1.1 to H2.1 with casting skin on the side 

loaded with tension, whereas Figure 4.31. displays the results of the testing on a Kitagawa type plot. To present the 

results alongside with the ones obtained from the cylindrical specimen tests as reference, the Crossland criterion is 

applied to transform the R0.1 bending and R0.05 tensile fatigue tests to the comparable quantity of the Crossland 

equivalent stress. The bending specimens have higher fatigue strength, in general, owing to the structural gradient 

effect (or in other terms the volume ratio with high stresses). Considering the average fatigue limits, the polished 

bending specimens have a bending fatigue strength of 240 MPa (bending stress max.) compared to the 176 MPa for 

the ones with casting skin, resulting in an approximately 30% decrease in the fatigue strength, which can mostly 

accounted by the presence of casting defects in the casting skin. This is supported by the fact that the polished 

specimens with 1500 𝜇𝑚 artificial defects had an average fatigue strength of 173 MPa. 



PhD Thesis, Effect of surface defects on the fatigue life of nodular cast iron components 06.02.2020. 
 

 

M. Gróza 60/106 
Budapest University of Technology and Economics 

Department of Machine and Product Design 
 

       

Figure 4.30. a) Fracture surface of the H1.1 4-point bending test specimen with polished surface, fracture at the 8th step after 

294 073 load cycles at 550 MPa stress maximum R0.1, b) Fracture surface of the H2.1 with cast surface, fracture in the 1st step 

after 73 067 load cycles at 425 MPa stress maximum, R0.1. 

 

Figure 4.31. Effect of casting skin in terms of defect influence on the 4-point bending fatigue limit at R0.1 compared to the 

defect influence under R0.05 tension unified with the Crossland HCF criterion. 

4.8. Development of the Defect Stress Gradient approach 

The DSG approach was established by Nadot and Billaudeau [4,96] for multiaxial fatigue limit assessment of 

defective metallic materials and has been further developed by Vincent et al. [5] by the addition of the general 

analytical solution from Eshelby [116] for the computation of the local stresses around the defect. It has been applied 

and validated on numerous materials, such as steel [117], cast iron, aluminium- [118] and titanium alloy even for 

complex geometries and loading conditions. The detrimental effect of the defect on the fatigue strength is considered 

through the local stress maximum (𝜎𝐶𝑟
𝑚𝑎𝑥) at the defect tip, corrected by a material and defect type specific gradient 

function: 

𝜎𝐷𝑆𝐺 = 𝜎𝐶𝑟
𝑚𝑎𝑥 − 𝑎𝛻

𝜎𝐶𝑟
𝑚𝑎𝑥 − 𝜎𝐶𝑟

∞

√𝑎𝑟𝑒𝑎
≤ 𝛽𝐶𝑟 .  4.22 

The local stress gradient is estimated with the stress difference of the maximum local stress 𝜎𝐶𝑟
𝑚𝑎𝑥 and the stress 

far from the tip of the defect 𝜎𝐶𝑟
∞  divided by the √𝑎𝑟𝑒𝑎 size parameter from Murakami [47]. The material’s defect 

sensitivity and the type of defect is characterised by the 𝑎𝛻 parameter. Figure 4.32. displays a schematic for the visual 

interpretation of the quantities in the DSG criterion. The Crossland HCF criterion is utilised in the current study to 

describe multiaxial loading effects on defect-free material under proportional loading conditions., with the model 

parameters 𝛼𝐶𝑟 and 𝛽𝐶𝑟: 

𝜎𝐶𝑟 = √𝐽2,𝑎 + 𝛼𝐶𝑟𝜎ℎ,𝑚𝑎𝑥  . 4.23 

A detailed description is presented related to the Crossland multiaxial fatigue criterion in Section 2.3.6.3. The 

DSG stress (𝜎𝐷𝑆𝐺) is compared with the 𝛽𝐶𝑟 fatigue strength parameter or for a given number of design load cycles. 

The 𝑘𝐷𝑆𝐺 parameter, which is a utilization factor type quantity (𝑘𝐷𝑆𝐺) indicates the safety against crack initiation: 

𝑘𝐷𝑆𝐺 =
𝜎𝐷𝑆𝐺

𝛽𝐶𝑟
 . 4.24 

The long crack initiation life (𝑁𝑙𝑐.𝑖) can be calculated as: 

a) b) 
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𝑁𝑙𝑐.𝑖 = (
𝜎𝐷𝑆𝐺

𝐴𝑊.𝐶𝑟
)

1

𝐵𝑊.𝐶𝑟. 
4.25 

During the course of the current PhD research modifications have been proposed to the formulation of the 

DSG approach in the work of Vincent et al. [5]. The changes are related to the computation of the stress gradient, 

the local stresses, the consideration of nonlinear effects and ways to directly formulate the allowable defect size. The 

outline of the new formulation is shown in Figure 4.33, where the improved parts are highlighted with bold.  

 

Figure 4.32. Schemathic representation of a surface defect under multiaxial loading and the assessment of the local 

stress gradient in surface-normal direction at the hot-spot on defect surface. 

 

Figure 4.33. Outline for the new formulation of the Defect Stress Gradeint approach, with the improved part of the 

methodology highlighted with bold.  
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4.8.1. Ellipsoidal defect model 

To effectively model the effect of casting defects on the fatigue life, and to be able to provide information for 

the quality inspection process a simplified geometrical model is necessary to describe to complex morphology and 

shape of the individual defects. A 3D ellipsoidal representation of the defect in the calculation methodology 

considering both shape and orientation effects is a significant step forward to 2D semi-circular crack and 3D 

hemispherical defect modelling techniques. Still, the local morphology of the defect is neglected with this model. 

This is, however, an agreeable compromise, since small geometrical features are known for leading to even more 

local disturbances in the stress field, whereas the microstructural support effect is even stronger. 

In order to ensure an applicable modelling technique and be consistent with the experiences regarding the local 

morphology effects, a simplified ellipsoidal defect model is proposed. It has been found after conducting a large-

scale visual inspection campaign (including 106 NCI components), that a general ellipsoid shape could be used to 

describe the defect shape, size and orientation. Figure 4.34 illustrates the process of the visual inspection for the 

measurement of a surface defect’s bounding dimensions. Based on these dimensions, a simplified ellipsoidal defect 

geometry is created for the assessment process. In comparison to a spherical description characterised by the defect 

diameter 𝐴, an ellipsoidal description requires the following parameters: 

▪ 𝐴 [𝜇𝑚]: maximum length on the surface, 

▪ 𝐵 [𝜇𝑚]: maximum bounding width measured perpendicular to 𝐴, 

▪ 𝐶 [𝜇𝑚]: maximum depth from the surface. 

It is important to note, that the 𝐴 and 𝐵 values are directly measurable during simplified visual quality control 

process in practice and the 𝐶 dimension can be estimated based on the knowledge of 𝐴 and 𝐵. Given the adequate 

NDT technique, all dimensions are to be measured with a precision of 10 𝜇𝑚. 

With these designations, the shape of the simplified ellipsoidal defect geometry is defined by the following 

aspect ratios: 

▪ 𝐵 𝐴⁄  ratio: the surface shape parameter, 

▪ 𝐶 𝐴⁄  ratio: the cross-sectional shape parameter, 

The stress concentration is significantly influenced by the defect orientation compared to the first principal 

direction of the defect-free stress state, which is quantified as the angle between the surface normal of the surface 

perpendicular plane containing the line of the 𝐴 dimension and 𝒑𝑰 as 𝜑 = 𝒏𝐴∡𝒑𝑰. In case of a bounding spherical 

defect geometry model, the equivalent defect size is given by: 

√𝑎𝑟𝑒𝑎𝑠𝑝ℎ = √
𝐴2𝜋

8
 . 4.26 

A bounding spherical description does not account correctly for the real stress concentration effect of the 

defect, and the orientation is neglected as well. The description applying Murakami’s original definition [47] 

developed for the well-known empirical-fracture mechanics based assessment method: 

√𝑎𝑟𝑒𝑎𝜑 = √
1

2

𝐴(𝜑)

2
𝐶𝜋 , 4.27 

which is the square root of the projected area of the defect perpendicular to the direction of the maximum 

principal stress. This rule is however not so easy to apply during the QC of complex components, since the direction 

of the maximum principal stress is hard to consider point-by-point, especially in case of components with several 

load cases in service. Taking into account practical considerations, the application of the parameter √𝑎𝑟𝑒𝑎𝑚𝑎𝑥 is 

advised, which is given by: 

√𝑎𝑟𝑒𝑎𝑚𝑎𝑥 = √
1

2

𝐴

2
𝐶𝜋 {

= √𝑎𝑟𝑒𝑎𝜑 , 𝜑 = 90°

> √𝑎𝑟𝑒𝑎𝜑 , 𝜑 ≠ 90
 4.28 

√𝑎𝑟𝑒𝑎𝑚𝑎𝑥 is therefore the maximum possible value of √𝑎𝑟𝑒𝑎𝜑, considering the worst possible orientation of the 

defect. In the context of the DSG larger defect size leads to smaller gradient correction and therefore, higher effective 

stresses. 
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Figure 4.34. a) Visual inspection method for the estimation of the defect bounding dimensions 𝐴, 𝐵 and 𝐶, b) Calculation of 

the equivalent defect size when the defect is oriented perpendicular to the first principal direction, c) Calculation of the 

equivalent defect size when the defect has a general orientation. 

Figure 4.35.a displays a schematic for the defect interaction criterion, and Figure 4.35.b helps with the 

classification of surface defects. The section plane is oriented perpendicular to the first principal direction of the 

stress field. The method follows the proposition of Murakami [47]. Murakami stated that if there is enough space 

between the two cracks to insert an additional crack of the same size as the smaller crack, then 𝐾𝐼.𝑚𝑎𝑥 is approximately 

equal to that for the larger crack in isolation. The √𝑎𝑟𝑒𝑎 is known for showing good correlation to 𝐾𝐼.𝑚𝑎𝑥 , therefore 

the criterion employed in the current work is based on the equivalent defect size parameter. If the distance between 

the two defects is smaller than the equivalent size of the smaller defect, the interaction effect is negligibly small, and 

the two defects shall be evaluated separately (𝐴3 < √𝑎𝑟𝑒𝑎2 𝑎𝑛𝑑 √𝑎𝑟𝑒𝑎2 < √𝑎𝑟𝑒𝑎1). Subsurface defects are known to 

be just as critical to the high-cycle fatigue strength as surface ones, whilst internal ones have shown to have a lower 

impact. A defect is considered a surface defect in the current scope if the ligament to the surface is smaller than the 

equivalent size of the defect (𝐶𝑠 < √𝑎𝑟𝑒𝑎). For these subsurface defects the effective depth is interpreted as the sum 

of the ligament and the defect dimension perpendicular to the surface (𝐶 + 𝐶𝑠). 

 

Figure 4.35. a) Schemathic for the defect interatction criterion, b) Interpretation of surface defects.  

 

c) 
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4.8.2. Computation of the gradient 

The consideration of the stress gradient effect (or in other terms the notch support effect) for notches in the 

fatigue assessment process is necessary because the local stress concentration effect is not directly proportional to 

the reduction in fatigue strength caused by a notch. In other terms, this is the famous difference in the elastic stress 

concentration (𝐾𝑡) and the fatigue notch factor (𝐾𝑓). This is due to the fact that for a rapidly changing stress state, 

the material cannot be considered homogenous since the stress state cannot be considered homogenous compared to 

a characteristic microstructural length. Physically, the highest local stress at the notch root leads to the yielding of a 

lower number of grains and the nucleating micro-cracks are not able to propagate through the microstructural barriers 

such as the grain boundaries. 

In the context of the Defect Stress Gradient approach the far-field stress state 𝜎𝐶𝑟
∞  has been used in part 

responsible for the gradient correction ((𝜎𝐶𝑟
𝑚𝑎𝑥 − 𝜎𝐶𝑟

∞ ) √𝑎𝑟𝑒𝑎⁄ ) in the original formulation [5], which has been evaluated 

in practice at √𝑎𝑟𝑒𝑎 distance in the direction of the bulk from the bottom of the defect. The reason for this 

simplification is that local stresses caused by the stress concentration effect of a spherical-like defect has been shown 

to have a decay length similar to the equivalent size of the given defect. Observing Figure 4.36.a this step corresponds 

to 𝜎𝐶𝑟
∞ ≅ 𝜎𝐶𝑟

√𝑎𝑟𝑒𝑎 hypothesis under a homogenous remote stress field, such as pure cyclic tension. Instead of this, the 

evaluation of the stress state at the evaluation location of 𝜎𝐶𝑟
𝑚𝑎𝑥 is proposed as modification, which is than nominated 

as 𝜎𝐶𝑟
0 . This leads to new ways to evaluate the criterion in closed form applications and in an FE-postprocessor. 

Moreover, this leads to a theoretically more correct way for the evaluation of the stresses under the presence of 

structural level stress gradients, such as the linear distribution of normal stresses caused by bending. Figure 4.36.b 

shows an example, where the estimation of the far-field stress with 𝜎𝐶𝑟
√𝑎𝑟𝑒𝑎 and 𝜎𝐶𝑟

0  leads to a different estimation of 

the gradient effect. With the application far-field stress being evaluated at √𝑎𝑟𝑒𝑎 hypothesis the same level of gradient 

correction would be applied for the local stresses induced by the defect and to the structural level stresses, which 

could theoretically lead to nonconservative results in some cases.  

 

Figure 4.36. Schemathic for the gradient estimation methods in the Defect Stress Gradient approach.   

a) b) 

Estimation of gradient 

effect 

Both methods lead to 
the same result 

Evaluation at given 
distance 

Evaluation at the same location, 
without the effect of the defect 
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4.8.3. Computation of the local stresses 

The assessment of defect-criticality is based on the evaluation of the local stresses at the hot-spot on the defect 

surface based on FE-computations. For a conservative assessment in an industrial context linear-elastic calculation 

are proven to provide acceptable results in the high-cycle fatigue regime. However, the computation of the linear 

elastic local stresses is also possible by an analytical sub-modelling approach based on Eshelby’s Equivalent 

Inclusion (EIM) model [116], as it has been shown by Vincent et al. [5]. To understand the local processes of crack 

nucleation, the consideration of the cyclic plasticity in the context of the DSG criterion cyclic FEA simulations have 

been conducted with a nonlinear kinematic hardening model. The joint effect of positive mean stresses and the 

presence of notches leads to a stronger nonlinear behaviour where the modelling of cyclic plasticity becomes 

necessary for a precise assessment. Cyclic plasticity is also important for the precise description of the effect of 

defect shape on the fatigue strength. In order to generalise the different local stress computation methods let us define 

a multiaxial equivalent stress concentration factor type quantity, based on the ratio of the maximum value of the 

Crossland equivalent stress at the tip of the defect (𝜎𝐶𝑟
𝑚𝑎𝑥) and the stress at the same geometrical location without the 

consideration of the defect itself (𝜎𝐶𝑟
0 ): 

𝐾𝐶𝑟 = 𝜎𝐶𝑟
𝑚𝑎𝑥 𝜎𝐶𝑟

0⁄  . 4.29 

From the standpoint of the fatigue assessment with the DSG criterion, 𝐾𝐶𝑟 is the value that has to be determined 

in order to evaluate the criticality of a given defect, with the assumption that we already know its equivalent size. 

For the computation linear elastic, cyclic nonlinear Finite Element Analysis, the Equivalent Inclusion Method or 

simplified methods can be applied. For example, there is also a simple solution to estimate from the theoretical stress 

concentration factor under tension, which is a conservative approach for almost all possible multiaxial stress states. 

With the application of 𝐾𝐶𝑟, the DSG equivalent stress can be reformulated into the following form: 

𝜎𝐷𝑆𝐺 = 𝜎𝐶𝑟
0 ∙ [𝐾𝐶𝑟 − 𝑎𝛻

(𝐾𝐶𝑟 − 1)

√𝑎𝑟𝑒𝑎
] ≤ 𝛽𝐶𝑟 . 4.30 

For most cases the value of 𝐾𝐶𝑟 is close to 𝐾𝑡, however the different load ratios, the different values of 𝛼𝐶𝑟 

and the different defect geometries can lead to variability in the local stress state. This effect has been monitored 

during calculations (model validation process for different materials, load cases and defects, 𝐾𝑡 analysis of different 

shapes, R-ratio analysis), and the max. deviation was 3.72% under uniaxial tension-compression. This simplification 

leads to a formulation of the DSG criterion, where the allowable hemispherical defect size can be directly expressed, 

opening the way for the direct simulation of Kitagawa type curves, and the FE-evaluation of allowable defect size 

maps in Section 5.5. The allowable defect size for hemispherical defects can be expressed as follows: 

√𝑎𝑟𝑒𝑎𝑎𝑙𝑙

𝑒𝑙𝑙
= 𝑎𝛻

𝜎𝐶𝑟
0 (𝐾𝐶𝑟

𝑒𝑙𝑙 − 1)

𝐾𝐶𝑟
𝑒𝑙𝑙𝜎𝐶𝑟

0 − 𝛽
.  4.31 

The previous formulation of the method employed the Equivalent Inclusion Method for the computation of 

the local stress near the defect coupled with an iterative solution for the simulation of the Kitagawa diagram, as it is 

displayed in Figure 4.37. The current proposition allows the application of arbitrary methodologies for the calculation 

of the 𝐾𝐶𝑟 factor, such as the general linear elastic or nonlinear FE-element calculation, the analytical model from 

Eshelby or the simplified estimation based on the elastic stress concentration factor. Table 4.12 summarises the 

different formulations of the DSG approach. 

 

Figure 4.37. Iterative algorithm according to Vincent et al. [5] for the EIM application in DSG leading to the Kitagawa 

diagram.  
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Table 4.12. Comparison of methods for the calculation of 𝐾𝐶𝑟  within the DSG approach. 

Method Advantages Disadvantages Related publications 

FEA with nonlinear 

kinematic hardening and 

simulation of load cycles 

General solution with high 

accuracy in life prediction 

Precise consideration of shape 

and mean stress effects 

Highly computationally 

expensive 

No direct solution for 

allowable defect size 

M. Gróza: [119] 

Gadouini et al.: [97] 

FEA with linear elastic 

material model 

High precision in the local 

elastic stress computation in 

multiaxial cases 

Moderately computationally 

expensive 

No direct solution for 

allowable defect size 

M. Gróza: [7] 

Rotella et al.: [118,120] 

Analytical approach based 

Eshelby’s EIM 

High precision with fast 

computational times for the 

local elastic stress 

computation in multiaxial 

cases 

Can be coupled with FEA 

Complex post-processing 

routine required 

No direct solution for 

allowable defect size 

M. Gróza: [119,121] 

Vincent and Rotella et 

al.: [5,118] 

Estimation from 𝐾𝑡 

Direct solution for allowable 

defect size, direct FEA 

coupling 

Loss in accuracy M. Gróza: [7] 

4.8.3.1. Application of linear-elastic finite element analysis 

A linear-elastic FE-computation can provide local stress results around the defect for an arbitrary defect 

geometry and multiaxial stress state. In the current context the computation of stresses induced by the stress 

concentration effect of the defect is investigated, the structural stress state on the scale of the component is considered 

a pre-requisite. One important aspect of a FE-analysis with the aim of local stress computation is the appropriate 

mesh density to achieve a mesh-independent result. A mesh convergence study has been conducted with ANSYS 

Mechanical SOLID 187 10-node tetrahedral elements to investigate the effect of element size on the local stresses. 

This element type has been chosen for its robust applicability to irregular surfaces in contrast to hexahedral elements. 

For these investigations, a rectangular body shown in Figure 4.38.a has been chosen with a hemispherical surface 

defect. Due to the choice of the geometrical parameters, the body can be considered semi-infinite, as there is no 

notable cross-section reduction effect by the defect. The elastic stress concentration factor 𝐾𝑡 has been evaluated 

from the local Z-component of the stress tensor and the far-field applies stress field and is displayed in Figure 4.38.b 

in the function of the 𝜌 𝑒⁄  ratio, where 𝜌 is the local radius at the hot-spot and 𝑒 is the element size on the defect 

surface. It is reasonable to consider that mesh convergence is proportional to the 𝜌 𝑒⁄  ratio. Based on this analysis an 

element size confirming to the 𝜌 𝑒⁄ = 15 ratio gives convergent results; therefore, this formula will be used to 

calculate the element size for convergent results later on. The cylindrical fatigue test specimens with artificial defects 

have been modelled with the defect dimensions measured from the fracture and specimen surface. The shape and 

dimension of the machined defects have been summarised in Table 4.6-Table 4.11. The elastic properties for the 

investigated NCI material were 𝐸 = 170 𝐺𝑃𝑎 and 𝜇 = 0.275 based on the experimental results and the standard values 

for this grade. The simulations were conducted with a quasi-static unit load of 100 MPa. The aim was to calculate 

the axial normal stresses normalised by the unit load, which is in other terms the elastic stress concentration effect, 

often characterised by its peak value, the 𝐾𝑡 elastic stress concetration factor computed with the gross cross section. 

This method makes the 𝐾𝑡 value applicable for the far-field to local transformation of the elastic stresses since it 

contains the cross-section reduction effect of the defect, which is not negligible for such small specimens and large 

defects. The results are displayed in Table 4.13 and Table 4.14. For the F2.1-F2.22 tests specimens, the legend is 

scaled to constant limiting values, which leads to a comparable colour-code. Results show the lowest stress 

concentration effect for the longitudinal defect with a 𝐾𝑡 of 2, the spherical-like defects have 𝐾𝑡 = 2.3 − 2.43, the 

transversal one has 𝐾𝑡 = 3.1 and the tilted transversal one has 𝐾𝑡 = 2.84. It is important to analyse the stress 

distribution in further detail; the volume under high-stress is also known for being an important parameter in the 

crack nucleation process, since a larger critical volume leads to a higher probability of crack nucleation. This effect 

can be observed on the stress distribution from the bottom of the spherical type defects in the bulk direction in Figure 

4.39. These defects have a similar linear stress concentration effect (𝐾𝑡 = 2.3 − 2.43), however the stress distribution 

and gradient show the effect of the defect size. Larger defects lead to larger disturbances in the stress field, and, 

therefore, the decay length will be longer, and the stress gradient will be lower. A widely accepted way to evaluate 

the stress gradient is looking at the decrease of the local stress in a small distance from the hot spot. The decrease in 

the stress is divided by the distance of the evaluated points and the normalised with the maximum local stress. Instead 
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of that, the DSG approach employs a distance quantity which is directly linked to the defect size. Figure 4.39. displays 

how the defect shape (~stress concentration effect) and the defect size (~stress gradient) influences the distribution 

of the stress at the tested specimens with spherical surface defects. Table 4.15. summarises the experimentally 

determined fatigue limits in terms of stress amplitude (𝜎𝑎
𝑛𝑜𝑚) and stress maximum (𝜎𝑚𝑎𝑥

𝑛𝑜𝑚) for the individual test 

specimens, which is then considered as the nominal stress of the cross-section for the computation of the local elastic 

stresses. The calculated local stress amplitudes and maximums are designated as 𝜎𝑎
𝑙𝑜𝑐 and 𝜎𝑚𝑎𝑥

𝑙𝑜𝑐 , respectively. With 

the R0.05 load ratio the nominal stress maximums are just below the yield limit; the specimens show a structurally 

linear behaviour. The local elastic stress maximums are well above the yield limit, which signs that the modelling of 

the local cyclic plasticity is needed. Therefore, in Section 4.8.4 the local cyclic nonlinear behaviour will be 

investigated in further detail. 

 

Figure 4.38. a) Analysis setup and mesh for the parametric FEA models, b) Mesh convergence sensitivity analysis. 

 

Figure 4.39. Distribution of normalized axial normal stress for the spherical-like defects of different size. 

Table 4.13. FE-meshes and normalized axial normal stress results (𝐾𝑡) for the spherical-like defects. 

 F2.1 and F2.2 F2.3 and F2.4 F2.5-F2.12 

FE-mesh 

   

Normalized 

axial normal 

stress [-] 

   
  

a) b) 
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Table 4.14. FE-meshes and normalized axial normal stress results (𝐾𝑡) for the oriented ellipsoidal defects. 

 F2.13-F2.18 F2.19-F2.20 F2.22 

FE-mesh 

   

Normalized 

axial normal 

stress [-] 

    

Table 4.15. Experimental test results with tensile normal stresses expressed as nominal and local values at the defect 

tip. 

 σa
nom [MPa] σmax

nom [MPa] σa
loc [MPa] σmax

loc  [MPa] Kt [-] 

F2.1 134 282 321 676 2.4 

F2.2 135 285 325 684 2.4 

F2.3 122 258 297 626 2.43 

F2.4 124 262 302 636 2.43 

F2.5 120 252 275 579 2.3 

F2.6 115 242 264 557 2.3 

F2.7 110 232 254 534 2.3 

F2.8 111 234 256 539 2.3 

F2.9 118 249 272 572 2.3 

F2.10 121 254 278 585 2.3 

F2.11 117 247 269 567 2.3 

F2.12 109 228 250 525 2.3 

F2.13-nf - - - - 3.1 

F2.14-nf - - - - 3.1 

F2.15 142 298 439 924 3.1 

F2.16-nf - - - - 3.1 

F2.17-nf - - - - 3.1 

F2.18 137 288 425 894 3.1 

F2.19 136 287 272 573 2 

F2.20 137 289 274 578 2 

F2.21-nf - - - - - 

F2.22 137 289 390 822 2.84 

F2.23-nf - - - - - 

4.8.3.2. Application of stress concentration factors 

The criticality of a given defect in the DSG approach is defined by the sensitivity parameter (𝑎∇) which is a 

specific value for a given material and defect type, the equivalent defect size (√𝑎𝑟𝑒𝑎), the cyclic stress state without 

the defect (𝜎𝐶𝑟
0 ), and the multiaxial fatigue equivalent stress concentration effect of the defect (𝐾𝐶𝑟). The stress 

concentration effect is known to be linked to the shape or morphology of a notch and being independent of its size if 

the cross-section reduction effect is negligible (theoretically, for the exclusion of this effect, the net cross-section is 

to be used for the calculation of the far-field values). Due to the various uncertainties related to the local stresses, it 

is reasonable to consider the maximum value of the effect for an industrial application, which can be calculated for 

the investigated problem under tension. The effect of various stress states on the stress concentration effect has been 

analysed throughout the current work. A brief summary is presented in Table 4.16. for spherical and a narrow 
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ellipsoidal defect shape. Figure 4.40. displays an example for the stress concentration effect of a groove under 

tension, bending and torsion from [122], based on [123]. Calculations and experience show, that for the current scope 

the consideration of a “worst-case” stress concentration effect under tension is reasonable. A large number of FE-

simulations have been conducted in order to explore the stress concentration effect of the possible defect shapes. A 

large study will be presented in Section 5.1, where the population of surface defects on NCI castings have been 

investigated. Based on that, the size and shape range of interest have been expressed in terms of the geometrical 

defect model proposed in Section 4.8.1. In order to estimate the value of 𝐾𝐶𝑟 in an effective manner, with acceptable 

precision, a closed form relationship is needed between the theoretical stress concentration factor and the defect 

shape. With the proposed ellipsoidal defect model, the shape of the defect is defined by the parameters B/A and C/A. 

Based on a parametric FEA model and simulation building strategy built up in ANSYS Mechanical for 50 different 

defect shapes a stress concentration polynomial regression analysis have been conducted leading to a closed form 

relationship on the form of 𝐾𝑡
𝑒𝑙𝑙 = 𝑓 (

𝐵

𝐴
,

𝐶

𝐴
) for uniaxial tensile loading. The simulation results are presented in the 

Appendix Table A.16. Mesh convergence was ensured with a parametric mesh size function based on the smallest 

radius of the ellipsoid shape, detailed in Section 4.8.3.1. Based on the statistical analysis detailed in Section 5.1 the 

analysed range of the B/A ratio was 0.2-1, and 0.2-1.2 for the C/A ratio. The uniaxial stress concentration-ellipsoidal 

shape relationship is formulated with the following full fourth order polynomial expression: 

𝐾𝑡
𝑒𝑙𝑙 (

𝐵

𝐴
,
𝐶

𝐴
) = 𝑐0 + 𝑐1 (

𝐵

𝐴
) + 𝑐2 (

𝐶

𝐴
) + 𝑐3 (

𝐵

𝐴
) (

𝐶

𝐴
) + 𝑐4 (

𝐵

𝐴
)

2

+ 𝑐5 (
𝐶

𝐴
)

2

+ 𝑐6 (
𝐵

𝐴
)

2

(
𝐶

𝐴
) + 𝑐7 (

𝐵

𝐴
) (

𝐶

𝐴
)

2

+ 𝑐8 (
𝐵

𝐴
)

3

+ 𝑐9 (
𝐶

𝐴
)

3

+ 𝑐10 (
𝐵

𝐴
)

2

(
𝐶

𝐴
)

2

+ 𝑐11 (
𝐵

𝐴
)

3

(
𝐶

𝐴
) + 𝑐12 (

𝐵

𝐴
) (

𝐶

𝐴
)

3

+ 𝑐13 (
𝐵

𝐴
)

4

+ 𝑐14 (
𝐶

𝐴
)

4

. 

4.32 

Figure 4.40. shows the 𝐾𝑡
𝑒𝑙𝑙 = 𝑓 (

𝐵

𝐴
,

𝐶

𝐴
) relationship on 3D and contour plot. The parameters of the equation are 

listed in Table 4.17. Standard deviation compared to the result points is 0.073 leading to an 𝑅2 of 0.999 adjusted 

𝑅2=0.999, predicted 𝑅2=0.997. The Durbin-Watson error correlation test shows a slight negative correlation of errors 

with a value of 2.414. The polynomial function is a precise representation of the simulation data. 

Table 4.16. Theoretical stress concentration factors computed by FEA for a rectangular bar with defects under tension 

and torsion. 

Defect orientation compared 

to the first principal direction 

Geometry Tension Torsion 

Shape parameters 𝐾𝑡 𝐾𝐶𝑟 𝐾𝑡 𝐾𝐶𝑟 

Hemispherical 𝐵 𝐴⁄ = 1;  𝐶/𝐴 = 1 2.06 2.04 1.96 1.96 

Transversal ellipsoid 𝐵 𝐴⁄ = 0.1;  𝐶/𝐴 = 0.05 3.01 2.92 1.73 2.23 

Table 4.17. Coefficients of the 𝐾𝑡 polynomial regression surface. 

𝑐0 𝑐1 𝑐2 𝑐3 𝑐4 𝑐5 𝑐6 𝑐7 𝑐8 𝑐9 𝑐10 𝑐11 𝑐12 𝑐13 𝑐14 

6.72 -46.18 30.44 -66.27 119.77 -22.29 54.85 32.12 -126.31 7.22 -11.67 -16.31 -6.08 47.11 -0.53 

 

Figure 4.40. Theoretical stress concentration factors for a grooved round bar under a) tension, b) bending, and c) torsion load 

from [122], based on Peterson’s Stress Concentration Handbook [123]. 

𝐾𝑡
𝑡𝑒𝑛 = 2.65 𝐾𝑡

𝑏𝑒𝑛 = 2.6 𝐾𝑡
𝑡𝑜𝑟 = 1.8 a) b) c) 
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Figure 4.41. Polynomial surface fit for the theoretical stress concentration factor as the function of the B/A and C/A shape 

ratios. 

4.8.4. Consideration of nonlinear effects 

In the case of high-cycle fatigue assessment, the effect of material nonlinearity is often neglected since the 

structural behaviour is linear. Nonlinear structural behaviour leads to low-cycle fatigue lives for metallic materials 

in general. High-cycle fatigue lives, however, can be achieved with the material being loaded into the elastoplastic 

regime at the maximum of the load cycle, depending on the load ratio. The presence of notches and defects leads to 

localised plasticity as well. The precise calculation of the local elastoplastic stresses and strains is often neglected 

since it is possible to correlate the elastically calculated local stresses exceeding the yield limit at notches directly 

with experimental fatigue lives. This approach naturally comes with its limitations for the analysis of notches which 

mainly manifests in the fatigue test results being not transferrable in a precise manner for multiaxial stress states and 

other types of notches. 

Analysing the results of the linear-elastic computation presented in Table 4.15 the computed local max. 

stresses are all above the yield strength of the investigated NCI material. In the current section, nonlinear calculations 

are presented based on the direct simulation of the load cycling sequence with a nonlinear kinematic hardening model 

calibrated on the cyclic hysteresis curve of the material. The cyclic hysteresis curve has been obtained from the 

strain- controlled testing of unnotched specimens, therefore, transferability of these macroscopic plasticity effects 

into the nearly microscopic scale is not evident, however hardly ever questioned by researchers and engineers. Since 

the strain-ratchetting and the cyclic relaxation of the local mean stress is expected based on the analysis of Gadouni 

et al. [97], the nonlinear kinematic hardening model from Chaboche [124] has been employed for the modelling of 

the cyclic stress-strain response. The plastic modulus is calculated through the yield surface consistency condition 

based on the classical model from Prager [125]. In general, the von Mises yield criterion with the assumption of rate-

independent material behaviour is used for plasticity models: 

𝑓(𝝈 − 𝜶) = [
3

2
(𝒔 − 𝒂) ∙ (𝒔 − 𝒂)]

1
2⁄

= 𝜎𝑦 , 
4.33. 

where 𝝈 is the stress tensor, 𝒔 is the deviatoric stress tensor, and 𝒂 is the current centre of the yield surface in 

deviatoric space. The flow rule is given by: 

𝑑휀𝑝 =
1

𝐻
〈
𝜕𝑓

𝜕𝜎
∙ 𝑑𝜎〉

𝜕𝑓

𝜕𝜎
 . 4.34. 

The Chaboche kinematic hardening rule defines the translation of the centre of the yield surface as: 

𝑑𝒂 = ∑ 𝑑𝒂𝑖
𝑀
𝑖=1 , 𝑑𝑎𝑖 =

2

3
𝐶𝑖𝑑휀𝑝 − 𝛾𝑖𝒂𝑖𝑑𝑝,  4.35. 

where dp = |dεp|. Chaboche initially proposed to use three (𝑀 = 3) decomposed hardening rules, where the 

first rule should start the hardening with a large modulus and then stabilise quickly. The second rule is for the 

simulation of the transient nonlinear part of the cyclic hysteresis curve. The third one should be a nearly linear rule 

which will be responsible for the precise description of the ratchetting and shakedown effects. For precise 
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calculations γ3 is to be determined from uniaxial ratchetting experiments, which were not available for the current 

research program. The parameters of the Chaboche nonlinear kinematic hardening model have been identified on the 

cyclic stabilised hysteresis loop of the material presented in Section 3.4. The parameters of the model are listed in 

Table 4.18, the fitted model curve and the experimental results derived from the cyclic hysteresis curves at the half 

specimen life are presented in Figure 4.42. For the model, validation FE-simulations have been conducted on the test 

specimen geometries with the aim of replicating the measurement process itself for the different strain amplitudes. 

The resulting stress-strain loops are presented in Figure 4.43. The model seems to represent the cyclic max. and min. 

values accurately, whereas there are differences in the shape of the individual loops, which is due to the identification 

method.  

Figure 4.44 shows the results of the elastoplastic FE-analyses with the Chaboche model. Figure 4.44.a presents 

the local normal stresses and total strains directed in the specimen axis. The spherical like defects are in the vicinity 

of the elastic shakedown. However, a low rate of plastic strain accumulation can be observed in Figure 4.44.b. The 

transversal defects with a higher stress concentration effect lead to strain ratchetting with a significant cyclic 

relaxation of the mean stress. Based on that, the effect of local cyclic plasticity seems to be the key to precisely 

interpret and calculate the effect of the defect shape on the fatigue life. 

Table 4.18. Identified parameters of the Chaboche nonlinear kinematic hardening model for 500-7 NCI. 

𝜎𝑦[MPa] 𝐶1 [MPa] 𝛾1 [-] 𝐶2 [MPa] 𝛾2 [-] 𝐶3 [MPa] 𝛾3 [-] 

269 220 000 1 900 10 000 250 1500 6 

 

Figure 4.42. Identification of the Chaboche parameters on the stabilized cyclic hysteresis curve for 500-7 NCI. 

 

Figure 4.43. Validation of the Chaboche model on the cyclic test results for 0.5%, 0.4% and 0.3% strain amplitudes, 

respectively. 
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Figure 4.44.a) Analysis of the local stress-strain state at the tip of the various defects in the test specimens, b) Accumulation of 

the plastic strain per load reversals. 

4.8.5. Analysis of experimental results 

In the current section, the results of the high-cycle fatigue tests conducted at cylindrical fatigue tests specimens 

with and without artificially machined defects with different sizes and shapes are compared with computations based 

on the linear-elastic and nonlinear finite element results and the DSG evaluation. The parameters of the DSG model 

are identified on the test data obtained from specimens with spherical-like defects. The DSG method is than applied 

for the description of the results for defects with an ellipsoidal shape. Nonlinear simulations are known for delivering 

more precise results in the context of the DSG approach. However, the linear computations stay also in focus due to 

their computationally inexpensive nature. 

4.8.5.1. Parameter identification on results with hemispherical defects 

In order to effectively apply the DSG approach, it is of great importance to find the truly defect-free fatigue 

behaviour of the material, otherwise, the effect of defects will show a distorted trend. In addition to the conventional 

testing data Table A.7 and Table A.8 contains information for defect dimensions, which was at the nucleation of the 

detrimental fatigue crack. Based on the fracture surface analysis of the polished specimens, it is reasonable to 

consider, that the results in average correspond to the fatigue strength of the defective fatigue strength for 150 µm 

defects in equivalent size. Based on this and the experimental consideration and the Kitagawa relationship for 

hemispherical defects presented in Section Figure 4.7, the parameters of the DSG criterion can be identified. The 𝑎∇ 

parameter is obtained through the minimization of errors between the nonlinear computation results and the 

experimental ones. The parameters of the DSG model are summarised in Table 4.19. 

Table 4.19. Parameters of the Defect Stress Gradient criterion for the “real polished” and truly defect-free material. 

 √𝑎𝑟𝑒𝑎𝑟𝑒𝑓 [𝜇𝑚] 𝛼𝑐𝑟 [-] 𝛽𝐶𝑟 [MPa] 𝑎𝛻  [μm] 

Polished fatigue strength  150 1.24 233 - 

Theoretical fatigue strength for 

defect-free material 
0 1.24 290 150 

In the linear elastic evaluation of the DSG criterion for cylindrical specimens, the stress concentration effect 

of the individual defects has been determined with FE-simulations using unit loads. The computation results are 

presented in Table 4.13-Table 4.15. The experience from a large number of FE-simulations and the application of 

the DSG methodology shows that it is reasonable to consider the stress state uniaxial for the analysis of defective 

a) b) 
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specimens. For uniaxial stress state, the maximum of the hydrostatic stress in a load cycle is the third of the axial 

stress: 

𝜎ℎ,𝑚𝑎𝑥 =
𝜎1,𝑚𝑎𝑥

3
 . 4.36. 

The amplitude of the second invariant of the deviatoric stress tensor is given by:  

√𝐽2,𝑎 =
𝜎1,𝑎

√3
 , 4.37. 

for a simple uniaxial stress state. In order to obtain directly comparable computation results with the 

measurements, the far-field stress amplitude is to be determined. For uniaxial tension loading the far-field stress 

amplitude in the knowledge of σCr
0  and the load ratio R is given through the equation: 

𝜎1,𝑎 =
𝜎𝐶𝑟

0

𝛼𝐶𝑟

3
∙

2
1 − 𝑅

+
1

√3

 . 4.38. 

For the consideration of the nonlinear cyclic effects, FE-simulations have been carried out with the Chaboche 

nonlinear kinematic hardening material model. The simulations and the material model are detailed in 4.8.4. The 

local maximum of the Crossland equivalent stress 𝜎𝐶𝑟
𝑚𝑎𝑥.𝑒𝑝

 was evaluated in the second load cycle. For the spherical-

like defects, the local stress-strain state shows a near shakedown behaviour with a low cyclic plastic strain 

accumulation (Figure 4.44). The evaluated elastoplastic deviatoric stress amplitudes and hydrostatic stress 

maximums are listed in Table 4.20. Repeated tests have been conducted with almost identical defects with the aim 

of gaining more reliable results. For these cases, only one elastoplastic simulation has been conducted, and the 

effective elastoplastic Crossland tress concentration factor 𝐾𝐶𝑟
𝑒𝑝

 has been used to link the far-field 𝜎𝐶𝑟
0  stress to the 

local quantity 𝜎𝐶𝑟
𝑚𝑎𝑥.𝑒𝑝

. The experimental results and the computations are plotted both on a Kitagawa-type plot in 

Figure 4.45. The results of the elastoplastic DSG computations describe the experimental behaviour both in trend 

and values, whilst the linear calculations show a conservative tendency. The prediction accuracy of the two model 

variants is presented in Figure 4.46. The nonlinear DSG approach provides an exceptionally good description of the 

Kitagawa diagram. 

Table 4.20. Experimental and calculated (linear elastic and nonlinear elastoplastic) Crossland equivalent stresses for the 

fatigue test specimens with artificial hemispherical defects. 

ID 
σCr

0  (exp.)  

 [MPa] 

σCr
max.lin 

[MPa] 
KCr

lin [-] 
√J2,a 

(ep.) 

σh,max 

(ep.) 

σCr
max.ep

 

[MPa] 

KCr
ep

 

[-] 

σCr
0  (lin.)  

 [MPa] 

σCr
0  (ep.)  

 [MPa] 

F2.1 194 465 2.4 105 188 338 1.75 146 191 

F2.2 196 470 2.4 - - 342 1.75 148 192 

F2.3 177 430 2.43 104 185 333 1.88 132 167 

F2.4 180 437 2.43 - - 339 1.88 132 167 

F2.5 173 398 2.3 103 167 310 1.79 134 170 

F2.6 166 383 2.3 - - 298 1.79 134 170 

F2.7 160 367 2.3 - - 286 1.79 134 170 

F2.8 161 371 2.3 - - 289 1.79 134 170 

F2.9 171 393 2.3 - - 306 1.79 134 170 

F2.10 175 402 2.3 - - 313 1.79 134 170 

F2.11 169 390 2.3 106 149 291 1.72 132 175 

F2.12 157 361 2.3   269 1.72 132 175 
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Figure 4.45. Computed Kitagawa diagrams with the linear and elastoplastic DSG methods compared with the experimental 

results for fatigue test specimens with artificial spherical defects. 

    

Figure 4.46. Prediction accuracy of the a) linear DSG and b) nonlinear DSG methods for the fatigue test specimens with 

artifical spherical defects. 

4.8.5.2. Analysis of defect shape effect 

Fatigue tests have been conducted on cylindrical polished specimens with artificial defects having various 

shapes and sizes, in order to ascertain the regulating factors for defect induced crack initiation. The fatigue test results 

are plotted in Figure 4.49 in terms of the equivalent size of the critical defects and the resulting fatigue limit. There 

are outliers to be identified from the trend of the hemispherical defects. It is interesting to note that these outliers are 

all above the trend set by the hemispherical results. The datapoints for the longitudinal defects with an elastically 

computed 𝐾𝑡 of 2 are understandable to lie above the hemispherical trend, the volume with high stresses is also 

significantly lower for the longitudinal defects. The real size of these defects is larger than it is displayed on the 

Kitagawa diagram, since the √𝑎𝑟𝑒𝑎 parameter considers the orientation effect and represents only the size of the 

critical cross-section. The behaviour of the transversely oriented defects is surprising since their elastic stress 

concentration factors (3.1) are higher as for their hemispherical counterparts. The smaller transverse defects were 

not able to initiate a propagating macro-crack, the specimens failed due to small subsurface natural graphite-

irregularities and inclusions. The FE-computation results conducted with a nonlinear kinematic hardening model 

show a cyclic evolution of the local stress-strain state in Figure 4.44. Due to the cyclic accumulation of the plastic 

strain. the mean stress starts to decrease cyclically. It is important to note that the predicted ratcheting rate and mean 

stress relaxation is only an estimation of the real conditions at the crack-tip; it hasn’t been directly calibrated on 

ratchetting rate measurements. For polished specimens and specimens with hemispherical defects the fracture surface 

was simply perpendicular to the direction of the loading axis. Figure 4.47 displays a the fractured F2.12 specimen 

with its nonlinear computation results for the Max. Principal stress distribution. From the analysis of the stress 

a) b) 
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distribution, it becomes apparent, that the propagation process is indeed regulated by the first principal direction of 

the local stress state. This experience will be used later for the crack propagation analysis. Another new phenomenon 

compared to the behaviour of spherical defects is the occurrence of strain ratchetting at the crack initiation location. 

Figure 4.48 presents the results of the linear and nonlinear computation methods in terms of the equivalent stress 

distribution in the direction of the propagating fatigue crack from the initiation location for a transversal defect. Due 

to the cyclic evolution of the mean stress relaxation of the stresses at the load cycle maximum seems to contribute to 

the crack-closure effect. The local stress state is the driving force of the propagating fatigue crack, therefore, the 

testing results of the specimens with transversal defects are understandable. The linear and nonlinear DSG 

calculations are compared with the experimental results in Table 4.21. For the transverse and tilted defects, the 

deviatoric stress-amplitude and the hydrostatic stress maximum has been evaluated at the 50st simulated load cycle, 

which is considered the stabilised state of stress-strain relationship. For the duplicated tests the 𝐾𝐶𝑟
𝑒𝑝

 factor is constant. 

Figure 4.49.a displays the comparison of the computed elastoplastic and experimental results. The nonlinear DSG 

approach models the effect of various defect shapes correctly. This shows that there is a strong link between the local 

strass-strain state and the fatigue life of defective NCI. The prediction accuracy plots show the high conservativism 

of the linear approach and the high precision of the nonlinear DSG model. 

FE-simulations have been conducted with the aim of investigating the effect of an ellipsoidal geometry 

simplification, compared to the realistically modelled shape of the machined defects. The linear-elastic Crossland 

stress concentration results are designated as 𝐾𝐶𝑟
𝑙𝑖𝑛.𝑒𝑙𝑙 , and the elastoplastic ones are named 𝐾𝐶𝑟

𝑒𝑝.𝑒𝑙𝑙
 in Table 4.21. Results 

show that for the investigated cases the ellipsoidal simplification (𝜎𝐶𝑟
0  (ell.ep.)) adds a maximum of 5% error 

compared to the simulation results with the realistic shape (𝜎𝐶𝑟
0  (ep.)). However, it must be noted, that the machined 

defects have a close to ellipsoidal shape. Nevertheless, the ability of an ellipsoidal model to be more accurate in the 

description of a complex defect geometry compared to an equivalent crack one is clear. 

 

Figure 4.47. Computed elastoplastic Max. Principal stresses for the F2.12 tests specimen and the specimen after fatigue 

fracture. 

 

Figure 4.48. Crack initiation from √𝑎𝑟𝑒𝑎 ≅ 660 𝜇𝑚 tilted defect, F2.12 (BAY Round 2) tests specimen and distribution of the 

equivalent von Mises stress with a linear elastic, elastoplstic and cyclic elastoplastic comutation in the bulk direction from the 

crack initiation location. 

   

   



PhD Thesis, Effect of surface defects on the fatigue life of nodular cast iron components 06.02.2020. 
 

 

M. Gróza 76/106 
Budapest University of Technology and Economics 

Department of Machine and Product Design 
 

Table 4.21. Experimental and calculated (linear elastic and nonlinear elastoplastic) Crossland equivalent stresses for the 

fatigue test specimens with artificial defects of different shape. 

ID Type 
σa

nom 
 [MPa] 

𝛔𝐂𝐫
𝟎  

(exp.)  

 [𝐌𝐏𝐚] 

KCr
lin  

[-] 

KCr
lin.ell 

[-] 

√J2,a 

(ep.) 

σh,max 
(ep.) 

KCr
ep

  

[-] 

KCr
ep.ell

 

[-] 

σCr
0  

(lin.)  

 [MPa] 

σCr
0  

(ell.ep.)  

 [MPa] 

σCr
0  

(ep.)  

 [MPa] 

F2.15 transverse 142 205 3.1 2.95 77.86 195 1.55 1.6 113 200 205 

F2.18 transverse 137 198 3.1 2.95 - - 1.55 1.6 112 199 204 

F2.19 
longi-

tudinal 
136 197 2 2.1 92.24 162 1.49 1.54 156 198 204 

F2.20 
longi-

tudinal 
137 198 2 2.1 - - 1.49 1.54 155 197 203 

F2.22 tilted 137 198 2.84 2.7 82.00 198 1.65 1.59 120 199 193 

 

 

 

 

Figure 4.49. a) Computed Kitagawa diagrams with the EP-DSG method for the different defect shapes compared with the 

experimental results and b) Prediction accuracy of thel linear DSG and c) nonlinear DSG methods. 

  

a) b) 

c) 
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5. INVESTIGATION OF FATIGUE BEHAVIOR ON COMPONENTS 

The improved DSG methodology and experimental results presented in the previous chapter have focused on 

test specimens with simple geometry, leading to mainly uniaxial stress distribution except for the close vicinity of 

notches. In the current chapter the aim is to transfer the experience gained on test specimens to cast components with 

complex geometry and inhomogeneous microstructure with the validation of the improved DSG methodology on 

component test results. 

First, the defect population is analysed on cast lever components in order to designate the scope of the 

experimental- and calculation-based investigations. The experimental test results are presented for the component 

fatigue testing of the lever components. A Wöhler-type test was conducted with the aim of gaining experience in 

both the low- and high-cycle fatigue regime. For 13 additional components, artificially machined defects have been 

introduced at the crack initiation zone. These levers have been tested with loading conditions leading to near fatigue 

limit fatigue lives. FE-simulations are created to investigate the linear and elastoplastic stress state components with 

individual defect layout and geometry. A fracture mechanics assessment for the analysis of the long crack 

propagation phase was carried out as well. The improved DSG method is applied to evaluate the computed cyclic 

linear and elastoplastic stress state near the defects. Computed and experimental values of the results fatigue strength 

are compared with the aim validating the improved DSG approach.  

5.1. Analysis of defect population 

To gain some experience regarding the defect types, shapes and sizes of interest for the current calculation, a 

large-scale visual inspection campaign has been conducted with the analysis of 106 ISO 1083 500-7 NCI brake lever 

component. The results of the visual inspection are summarised in the Appendix Table A.17 and Table A.18. Most 

of them were marked as defective by the supplier. Therefore, the size distribution is not representative of the total 

population; it is shifted towards the larger defect sizes. Distributions for the B/A and C/A shape ratios are considered 

to be relevant for the current application. The measurement process employed for the determination of the defect 

size and shape is based on the ellipsoidal defect model introduced in Section 4.7. The goal of the statistical analysis 

is to define the size and shape range of interest for the surface defect assessment. The data has been displayed on 

histograms (Figure 5.1), whereas a log-normal probability distribution has found to be a good fit. Since the B/A ratio 

distribution is distorted by the precondition, that A>B, the distribution is non-symmetric, and has a maximum at 1. 

Table 5.1 summarises the main conclusions of the analysis, the size and shape range of interest in an industrial surface 

defect fatigue assessment calculation for NCI brake lever components. The relatively high value for the minimum 

identifiable defect size of 500 µm is the consequence of the high surface roughness of the investigated castings. 

Surface defects smaller than the 500 µm defect size are indistinguishable from the surface roughness. This is a general 

phenomenon, Rz 200 µm (maximum height of the roughness profile) is used for as-cast surfaces in the general fatigue 

assessment process, which is often just a lower estimate of the reality. Most of the surface defects were gas pores 

having a smooth surface with a close-to ellipsoidal shape.  

There are more possible applications for the experiences gained from the analysis of the defect population on 

a component scale. First, this knowledge has been used for choosing relevant dimensions for the artificially machined 

surface defects in this research project. Nasr et al. [126] proposed a probabilistic model for the HCF assessment of 

NCI material, where they concluded that the log-normal distribution of the defect population might be the reason for 

the log-normal distribution of the fatigue life. The current research has extended the analysis of the pure size for the 

analysis of defect geometry to the analysis of the shape parameters, which are directly responsible for the stress-

concentration effect of a given inhomogeneity. 

Table 5.1. Size and shape range of interest based on the statistical analysis for surface defects on the lever components. 

Designation Parameter Mean Min. Max. Unit 

Size √𝑎𝑟𝑒𝑎𝑚𝑎𝑥 1895 500 2500 𝜇𝑚 

Shape on surface 𝐵 𝐴⁄  ratio 0.8 0.2 1 - 

Shape in cross section 𝐶 𝐴⁄  ratio 0.54 0.1 1.2 - 
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Figure 5.1. Distribution of the defect size for surface defects displayed on histogram with the fitted log-normal probability 

distribution function. 

 

Figure 5.2. Distribution of the B/A shape parameter for surface defects displayed on histogram. 

 

Figure 5.3. Distribution of the C/A shape parameter for surface defects displayed on histogram with the fitted log-normal 

probability distribution function.  
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5.2. Experimental results 

Fatigue tests have been conducted on brake-lever components under service-like loading conditions, to gain 

more experience related to the fatigue behaviour of components and a to have data for the validation of the developed 

calculation methods. A test setup has been built containing a modular fatigue testing frame with high stiffness, a 

servo-hydraulic actuator with force control and displacement measurement and different clamping components 

modelling the in-service load application. In the first round of the testing, the component Wöhler-curve of the 

unmodified lever was established. Then, additional artificially machined defects have been introduced at crack 

initiation location with the aim of getting results for defects with controlled size and shape. 

5.2.1. Component Wöhler tests 

As a first step in towards the understanding the fatigue phenomenon on a component scale levers were tested 

at three load horizons (70 kN, 50 kN and 40 kN in load maximum) and for the fatigue limit by the step method 

according to ISO 12107 [67]. The load minimum was continuously kept at 500 N, in order to achieve closed contact 

conditions between the pivot bolts and the wearing bushings. The external loading was close to the R0 load ratio. 

However, since the location of the fatigue fracture was close to a press-fitted wearing bush, the local load-ratio was 

significantly higher and dependent on the actual external load maximum. The stresses induced by the press-fit were 

independent, whereas the load-induced stresses were dependent on the external loading. Figure 5.4 shows the test 

setup and the obtained component Wöhler curve without additional analysis of the results. The test data is fitted with 

a linear curve on a semi-log plot with the maximum of the cyclically acting force and the logarithm of the measured 

life. The interception at the y-axis (A) is 143.45 kN, and the slope (B) is 18.26. The results show significant scatter 

in comparison with the cylindrical polished specimen tests due to the higher variability in influencing factors 

(inhomogeneous microstructure, multipart assembly, differences in the tolerances). A summary of all component 

tests, including the Wöhler-type tests, is presented in Table 5.2 with the types and locations of the naturally occurring 

and artificially machined defects. The location of the defects is identified in a local coordinate system displayed in 

Figure 5.5. Table A.12 and Table A.13 summarise the results of the component tests for the lifetime and the fatigue 

limit regime, respectively. Table A.14 lists the results of the monotonic tensile tests conducted on tensile specimens 

machined from the fractured components and the press-fit tolerances near the wear-bushing influencing the stress 

state near the fatigue fracture zone. The component Wöhler curve is influenced by the various near-surface casting 

defects which were often at the crack initiation zone. The process and results of the fracture surface analysis are 

detailed in Section 5.2.3. 

   

Figure 5.4. Fatigue test setup for the component testing and component Wöhler curve for the component.  
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Table 5.2. Summary of component test results. 

ID Fmax [kN] Nf [cycles] Event Mach. def. Nat. def. Loc. Y [𝜇𝑚] Loc. Z [𝜇𝑚] √𝑎𝑟𝑒𝑎 [𝜇𝑚] 

SP1 70 3 001 fracture 

Without machined 

defects 

- - - - 

SP2 70 42 337 fracture surf. roughn. 0 1000 184 

SP3 70 10 866 fracture inclusion 0 2250 823 

SP4 70 7 368 fracture inclusion 0 1000 1220 

SP5 70 23 428 fracture inclusion 0 1500 566 

PR1 70 22 249 fracture - - - - 

PR2 70 12 211 fracture deg. graph. 0 1250 736 

PR3 70 18 577 fracture - - - - 

PR4 50 131 656 fracture - - - - 

PR5 50 90 228 fracture - - - - 

PR6 50 117 814 fracture - - - - 

SP6 40 396 890 fracture - - - - 

SP7 40 760 951 fracture - - - - 

SP8 40 528 267 fracture surf. roughn. 0 500 197 

SP9 40 465 133 fracture surf. roughn. 0 2000 460 

SP10 40 340 689 fracture inclusion 0 200 888 

PR7 40 281 359 fracture - - - - 

PR8 40 155 677 fracture - - - - 

PR9 40 404 086 fracture inclusion 0 3000 987 

SP14 28.06 5 000 000 runout - - - - 

SP11 30 5 000 000 runout - - - - 

SP13 30 2 926 850 fracture inclusion 0 500 1456 

SP15 30 5 000 000 runout -   - 

SP12 32.07 1 455 537 fracture shrinkage 0 10 000 987 

SP16 32.07 5 000 000 runout - - - - 

SP18 32.07 5 000 000 runout - - - - 

SP10 32.07 5 000 000 runout - - - - 

SP17 34.28 933 909 fracture - - - - 

SP19 34.28 792 090 fracture - - - - 

A1 32.27 1 000 000 calc. frac. spherical inclusion 4000 750 506/740 

A13 36.67 1 000 000 calc. frac. spherical inclusion 4000 - 460/408 

A2 31.34 1 000 000 calc. frac. spherical inclusion 4000 100 983/995 

A12 32.57 1 000 000 calc. frac. spherical oxides 4000 1000 1000/2067 

A3 34.74 1 000 000 calc. frac. spherical oxides 4250 - 1291/1430 

A11 31.9 1 000 000 calc. frac. spherical surf. roughn. 4250 - 1464/1032 

A4 32.31 1 000 000 calc. frac. spherical surf. roughn. 4200 - 1981/239 

A5 37.29 1 000 000 calc. frac. transversal surf. roughn. 4000 1000 374/560 

A10 37.5 1 000 000 calc. frac. transversal oxides 4000 500 440/187 

A6 37.47 1 000 000 calc. frac. transversal oxides 4000 100 450/713 

A9 37.99 1 000 000 calc. frac. longitudinal casting skin 4000 200 150/291 

A7 34.4 1 000 000 calc. frac. spherical oxides 9000 - 1604/1341 

A8 34.4 1 000 000 calc. frac. spherical oxides 2650 - 1429/1311 
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5.2.2. Tests with artificial defects near the component fatigue limit 

Additional fatigue tests were conducted on lever components with artificially introduced defects in order to 

investigate the effect of defects with controlled geometry and location. The artificial defect types and sizes are 

harmonised with the analysis of defect population (Section 5.1) and the artificially machined defects for the 

cylindrical specimen testing (Section 4.6). The artificial defects have been machined at the crack initiation zone of 

the component based on the experiences of the Wöhler-type component testing. It is reasonable to assume that the 

resulting decrease in fatigue life and strength can be accounted for by the presence of the machined defects. The part 

drawing for the machining with the position and shape of defects is displayed in Figure A.40. The step-by-step testing 

procedure from Section 4.3 has been adopted with the aim of gaining the value of the fatigue strength at 106 cycles 

for each tested component. Each component is considered individually based on its artificial and natural defects. Test 

results are presented with the artificial or natural defect properties responsible for the initiation of the fatigue crack. 

5.2.3. Fracture surface analysis 

Fracture surface analysis is an important method for the investiagtion of the fatigue fracture phenomenon on 

small test specimens, and it becomes a necessity for component-based test data. Without it, the initiation site and 

cause is not identifiable, which make the comparison with calculation results inaccurate for cases where the stress 

state and the near-surface microstrucutre is highly inhomogeneous. Figure 5.5 shows a schematic with the position 

of the critical zone and the fracture surface of the lever component. Fatigue cracks have initiated in all cases at the 

lower side of the lever at the middle pivot bolt (highlighted with red) under the influence of the stress-state of the 

pretensioned wear-bushing and the bending stresses induced by the cyclic loading. There are significant differences 

in the exact location of the crack initiation. For the Wöhler tests, cracks have generally initiated from subsurface 

nonmetallic inclusions and graphite degeneration. EDX spectroscopy has found traces of aluminium, calcium, 

magnesium and oxygen at the subsurface inclusions, which are characteristic for the forming of nonmetallic 

inclusions. At some surface defects, the traces of silicon were identified which sign a non-ideal interaction of the 

cast material with the sand mould. The fracture surface analysis was only possible for a portion of the fractured 

components of the Wöhler tests. For these components, the equivalent size of the critical defect has been identified 

and is listed in Table 5.2. The available fractography are presented in Figure A.36-Figure A.38. In the case of the 

conducted step-by-step tests for the analysis of the effect of artificial defects, the fractography images are presented 

in Figure A.41-Figure A.48. Some of the artificial defects were not able to influence the fatigue process. The critical 

cracks were initiated from the natural subsurface defects near the cast surface. Generally, the larger hemispherical 

defects were able to initiate a fatal crack. For some cases, the signs of crack initiation from both the artificial defect 

and a natural one below the cast surface can be identified. 

 

Figure 5.5. Location of the critical cross-section with the fracture surface and surface conditions.  
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After the fracture surface analysis of the component Wöhler-curve tests, the equivalent size of the defects at 

the crack initiation has been identified. Since the fatigue cracks for all components have initiated from a narrow zone, 

it makes sense to compare the fatigue lives at the different load horizons based on the equivalent size of the defect, 

which initiated the fatigue process for the given component. With the available fracture surface analysis results the 

effect of the equivalent defect size on the fatigue life is displayed in Figure 5.6.a for the 40 kN load horizon (SP8, 

SP9, SP10 and PR9 components) and in Figure 5.6.b for the one at 70 kN (SP2, SP3, SP5 and PR2 components). 

The trend unequivocally shows the detrimental effect of the defects at both load levels. This is an interesting result 

since at the higher load horizon the effects of plasticity and the crack propagation phase are expected to be more 

significant in contrast to the more and more crack initiation controlled high-cycle fatigue at the lower load level. 

Figure 5.7. presents the effect of the measured equivalent defect sizes on the component fatigue strength 

measured in the maximum of the testing force at 106 cycles. Results show a similar trend for the near fatigue limit 

tests as well. The component fatigue strength is reduced by the effect of larger defects. The determination of the 

equivalent defect size for the natural defects in the casting skin zone is rarely clearly identifiable, which adds to the 

uncertainty of the data points. For the near fatigue limit tests, there were also two fundamentally different sites for 

the initiation of the fatigue cracks. Artificial defects were introduced into each component, yet not all artificial defects 

were responsible for the initiation of the critical fatigue crack. In some cases (the A1, A2, A5, A6, A9, A10 and A12 

components), a natural defect at the casting skin zone initiated the fatigue process, which is quite clearly visible on 

the fracture surfaces, since they are not intersecting with any of the artificially machined defects. At the different 

crack initiation locations, the stress state is different, which is to be taken into account for a precise analysis. Based 

on the FE-analysis results presented in Section 5.3 local structural stress-based (which not includes the stress 

concentration effect of the defect) Kitagawa diagrams will be plotted to resolve this effect. 

 

Figure 5.6. Effect of natural defects on the fatigue life of the lever components at the a) 40 kN and b) 70 kN load horizon of 

the component Wöhler curve. 

 

Figure 5.7. Effect of artificially machined and natural defects at the casting skin on the component fatigue limi expressed in 

the cyclic maximum of the testing force. 

  

a) b) 
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5.3. FE-analysis of the fatigue test assembly 

A structural Finite Element Analysis model has been built for the simulation of the test assembly in ANSYS 

Mechanical 19.4. Multiple components of the testing system have been simplified and neglected, which have been 

considered to have a low impact on the stress state of the lever component. The symmetric structural behaviour of 

the tested lever has been utilised in the model building process with the aim of gaining a more stable and a 

computationally less expensive simulation model. The function of the lever component is to compress the brake pads 

on the brake disk. This is experimentally modelled with a hydraulic actuator pulling the respective end of the lever 

through a clamping device. The three pivot bolts responsible for the load transmission between the brake cylinder 

and the brake pads are connected to the lever with steel press-fitted wearing bushings. The bolts are fitted with 

clearance to the wearing bushes. Having beforehand knowledge of the location of the fatigue fracture (which has 

originated at the bottom side at the middle of the lever component near the bushing) the realistic contact conditions 

were modelled at the middle pivot bolt, whilst simplified ones were used for the other ones. The linear guideway is 

responsible for the free translation of the bolt at the opposite side of the loading. The connection of the clamping 

device to the linear guideway is ensured with a pretensioned bolted connection. Figure 5.5.a illustrates the setup of 

the FE-Model. The main model is responsible for the computation of structural stresses, and therefore the artificial 

defects are not included. For the detailed local analysis of the crack initiation process near the artificially introduced 

defects sub-models have been built for the different tested components. For the different defect layouts, linear-elastic 

and elastoplastic analyses have been conducted based on the previously presented material properties. Larger sub-

models, including the whole critical cross-section, have been built for the analysis of the crack-propagation 

behaviour. These two types of local models are presented in Figure 5.5.b The investigated lever is a grade 500-7 NCI 

component, which has the elastic properties for the simulation of 𝐸 = 170 𝐺𝑃𝑎 and 𝜐 = 0.275. All the other 

components of the model are various steel grades, and therefore their elastic behaviour is modelled with the properties 

𝐸 = 210 𝐺𝑃𝑎 and 𝜐 = 0.3. The contact conditions of the pivot bolt near the fracture surface have a significant effect 

on the stress state. An overlapping contact region with 0.055 offset is responsible for the modelling of the press-fit 

condition induced by the press-fitted wear-bushing. The contact offset has been determined from the measurement 

of the real dimensional tolerances of the connection. Between the wearing bush and the pivot pin, a contact offset of 

-0.138 mm is defined for the modelling of the real assembly clearance. With the application of the sub-modelling 

technique, which is based on the displacement field mapping between the models at a different scale, an efficient 

computation has been achieved during the iteration loops of the analyses. SOLID187 10-node tetrahedral elements 

have been used for the generation of the FE-mesh. The global model is discretised with 338 000 nodes, the sub-

models for local stress-strain computation have approximately 125 000 nodes, and the fracture mechanics simulations 

have been conducted on models with around 235 000 nodes. The accuracy of the global computational model has 

been verified with the results of strain-gauge measurements, and the computed strain results have been found to lie 

within a 5% error bound and different locations of the lever, including the critical one. Detailed documentation of 

this process is not presented in the current work. 

A plot of the total displacement with an enlarged scale is shown in Figure 5.10 for the cyclic load maximum 

of 40 kN, which approximately corresponds to the theoretical fatigue limit of a defect-free lever component. The 

maxim principal stress distribution for the load maximum is shown in Figure 5.11.a and for the minimum load in 

Figure 5.11.b At the minimum load of 0.5 kN the stresses induced by the press-fitted bushing dominate the stress 

distribution. At the crack initiation location, this leads to a state of nearly pure tension. These stresses are then being 

superimposed by the bending stresses from the external testing load, leading to the stress maximum being at the 

lower machined surface of the lever at the middle pivot bolt. Fatigue damage is known for being primarily influenced 

by the combined and load ratio-dependent effect of the stress amplitude and the mean stress. It is interesting to note, 

that the stresses are higher on the machined surfaces compared to the cast surface on the side of the lever due to the 

structural stress gradient of the bending stress state. Based on the fracture surface analysis, when no artificial defects 

were present, the fatigue cracks almost exclusively initiated from subsurface defects at the cast surface. This shows 

the detrimental effect of the casting skin on fatigue strength. In the current work, the Crossland multiaxial HCF 

criterion is utilised for the computation of a fatigue equivalent stress type quantity, which offers direct comparability 

with the fatigue strength under fully reversed torsion. 
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Figure 5.8. a) Modular test assembly for the fatigue testing of the lever, b) Model setup for the FEA of the test conditions. 

 

Figure 5.9.b) Submodels for the local linear and nonlinear stress-strain calculations and the fracture mechanics crack-growth 

simulations. 

 

Figure 5.10. Total displacement field for the lever fatigue test assembly at 40 kN loading. 

 

Figure 5.11. Max. Principal stress distribution results field at the cyclic load maximum corresponding to 40 kN load and b) 

Max. Principal stress distribution results field at the minimum load and the press-fit stress state.  

 

 

  

a) b) 
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5.3.1. Separation of initiation and propagation phases for the component Wöhler tests  

The failure criterion for the force-controlled fatigue testing was a given increase in the measured displacement 

at the actuator, which in practice led to the complete separation of the lower half of the cross-section (which is 

separated by the bushing and the pivot bolt from the other side) under the pulsating tension. Since the main scope of 

this work, the DSG methodology, is developed for the prediction of a 1 mm long macrocrack, the long crack 

propagation life is to be excluded from the results for gaining comparable data with the DSG calculations. In order 

to calculate the long crack propagation life with the NASGRO model, the stress intensity factors along the 

propagating crack have been determined with a crack growth simulation with ANSYS Mechanical. The behaviour 

of the global model has been computed for several points along the Wöhler curve, and sub-models have been created 

for the middle cross-section of the lever with different length of the growing crack. A semi-circular edge-crack model 

is in good agreement with the experiences of the fracture surface analysis. The crack length has been manually 

extended from 0.5 mm up to 20 mm-s along the already known fracture surface. The displacement field from the 

global model has been mapped on the new mesh at the cut-boundaries. It is essential to consider in the modelling 

process, that the tests were conducted with load control, whereas the sub-modelling technique uses the displacement 

field from the uncracked geometry. Therefore, to consider the cross-section reductional effect of the growing crack 

a correction had to be made for the loss in the acting force. The structural stress state at the load minimum is mainly 

determined by the press-fit condition of the bushing, and therefore can be considered to be independent of the 

growing crack. The structural stress state at the load maximum is mainly defined by the external loading. The 

transmitted forces in X-direction have been summed up near the middle cross-section and recorded for the models 

with the growing crack length (𝐹𝑋.𝑆𝑈𝑀  in Table 5.3.). The results for the model with the smallest a=0.5 mm was 

considered as reference, and the ratio in the decrease of the force was calculated (𝐹𝑋.𝐿𝑂𝑆𝑆  ). The computed SIF-s at 

the load maximum (𝐾𝐼.𝑚𝑎𝑥) were then corrected with the same ratio. This has led to the crack driving force being kept 

constant for the SIF calculations.  

For the numerical calculation of the SIF-s the ANSYS J-integral method was applied, where the CINT APDL 

(ANSYS Parametric Design Language) command is used for the definition of the crack tip elements and the number 

of calculation contours. This method has been chosen due to its applicability without special crack-tip elements. Ten 

contours were used to evaluate the contour integral in the simulations, and the averaged 𝐾𝐼 results along the crack tip 

of the last contour were used for further assessment. The reason for this is the tendency of the J-integral results 

converging to a certain value (which is considered to be the theoretically correct one) with the contours lying further 

away from the crack tip. For the modelling special crack tip elements are not required, the path for the J-integral 

calculation is created automatically using the different rows of elements at hand. The mode I SIF is then calculated 

from the J-integral considering the plane-strain state as: 

𝐾𝐼 =
√

𝐽𝐼

(
1 − 𝜐2

𝐸
)

 . 5.1. 

Based on the stress intensity factor results at the load cycle maximum for a 32.33 kN testing load a crack shape 

factor type quantity was derived which links the computed 𝐾𝐼.𝑚𝑎𝑥.𝑐𝑜𝑟𝑟 in [𝑀𝑃𝑎√𝑚] to the testing load maximum for 

different crack lengths. With 𝑌𝐹𝐸𝐴.𝑚𝑎𝑥  factor the value of 𝐾𝐼.𝑚𝑎𝑥.𝑐𝑜𝑟𝑟  can be calculated for an arbitrary load maximum 

along the Wöhler-curve for this configuration of geometry, constraints and properties. Figure 5.12 displays the 

computed SIF-s for the a) minimum and b) maximum loading at 32.33 kN for the propagating crack. Table 5.4 

summarises the calculation of the crack initiation life and strength in terms of the testing force maximum for the tests 

with artificial defects. The equivalent defect sizes are converted to crack length with Equation 4.14. The macro-crack 

initiation from a defect is defined as a 1 mm crack forming around the defect, which leads to the initial crack length 

𝑎𝑖. Cracks were considered to propagate until their mode I SIF reaches the value of 𝐾𝐼.𝐶  for the material. Propagation 

life is calculated with the application of the NASGRO model with the experimentally determined parameters from 

Section 4.5. The macro-crack initiation life (𝑁𝑖) is the results of the subtraction of the life cycles spent on crack 

propagation (𝑁𝑝) from the total life (𝑁𝑡). With the current definition of the crack initiation the cracks tend to initiate 

around 900 000 cycles of the total life of 1 000 000 load cycles. With that, the crack initiation strength can be 

calculated with the parameters of the component Wöhler curve. Based on the FE-calculations, the macro-crack 

initiation strength would be approximately 2 MPa lower compared to the strength for total life in terms of the 

structural Crossland equivalent stress at the initiation location for artificial defects. The results show that near the 

fatigue limit, the initiation phase dominates the total fatigue strength. For the further analyses, the total fatigue 

strength will be used.   
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Table 5.3. Numerical computation results for the SIF-s along the crack path for 32.33 kN external testing load. 

a 

 [mm] 

KI.min  

[𝑀𝑃𝑎√mm]] 

KI.max 

[𝑀𝑃𝑎√mm]] 

FX.SUM  

[𝑁] 

FX.LOSS  

[−] 

KI.max.corr  

[MPa√mm] 

YFEA.max  

[−] 

0.5 158 322 92 877 1 322 0.31 

1 221 459 92 874 0.999 459 0.45 

2 303 633 92 834 0.999 633 0.62 

4 405 852 92 497 0.996 856 0.84 

8 518 1 098 89 210 0.96 1 143 1.12 

16 569 1 191 56 432 0.61 1 960 1.92 

20 590 1 226 37 404 0.40 3 044 2.98 

Table 5.4. Computed component strength for total and macro-crack initiation life near the fatigue limit. 

ID 
√area 

[μm] 

a 

[μm] 

ai 

[μm] 

𝐅𝐦𝐚𝐱,𝟏𝟎𝟔,𝐭 

[k𝑁] 

Nt 

[cycles] 

Np 

[cycles] 

Ni 

[cycles] 

ΔFmax,106 

[k𝑁] 

𝐅𝐦𝐚𝐱,𝟏𝟎𝟔,𝐢 

[k𝑁] 

A4 1981 1581 2581 32.31 

1 000 

000 

 

112 195 887 805 0.28 32.03 

A3 1291 1030 2030 34.74 96 984 903 016 0.27 34.47 

A11 1464 1168 2168 31.9 97 169 902 831 0.27 31.63 

A7 1604 1280 2280 34.4 91 276 908 724 0.27 34.13 

A8 1429 1140 2140 34.4 98 750 901 250 0.27 34.13 

A13 460 367 1367 36.67 102 858 897 142 0.27 36.40 

A9 291 232 1232 37.99 89 049 910 951 0.27 37.72 

 

 

Figure 5.12. Numerical results for the SIF-s along the crack path from 0.5 to 20 mm corresponding to the a) maximum cyclic 

loading and b) the minimum one at 32.33 kN. 

  

a) b) 
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5.4. Assessment of the effect of defects with the improved DSG model 

The DSG approach relies on the computed local cyclically changing stresses. Different methods are employed 

for the computation of the local stresses at the defects for the assessment of the component test results. The usage of 

the stress results from the simulation of load cycles with the Chaboche nonlinear kinematic hardening model has 

proven to lead to the most precise DSG calculations. However, the development of simpler, computationally less 

demanding and faster methods is of great importance to ensure a possible way the engineering praxis. Therefore, 

linear elastic FE-simulations have also been conducted parallel to the nonlinear ones. The simplified method from 

Section 4.8.3.2 has also been applied for the estimation of the stress concentration effect of the defects. 

To compute the local stresses near the machined defects, FE sub-models have been built for the region, where 

the stress sate is affected by the stress concentration effect of the defect. Figure 5.8.b illustrates this process showing 

the position and the FE-mesh for the global and the local models. The sub-models are created with the mapping of 

the displacement field of the respective load case on the new mesh at the cut boundary. An important condition for 

this technique that the structural behaviour shows linear characteristics and the structural stiffness of the structure 

remains unchanged. For the current applications these conditions apply, the small voids of the defects have no impact 

on the structural stiffness, and the localised cyclic plasticity is coupled with a globally elastic structural behaviour 

when conducting simulation with loadings near the fatigue limit. Figure 5.13. shows the distribution of the Crossland 

equivalent fatigue stress overlayed on a photograph of the fractured A11 component. The Crossland equivalent stress 

distribution successfully predicts the initiation location of the critical crack. Figure 5.14. shows the computed 

Crossland equivalent stress concentration factors (𝐾𝐶𝑟) for the components tested with artificial defects near the 

fatigue limit. In this general case, 𝐾𝐶𝑟 is computed as the ratio of the local and the structural Crossland equivalent 

stress, which is calculated at the centre of the most critical defect, without the stress concentration effect of the defect 

(i.e. in an FE-model, where the defect is not modelled). 

Table 5.5 summarises the computation results of the nonlinear elastoplastic (σCr
0  (ep.)), the linear-elastic (σCr

0  

(lin.-FEA)) and the simplified (σCr
0  (lin.-𝐾𝑡) method. Results are expressed in the structural Crossland equivalent stress, 

which represents the stress state in the component without the consideration of the stress concentration effect of the 

defects. Experimental results are also expressed in terms of the structural Crossland equivalent stress σCr
0  (exp.), which 

makes a direct comparison possible. The measured values of the cyclic testing force maximum leading to fatigue 

fracture at 106cycles (Fmax,106,t(exp.)) of the individual fracture events are used to simulate the cyclic stress-fields 

representing the test conditions. The Crossland equivalent stress is expressed with post-processing scripts for the 

individual components and the value of σCr
0  (exp.) is evaluated at the centre of the defects on the component surface 

at the crack initiation location.  

With the application of Equation 4.30, the structural Crossland equivalent stress can be expressed at the fatigue 

limit the following way: 

𝜎𝐶𝑟
0 =

𝛽𝐶𝑟

𝐾𝐶𝑟 − 𝑎𝛻
(𝐾𝐶𝑟 − 1)

√𝑎𝑟𝑒𝑎

 , 5.2. 

where the calculation of the 𝐾𝐶𝑟 factor is presented in three different ways. The different calculation methods 

of the 𝐾𝐶𝑟 factor describing the local stress concentration effect (linear FEA, nonlinear FEA, simplified) lead to three 

different values of the structural Crossland equivalent stress in Table 5.5.  

The calculations with the nonlinear DSG method are based on the elastoplastic stress results computed in sub-

models created for each scenario considering the real defect dimensions and positions. The parameters of the applied 

Chaboche nonlinear kinematic hardening model have been presented in Section 4.8.4. The stresses (amplitude of the 

second invariant of the deviatoric stress tensor √J2,a and the maximum of the hydrostatic stress σh,max) are evaluated 

at the location of the maximum Crossland equivalent stress on the defect surface in the second load cycle under 

elastic shakedown conditions. Based on the calculations, hemispherical defects tend to lead to the local stress-strain 

relationship exhibiting elastic shakedown, when the component is loaded near the fatigue limit.  

The calculations with the linear DSG method are based on the evaluation of the stress-state from the same FE-

sub-models reanalysed with linear-elastic material model. The evaluation process is analogous to the nonlinear 

method presented in the previous paragraph. The simplified approach is based on the estimation of the theoretical 

stress concentration factor with the process presented in Section 4.8.3.2. The theoretical stress concentration under 

tension is considered to estimate the multiaxial stress concentration effect within the DSG model 𝐾𝐶𝑟
𝑙𝑖𝑛.𝐾𝑡. 



PhD Thesis, Effect of surface defects on the fatigue life of nodular cast iron components 06.02.2020. 
 

 

M. Gróza 88/106 
Budapest University of Technology and Economics 

Department of Machine and Product Design 
 

Figure 2.17.a shows the computed elastoplastic and experimental Kitagawa results for the components. 

Stresses are expressed in terms of the structural Crossland equivalent stresses from Table 5.5. Experimental data 

points are created with the transformation of the testing force to structural stresses with FE-simulations, where the 

structural Crossland equivalent stress 𝜎𝐶𝑟
0  (exp.) is evaluated at the centre of the defects on the component surface at 

the crack initiation location. The two DSG model curves are resulting from the application of the calculated minimum 

(1.31) and maximum (1.51) values of 𝐾𝐶𝑟
𝑒𝑝

 from Table 5.5. Figure 2.17.b display the same plot where the simplified 

DSG approach is responsible for the curve for spherical defects. In the simplified approach, the theoretical stress 

concentration factor (2.06) of a spherical defect is used in Equation 5.2 to plot the displayed curve. On these structural 

stress-based Kitagawa diagrams the effect of natural defects in the casting skin seems more detrimental than the 

spherically machined defects of the same size. It must be noted that the estimation of the equivalent defect from the 

fracture surface is more subjective for natural defects.  

 

Figure 5.13. Crossland equivalent fatigue stress distribution overlayed on the fractured A11 component and the SEM 

fractography at the crack initiation. 

       

Figure 5.14. Linear-elastic Crossland equivalent fatigue stress concentration for the A13, A9, A3, A11, A7&A8 and A4 

components in respective order. 

Table 5.5. Experimental and calculated (linear elastic and nonlinear elastoplastic) Crossland equivalent stresses for the 

tested levers with artificial hemispherical defects. 

ID 
√area 

[μm] 

Fmax,106,t 

(exp.) 

[k𝑁] 

σCr
0  

(exp.)  

 [MPa] 

KCr
lin.FEA 

[-] 

KCr
lin.Kt 

[-] 

√J2,a 

(ep.) 

[MPa] 

σh,max  
(ep.) 

[MPa] 

σCr
max.ep

 

[MPa] 

KCr
ep

 
[-] 

σCr
0  

(lin-FEA)  

 [MPa] 

σCr
0  

(lin-Kt)  

 [MPa] 

σCr
0  

(ep.)  

 [MPa] 

A4 1981 32.31 216 2 2.06 105 160 303 1.40 151 146 211 

A3 1291 34.74 232 
1.95 

2.06 108 159 305 
1.31 

158 150 227 

A11 1464 31.9 213 2.06 - - - 157 149 227 

A7 1604 34.4 224 
2 

2.06 104 173 318 
1.42 

152 148 210 

A8 1429 34.4 224 2.06 - - - 153 149 211 

A13 460 36.67 233 2.25 2.06 91 211 352 1.51 157 169 216 

A9 291 37.99 254 2.45 2.74 101 197 345 1.36 170 170 247 

Figure 5.16 displays the prediction accuracy plots based on the results summarised in Table 5.5. Figure 5.16.a 

shows the results of the nonlinear DSG model compared to the experimental results (σCr
0  (exp.) vs. σCr

0  (ep.)). Results 

show a good agreement; all structural stress values are within the 10% error-range. Results of the linear (Figure 

5.16.b) and the simplified model (Figure 5.16.c) show a significantly conservative trend. 
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Figure 5.15. Comparison of the experimental results with the a) EP-DSG model (min. and max. designations correspond to the 

computed 𝐾𝐶𝑟
𝑒𝑝

 factors for the spherical defects having slightly different stress concentration effects) and b) the simplified DSG 

approach. 

 

Figure 5.16. Prediction accuracy plots for the a) EP-DSG model, b) FEA based linear model and c) simplified DSG model. 

Figure 5.17.a displays a comparison of the experimental and simulated Kitagawa relationship for 

hemispherical defects of cylindrical specimens under pulsating tension (R0.05) and components. There are important 

differences due to the stress multiaxiality, stress concentration effect, cyclic elastoplastic notch behaviour and in the 

mean stress state between the defects on the tested specimens and components. The linear elastic multiaxial stress 

concentration effect (𝐾𝐶𝑟
𝑙𝑖𝑛.𝐹𝐸𝐴 = 1.95 − 2.45) of the hemispherical defects is lower in average for the defects on the 

component surface as it is for the specimens (𝐾𝐶𝑟
𝑙𝑖𝑛.𝐹𝐸𝐴 = 2.3 − 2.43). This is due to the multiaxial structural stress state 

of the component surface in comparison to the cylindrical specimens having uniaxial tension structural level stress 

state. The main difference between the two scales is yielding from the cyclic elastoplastic multiaxial stress 

concentration effect characterised by 𝐾𝐶𝑟
𝑒𝑝

. For the components its value ranges from 1.36 to 1.51, for the specimens, 

it is between 1.72 and 1.88. This is primarily caused by the higher mean stress state at the component surface (≅R0.5) 

due to the press-fit wear bushing nearby. The higher mean stress has a damping effect on the effective notch 

sensitivity, the effect of which is considered within the simulation of load cycles with the nonlinear kinematic 

hardening model. 

Figure 5.18.a compares the experimental results obtained from the cylindrical (R0.05) and the 4-point bending 

test specimens (R0.1). Results are made comparable with the Crossland HCF criterion. The bending stress state in a 

flat specimen leads to a significant structural stress gradient, which shifts the results significantly Natural defects in 

the degraded microstructure of the casting skin seem to be more detrimental (with the current size characterisation 

techniques used) than hemispherical defects on a machined surface. The significance of the structural level stress 

gradient effect under bending has an increasingly beneficial effect on the fatigue strength for structures under bending 

load having lower section thickness. A similar effect can be seen in Figure 5.18.b, the natural defects near the cast 

a) b) 

a) b) c) 
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surface have a higher impact on the fatigue strength as artificially machined ones on a machined surface. This can 

be considered in the modelling with the increasing their stress concentration effect, lowering the fatigue strength 

value or applying a different characterisation method which increases their equivalent size. 

 

Figure 5.17.a) Comparison experimental and simulated component Kitagawa curves for the fatigue limit of a cylindrical 

specimen and components with machined spherical defects in terms of structural Crossland equivalent stress, b) Unifying the 

Kitagawa curves for specimens and components with the fractures plotted with their computed local cyclic elastoplastic 

Crossland equivalent stresses. 

 

Figure 5.18.a) Comparison of experimental Kitagawa plots in terms of structural Crossland equivalent stress for artificial and 

natural defects on pulsating tension (R0.05) and pulsating 4-point bending (R0.1) specimens, b) Comparison of the effect of 

artificial spherical and natural subsurface defects in the casting skin region on the component fatigue limit. 

  

a) b) 

a) b) 
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5.5. Allowable defect size maps 

Allowable defect size maps show the value of the equivalent defect size in the form of FE-result field, which 

would still allow the component to reach its designated life goal in high-cycle fatigue. In the current research, the 

high-cycle fatigue strength is investigated at 106 load cycles, which corresponds to the fatigue limit by the FKM 

2012 Guideline [71]. In the DSG approach the Crossland multiaxial fatigue criterion is used to create an equivalent 

fatigue stress type quantity for the description of the multiaxial stress state, and the load ratio effect and a stress 

gradient correction is applied for the precise description of the local stress concentration of the fatigue strength. The 

information related to the allowable defect size is highly important for the foundries aiming to produce components 

to meet the requirements of their customers quality control system. The casting process can be optimised for a given 

component based on an allowable defect size map. The same allowable defect size map can be used for the visual 

inspections of the quality control process. The levels of allowable defect sizes can be harmonised with the applied 

regulations, for example, the widely applied EN 1370 [1] standard. The current work proposes a deterministic 

scientific approach for the precise calculation for the effect of surface defects on the fatigue strength. The provided 

example for the allowable defect size can be scaled to the required level of safety, and the probabilistic nature of the 

fatigue phenomenon can be included in the assessment. 

5.5.1. Direct formulation of the allowable defect size 

The allowable defect size for a fatigue strength of the defect-free material 𝛽𝐶𝑟(𝑁𝑙𝑐.𝑖) corresponding to a given 

design life (initiation life of macroscopic cracks) can be expressed with the following equation: 

√𝑎𝑟𝑒𝑎𝑎𝑙𝑙

𝑒𝑙𝑙
= 𝑎𝛻

𝜎𝐶𝑟
0 (𝐾𝐶𝑟

𝑒𝑙𝑙 − 1)

𝐾𝐶𝑟
𝑒𝑙𝑙𝜎𝐶𝑟

0 − 𝛽𝐶𝑟

 ,  5.3 

where the value of 𝐾𝐶𝑟
𝑒𝑙𝑙 can be estimated with the application of the simplified DSG approach (Section 4.8.3.2). 

For multiple defects located close to each other and for subsurface defects, the assumptions presented in Section 

4.8.1 are to be applied. The methodology has been validated in Section 5.4 through the comparison of calculations 

with the experimental results. The simplified model applied for hemispherical defects provides conservative 

predictions (Figure 5.15.b and Figure 5.16.c) for crack initiation for artificial surface and natural subsurface defects 

in the casting skin. Figure 5.19 shows a schematic for the considerations of multiple load cases in the defect size map 

calculation and Figure 5.20 displays an outline for the complete simulation, assessment and quality control process. 

In the general fatigue assessment of components, first, quasi-static load cases are defined for the representation of 

the cyclic loading cycle. From these results, so-called solution combinations are derived with the stress fields for the 

stress amplitude and the mean stress state. For a given solution combination, the allowable defect size field can be 

calculated. For several simultaneously acting fatigue loads near the fatigue limit, the cumulated allowable defect size 

can be considered in a simplified manner as the local minimum of the allowable defect sizes. The allowable defect 

size maps can be derived from the FE-simulation results with the post-processor. Calculations results can be 

harmonised with the determinative regulations, such as the EN 1370 [1] standard. It is also useful to derive directly 

comparable dimensions for the quality control personnel instead of the theoretical equivalent defect size. During the 

quality control process, the bounding dimensions of the defects are compared with the allowable defect size map 

documents leading to an OK/NOK decision for the inspected component. An example of an allowable defect size 

map is displayed in Figure 5.21. The investigated load state corresponds to a hypothetical design goal, which is the 

component fatigue limit from the Wöhler tests (Section 5.2.1) corresponding to 32.33 kN in the cyclic load 

maximum. Results are also meaningful in the subsurface region of the components. For the current design goal, even 

the removal of the casting skin would be necessary for a small region to comply with the defect size map. 
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Figure 5.19. Consideration of load cases in the allowable defect size calculation. 

 

Figure 5.20. Workflow to determine the allowable defect size for cast components. 

 

Figure 5.21. Example for an allowable defect size map based on the simplifed DSG approach.  
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6. SUMMARY 

The thesis extended the state-of-the-art status of the fatigue research by the development of one of the current 

methods for the assessment of defect induced crack initiation with the analysis of the defect shape and the 

development of transferable methods between the test-specimen and component scales. 

It has been shown that the equivalent size parameter from Murakami does not represent fully the critically of 

surface defects on the fatigue strength, their three-dimensional shape is a significant parameter as well. For the 

understanding of this effect an ellipsoidal defect model has been proposed and improvements have been implemented 

in the DSG method for the assessment. The impact of the defect shape has been traced back to the local cyclic 

elastoplastic material behaviour regulating crack nucleation and short crack growth. The thesis confirms that the 

crack nucleation and the propagation of microstructurally short fatigue cracks dominates the whole fatigue life in the 

high-cycle fatigue regime. The current research describes these phases of the fatigue life through the characterisation 

of the cyclic elastoplastic stress field around the defect, in which the crack nucleation and short crack propagation 

occurs. 

The work focused on the fatigue behaviour of a ferrite-pearlitic nodular cast iron grade, for which limited 

fatigue test data was available at the start of this research. The experimental tests have confirmed that the influence 

of defects is a first-order parameter for the fatigue assessment of nodular cast iron material. The thesis investigates 

and then names the essential parameters regulating the effect of surface defects on the fatigue life, namely their 

shape, size, location, morphology and the surrounding microstructure. 

From an engineering standpoint, a global approach is presented for the fatigue assessment of NCI components 

with surface defects and for the calculation and application of allowable defect size maps for the fatigue design and 

quality control process of NCI components. The nonlinear elastoplastic FE-based DSG approach is validated on the 

test specimen and component test showing a good description of the defect influence on the high-cycle fatigue 

strength. The computations and experimental studies have shown that the high-cycle fatigue strength of defective 

material can be modelled with high accuracy with the consideration of the cyclic elastoplastic stress state and the 

stress gradient effect near the defects. The simplified approach based on the estimation of the linear elastic stress 

concentration factors of the defects is validated to provide conservative answers. 

A vital characteristic of the thesis is that the transferability of the models, test data and experience between 

small cylindrical fatigue test samples under pulsating tension and generally loaded industrial components have been 

investigated and validated. This transferability of theory and experience related to the phenomenon of fatigue 

between different scales is often considered self-evident and taken for granted in the scientific community. It is 

confirmed by this work, that it is most certainly not self-evident nor granted by the application of solid mechanics; 

one has to consider the heterogeneity of the material properties through the cross-section, the response of the material 

to cyclic loading, the effect of the structural and local stress-gradient and the initiation and propagation phases of the 

fatigue life to provide generally applicable methods for the assessment of the high-cycle fatigue life. 

A further step could be to extend the DSG approach, which is proven to provide precise deterministic answers, 

to include it in a probabilistic framework. The author has already proposed advancements in the connection of the 

heterogeneous material properties with the probabilistic nature of the fatigue test data [127]. However, there are years 

of work needed to develop a robust probabilistic model which describes the expected scatter of the fatigue life and 

the component size effect without compromises in accuracy and versatility. 

The experiments and computations of the thesis were all conducted under constant load amplitudes. The effect 

of variable amplitude fatigue and damage accumulation probably the first aspect to consider for the future extension 

of this research. An untouched problematic of this work is the effect of environmental conditions on defective fatigue 

strength. Corrosive environments are known for strongly accelerating the fatigue process. The joint impact of surface 

defects and corrosive environments on the fatigue strength of nodular cast iron components could be an important 

extension of this research. 
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7. NEW FINDINGS 

1. New finding 

Based on my experimental results and FE-based fatigue calculations I have concluded, that surface 

defects having equivalent sizes (√𝒂𝒓𝒆𝒂 by the interpretation of Murakami) can lead to a different 

impact on the high-cycle fatigue life and strength, depending on their shape, for the ISO 1083 500-

7 nodular cast iron material. This difference can be traced back to the shape dependent stress 

concentration effect of the surface defects, which regulates the crack nucleation process. 

 

My directly corresponding publications [I], [V] 
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2. New finding 

I have introduced a three-dimensional half-ellipsoid based geometrical model for the description 

of the surface defect shape to quantify its impact on the fatigue life and strength, and I have showed 

through my calculations that the model can consider the shape of surface defects in the high-cycle 

fatigue assessment process. 

The model characterizes a given surface defect with its shape parameters (B/A and C/A, which are responsible for 

the stress concentration effect and the nucleation of fatigue cracks), and its oriented equivalent size √𝑎𝑟𝑒𝑎𝜑 

(which effects the stress gradient and the behaviour of the potentially initiated fatigue crack). 

A surface defect in the fatigue assessment can be characterised with the following parameters: 

• 𝐴 [𝜇𝑚] max. length on the surface, 

• 𝐵 [𝜇𝑚] max. bounding width perpendicular to the A dimension in the plane of the surface, 

• 𝐶 [𝜇𝑚] max. depth from the surface, 

• 𝜑 [𝑑𝑒𝑔] the angle between the normal of the plane perpendicular to the surface and containing the A 

dimension, and the first principal direction 𝒑𝑰, 𝜑 = 𝒏𝐴∡𝒑𝑰. 

 

The shape of a surface defect can be described with the B/A surface- and C/A cross-sectional shape parameters. 

The equivalent size of an ellipsoidal defect with the A and C parameters is √𝑎𝑟𝑒𝑎𝜑 = √
1

2

𝐴(𝜑)

2
𝐶𝜋. Figure 7.1 

shows the interpretation of the geometrical parameters. 

 

 

Figure 7.1.a) Interpretation of the bounding dimensions, b) Interpretation of equivlent size for defect oriented perpendicular to 

the max. principal direction of the stress tensor, c) interpretiation in general orientation. 

 

My directly corresponding publication [I] 

Previous interpretation by Y. Murakami [92] 

 

  

 

c) 



PhD Thesis, Effect of surface defects on the fatigue life of nodular cast iron components 06.02.2020. 
 

 

M. Gróza 97/106 
Budapest University of Technology and Economics 

Department of Machine and Product Design 
 

3. New finding 

With the application of the half-ellipsoidal defect model and the statistical analysis of the visual 

inspection results from 106 pcs. of ISO 1083 500-7 nodular cast iron lever arms, I have concluded 

that the cross-sectional shape parameter (C/A) and size (√𝒂𝒓𝒆𝒂𝒎𝒂𝒙 = 𝒎𝒂𝒙{√𝒂𝒓𝒆𝒂𝝋}) of surface 

pores and sand drops follow a lognormal distribution. 

Figure 7.2 and Figure 7.3 display the empirical and fitted lognormal probability distribution function of the cross-

sectional shape (C/A ratio) and equivalent size √𝑎𝑟𝑒𝑎𝑚𝑎𝑥), respectively. 

 

Figure 7.2. Distribution of the C/A shape parameter for surface defects displayed on histogram with the fitted log-normal 

probability distribution function. 

 

 

Figure 7.3. Distribution of the defect size for surface defects displayed on histogram with the fitted log-normal probability 

distribution function. 

My directly corresponding publications [I] 
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4. New finding 

I have interpreted and quantitatively evaluated the impact of surface defect shape on the fatigue 

life and strength through the modification of the Defect Stress Gradient Approach (DSG) known 

from the literature.  

With the introduction of the defect shape related, size-independent, stress concentration effect parameter 𝐾𝐶𝑟, the 

DSG equivalent stress by the modified DSG criterion is given by: 

𝝈𝑫𝑺𝑮 = 𝝈𝑪𝒓
𝟎 ∙ [𝑲𝑪𝒓 − 𝒂𝜵

(𝑲𝑪𝒓 − 𝟏)

√𝒂𝒓𝒆𝒂𝝋

] ≤ 𝜷𝑪𝒓, 

where, 

• 𝜎𝐷𝑆𝐺 is the equivalent stress type quantity defining the criterion, 

• 𝜎𝐶𝑟
0  is the structural Crossland equivalent stress, 

• 𝑎𝛻 the microstructural parameter,  

• 𝐾𝐶𝑟 is the shape dependent stress concentration parameter, 

• √𝑎𝑟𝑒𝑎𝜑 is the oriented equivalent defect size, 

• 𝛽𝐶𝑟 is the ideal material fatigue strength for a given number of load cycles in Crossland equivalent stress. 

The fatigue life leading the initiation of microstructurally long fatigue cracks (𝑁𝑙𝑐.𝑖) is: 

𝑁𝑙𝑐.𝑖 = (
𝜎𝐷𝑆𝐺

𝐴𝑊.𝐶𝑟
)

1
𝐵𝑊.𝐶𝑟

 

where 𝐴𝑊.𝐶𝑟 is the theoretical Crossland equivalent fatigue strength at one cycle, and 𝐵𝑊.𝐶𝑟 is the slope of the 

unified Crossland Wöhler curve. The initiation life of microstructurally long fatigue cracks is a good 

approximation of total life in the high-cycle fatigue regime and builds an assessment criterion by itself. 

The allowable ellipsoidal defect size √𝑎𝑟𝑒𝑎𝑎𝑙𝑙

𝑒𝑙𝑙
 for a given stress concentration effect by an ellipsoidal defect 

shape, and a given lifetime goal can be directly expressed as: 

√𝑎𝑟𝑒𝑎𝑎𝑙𝑙

𝑒𝑙𝑙
= 𝑎𝛻

𝜎𝐶𝑟
0 (𝐾𝐶𝑟

𝑒𝑙𝑙 − 1)

𝐾𝐶𝑟
𝑒𝑙𝑙𝜎𝐶𝑟

0 − 𝛽𝐶𝑟

. 

My directly corresponding publication [I] 

Previous formulation by M. Vincent et al. [5] 
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A APPENDIX 

A.1. Metallographic properties of the investigated nodular cast iron material 

Table A.1. Comparison of metallographic properties of the casting bathes utilized in Bay Round and2 (Part 1). 

Round 1 batch Round 2 batch 

 

 

LOM cross-sectional micrographs of the H2.5 

specimen, 50x, etched. 

LOM cross-sectional micrographs of the H1.1 

specimen, 50x, etched. 

  

LOM cross-sectional micrographs of the H2.5 

specimen, nodule size 6 according to MSZ EN ISO 945-

1-2009. 

LOM cross-sectional micrographs of the H1.1 

specimen, nodule size 6 according to MSZ EN ISO 

945-1-2009. 

  

LOM cross-sectional micrographs of the H2.5 

specimen, 100x, nodules/mm2 = 219, MSZ EN ISO 945-

1-2009. 

LOM cross-sectional micrographs of the H1.1 

specimen, 100x, nodules/mm2 = 268 MSZ EN ISO 

945-1-2009. 
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Table A.2. Comparison of metallographic properties of the casting bathes utilized in Bay Round 1 and 2 (Part 2). 

 
 

LOM cross-sectional micrographs of the H2.5 

specimen, 200x, nodule shape grade VI, MSZ EN ISO 

945-1-2009. 

LOM cross-sectional micrographs of the H1.1 

specimen, 200x, nodule shape grade VI, MSZ EN 

ISO 945-1-2009. 

 
 

LOM cross-sectional micrographs of the H2.5 

specimen, 100x, percentage of pearlite, ferrite and 

graphite, EN ISO 945-1-2009. 

LOM cross-sectional micrographs of the H1.1, 

percentage of pearlite, ferrite and graphite, MSZ EN 

ISO 945-1-2009. 
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A.2. Layout drawings for the machining operations 

 

Figure A.1. E1 layout drawing for specimen machining from the half-levers (Bay Round 1). 

 

Figure A.2. E2 layout drawing for specimen machining from the half-levers (Bay Round 1).  
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Figure A.3. E3 layout drawing for specimen machining from the half-levers (Bay Round 1). 

 

Figure A.4. E4 layout drawing for specimen machining from the half-levers (Bay Round 1).  
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Figure A.5. E5 layout drawing for specimen machining from the half-levers (Bay Round 1). 

 

Figure A.6. Layout drawing for specimen machining from the 2.1.B half-lever (Bay Round 2).  
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Figure A.7. Layout drawing for specimen machining from the 2.1.J half-lever (Bay Round 2). 

 

Figure A.8. Layout drawing for specimen machining from the 2.2.B half-lever (Bay Round 2).  
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Figure A.9. Layout drawing for specimen machining from the 2.2.B half-lever (Bay Round 2). 

 

Figure A.10. Layout drawing for specimen machining from the 2.3.B half-lever (Bay Round 2).  
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Figure A.11. Layout drawing for specimen machining from the 2.3.J half-lever (Bay Round 2). 

 

Figure A.12. Layout drawing for specimen machining from the 2.4.B half-lever (Bay Round 2).  
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Figure A.13. Layout drawing for specimen machining from the 2.4.J half-lever (Bay Round 2). 

 

Figure A.14. Layout drawing for specimen machining from the 2.5.B half-lever (Bay Round 2).  
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Figure A.15. Layout drawing for specimen machining from the 2.5.J half-lever (Bay Round 2). 
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A.3. Monotonic tensile test results 

Table A.3. Monotonic tensile test results (Bay Round 1). 

Testing machine INSTRON 8850 

 

Temperature 22 ℃ 

Load rate 0.75 mm/min 

Extensometer range 
25 mm / 20% max. 

strain 

Testing standard 
MSZ EN 6892-

1:2010 

Specimen DIN 50125 B8x40 

ID 
𝐑𝐩𝟎.𝟐  

[𝐌𝐏𝐚] 
𝐑𝐦  
[𝐌𝐏𝐚] 

𝐀  
[%] 

𝐙 
 [%] 

S1.1 320 495 9.4 7.8 

S1.2 331 526 10.6 7.4 

S1.3 316 480 13.1 7.6 

S1.4 332 515 11.9 5.7 

Average 325 504 11.3 7.1 

St. dev. 7.1 17.9 1.4 0.85 

Modulus of elasticity 171 390 ± 1269 MPa 

Specimen F1.1 

Extensometer range 10 mm 

Table A.4. Monotonic tensile test results (Bay Round 2 - 2018.07.27-2018.12.28). 

Testing machine INSTRON 8850 

 

Temperature 22 ℃ 

Load rate 0.75 mm/min 

Extensometer range 25 mm / 20% max. strain 

Testing standard MSZ EN 6892-1:2010 

Specimen DIN 50125 B8x40 

ID 
𝐑𝐩𝟎.𝟐  

[𝐌𝐏𝐚] 
𝐑𝐦  
[𝐌𝐏𝐚] 

𝐀  
[%] 

𝐙 
 [%] 

S2.1 336 523 8.1 7.1 

S2.2 312 474 13.8 10 

Average 324 498 10.9 8.6 

Modulus of elasticity 
170 071 ± 336 MPa, 

172 722 ± 730 

Specimen S2.1, S2.2 

Extensometer range 10 mm 
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A.4. Cyclic test specimen and test results 

 

Figure A.16. C1 part drawing for cyclic test specimens (Bay Round 1).  
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Figure A.17. Test setup for the displacement controlled cyclic material testing at the Bay-Zoltán Institute. 

 

Figure A.18. Cyclic stress-strain behavior at εa=0.5% strain amplitude. 

 

Figure A.19. Cyclic stress-strain behavior at εa=0.4% strain amplitude. 
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Figure A.20. Cyclic stress-strain behavior at εa=0.3% strain amplitude. 

 

Figure A.21. Cyclic stress-strain behavior at εa=0.25% strain amplitude. 
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A.5. Cylindrical HCF test specimens and test results 

 

Figure A.22. F1 part drawing for polished cylindrical HCF test specimens. (Round 1 and 2.)  
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Table A.5. High-cycle fatigue test results for cylindrical polished specimens, effect of load ratio (BAY Round 1). 

ID D0 [mm] A0 (mm2) R [-] σa[MPa] σmax[MPa] Fa [N] Fmax[N] Fmin[N] Fa[N] Nf [cycles] Event 

F1.2 8.00 50.24 0.05 145 305 7279 15323 766 7279 1 000 000 runout 

F1.2 8.00 50.24 0.05 154 325 7756 16328 816 7756 161 385 fracture 

F1.4 8.00 50.24 0.05 145 305 7279 15323 766 7279 1 000 000 runout 

F1.4 8.00 50.24 0.05 154 325 7756 16328 816 7756 767 610 runout 

F1.7 8.01 50.37 0.05 145 305 7297 15362 768 7297 1 000 000 runout 

F1.7 8.01 50.37 0.05 154 325 7775 16369 818 7775 702 927 fracture 

F1.10 8.00 50.24 0.05 145 305 7279 15323 766 7279 1 000 000 runout 

F1.10 8.00 50.24 0.05 154 325 7756 16328 816 7756 949 290 fracture 

F1.13 7.98 49.99 0.05 154 325 7717 16246 812 7717 398 141 fracture 

F1.3 7.98 49.99 0.5 100 400 4999 19996 9998 4999 863 059 fracture 

F1.5 7.98 49.99 0.5 95 380 4749 18996 9498 4749 1 000 000 runout 

F1.5 7.98 49.99 0.5 100 400 4999 19996 9998 4999 337 765 fracture 

F1.8 7.98 49.99 0.5 95 380 4749 18996 9498 4749 1 000 000 runout 

F1.8 7.98 49.99 0.5 100 400 4999 19996 9998 4999 737 512 fracture 

F1.11 7.98 49.99 0.5 95 380 4749 18996 9498 4749 1 000 000 runout 

F1.11 7.98 49.99 0.5 100 400 4999 19996 9998 4999 530 847 fracture 

F1.14 7.98 49.99 0.5 95 380 4749 18996 9498 4749 1 000 000 runout 

F1.14 7.98 49.99 0.5 100 400 4999 19996 9998 4999 793 965 fracture 

F1.1 7.99 50.11 -1 240 240 12027 12027 -12027 12027 1 000 000 runout 

F1.1 7.99 50.11 -1 260 260 13030 13030 -13030 13030 908 348 fracture 

F1.6 7.99 50.11 -1 260 260 13030 13030 -13030 13030 670 420 fracture 

F1.9 7.99 50.11 -1 240 240 12027 12027 -12027 12027 1 000 000 runout 

F1.9 7.99 50.11 -1 260 260 13030 13030 -13030 13030 211 978 fracture 

F1.12 7.99 50.11 -1 260 260 13030 13030 -13030 13030 535 108 fracture 

F1.15 8.01 50.37 -1 240 240 12088 12088 -12088 12088 1 000 000 runout 

F1.15 8.01 50.37 -1 260 260 13095 13095 -13095 13095 1 000 000 runout 

F1.15 8.01 50.37 -1 280 280 14102 14102 -14102 14102 153 796 fracture 

Table A.6. High-cycle fatigue test results for cylindrical polished specimens, effect of load ratio (BAY Round 1). 

ID 
R 

[-] 

σmax.test 
[MPa] 

Nf 

[cycles] 

σmax.106 
[MPa] 

σ𝑎.106 
[MPa] 

Effect of mean stress on the fatigue limit 

F1.2 

0.05 

 

305 1 000 000   

 

 

 

F1.2 325 161 385 308 146 

F1.4 305 1 000 000   

F1.4 325 767 610 320 152 

F1.7 305 1 000 000   

F1.7 325 702 927 319 152 

F1.10 305 1 000 000   

F1.10 325 949 290 324 154 

F1.13 325 398 141 301 143 

F1.3 

0.5 

400 863 059 396 99 

F1.5 380 1 000 000   

F1.5 400 337 765 387 97 

F1.8 380 1 000 000   

F1.8 400 737 512 395 99 

F1.11 380 1 000 000   

F1.11 400 530 847 391 98 

F1.14 380 1 000 000   

F1.14 400 793 965 396 99 

F1.1 

-1 

240 1 000 000   

F1.1 260 908 348 258 258 

F1.9 240 1 000 000   

F1.9 260 737 512 255 255 

F1.15 240 1 000 000   

F1.15 260 1 000 000   

Table A.7. High-cycle fatigue test results for cylindrical polished specimens, S-N curve data (BAY Round 2). 
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ID 
D0 

[mm] 

A0 

(mm2) 

R 

[-] 

σa 
[MPa] 

σmax 
[MPa] 

Fa 

[N] 

Fmax 

[N] 

Fmin 

[N] 

Fa 

[N] 

Nf 

[cycles] 

√𝑎𝑟𝑒𝑎 
[𝜇𝑚] Event 

F1.1 (R2) 7.98 49.99 0.05 157 330.5 7848 16523 826 7848 437 347 244 fracture 

F1.2 (R2) 7.98 49.99 0.05 157 330.5 7848 16523 826 7848 777 124 244 fracture 

F1.3 (R2) 8.00 50.24 0.05 162 341 8139 17134 857 8139 525 394 147 fracture 

F1.4 (R2) 8.00 50.24 0.05 170 357.8 8541 17981 899 8541 182 864 248 fracture 

F1.6 (R2) 8.00 50.24 0.05 155 326.3 7787 16394 820 7787 260 463 357 fracture 

F1.7 (R2) 8.00 50.24 0.05 155 326.3 7787 16394 820 7787 407 747 250 fracture 

 

 

Figure A.23. Part drawing for the HCF specimens with artificial defects (Bay Round 2).  
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Table A.8. High-cycle fatigue test results for cylindrical polished specimens, effect of artificial defects (Round 2). 

ID 
D0 

[mm] 

R 

[-] 

σa 
[MPa] 

σmax 
[MPa] 

Nf 

[cycles] 
Event 

σ𝑎.106 
[MPa] 

Artificial 

defect type 

Artificial 

defect size 

√𝑎𝑟𝑒𝑎 [𝜇𝑚] 

Natural 

defect size 

√𝑎𝑟𝑒𝑎 [𝜇𝑚] 

F2.1 7.99 0.05 120 252 1,000,000 runout 

134 spherical 493 - F2.1 7.99 0.05 130 273 1,000,000 runout 

F2.1 7.99 0.05 140 294 321,010 fracture 

F2.2 7.99 0.05 130 273 1,000,000 runout 
135 spherical 464 - 

F2.2 7.99 0.05 140 294 476,821 fracture 

F2.3 8.00 0.05 120 252 1,000,000 runout 
122 spherical 889 - 

F2.3 8.00 0.05 130 273 47,796 fracture 

F2.4 8.00 0.05 130 273 387,275 fracture 124 spherical 872 - 

F2.5 8.00 0.05 120 252 736,302 fracture 120 spherical 1458 - 

F2.6 7.98 0.05 110 231 1,000,000 runout 
115 spherical 1353 - 

F2.6 7.98 0.05 120 252 35,277 fracture 

F2.7 7.99 0.05 100 210 1,000,000 runout 
110 spherical 1373 - 

F2.7 7.99 0.05 110 231 593,005 fracture 

F2.8 7.99 0.05 100 210 1,000,000 runout 
111 spherical 1443 - 

F2.8 7.99 0.05 110 231 704,654 fracture 

F2.9 8.00 0.05 100 210 1,000,000 runout 

118 spherical 1400 - F2.9 8.00 0.05 110 231 1,000,000 runout 

F2.9 8.00 0.05 120 252 352,342 fracture 

F2.10 7.99 0.05 110 231 1,000,000 runout 
121 spherical 1380  

F2.10 7.99 0.05 120 252 585,942 fracture 

F2.11 8.00 0.05 110 231 850,316 fracture 117 spherical 1886 - 

F2.12 8.00 0.05 100 210 1,000,000 runout 
109 spherical 1847 - 

F2.12 8.00 0.05 110 231 88,982 fracture 

F2.13 8.00 0.05 130 273 1,000,000 runout 

159 transversal 222 206 
F2.13 8.00 0.05 140 294 1,000,000 runout 

F2.13 8.00 0.05 150 315 1,000,000 runout 

F2.13 8.00 0.05 160 336 939,642 fracture 

F2.14 8.00 0.05 150 315 1,000,000 runout 
154 transversal 234 368 

F2.14 8.00 0.05 160 336 405,507 fracture 

F2.15 8.00 0.05 140 294 1,000,000 runout 
142 transversal 856 - 

F2.15 8.00 0.05 150 315 73,462 fracture 

F2.16 8.00 0.05 130 273 1,000,000 runout 

165 transversal 322 180 

F2.16 8.00 0.05 140 294 1,000,000 runout 

F2.16 8.00 0.05 150 315 1,000,000 runout 

F2.16 8.00 0.05 160 336 1,000,000 runout 

F2.16 8.00 0.05 170 357 464,031 fracture 

F2.17 8.00 0.05 140 294 1,000,000 runout 

161 transversal 350 308 
F2.17 8.00 0.05 150 315 1,000,000 runout 

F2.17 8.00 0.05 160 336 1,000,000 runout 

F2.17 8.00 0.05 170 357 106,699 fracture 

F2.18 7.99 0.05 140 294 609,367 fracture 137 transversal 625 - 

F2.19 7.99 0.05 130 273 1,000,000 runout 
136 longitudinal 1108 - 

F2.19 7.99 0.05 140 294 295,008 fracture 

F2.20 8.00 0.05 130 273 1,000,000 runout 
137 longitudinal 1175 - 

F2.20 8.00 0.05 140 294 352,405 fracture 

F2.21 8.00 0.05 130 273 1,000,000 runout 
136 tilted 45 deg. 698 310 

F2.21 8.00 0.05 140 294 453,714 fracture 

F2.22 7.99 0.05 130 273 1,000,000 runout 
137 tilted 30 deg. 660 - 

F2.22 7.99 0.05 140 294 631,507 fracture 

F2.23 7.99 0.05 130 273 1,000,000 runout 

149 longitudinal 361 330 F2.23 7.99 0.05 140 294 1,000,000 runout 

F2.23 7.99 0.05 150 315 908,043 fracture 
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F2.1 0.7x F2.1 2.5x F2.2 0.7x 

 
 

 

F2.2 4.5x F2.3 0.7x F2.3 2x 

 
 

 

F2.4 0.7x F2.4 0.7x F2.4 3x 

  
 

F2.5 0.7x F2.5 2x F2.6 0.7x 

   

Figure A.24. OM fracture surface images of the F2.1-F2.5 cylindrical HCF specimens (Bay Round 2). 

F2.6 2x F2.7 0.7x F2.7 2x 
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F2.8 0.7x F2.8 2x F2.9 0.7x 

 
 

 

F2.9 3x F2.10 0.7x F2.10 2x 

   

F2.11 0.7x F2.11 0.7x F2.11 2x 

  
 

Figure A.25. OM fracture surface images of the F2.6-F2.11 cylindrical HCF specimens (Bay Round 2). 

F2.12 0.7x F2.12 1.5x F2.13 0.7x machined defect 
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F2.13 2x machined defect F2.13 0.7x F2.13 2.5x 

 
  

F2.14 0.7x machined defect F2.14 0.7x F2.14 3x 

 
 

 

F2.15 0.7x F2.15 0.7x F2.15 3.5x 

 

  

Figure A.26. OM fracture surface images of the F2.12-F2.15 cylindrical HCF specimens (Bay Round 2). 

F2.15 4x F2.16 0.7x F2.16 0.7x 
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F2.16 2x F2.16 2x F2.17 0.7x 

  
 

F2.17 0.7x F2.17 2.5x F2.18 0.7x 

   

F2.18 0.7x F2.18 1.5x F2.18 3.5x 

 

  

Figure A.27. OM fracture surface images of the F2.15-F2.18 cylindrical HCF specimens (Bay Round 2). 

F2.19 0.7x F2.19 0.7x F2.19 3x 
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F2.20 0.7x F2.20 0.7x F2.20 2x 

 
  

F2.21 0.7x F2.21 2x F2.22 0.7x 

 
 

 

F2.22 0.7 F2.22 2.5 F2.22 4x 

 

  

Figure A.28. OM fracture surface images of the F2.19-F2.22 cylindrical HCF specimens (Bay Round 2). 

F2.23 0.7x F2.23 0.7x F2.23 1.5x 
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F2.23 3.5x initiation site 1 F2.23 3.5x initiation site 2  

  

 

Figure A.29. OM fracture surface images of the F2.23 cylindrical HCF specimens (Bay Round 2). 
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A.6. 4-point bending HCF test specimens and test results 

 

Figure A.30. Part drawing for the 4 point bending specimens with machined and cast surface (Bay Round 1). 

 

Figure A.31. Part drawing for the 4 point bending specimens with machined and cast surface with and without artificial 

defects (Bay Round 1).  
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Figure A.32. Test setup for the force controlled 4-point bending HCF testing at the Bay-Zoltán Institute. 

Table A.9. High-cycle fatigue test results for flat 4-point bending specimens, effect of surface condition (Round 1). 

ID 
b0 

[mm] 

h0 

[mm] 

L 

[mm] 

t  

[mm] 

A0 

[mm2] 

R 

[-] 

σmax 
[MPa] 

Fmax 

[N] 

Nf 

[cycles] 
Event Remark 

H1.1 20.08 8.06 80 53.33 161.8 0.1 325 10599 1000000 runout  

H1.1 20.08 8.06 80 53.33 161.8 0.1 345 11251 1000000 runout  

H1.1 20.08 8.06 80 53.33 161.8 0.1 365 11903 1000000 runout  

H1.1 20.08 8.06 80 53.33 161.8 0.1 385 12556 1000000 runout  

H1.1 20.08 8.06 80 53.33 161.8 0.1 405 13208 207201 fracture  

H1.2 20.05 8.06 80 53.33 161.6 0.1 385 12537 213648 fracture  

H1.3 20.02 7.98 80 53.33 159.8 0.1 365 11633 1000000 runout  

H1.3 20.02 7.98 80 53.33 159.8 0.1 385 12271 1000000 runout  

H1.3 20.02 7.98 80 53.33 159.8 0.1 405 12908 212322 fracture  

H1.4 20.05 8.06 80 53.33 161.6 0.1 385 12537 1000000 runout  

H1.4 20.05 8.06 80 53.33 161.6 0.1 405 13188 576056 fracture  

H1.5 20.04 8.01 80 53.33 160.5 0.1 405 13188 175350 fracture asymmetric 

H2.1 19.91 8.44 80 53.33 168.0 0.05 345 12231 173149 fracture 
 

H2.2 20.01 8.05 80 53.33 161.1 0.05 325 10534 483474 fracture 
 

H2.3 19.95 8.21 80 53.33 163.8 0.05 305 10252 1000000 runout 
 

H2.3 19.95 8.21 80 53.33 163.8 0.05 325 10924 1000000 runout 
 

H2.3 19.95 8.21 80 53.33 163.8 0.05 345 11597 1000000 runout 
 

H2.3 19.95 8.21 80 53.33 163.8 0.05 365 12269 1000000 runout 
 

H2.3 19.95 8.21 80 53.33 163.8 0.05 385 12941 317303 fracture 
 

H2.4 19.99 8.00 80 53.33 159.9 0.05 365 11673 509109 fracture slipped 

H2.5 19.93 8.02 80 53.33 159.8 0.05 345 11055 1000000 runout 
 

H2.5 19.93 8.02 80 53.33 159.8 0.05 365 11696 868044 fracture 
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Table A.10. High-cycle fatigue test results for flat 4-point bending specimens, effect of surface condition (Round 2). 

ID 
b0 

[mm] 

h0 

[mm] 

L 

[mm] 

t  

[mm] 

A0 

[mm2] 

R 

[-] 

σmax 
[MPa] 

Fmax 

[N] 

Nf 

[cycles] 
Event Remark 

H1.1 20.06 7.88 80 53.33 158.1 0.1 385 11989 1 000 000 runout  

H1.1 20.06 7.88 80 53.33 158.1 0.1 405 12612 1 000 000 runout  

H1.1 20.06 7.88 80 53.33 158.1 0.1 425 13235 1 000 000 runout  

H1.1 20.06 7.88 80 53.33 158.1 0.1 450 14013 1 000 000 runout  

H1.1 20.06 7.88 80 53.33 158.1 0.1 475 14792 1 000 000 runout  

H1.1 20.06 7.88 80 53.33 158.1 0.1 500 15570 1 000 000 runout  

H1.1 20.06 7.88 80 53.33 158.1 0.1 525 16349 1 000 000 runout  

H1.1 20.06 7.88 80 53.33 158.1 0.1 550 17127 294 073 fracture  

H1.2 20.03 7.93 80 53.33 158.8 0.1 500 15745 198 139 fracture  

H2.1 20.03 8.03 80 53.33 160.8 0.1 425 13723 73 067 fracture  

H2.2 20.04 8.02 80 53.33 160.7 0.1 400 12890 1 000 000 runout  

H2.2 20.04 8.02 80 53.33 160.7 0.1 425 13695 48 251 fracture  

H3.1 20.06 7.93 80 53.33 159.1 0.1 400 12615 419 738 fracture  

H3.2 20.02 7.95 80 53.33 159.2 0.1 375 11862 477 624 fracture slipped 

H4.1 20.07 8.04 80 53.33 161.4 0.1 350 11352 1 000 000 runout  

H4.1 20.07 8.04 80 53.33 161.4 0.1 375 12163 83 284 fracture  

H4.2 20.04 7.96 80 53.33 159.5 0.1 350 11110 1 000 000 runout  

H4.2 20.04 7.96 80 53.33 159.5 0.1 375 11904 305 342 fracture  

Table A.11. High-cycle fatigue test results for flat 4-point bending test specimens, crack initiation (Round 2). 

ID 
σmax.test 
[MPa] 

Nf 

[cycles] 

σmax.106 
[MPa] 

σa.106 
[MPa] 

Surface 

condition 
Crack initiation 

Defect size 

[μm] 

H1.1 450 1 000 000   

Polished surface 
From surface 

 

H1.1 475 1 000 000    

H1.1 500 1 000 000    

H1.1 525 1 000 000    

H1.1 550 294 073 532 240 356 

H1.2 500 198 139 438 197 From mechanical defect 442 

H2.1 425 73 067   

Cast surface 
From cast surface 368 

H2.2 400 1 000 000 343 172 

H2.2 425 48 241 401 181 From cast surface 362 

H3.1 400 419 738 373 186 
Machined defect 

From machined defect 1611 

H3.2 375 477 624 353 159 From machined defect 1454 

H4.1 
350 1 000 000   

Cast surface with 

machined defect 

From cast surface 426 
375 83 284 352 158 

H4.2 
350 1 000 000   

From cast surface 480 
375 305 342 358 161 
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H1.1 0.7x H1.1 3x H1.1 SEM 50x 

   

H1.2 0.7x H1.2 3x H1.2 SEM 50x 

   

H2.1 0.7x H2.1 2.5x - 1 H2.1 50x SEM 

   

H2.2 0.7x H2.2 2.5x H2.2 SEM 

   

Figure A.33. OM and SEM images from the fracture surfaces of the “Bay Round 2” 4-point bending specimens (Part 1). 

H3.1 0.7x H3.1 2x H3.1 30x SEM 
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H3.2 0.7x H3.2 2x H3.2 50x SEM 

   

H4.1 H4.1 0.7x H4.1 30x SEM 

 

  

H4.2 H4.2 0.7x H4.1 30x SEM 

 

  

Figure A.34. OM and SEM images from the fracture surfaces of the “Bay Round 2” 4-point bending specimens (Part 2).  
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A.7. Fracture mechanics test specimen 

 

Figure A.35. Part drawing for CT fracture mechanics specimens (Bay Round 2).   
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A.8. Component fatigue tests 

Table A.12. Component Wöhler test results. 

ID 
Fmin 

[kN] 

Fmax 

[kN] 

Nf 

[cycles] 
Event Fatigue crack initiation 

Natural defect 

size 
√𝑎𝑟𝑒𝑎 [𝜇𝑚] 

SP1 0.5 70 3 001 fracture - - 

SP2 0.5 70 42 337 fracture surface roughness 184 

SP3 0.5 70 10 866 fracture inclusion 823 

SP4 0.5 70 7 368 fracture inclusion 1220 

SP5 0.5 70 23 428 fracture inclusion 566 

PR1 0.5 70 22 249 fracture - - 

PR2 0.5 70 12 211 fracture degenerated graphite, oxides 736 

PR3 0.5 70 18 577 fracture - - 

PR4 0.5 50 131 656 fracture - - 

PR5 0.5 50 90 228 fracture - - 

PR6 0.5 50 117 814 fracture - - 

SP6 0.5 40 396 890 fracture - - 

SP7 0.5 40 760 951 fracture - - 

SP8 0.5 40 528 267 fracture surface roughness 197 

SP9 0.5 40 465 133 fracture surface roughness 460 

SP10 0.5 40 340 689 fracture oxides 888 

PR7 0.5 40 281 359 fracture - - 

PR8 0.5 40 155 677 fracture - - 

PR9 0.5 40 404 086 fracture oxides 987 

Table A.13. Component fatigue limit test results evaluated with the modified staircase method. 

Force Level Values ID Level Load [kN] Nf [cycles] Event 

Fi i fi ifi i2fi SP14 -1 28.06 5 000 000 runout 

32.07 2 3 6 12 SP11 0 30 5 000 000 runout 

30 1 2 2 2 SP13 0 30 2 926 850 fracture 

28.06 0 1 0 0 SP15 0 30 5 000 000 runout 

Sum 

 

6 8 14 SP12 1 32.07 1 455 537 fracture 
 

SP16 1 32.07 5 000 000 runout 

A 8 

 

SP18 1 32.07 5 000 000 runout 

B 14 SP10 1 32.07 5 000 000 runout 

C 6 SP17 2 34.28 933 909 fracture 

D 0.56 SP19 2 34.28 792 090 fracture 
 

(n+1) (+1) 36.49   

  dev 2.09 kN 

  

F mean 32.33 kN 
 

F(95%;90%) 27.67 kN 

F(99%;90%) 25.89 kN 
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Table A.14. Material properties of the tested components. 

ID 
Rp0.2 

[MPa] 
Rm 

[MPa] 
A 

[%] 
D 

[mm] HBW 

Graphite structure form Graphite structure size 
Structure 

matrix bushing 

(z8/h8

) VI 

[%] 

V 

[%] 

III-

IV 

[%] 

III 

[%] 

5 

[%] 

6 

[%] 

7 

[%] 

8 

 [%] 

Pearlite 

approx. 

[%] 

Ferrite 

approx. 

[%] 

SP4u 333 468 14.0 8.04 
176 66 26 8 0 0 50 45 5 12 88 

z8 

SP4d 340 467 15.1 8.04 z8 

PR8u 345 570 8.9 8.04 
203 80 20 0 0 0 50 45 5 50 50 

z8 

PR8d 337 535 6.8 8.04 z8 

SP10
u 

336 512 11.7 8.04 

186 85 15 0 0 5 40 45 10 30 70 

z8 

SP10
d 

328 505 10.8 8.04 z8 

SP7u 322 495 9.8 8.04 
184 76 24 0 0 8 35 45 12 30 70 

z8 

SP7d 330 494 9.0 8.04 z8 

SP9u 388 636 7.1 8.04 
225 85 15 0 0 5 40 45 10 60 40 

z8 

SP9d 382 641 8.8 8.04 z8 

SP6u 325 509 14.7 8.04 
184 77 23 0 0 0 50 45 5 28 72 

z8 

SP6d 321 494 13.5 8.04 z8 

PR1u 351 599 11.8 8.07 
211 80 20 0 0 0 50 45 5 20 80 

z8 

PR1d 344 562 7.6 8.07 z8 

SP1u 330 458 13.1 8.03 
176 65 29 0 6 7 30 45 8 17 83 

z8 

SP1d 322 457 18.8 8.04 z8 

SP2u 351 558 8.1 8 
212 80 20 0 0 2 30 55 8 55 45 

z8 

SP2d 365 604 10.9 8 z8 
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Specimen designation Testing load Max. [kN] No. of cycles [Nf] 

SP2 70 42 337 

OM SEM/SE SEM/BSD 

   

√𝑎𝑟𝑒𝑎 = 184 𝜇𝑚, crack initiation: normal surface roughness (cast surface) 

SP3 70 10 866 

OM SEM/BSD SEM/BSD 

 

  

√𝑎𝑟𝑒𝑎 = 823 𝜇𝑚, crack initiation: non-metallic oxides, chunky graphite (cast surface) 

SP4 70 7 368 

OM SEM/BSD SEM/BSD 

  

 

√𝑎𝑟𝑒𝑎 = 1220 𝜇𝑚, crack initiation: non-metallic oxides, chunky graphite (cast surface) 

Figure A.36. OM and SEM images from the fracture surfaces of the lever components (Part 1). 
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SP5 70 23 428 

OM SEM/BSD SEM/BSD 

 

  

√𝑎𝑟𝑒𝑎 = 566 𝜇𝑚, crack initiation: non-metallic oxides, chunky graphite (cast surface) 

PR2 70 12 211 

OM SEM/BSD SEM/BSD 

   

√𝑎𝑟𝑒𝑎 = 736 𝜇𝑚, crack initiation: non-metallic oxides, chunky graphite (cast surface) 

SP8 40 528 267 

OM SEM/BSD SEM/BSD 

 

  

√𝑎𝑟𝑒𝑎 = 197 𝜇𝑚, crack initiation: normal surface roughness (cast surface) 

Figure A.37. OM and SEM images from the fracture surfaces of the lever components (Part 2). 
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SP9 40 465 133 

OM SEM/SE SEM/BSD 

   

√𝑎𝑟𝑒𝑎 = 460 𝜇𝑚, multiple crack initiation: normal roughness (cast surface) 

SP10 40 340 689 

OM SEM/SE SEM/BSD 

   

√𝑎𝑟𝑒𝑎 = 888 𝜇𝑚, crack initiation: surface defect, non-metallic oxides and chunky graphite (cast surface) 

PR9 40 404 086 

OM SEM/BSD SEM/BSD 

   

√𝑎𝑟𝑒𝑎 = 987 𝜇𝑚, crack initiation: non-metallic oxides and chunky graphite (cast surface) 

Figure A.38. OM and SEM images from the fracture surfaces of the lever components (Part 3). 
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SP12 32.07 1 455 537 

OM SEM/SE SEM/BSD 

 

  

√𝑎𝑟𝑒𝑎 = 987 𝜇𝑚, crack initiation: subsurface shrinkage (machined surface) 

SP13 30 2 926 850 

OM SEM/SE SEM/BSD 

 

  

√𝑎𝑟𝑒𝑎 = 1456 𝜇𝑚, crack initiation: non-metallic oxides and chunky graphite (cast surface) 

Figure A.39. OM and SEM images from the fracture surfaces of the lever components (Part 4). 
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A.8. Component fatigue tests with artificial defects 

 

Figure A.40. Part drawing for the machining of artificial defects on lever components.  
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Table A.15. Component HCF strength results at 106 cycles with the step-by-step method. 

ID 
Fmin 

[kN] 

Fmax 

[kN] 

Nf 

[cycles] 
Event 

𝐅𝐦𝐚𝐱.𝟏𝟎𝟔  

[kN] 

Machined 

defect shape 

Fatigue crack 

initiation 

location 

Machined 

defect size 
√𝒂𝒓𝒆𝒂 [𝝁𝒎] 

Natural 

defect size 
√𝒂𝒓𝒆𝒂 [𝝁𝒎] 

A1 0.5 32 2 000 000 runout - - - - - 

A1 0.5 34.5 215 297 fracture 32.27 spherical 
natural defect 

cast surface 
506 740 

A13 0.5 32 2 000 000 runout - - - - - 

A13 0.5 34.5 2 000 000 runout - - - - - 

A13 0.5 37 1 739 378 fracture 36.67 spherical 
machined defect 

machined surface 
460 408 

A2 0.5 29.5 2 000 000 runout - - - - - 

A2 0.5 32 1 473 975 fracture 31.34 spherical 
natural defect 

cast surface 
983 995 

A12 0.5 29.5 2 000 000 runout - - - - - 

A12 0.5 32 2 000 000 runout - - - - - 

A12 0.5 34.5 455 528 fracture 32.57 spherical 
natural defect 

cast surface 
1000 2067 

A3 0.5 27 1 000 000 runout - - - - - 

A3 0.5 29.5 1 000 000 runout - - - - - 

A3 0.5 32 1 000 000 runout - - - - - 

A3 0.5 34.5 1 000 000 runout - - - - - 

A3 0.5 37 195 540 fracture 34.74 spherical multiple 1291 1430 

A11 0.5 32 750 207 fracture 31.90 spherical 
machined defect 

machined surface 
1464 1032 

A4 0.5 27 1 000 000 runout - - - - - 

A4 0.5 29.5 1 000 000 runout - - - - - 

A4 0.5 32 1 000 000 runout - - - - - 

A4 0.5 34.5 251 966 fracture 32.31 spherical 
machined defect 

machined surface 
1981 239 

A5 0.5 32 1 000 000 runout - - - - - 

A5 0.5 34.5 1 000 000 runout - - - - - 

A5 0.5 37 1 000 000 runout - - - - - 

A5 0.5 39.5 231 291 fracture 37.29 transversal 
natural defect 

cast surface 
374 560 

A10 0.5 37 1 000 000 runout - - - - - 

A10 0.5 39.5 400 158 fracture 37.50 transversal 
natural defect 

machined surface 
440 187 

A6 0.5 37 1 000 000 runout - - - - - 

A6 0.5 39.5 374 397 fracture 37.47 transversal 
natural defect 

machined surface 
450 713 

A9 0.5 37 1 000 000 runout - - - - - 

A9 0.5 39.5 790 096 fracture 37.99 longitudinal 
natural defect 

(machined surface) 
150 291 

A7 0.5 34.5 735 408 fracture 34.4 spherical 
machined defect 

machined surface 
1604 1341 

A8 0.5 34.5 722 879 fracture 34.4 spherical machined defect 1429 1311 
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Specimen designation Testing load Max. [kN] No. of cycles [Nf] 

A1 34.5 215 297 

OM SEM/SE SEM/BSD 

   

√𝑎𝑟𝑒𝑎 = 740 𝜇𝑚, casting skin. 

A13 37 1 739 378 

OM SEM/SE SEM/SE 

 
  

√𝑎𝑟𝑒𝑎 = 460 𝜇𝑚, crack initiation from machined defect (machined surface). 

A2 32 1 473 975 

OM SEM/SE SEM/BSD 

   

√𝑎𝑟𝑒𝑎 =  995 𝜇𝑚, crack initiation from the casting skin (cast surface). 

Figure A.41. OM and SEM images from the fracture surfaces of the lever components with artificial machined defects (Part 

1).  
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Specimen designation Testing load Max. [kN] No. of cycles [Nf] 

A12 34.5 455 528 

SEM/SE SEM/BSD SEM/BSD 

   

√𝑎𝑟𝑒𝑎 =  2067 𝜇𝑚, crack initiation from non-metallic oxides (cast surface). 

A3 37 195 540 

OM  SEM/SE (machined defect) SEM/BSE (cast surface) 

 

  

Multiple crack initiation: from machined defect (√𝑎𝑟𝑒𝑎 = 1291 𝜇𝑚) and oxides near the cast surface (√𝑎𝑟𝑒𝑎 =

1430 𝜇𝑚) 

A11 32 750 207 

OM SEM/SE (machined defect) SEM/BSD 

 
  

√𝑎𝑟𝑒𝑎 = 1464 𝜇𝑚, crack initiation from machined defect (machined surface). 

Figure A.42. OM and SEM images from the fracture surfaces of the lever components with artificial machined defects (Part 

2). 
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Specimen designation Testing load Max. [kN] No. of cycles [Nf] 

A4 34.5 251 966 

SEM/SE 
SEM/SE  

(machined defect, crack initiation) 

SEM/BSD  

(cast surface) 

   

√𝑎𝑟𝑒𝑎 = 1981 𝜇𝑚, crack initiation from machined defect (machined surface) 

A5 39.5 231 291 

OM SEM/SE SEM/BSE (cast surface) 

   

√𝑎𝑟𝑒𝑎 = 324 𝜇𝑚, crack initiation from surface defect (cast surface) 

A10 39.5 400 158 

OM SEM/SE (machined defect) SEM/BSD 

  
 

√𝑎𝑟𝑒𝑎 = 187 𝜇𝑚, crack initiation from the casting skin. 

Figure A.43. OM and SEM images from the fracture surfaces of the  lever components with artificial machined defects (Part 

3).  
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Specimen designation Testing load Max. [kN] No. of cycles [Nf] 

A6 39.5 374 397 

SEM/SE SEM/SE SEM/BSD 

   

√𝑎𝑟𝑒𝑎 = 450 𝜇𝑚, crack initiation from degraded microstructure near the machined surface. 

A9 39.5 790 096 

SEM/SE SEM/BSE  SEM/BSE 

   

√𝑎𝑟𝑒𝑎 = 150 𝜇𝑚, crack initiation from the chamfer / cast surface. 

A7 34.5 735 408 

OM SEM/BSD SEM/SE 

 

  

√𝑎𝑟𝑒𝑎 = 1604 𝜇𝑚, crack initiation: machined defect (machined surface) 

Figure A.44. OM and SEM images from the fracture surfaces of the lever components with artificial machined defects (Part 

4).  
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A8 34.5 722 879 

OM SEM/SE SEM/SE 

 

 
 

 

√𝑎𝑟𝑒𝑎 = 1429 𝜇𝑚, multiple crack initiation: cast surface and machined defects. 

Figure A.45. OM and SEM images from the fracture surfaces of the lever components with artificial machined defects (Part 

5). 
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A1 0.7x A1 0.7x machined defect A1 2x machined defect 

   

A2 0.7x A2 0.7x machined defect A2 1x machined defect 

   

A3 0.7x A3 1.5x  

  

 

A4 0.7x A4 1.5x A5 0.7x 

   

Figure A.46. OM images from the fracture surfaces of the brake lever components with artificial machined defects (Part 1). 

A5 0.7x machined defect A5 2x machined defect A6 0.7x 
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A6 0.7x machined defect A6 2x machined defect A7 0.7x 

   

A7 0.7x machined defect A7 2x  A8 0.7x 

   

A8 1.5x A9 0.7x machined defect  

  

 

Figure A.47. OM images from the fracture surfaces of the lever components with artificial machined defects (Part 2).  
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A10 0.7x A10 0.7x machined defect A10 2x machined defect 

   

A11 0.7x A11 1.5x A12 0.7x 

   

A12 1.5x A13 0.7x A13 3x 

   

Figure A.48. OM images from the fracture surfaces of the lever components with artificial machined defects (Part 3). 
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Table A.16. Calculation of the stress concentration factor of ellipsoidal surface defects under tension. 

A 

[μm] 

B 

[μm] 

C 

[μm] 

B A⁄  ratio 

[−] 

C A⁄  ratio 

[−] 

𝜑 
[deg] 

√𝑎𝑟𝑒𝑎𝜑 

[μm] 

Kt 

[−] 

700 140 175 0.2 0.25 0 310 5.19 

700 210 175 0.3 0.25 0 310 3.70 

700 280 175 0.4 0.25 0 310 2.96 

700 350 175 0.5 0.25 0 310 2.53 

700 420 175 0.6 0.25 0 310 2.24 

700 490 175 0.7 0.25 0 310 2.03 

700 560 175 0.8 0.25 0 310 1.88 

700 630 175 0.9 0.25 0 310 1.76 

700 700 175 1 0.25 0 310 1.67 

700 350 140 0.5 0.2 0 0.28 2.25 

700 350 210 0.5 0.3 0 0.34 2.70 

700 350 280 0.5 0.4 0 0.39 3.08 

700 350 350 0.5 0.5 0 0.44 3.39 

700 350 420 0.5 0.6 0 0.48 3.64 

700 350 490 0.5 0.7 0 0.52 3.84 

700 350 560 0.5 0.8 0 0.55 4.02 

700 350 630 0.5 0.9 0 0.59 4.16 

700 350 700 0.5 1 0 0.62 4.26 

700 350 770 0.5 1.1 0 0.65 4.37 

700 350 840 0.5 1.2 0 0.68 4.45 

700 350 175 0.5 0.25 0 310 2.53 

700 350 175 0.5 0.25 11.25 302 2.49 

700 350 175 0.5 0.25 22.5 283 2.38 

700 350 175 0.5 0.25 33.75 263 2.22 

700 350 175 0.5 0.25 45 247 2.02 

700 350 175 0.5 0.25 56.25 234 1.81 

700 350 175 0.5 0.25 67.5 226 1.63 

700 350 175 0.5 0.25 78.75 221 1.5 

700 350 175 0.5 0.25 90 219 1.45 
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Table A.17. Measurement data from the surface defect visual inspections on lever components (Part 1). 

No. A B C B/A C/A √𝒂𝒓𝒆𝒂𝒎𝒂𝒙 No. A B C B/A C/A √𝒂𝒓𝒆𝒂𝒎𝒂𝒙 

1 5.5 5.4 1.8 0.98 0.33 2788 44 1.8 1.8 2 1.00 1.11 1681 

2 8.2 3 1 0.37 0.12 2538 45 3.7 3.7 3 1.00 0.81 2953 

3 4.2 4 1.3 0.95 0.31 2071 46 2.4 2.4 2 1.00 0.83 1942 

4 3.6 3 1 0.83 0.28 1681 47 5.5 4 2 0.73 0.36 2939 

5 3 3 1 1.00 0.33 1535 48 3 2 2 0.67 0.67 2171 

6 2.5 2.4 1 0.96 0.40 1401 49 3.3 3.1 0.5 0.94 0.15 1138 

7 3.3 3 1 0.91 0.30 1610 50 3.1 1.3 0.5 0.42 0.16 1103 

8 5 2.5 2 0.50 0.40 2802 51 4.1 2.8 1 0.68 0.24 1794 

9 3.7 2.5 1 0.68 0.27 1705 52 2.2 2.2 3 1.00 1.36 2277 

10 3 3 1 1.00 0.33 1535 53 2.2 2.2 2 1.00 0.91 1859 

11 3.3 3.3 1 1.00 0.30 1610 54 3.6 3.5 0.5 0.97 0.14 1189 

12 3.5 3.5 0.5 1.00 0.14 1172 55 2.5 2.5 0.5 1.00 0.20 991 

13 4 4 1 1.00 0.25 1772 56 2.5 2.5 2 1.00 0.80 1982 

14 4 4 2 1.00 0.50 2507 57 12 6 2 0.50 0.17 4342 

15 4 3.3 2 0.83 0.50 2507 58 1.5 1.5 1 1.00 0.67 1085 

16 2 1.5 2 0.75 1.00 1772 59 3.1 3.1 1 1.00 0.32 1560 

17 3.5 1.6 1.5 0.46 0.43 2031 60 6.9 5.9 1 0.86 0.14 2328 

18 1.8 1.5 0.5 0.83 0.28 841 61 5.3 4.4 2 0.83 0.38 2885 

19 3 2.4 1.5 0.80 0.50 1880 62 5.1 2.9 2 0.57 0.39 2830 

20 1.7 1.7 0.5 1.00 0.29 817 63 4.5 1.5 2 0.33 0.44 2659 

21 1.6 1.5 1 0.94 0.63 1121 64 3.6 2.3 3 0.64 0.83 2912 

22 2 2 0.8 1.00 0.40 1121 65 4.2 2.4 2 0.57 0.48 2569 

23 2.8 2 0.5 0.71 0.18 1049 66 2.3 1.5 1 0.65 0.43 1344 

24 2.7 1.6 0.5 0.59 0.19 1030 67 4.2 3.7 1.5 0.88 0.36 2224 

25 0.7 0.7 0.5 1.00 0.71 524 68 5 3.1 2 0.62 0.40 2802 

26 1 1 0.5 1.00 0.50 627 69 3.1 2.6 1.5 0.84 0.48 1911 

27 3.8 3.7 1 0.97 0.26 1728 70 4.6 3.5 1.5 0.76 0.33 2328 

28 4.3 2 2 0.47 0.47 2599 71 1.9 1.9 1.5 1.00 0.79 1496 

29 1.6 1.6 1 1.00 0.63 1121 72 3.5 3 0.5 0.86 0.14 1172 

30 4 2.8 1 0.70 0.25 1772 73 5.88 4.7 1.5 0.80 0.26 2632 

31 2.4 2.3 3 0.96 1.25 2378 74 4.6 3.2 1 0.70 0.22 1901 

32 2.6 1.3 1.5 0.50 0.58 1750 75 5.9 3.38 1 0.57 0.17 2153 

33 3 3 2 1.00 0.67 2171 76 2.3 1.4 1 0.61 0.43 1344 

34 2.6 2.5 1.5 0.96 0.58 1750 77 6.9 3.3 2.5 0.48 0.36 3681 

35 5 4 3 0.80 0.60 3432 78 5 3 2.5 0.60 0.50 3133 

36 2.8 2.6 1.5 0.93 0.54 1816 79 4.6 4.6 1.5 1.00 0.33 2328 

37 1.5 1.5 2 1.00 1.33 1535 80 1.5 1.5 1 1.00 0.67 1085 

38 3.6 2.3 1.5 0.64 0.42 2059 81 2.8 2 1 0.71 0.36 1483 

39 2.6 1.5 2 0.58 0.77 2021 82 1.5 1.5 1.5 1.00 1.00 1329 

40 2.3 2.3 1.5 1.00 0.65 1646 83 2.5 2 1.5 0.80 0.60 1716 

41 2.7 2 1.5 0.74 0.56 1783 84 3 1 1 0.33 0.33 1535 

42 3.5 3.4 3 0.97 0.86 2872 85 1.4 1.4 1.5 1.00 1.07 1284 

43 5 4.5 2 0.90 0.40 2802 86 2.7 2.6 2 0.96 0.74 2059 
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Table A.18. Measurement data from the surface defect visual inspections on lever components (Part 2). 

No. A B C B/A C/A √𝒂𝒓𝒆𝒂𝒎𝒂𝒙 No. A B C B/A C/A √𝒂𝒓𝒆𝒂𝒎𝒂𝒙 

87 3.5 2.8 1.5 0.80 0.43 2031 97 1.8 1.3 1.3 0.72 0.72 1356 

88 3.3 1.7 2 0.52 0.61 2277 98 2.1 1.5 1.5 0.71 0.71 1573 

89 2.6 2.6 3 1.00 1.15 2475 99 2.8 2.7 1.5 0.96 0.54 1816 

90 2 2 2 1.00 1.00 1772 100 2.3 2 2 0.87 0.87 1901 

91 2.3 2 1.5 0.87 0.65 1646 101 2 2 2 1.00 1.00 1772 

92 4 2 2 0.50 0.50 2507 102 3 1.8 1.5 0.60 0.50 1880 

93 1 1 1 1.00 1.00 886 103 1 1 1 1.00 1.00 886 

94 1 1 1 1.00 1.00 886 104 3.1 2.5 2.5 0.81 0.81 2467 

95 2.75 1.9 2 0.69 0.73 2078 105 3.4 2.6 2 0.76 0.59 2311 

96 1.5 1.4 1.5 0.93 1.00 1329 106 2.3 1.9 1.5 0.83 0.65 1646 
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