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Demanding strength, manufacturability and critical weight limitations are generally the 

main criteria in the design and fabrication of structural components. The emergence and 

development of ultra-high and high-strength materials, especially steels benefiting from 

an excellent high strength to weight ratio, along with their acceptable manufacturability, 

led to the special role that these materials play in the industry. Although they are so 

promising for components that experience static loading conditions, their dominant field 

of application (i.e. mobile machineries and equipment) imposes fluctuating service 

loads on them, making these structural members susceptible to fatigue failure. In 

addition, due to the inevitable presence of stress raisers and notches in real components, 

the high-strength steels, with their high-notch sensitivity, could suffer more compared 

with other commercial low- and medium-strength steels. 

In this study a high-strength steel S960 MC (direct-quenched) is selected for a 

comprehensive fatigue analysis under constant amplitude loading. The study covers the 

aspects of microstructural analysis, experimental tests and numerical simulations. The 

microstructural investigations are performed in order to first characterize the material in 

question and then analyse the fatigue fracture surfaces. The result of measurements is 

also used in numerical simulations. 

Experiments, such as tensile and low-cycle fatigue tests, are conducted on plain 

specimens. Using the experimental strain-life curve as the reference, different methods 

available for the estimation of this important curve are evaluated and a new model, 

based on artificial neural networks, is proposed. The application of this technique is 

extended to the estimation of stress concentration factors in butt- and T-welded joints, 

resulting in models with higher accuracy compared with available parametric equations. 

The model is also able to explicitly take in to account the effect of axial misalignment 

(in butt-welded joints) and undercut (in T-welded joints). 

Notched specimens made of the same material as that in question are also investigated 

in the present study. Common analytical approaches, such as Neuber’s rule and the 

strain energy density method, are used in order to compare their estimations with the 

experiments and elastoplastic finite element simulations. An approach based on the 

theory of critical distances (TCD) is also utilized, yielding the best fatigue life 



estimations when compared to other approaches. In order to investigate the 

microstructural effects on this method and mainly on its parameter (the material 

characteristic length), the crystal plasticity formulation is used to model the 

microstructural heterogeneities at the critical zone of the notch root. It was interesting to 

observe that the crystal plasticity finite element (CPFE) model is also able to be used 

coupled with the TCD concept in order to estimate the material’s characteristic length 

and to perform the notch fatigue analysis. This is a valuable finding, showing the 

possibility of simultaneously utilizing the elastoplastic TCD with CPFE models, which 

are so demanding and extensively used in multiscale modelling of fatigue and failure of 

metals. 

 

Keywords: low-cycle fatigue, high-strength steel, notches, weld, crystal plasticity, finite 

element, artificial neural network
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Nomenclature 

Latin alphabet 
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𝐶1 , 𝐶2 material constants 

𝐶11, 𝐶12, 𝐶44 elastic constants 

d kinematic parameter 

𝐷 damage variable 

𝐷𝑐 critical damage 

𝐷𝑁 damage corresponding to N cycles 

𝐷0 initial damage 

E Young’s modulus 

h reinforcement height 

ℎ𝑝 weld leg size 

ℎ1 − ℎ8 interaction matrix coefficients 
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𝑘𝑓 fatigue notch factor 

𝑘𝑡 stress concentration factor 

𝐾′ cyclic strength coefficient 
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𝑆𝑒 endurance limit 

t plate thickness 

𝑡𝑝 attachment thickness 

v strain rate exponent 

w weld (attachment) width 

  

Greek alphabet 

𝛽 elastoplastic tensor 

𝛿 scale transition variable 

∆휀 strain range 

휀 strain 
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휀𝑓 true fracture strain 

휀′𝑓 fatigue ductility coefficient 

휀0 threshold strain 

휀 equivalent strain 

𝜎 stress 

𝜎𝑓 true fracture strength 

𝜎𝑢 ultimate tensile strength 

𝜎𝑦 yield strength 

𝜎′𝑓 fatigue strength coefficient 

𝜎′𝑦 cyclic yield strength 

𝜏 shear stress 

𝜏0 initial resolved shear stress 

𝜃 flank angle 

  

Superscripts 

g a term for a grain or phase 

pl plastic 

  

Subscripts 
a amplitude 

e elastic 

p plastic 

  

Abbreviation 
AISI American Iron and Steel Institute 

ANN Artificial neural network 

ASTM American Society for Testing and Materials 

CDM Continuum damage mechanics 

CPFE Crystal plasticity finite element 

CSSC Cyclic stress-strain curve 

DIN Deutsches Institut für Normung (German Institute for Standardization) 

FE Finite element 

HB Brinell hardness 

HV Vickers hardness 

LCF Low-cycle fatigue 

LM Line method 

PM Point method 

RA Reduction in area 

SAE Society of Automotive Engineers  

SED Strain energy density 

SEM Scanning electron microscope 

SCF Stress concentration factor 

TCD Theory of critical distances 
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1 Introduction 

The development of direct quenching can be traced back to the late 1970s in Japan for 

plate production, and following this, the same process was applied in Europe to hot strip 

mill production (Kömi et al., 2016). By optimization of the chemical components and 

processing parameters, new types of steels with a variety of strength–ductility 

combinations were developed by this production process for a broad range of 

applications. Among those, the direct-quenched high-strength steels that benefited from 

the features of high strength and low weight, and from their forming ability, took the 

lead, especially in weight-critical constructions such as the structural members of 

mobile equipment (Ban & Shi, 2018). In this way (by direct quenching) not only a 

significant cut can be made in time and cost (as an alternative to the conventional 

quenched and tempered or thermomechanical rolling), but also its facilities can be used 

to produce microstructural constituents, not just martensite, which opens up possibilities 

for producing multiple constituent steels(Yoshie et al., 1992). 

Almost all the structures made of direct-quenched high-strength structural steels are 

expected to undergo cyclic loads, making them susceptible to fatigue failure. Thus, the 

utilization of the increased strength of these steels presents challenges with respect to 

fatigue design (Kömi et al., 2016). In durability analysis and the design of components, 

knowledge of the relationship between stress and strain, and the fatigue life of the 

material used or to be used is a fundamental requirement. Experimental tests are 

invariably required to obtain the stress and strain relationship, which is unique for each 

material. The objective of such laboratory tests is to obtain information on the fatigue 

behaviour of small test specimens that can be used to simulate the behaviour of actual 

structures if tests on full-scale components are not practical. An approach that relates 

the failure life of a specimen to the constant amplitude strain range to which it is 

subjected is the strain-life (ε-N) approach. In this method, standard strain-controlled 

fatigue testing is performed on specimens of a specific material in order to evaluate the 

behaviour of the material when subject to fluctuating strain conditions. These tests 

attempt to simulate the magnitude and intensity of the strain fluctuations anticipated 

during service and the results are used to predict the fatigue strength of the material 

under the test conditions. 

With respect to the fatigue properties of high-strength steels, they are superior to those 

of conventional structural steels with a moderate yield strength. However, geometrical 

discontinuities, such as notches, could significantly decrease their fatigue strength. In 

the literature, the term notch is used to refer to unavoidable geometric discontinuities in 

the design that act as stress raisers, such as holes, grooves, keyways and also local weld 

reinforcement and imperfections. This high notch sensitivity demands for a higher 

degree of precaution in the design and fatigue analysis of notched and welded 

components made of high-strength steels. 

Similitude is assumed when the strain-based approach is used to perform fatigue strain 

analysis in localized regions in load-carrying components. The similitude concept states 
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that the cyclic response and fatigue damage accumulation of the material at the notch 

root is comparable to (that is, it has similitude with) the behaviour of an un-notched, 

axially loaded specimen in the same stress–strain states. 

At highly stressed regions near a notch, plastic deformation is controlled by the 

surrounding elastic/pseudo-elastic matrix (Levkovitch et al., 2006); thus, a totally strain-

controlled test can be considered a fair representation of the conditions experienced by 

the material in regions where significant localized plastic deformation is present. In 

addition, strain-controlled tests have gained increasing use in the determination of cyclic 

stress–strain curves for engineering alloys. This curve acts as a necessary part of the 

information required for many notch fatigue analysis methods. Although possible to 

obtain this stabilized response of the component by conducting the stress-controlled 

tests, because of the structural constraint of the material at fatigue-critical sites in real 

components, it seems appropriate to characterize the fatigue response of engineering 

materials on the basis of data obtained under strain-controlled cyclic loading (as a fully-

constrained loading condition) rather than under stress-controlled cyclic loading (as a 

fully unconstrained loading condition). Therefore, each material should be tested and 

undergo the aforementioned experiments in order to be validated for applications 

exposed to cyclic loading. 

In addition to the plain simple specimens mainly used in laboratory tests, the response 

of the component in the presence of notches and geometrical discontinuities should also 

be thoroughly investigated. Fatigue analysis approaches for notched components 

depend strongly on the stress–strain values for life assessment, in addition to the cyclic 

stress–strain curve (CSSC), and a number of approximate methods for estimating notch 

stresses and strains have been developed and proposed in the relevant literature. 

Moreover, advancement in computational capabilities has made the numerical methods 

a powerful technique for the fatigue analysis of components experiencing uniaxial and 

multiaxial conditions. Although successful in different aspects of components’ life 

estimation from a fatigue point of view, the vastness of the proposals and methods in 

open literature can be devastatingly confusing for practitioners and design engineers 

interested in the most clear and straightforward approaches that have satisfactory 

accuracy. There is no need to mention the high complexity of some of the methods that 

makes them only applicable by experts, such as fatigue specialists, and not by 

accustomed practitioners and designers. 

Furthermore, most of the empirical and numerical methods neither explicitly consider 

the heterogeneity of the material in microscale nor its effect on the macro-behaviour of 

the material. Materials have complex microstructures that determine their behaviour at 

the continuum level. One needs to understand the effect of those complexities in order 

to effectively predict the material’s behaviour by following the dominant mechanisms at 

different length scales. These microstructural effects could also be of significant 

importance when the fatigue analysis is performed on notched specimens and 

components. 



1.1 The thesis’s objectives and contribution to research 15 

In the current study, investigation of the most common empirical, analytical and 

numerical methods for the fatigue analysis of plain and notched specimens under 

uniaxial constant amplitude loading are performed exclusively on the material under 

investigation. Different aspects from experimental tests and characterisations, 

approximations for strain-life curve estimation and notch fatigue analysis (including the 

available methods and new models proposed in the current study) are covered. The 

important concepts of the stress concentration factor (SCF) and misalignment vital for 

the fatigue analysis of welded components of mainly high-strength steels are scrutinized 

and new models are proposed. 

1.1 The thesis’s objectives and contribution to research 

The importance of knowing the material response and its characteristics specifically 

under cyclic loading and subsequent fatigue failure (as one of the main failure 

mechanisms that occurs mainly in industrial applications of high-strength steels) acted 

as the principal incentive to study this particular direct-quenched type of high-strength 

steel and its response under low-cycle fatigue (LCF). The main goals and contributions 

can be divided into two categories, as follows: 

I. New results through experimental tests and measurements 

The detailed characterisation of the material under investigation was conducted by 

performing mechanical tests under monotonic and cyclic loads. Detailed microstructural 

measurements – such as optical microscopy, X-ray diffraction, scanning electron 

microscopy and electron backscatter diffraction analyses – were made in order to fully 

characterise the material in question besides providing the required data for the 

calibration of material parameters in constitutive equations, such as those of hardening 

rules and crystal plasticity. The notch fatigue analysis was also performed in an 

extensive way on this material, for the first time covering the most well-known 

analytical approaches besides the conventional elastoplastic finite element (FE) method 

and method of the theory of critical distances (TCD). 

The material data obtained as the result of this research was added to MATDAT 

(Materials Properties Database) and indexed by the Data Citation Index (a part of Web 

of Science). There are also studies by the author (or studies to which the author 

contributed) of the effect of machining parameters on the surface residual stress of 

fatigue specimens, the plane stress fracture toughness measurements and on the 

dissimilar welds of S960 MC and duplex stainless steel, which are not included in the 

contents of the current thesis. 

II. Novelties created through utilizing the mathematical and numerical techniques 

In this aspect, the work contributed to the literature firstly by the evaluation of models 

based on artificial neural networks (ANNs) used in the estimation of strain-life fatigue 

curve. The limited proposals for the application of this technique for strain-life curve 
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estimation were reviewed and a new model was implemented. In addition, the 

configurations, such as butt- and T-welded joints, were simulated and used in the 

implementation of new ANN-based models for the estimation of SCFs. The proposed 

models showed the highest level of accuracy compared with the available parametric 

equations. Moreover, they have the ability to explicitly take the effects of undercut (in 

T-welded joints) and axial misalignment (in butt-welded joints) into account, which is 

not possible with the other equations. 

The next contribution in this category would be the utilization of a coupled numerical 

model that is to be integrated with the elastoplastic reformulation of the TCD in a low-

cycle regime. That is, the calibration process of the TCD, conducted in order to find the 

material characteristic length, was performed with a crystal plasticity finite element 

(CPFE) model instead of a conventional FE model. 

1.2 Thesis outline 

The contents of the thesis are categorized into six chapters, including this introduction 

chapter and the finalizing conclusion chapter. Each chapter that provides experimental 

or analytical results is concluded by a discussion section that fully explains the 

outcomes of the whole chapter, along with their related application to other sections. 

Therefore, there is no stand-alone discussion chapter and the thesis comes to an end 

with the finalizing summary and conclusion (Chapter 6). The manuscript is kept concise 

and at the introductory level, and no in-depth explanations are given. Appropriate 

referrals to the relevant publications (P-I to P-V) are made within the text in order that 

they may be consulted for detailed information regarding each section. 

Chapter 2 describes the specifications of the material under investigation, along with the 

experimental tests, in order to characterize its mechanical behaviour and provide the 

essential data for tuning the material response in the models used in the subsequent 

sections. A study of the fracture surface of the specimens (plain and notched) in order to 

provide the information regarding their failure modes is also included in this chapter. 

Analysis of the plain specimens by numerical simulation of their stabilized cyclic 

response and the approximations and mathematical models used to estimate the strain-

life fatigue curve of S960 MC are explained in Chapter 3. An extension of the applied 

mathematical technique (based on ANNs) used for the estimation of the SCFs of butt- 

and T-welded joints is described in Chapter 4. Finally, the study of notched specimens 

by analytical approximations, the elastoplastic FE method and the TCD are described in 

Chapter 5. This chapter also explains a modified numerical model which combines the 

elastoplastic reformulation of TCD with the concept of crystal plasticity. Chapter 6 

gives the summary and concludes this manuscript. The findings of the current study are 

beneficial for design engineers working with this type of steel, in addition to researchers 

interested in the further development of the methods and proposals made here. 

Therefore, the suitable topics for the extension of this work that demand further 

investigation are also discussed and pointed out in the summary and conclusions 



1.2 Thesis outline 17 

chapter. The overall outline of the thesis, showing its relation to each publication, is 

shown in Figure 1.1. 

 
Figure 1.1: The thesis outline 
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2 Experiments 

2.1 Material 

A direct-quenched high-strength steel (S960 MC) is used in this study. This type of 

steel, unlike conventional quench-tempered steels, does not undergo a reheating stage 

after its final hot rolling process. Thus, contrary to quench-tempered steels, S960 MC 

does not necessarily experience austenite recrystallization since it is water quenched 

immediately after its final stage of hot rolling. The hot rolling process is carried out at a 

temperature at which austenite can be either recrystallized or non-recrystallized, 

depending on the composition of the steel and if the final rolling pass is scheduled to 

occur prior to quenching (Kömi et al., 2016). According to Chen et al. (2014), a fine 

texture dual-phase microstructure or complex martensite-bainite microstructure is 

expected for these types of steels, which is also confirmed by microstructural analysis in 

this study. The chemical composition of the material under investigation, based on the 

manufacturer’s specifications, is presented in Table 2.1. 

Table 2.1: The chemical composition limits (wt %) 

C Si Mn P S Al Nb V Ti Cu Cr Ni Mo N B 

0.097 0.2 1.09 0.008 0.001 0.034 0.001 0.009 0.02 0.033 1.13 0.38 0.191 0.005 0.0015 

Microstructure analysis was carried out by means of optical microscopy, X-ray 

diffraction and scanning electron microscope (SEM). According to these measurements, 

the microstructure of S960 MC is a mixture of lath martensite (as a metastable solid 

solution phase) and bainite (as a mixture of carbide particles and ferrite), accompanied 

by scattered self-tempered martensite.  

The prior-austenite grain size of the base material was measured on a sample after 5 

minutes of etching in picric acid (1.5 g of picric acid + 100 ml of ethyl alcohol + 1 ml 

sodium alkyl sulfonate [“Agepol”] + 4–6 drops of HCl) at room temperature. The 

average size of prior-austenite grain was calculated (based on sum of the line lengths 

divided by sum of the grain boundary intersections) as about 60.9 µm, 11 µm and 50.6 

µm in a rolling direction, transverse direction and normal direction respectively, 

yielding the value of 32.4 µm as total average size. The information provided by these 

measurements was utilized in the numerical modelling of a S960 MC notched specimen, 

which is discussed in Chapter 5. 

2.2 Uniaxial tensile tests 

Two identical tensile tests were performed on standard round specimens, according to 

ASTM (American Society for Testing and Materials) Standard E8M (2011), at the strain 

rate of 10−1 1/s and with a gauge length of 30 mm. The monotonic tensile properties of 

the material are given in Table 2.2. 
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Table 2.2: The monotonic properties of S960 MC 

𝜎y0.2% (MPa) 𝜎u (MPa) 𝐸 (GPa) 𝐾 (MPa) 𝑛 𝜎f * (MPa) εf ** 𝑅𝐴 (%) 

1040 1240 197 1440 0.0325 1945 1.11 67 

* Corrected by the Bridgman correction factor 

** Determined from the minimum cross-section diameter 

2.3 Low-cycle fatigue tests 

A systematic study was performed first on 25 samples, laser-cut form the main plate, in 

order to find the optimum machining parameters (feeding rate, cutting depth and speed) 

producing the least surface residual stresses after machining. Cutting fluid was used 

during the whole machining process. Therefore, these optimum parameters were used in 

order to make the final fifteen round specimens as follows: 

 The first layers of the specimens were coarse machined (feeding rate = 0.2 

mm/rev, cutting depth = 0.2 mm, cutting speed = 50 m/min) 

 The final dimensions and surface were produced with fine machining (feeding 

rate = 0.1mm/rev, cutting depth = 0.1 mm, cutting speed = 70 m/min) 

 Specimens were electro-polished at the end to acquire the desired configuration. 

Specimens were made in such a way as to produce the final samples longitudinally, in 

the rolling direction of manufacturing process, so that the applied remote loading during 

tests runs parallel to this direction. The procedure for the specimens’ preparation, 

including surface roughness and residual stress measurements, is reported in P-I. A 

servo-hydraulic material testing machine was used to conduct the experiments at room 

temperature. The load train was aligned by using a straight bar with four strain gages 

circumferentially attached to its surface. 

Tests were conducted under the fully reversed strain-controlled mode in the form of a 

strain-versus-time triangular waveform, in accordance with the ASTM Standard E606 

(2013). Five different strain amplitudes, ranging from 0.5 to 1.2%, were used and three 

specimens were tested at each amplitude. The failure criterion was defined as 50% load 

drop, as recommended by ASTM Standard E606. The applied loading frequencies 

started from 0.15 Hz and increased as the strain amplitude decreased in such a way that 

the strain rate was kept constant at all amplitudes. 

In addition to plain specimens, eight round specimens were prepared and 

circumferential semi-circular notches with a radius of 0.5 mm and 1.5 mm were 

introduced to the specimens. Two load cases were used in the experiments. The 

maximum load was selected to keep the net stress less than the value of general yielding 

(less than 0.8 σ'y , cyclic yield strength). Tests were conducted in the fully reversed 

(zero mean stress) load-controlled mode until the total rupture of the specimens. The 

experimental values of applied loads and total cycles to failure are shown in Table 2.3. 
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Table 2.3: Load cases, nominal applied values and total cycles to failure 

Load case 
Specimen’s 

ID 
Notch radius (mm) Target force amplitude (kN) Cycles to failure 

1 

N1 
1.5 11 

19,042 

N8 29,718 

N3 
0.5 21 

8,715 

N4 9,440 

2 

N5 
1.5 10 

41,402 

N6 47,923 

N9 
0.5 20 

26,698 

N11 29,750 

2.4 Fracture surface study 

The fracture surfaces of the tested specimens were analyzed to define their fracture 

mechanism. Two unnotched specimens (SP02 and SP35 with a strain amplitude of 0.5% 

and 1.2% respectively) and two notched specimens (N1 and N3) were investigated. Dry 

air blasting was used for fracture surface cleaning prior to fractography, as 

recommended by Zipp & Dahlberg (1987), as this is the least aggressive cleaning 

technique for removing lint and lightly adhered materials. The fracture surface of plain 

specimens showed the typical fatigue fracture posture, with its appearance getting 

rougher from the crack initiation site, the crack growth region, to the overload area and 

final fast fracture zone. SEM images of fatigue fracture surfaces, along with their full 

description, can be found in P-V. 

SEM macrographs of the two notched specimens are presented in Figure 2.1. Fatigue 

crack and fast fracture overload regions are separated with black dashed lines. No 

significant difference can be seen between the ratio of rough and smooth fracture 

surface zones of N1 and N3. Regardless of the degree of stress concentration, the 

fracture surfaces of the notched samples consisted of fatigue crack growth area and 

dimples (micro-void coalesce) in the fast fracture zone. The existence of elongated 

dimples is a sign of shear as an active failure mechanism in the final overload area. 

SEM images showing the secondary particles as nucleation sites at the root bottom of 

the dimples can be found in P-V. 

 
Figure 2.1: SEM macrographs of (a) N1 (high load, a low SCF), (b) N3 (high load, a high SCF) 
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3 The low-cycle fatigue analysis of plain specimens 

The results of the fatigue tests based on strain amplitudes and total lives are given in 

Appendix I. The cycles at half of the lives were considered as exhibiting stabilized 

behaviour. The stresses and strains were defined at this stage to obtain the cyclic 

parameters of the material (n' and K', which are the cyclic strain hardening exponent 

and cyclic strength coefficient respectively). The test data at different strain amplitudes 

and the total fitted curve are shown in Figure 3.1. 

 

 
Figure 3.1: The strain-life curve of S960 MC 

 

The fatigue properties and transition life (Nt) of S960 MC are listed in Table 3.1. 

 
Table 3.1: Cyclic and fatigue parameters of S960 MC 

Parameters 
σ´y 0.2% 

(MPa) 

K'  
(MPa) 

n' 
σ´f  

(MPa) 
b ε´f c Nt (cycles) 

Values 833 1400 0.0835 1636 -0.07 0.5 -0.64 630 

3.1 The numerical simulation of stabilized cyclic response 

The cyclic stabilized response of S960 MC was simulated by means of the FE method. 

Strain rate–independent material properties were applied, along with the von Mises 

yield criterion. 

3.1.1 Calibration 

A model equipped with a combined non-linear kinematic-isotropic hardening rule 

(Lemaitre & Chaboche, 1990) was used. The results of fatigue tests at a given strain 

amplitude were selected and tabular data of different cycles running up to stabilization 
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were used as pair values of equivalent stress (σi
0) and equivalent plastic strain (ε̅ pl) in 

order to define the isotropic hardening component of the model: 

σi
 0=σ i

 t-𝜇i,                                                                                                                    (3.1) 

ε̅i
 pl=

1

2
(4i-3)∆ε pl,                                                                                                        (3.2) 

where 𝜇 is the mean stress value of compressive and tensile stresses at each cycle, 

denoted by i. The kinematic hardening parameter was defined using the full hysteresis 

loop at stabilization and a model with one back stress tensor is used, which defines the 

translational centre of the yield surface in the stress space. The detail of the calibration 

process, along with utilized data from experimental hysteresis and stabilized loops at 

different strain ranges, can be found in P-1. 

A comparison of the experimental and simulated stabilized hysteresis loops at 휀𝑎 = 1% 

for SP27 is shown in Figure 3.2. It can be seen that the model is capable of catching the 

overall shape of the hysteresis loop at the top and bottom tip points and it accurately 

shows the same value of plastic deformation. A slight discrepancy, however, can be 

seen in the ascending and descending trends, which may stem from the calibration 

process, because of the error introduced by noise filtering. 

 
Figure 3.2: A comparison of the stabilized hysteresis loop from the experiments and the FE 

model for SP27 at cycle 320 

3.2 Approaches for strain-life fatigue curve estimation 

Knowledge of the fatigue properties of materials is essential for fatigue analysis and 

such information can be obtained by conducting fatigue tests. In this section a few 
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approaches and techniques are reviewed and investigated which provide an easier 

method for estimating the strain-life fatigue curve under the uniaxial loading condition. 

In this way, the costly and time-consuming fatigue tests can be prevented, in addition to 

providing a reliable and easy-to-use method for practitioners and design engineers. The 

available methods for the estimation of strain-life fatigue curves are divided into three 

categories: simple approximations, models based on continuum damage mechanics 

(CDM) and the proposed model based on ANNs (which is explained in detail in Section 

3.2.3). The strain-life curve estimation capability of the selected methods is then 

investigated by their application to S960 MC. 

3.2.1 Simple approximations 

There are a few estimation methods that are able to estimate the strain-life curve just by 

using the monotonic material properties. The best-known approaches are those by 

Manson (1965), Mitchell et al. (1977), Muralidharan & Manson (1988), Bäumel et al. 

(1990), Ong (1993), Roessle & Fatemi (2000), Meggiolaro & Castro (2004) and the 

modified Mitchell method (Park & Song, 2003), proposed exclusively for aluminium 

and titanium alloys. No in-depth review of the aforementioned approaches is presented 

here and only the most promising estimations are chosen for investigation. The 

interested reader is referred to P-II and articles by Park & Song (1995) and Lee & Song 

(2006) for detailed reviews. 

Three approximations are selected to be investigated and are applied to the material in 

question, namely those by Muralidharan & Manson (1988), based on the modified 

method of universal slopes (Equation 3.3); by Roessle & Fatemi (2000), based on 

hardness values (Equation 3.4); and by Meggiolaro & Castro (2004), based on constant 

parameters (Table 3.2). 

The following equation is the approximation by Muralidharan and Manson: 

∆ε

2
 = 0.623(

𝜎u

E
)0.832(2Nf )

-0.09 + 0.0196(εf )
0.155(

𝜎u

E
)-0.53(2Nf )

-0.56,                      (3.3) 

where 𝜎u and εf  denote ultimate tensile strength and true fracture strain respectively, 

and 𝐸 stands for Young’s modulus. 

The following is the approximation by Roessle and Fatemi: 

∆ε

2
=

4.25(HB)+225

E
(2Nf )

-0.09+
0.32(HB)2- 487(HB)+191000

E
(2Nf )

-0.56,                                 (3.4) 

where HB is the Brinell hardness and E is the modulus of elasticity in MPa. 

The following is the approximation by Meggiolaro and Castro: 
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Table 3.2: Proposed values by Meggiolaro and Castro for fatigue properties of steels  

Properties Values 

Fatigue strength coefficient, σ´f (MPa) 1.5×𝜎u 

Fatigue strength exponent, b -0.09 

Fatigue ductility coefficient, ε´f 0.45 

Fatigue ductility exponent, c -0.59 
 

In a statistical evaluation of methods, Meggiolaro and Castro concluded that using 

exclusive median values for the fatigue properties of different groups of materials 

(steels and aluminium alloys) yields the closest predictions to experimental values. 

They questioned the correlation of the fatigue coefficients, especially 휀′𝑓, with any 

monotonic measure of material ductility and proposed constant values for this property 

and both fatigue exponents. Roessle & Fatemi (2000) also showed that the assumption 

of 휀′𝑓 being related to true fracture strain 휀𝑓 is not valid as there is no correlation 

between these two parameters, and usage of relations to correlate these two parameters 

could lead to significant error. These findings led to the proposal of constant values for 

both fatigue exponents and the fatigue ductility coefficient. Only the fatigue strength 

coefficient is related to the materials ultimate tensile strength. The validity of the three 

proposed approximations, which are the most recent and most promising methods for 

simple estimation of the strain-life curve of different groups of materials, is examined 

and shown in Figure 3.3. 

 
Figure 3.3: A comparison of estimated curves by simple approximations with the curve of the 

experiment 

3.2.2 Approximations based on continuum damage mechanics 

The current study uses a method proposed by Bhattacharya & Ellingwood (1999) using 

basic principles of mechanics and thermodynamics, as it requires a minimal number of 
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mechanical properties to tune the model for the estimation of the fatigue life curve in 

the low-cycle regime. P-II provides the reference to other models based on CDM and 

clarification of the selected model. Using a constitutive law, based on the Ramberg–

Osgood relationship applied to the effective stress–strain relation, an isotropic damage 

growth model under uniaxial monotonic loading was developed by Bhattacharya & 

Ellingwood (1999). This model relates the damage initiation to the accumulation of 

threshold strain (휀0) and considers the plastic strain (휀𝑝) as the main factor for damage 

growth: 

𝐷 = 1 −
𝐶2

𝜀𝑝
(1+𝑛)

+𝐶1

,                                                                                                        (3.5) 

where 𝐶1 and 𝐶2 are parameters determined by using the material’s hardening exponent 

(𝑛), coefficient (𝐾), true fracture strength (𝜎f) and threshold strain (휀0). Plastic strain 

equal to this threshold value corresponds to zero damage and plastic strain equal to true 

fracture strain (휀𝑓) corresponds to critical damage (𝐷𝑐). This model hypothesizes that 

damage will increase by reloading the section above the endurance limit, 𝑆𝑒, which can 

be approximated as 𝑆𝑒 = 0.7×(0.5𝜎𝑢) (Bennantine et al., 1990). In the case of strain-

controlled loading, the relationship to express the progress of the damage (𝐷𝑁) with the 

number of cycles (𝑁) defined as: 

𝐷𝑁 = 1 − (1 − 𝐷0) [
1

1+𝑛′∆𝜀𝑝0
(1+𝑛′)

−∆𝜀𝑝1
𝑛′

∆𝜀𝑝0+𝐶

1

1+𝑛′∆𝜀𝑝
(1+𝑛′)

−∆𝜀𝑝1
𝑛′

∆𝜀𝑝+𝐶
]

𝑁

.                                                           (3.6) 

For a virgin material, the initial damage (𝐷0) is zero. The cyclic strain hardening 

exponent is defined by 𝑛′ and ∆휀 defines the strain range. The strain ranges ∆휀0 and ∆휀1 

correspond to the endurance limit and zero stress on the ascending part of the stress-

strain coordinate respectively, and the subscripted 𝑝 indicates the plastic component of 

the strain ranges. The former is defined in the Ramberg–Osgood equation form, using 

only the plastic part. Parameter 𝐶 can be described as: 

𝐶 =
3

4

𝜎𝑓

2(1−𝑛′)𝐾′
−

1

1+𝑛′
∆휀0

(1+𝑛′)
+ ∆휀𝑝1

𝑛′
∆휀0,                                                                  (3.7) 

where 𝐾′ stands for the cyclic strength coefficient. Upadhyaya & Sridhara (2012) stated 

that a critical damage value calculated using monotonic properties is an applicable 

criterion for fatigue cyclic loading. Therefore, using Equation 3.5 along with the 

monotonic data from Table 2.2, the critical damage 𝐷𝑐 corresponding to 휀𝑝 = 휀𝑓 was 

obtained as 0.51, which is in the range of 0.15–0.85, the range reported as typical of 

experimental data by Lemaitre (1992). Definition of the critical damage value and the 

cyclic and monotonic material behaviour enables the model to predict the crack 

initiation life of the material under investigation. Values from Tables 2.2 and 3.1 were 

used with Equations 3.6 and 3.7 and the predicted curve is shown in Figure 3.4. 
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Figure 3.4: A comparison of the estimated curve of the CDM-based model with the curve of the 

experiment 

3.2.3 Approximations based on artificial neural networks 

The last category of methods applied to strain-life curve estimation is a model based on 

ANNs. The mathematical detail supporting this technique can be found in detail in a 

publication by Schalkoff (1997). This technique, working analogously to biological 

neural networks, has demonstrated considerable potential in the modelling and 

simulation of correlations – both linear correlations and the highly non-linear 

relationships that are difficult to describe with physical models. The technique has 

proven its potential in the fatigue life prediction of different types of steels under 

different fatigue life domains, ranging from low- to high-cycle fatigue and even under 

creep-fatigue interaction conditions (Pujol & Pinto, 2011; Pleune & Chopra, 2000; 

Srinivasan, 2003). Due to the lack of studies assessing the ability of ANN approaches to 

provide fatigue data from monotonic properties, the current study scrutinizes this 

approach in terms of its usability compared to other methods. 

In the area of strain-life estimation, Genel (2004), using five monotonic properties (the 

modulus of elasticity, reduction in area (RA), hardness, yield strength and ultimate 

tensile strength) of 73 steels (carbon and alloy steels), developed an ANN-based model 

that was able to estimate the fatigue properties separately with an extremely high level 

of accuracy (the correlation coefficients were greater than 99% for all parameters). 

However, studies have strongly indicated a lack of correlation between monotonic 

properties and most fatigue properties (Meggiolaro & Castro, 2004; Basan et al., 2010; 

Basan et al., 2011), which is also examined and verified in the current study for 60 low-

alloy steels (listed in Appendix II) [data from MATDAT (Basan, 2017)]. The lack of an 

evident correlation between most fatigue properties and monotonic properties is the 

main reason for the use of constant values for the fatigue properties 휀′𝑓, 𝑏 and 𝑐 of steels 
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and aluminum alloys by Meggiolaro & Castro (2004) and most other approximation 

methods. 

Given the uncertainty surrounding the existence of a correlation, the use of the type of 

ANN model proposed by Genel for the estimation of individual fatigue properties from 

monotonic properties seems problematic and the model is thus not used in this study. 

Therefore, a new ANN-based model is developed for the estimation of the strain-life 

curve. This model takes all four fatigue properties into account in the process of strain-

life curve estimation [utilizing the method of Basan et al. (2011)], but unlike Genel 

(2004), they are lumped together, that is, the correlation is established between the 

monotonic properties and reversals to failure rather than by each parameter individually. 

Investigating data from 32 normalized steels, and quenched and tempered low-alloy 

high-strength steels, Basan et al. (2010) only found a clear correlation between hardness 

and the fatigue strength coefficient. The same trend was also observed for unalloyed and 

high-alloy steels and for aluminium and titanium alloys (Basan et al., 2011). This 

finding implies that constant values should be used for the other three fatigue 

parameters (𝑏, 𝑐 and 휀′𝑓) for these materials. In addition, the strong correlation shown 

between hardness, ultimate tensile strength and yield strength in steels (Pavlina & Van 

Tyne, 2008) suggests that the correlation will also be valid between the fatigue strength 

coefficient and these two strengths. Basan et al. (2010) proposed a method that relates 

the hardness to the logarithm of the experimental number of reversals to failure (defined 

as crack initiation life in the strain-life approach) at different strain ranges and obtained 

their correlation. In this study, the validity of this assumption was also checked for the 

current data set. It can be seen from Figure 3.5 that a correlation exists between 

hardness and the reversals to failure estimated by experimentally obtained fatigue 

properties. The gradient of the trend depends on the strain range and the corresponding 

number of reversals compared to the transition fatigue life. 

 
Figure 3.5: A logarithm of the number of reversals to failure versus hardness when (a) ∆휀/2 = 

2% and (b) ∆휀/2 = 0.3% for the 60 low-alloy steels used as a data set for network 

implementation 
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Therefore, the hypothesis of the correlation between monotonic properties and the 

number of reversals to failure was utilized in this study and combined with an ANN-

based model for strain-life curve estimation. The steps required for the implementation 

of the networks – such as data collection, network establishment, configuration and 

initialization – are explained in detail in P-II. The results of life estimations by the 

ANN-based model for five strain ranges are used in the current study. The strain-life 

estimation by the ANN-based model is shown in Figure 3.6. 

 
Figure 3.6: A comparison of the experimental strain-life curve of S960 MC with the estimated 

curve created by the ANN-based model 

3.3 Discussion on the accuracy of the investigated methods 

The method based on the modified universal slopes was selected as the best 

representative of the category of simple approximations, based on the strain amplitude 

variation diagram, for the material under investigation. Lee & Song (2006) also found 

that this method provides the best estimation for low-alloy steels and stated that it 

should be used as the first choice method in the fatigue analysis of this group of steels. 

In the category of CDM-based models, only the method proposed by Bhattacharya & 

Ellingwood (1999) was chosen because of its simplicity. Other CDM-based models 

were not investigated as either their validity for the LCF condition is unconfirmed or 

they require detailed experimental data, making them unsuitable for use by 

practitioners. The predicted curve using the CDM-based model tends toward the elastic 

line of the experimental curve as the number of cycles increases. The same trend was 

also seen in the original study for two other types of steels (Bhattacharya & Ellingwood, 

1998). The theory used for the development of this model as an approach for prediction 

of the early stages of the crack initiation phase (smaller cracks in size compared to those 

in the conventional strain-life approach) could explain the higher conservatism of the 

predicted curve compared to the experimental curve and the other estimated curves. 
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The curve estimated by the ANN-based model also gives acceptable results at a medium 

to high number of cycles to failure, with its maximum accuracy for reversals higher than 

105. Although no mechanical theory supports the application of the ANN method in 

estimation of the strain-life curve, and subsequently fatigue properties, the results show 

the potential of this technique to act as an approximation method. It should be 

mentioned that the current model is implemented mainly on the concept of correlation 

between monotonic properties and fatigue life proposed by Basan et al. (2010). 

Therefore, besides the inherent limitations of the ANN technique for this specific 

application, uncertainties in the concept itself could act as a source of error in the 

estimations. 

Although non-linear curve fitting (in the form of the Coffin–Manson relationship) could 

give the fatigue properties, it should be highlighted that these values are not unique, as 

different networks – even with high levels of correlation in regressions – could yield 

slightly different life estimations. Therefore, in order to mitigate this variation and 

obtain more stable estimations for fatigue coefficients, the constant values for fatigue 

exponents were considered as 𝑏 = -0.08 and 𝑐 = -0.63, which were selected as the mean 

values for all the low-alloy steels used as the data set. These values differ from the 

constants that are considered by the modified universal slopes and hardness-based 

methods for steels. Based on the data set comprising of 60 low-alloy steels, the constant 

values considered in the current study better define the fatigue exponent values of low-

alloy steels, which is also confirmed by the experimentally gained values for S960 MC. 

Curve fitting by non-linear regression through estimated lives by using the ANN-based 

model, along with the consideration of constant values for the fatigue exponents, 

yielded estimations of σ´f = 1822 MPa and ε´f = 0.8 for S960 MC. 

Of all three categories of methods studied here, it can be concluded that the method 

based on modified universal slopes, requiring only simple monotonic properties, gave 

the best estimation of the strain-life curve when compared with the experimental curve 

of the material under investigation. 
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4 Extending the ANN-based models to the estimation of 

the stress concentration factor of welds 

Welding is the most common joining process used in the fabrication of components and 

structures. Although the high strength steels, benefiting from their strength–weight 

ratio, are used in very demanding engineering applications, the welded components of 

these materials could suffer from losing their strength due to the flaws, high residual 

stresses and other imperfections introduced to the component by improper welding 

(microstructurally and geometrically). Because of being exposed to in-service cyclic 

loads, these welded parts are susceptible to fatigue failure and their analysis is an 

inevitable part of the design process. The term stress concentration and the factor 

defining it (the SCF), form one of the main parameters which is estimated and used in 

the fatigue analysis of notched components, such as welded joints. This factor can be 

obtained experimentally, analytically and numerically; among them the numerical 

methods, such as the FE method, can be considered the most accurate. 

As confirmed by the investigations in the previous chapter, the ANN-based models can 

be used successfully in order to define the relations (linear to highly non-linear) 

between related parameters. In this section, it is tried to utilize this technique in the 

estimation of SCF in welds. Knowing the fact that the implementation of a successful 

network strongly depends on its input data, special attention was paid to defining the 

effective profiles (by using an appropriately designed experimental method) and their 

modelling using the FE method. 

4.1 The investigated configurations 

In a successful attempt, the application of ANNs was extended to the calculation of the 

SCFs of different weld types, such as T-welded and butt-welded joints, schematically 

shown in Figures 4.1 and 4.2 respectively. 

 
Figure 4.1: The configuration of a T-welded joint and effective parameters for the SCF 
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Figure 4.2: The configuration of a (a) single-V butt weld and (b) double-V butt weld 

 

First of all, a literature review was performed in order to obtain the common empirical 

equations used for SCF calculation for these welded joints in order to define and select 

the best and most accurate proposal for comparison. This led to the selection of both the 

empirical equations proposed by Brennan and Helier (Brennan et al., 2000; Hellier et 

al., 2014) for T-welded joints and that proposed by Kiyak et al. (2016) for butt-welded 

joints. Only these equations are listed below and different proposed equations are left 

out of this section. The reader, however, is referred to P-III and P-IV for an in-depth 

review of these equations. 

 

The equation used as the reference for comparison is the one proposed by Brennan et al. 

(2000) for SCF calculation for T-welded joints in as-welded condition both under an 

axial load (theta in radian): 

𝑆𝐶𝐹𝑎 = 1.1 + 0.067𝜃 − 0.25(𝑟 𝑡⁄ ) − 0.04(𝑤 𝑡⁄ ) + 0.003𝜃2 − 12(𝑟 𝑡⁄ )2 −
0.014(𝑤 𝑡⁄ )2 + 0.0164𝜃3 − 0.0005(𝑤 𝑡⁄ )3 + 0.00004(𝑤 𝑡⁄ )4 − 0.3𝜃(𝑟 𝑡⁄ ) −
0.023𝜃(𝑤 𝑡⁄ ) + 0.91(𝑟 𝑡⁄ )(𝑤 𝑡⁄ ) − 8.3𝜃2(𝑟 𝑡⁄ ) + 0.225𝜃2(𝑤 𝑡⁄ ) + 100.5𝜃(𝑟 𝑡⁄ )2 −
0.0792𝜃(𝑤 𝑡⁄ )2 − 37.5(𝑟 𝑡⁄ )2(𝑤 𝑡⁄ ) + 0.908(𝑟 𝑡⁄ )(𝑤 𝑡⁄ )2 +
0.27𝜃0.19(𝑟 𝑡⁄ )−0.47(𝑤 𝑡⁄ )0.25,                                                                        (4.1) 

and under a bending load: 

𝑆𝐶𝐹𝑏 = 1.14 + 0.13𝜃 − 0.67(𝑟 𝑡⁄ ) − 0.083(𝑤 𝑡⁄ ) + 0.08𝜃2 + 28(𝑟 𝑡⁄ )2 −
0.02(𝑤 𝑡⁄ )2 + 0.01𝜃3 − 0.0005(𝑤 𝑡⁄ )3 + 0.00002(𝑤 𝑡⁄ )4 − 4.3𝜃(𝑟 𝑡⁄ ) −
0.09𝜃(𝑤 𝑡⁄ ) + 1.03(𝑟 𝑡⁄ )(𝑤 𝑡⁄ ) − 13.7𝜃2(𝑟 𝑡⁄ ) + 0.443𝜃2(𝑤 𝑡⁄ ) + 150𝜃(𝑟 𝑡⁄ )2 −
0.13𝜃(𝑤 𝑡⁄ )2 − 62(𝑟 𝑡⁄ )2(𝑤 𝑡⁄ ) + 1.53(𝑟 𝑡⁄ )(𝑤 𝑡⁄ )2 + 0.005𝜃3(𝑤 𝑡⁄ ) − 30𝜃(𝑟 𝑡⁄ )3 +
3.57𝜃(𝑟 𝑡⁄ )(𝑤 𝑡⁄ ) + 5𝜃(𝑟 𝑡⁄ )2(𝑤 𝑡⁄ ) + 0.35𝜃0.26(𝑟 𝑡⁄ )−0.468(𝑤 𝑡⁄ )0.3.                    (4.2) 

 

The investigation continued by scrutinizing the ability of ANN-based models to be used 

in the SCF calculation of butt-welded joints. This joint type was studied under axial and 

bending loads in both single-V and double-V forms. Based on the literature review, the 



4.2 Design of the experiments 35 

most recent and accurate empirical equation proposed by Kiyak et al. (2016) was chosen 

for a comparison of the results: 

𝐾𝑡 = 1 + 𝑝1. (
ℎ

𝑡
)

𝑝2.𝜃

. 𝜃𝑝3 . 𝑒−𝑝4.𝜃. (
𝑟

𝑡
)

−0.295.𝜃

. (0.021 +
𝑟

𝑡
)−𝑝5.                             (4.3) 

Table 4.1: The coefficients in Equation 4.3 

Type of butt weld 𝑝1 𝑝2 𝑝3 𝑝4 𝑝5 

Single-V (axial tension) 1.3905 0.2081 1.0756 1.7483 0.4413 

Single-V (bending) 1.5326 0.2857 1.1036 1.5436 0.4287 

Double-V (axial tension) 1.9220 0.3224 1.1257 1.5481 0.4002 

Double-V (bending) 1.1399 0.2062 1.0670 1.6775 0.4711 

4.2 Design of the experiments 

Taguchi methods were used in order to perform the design of experiments and to obtain 

the optimal number of configurations and their local weld parameters for both the T-

welded and butt-welded joints that were to be modelled by the FE method. In Taguchi 

methods, experimental results are analysed with the following aims: 

 To establish the optimal or best possible condition for launching a process or a 

product 

 To evaluate the effect of each factor separately 

 To assess the response under optimized conditions. 

This design method attempts to recognize the controllable factors that are involved in 

the minimization of the effect of uncontrollable parameters (noise parameters). In the 

case of T-welded and butt-welded joints in the current study, the design of experiments 

led to a few hundred profiles – their design parameters and levels are reported in P-III 

and P-IV. 

4.3 Finite element modelling 

All the configurations were postulated as fully penetrated joints and exposed to axial 

tension and bending loads (and combined axial-bending in the case of T-welded joints). 

In the case of butt-welded joints with misalignment, only the membrane load was 

considered to specifically investigate the secondary bending effect imposed on the joint 

due this axial eccentricity. Distinct networks were trained, validated and tested for each 

configuration. A mesh convergence study was performed according to the 

recommendation of Fricke (2012) in order to obtain the optimum mesh size and 

number. P-III and P-IV can be consulted in order to obtain detailed information 

regarding the numerical modelling and considered weld profile parameters. 
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4.4 Results and discussion 

A comparison of the results of the most accurate empirical equation for T-welded joints 

(in the absence of undercut) and the ANN-based model is shown in Figure 4.3. The 

comparison is done for both axial and bending loads. 

 
Figure 4.3: A comparison of the calculated SCFs using the empirical equations (4.1 for a and 

4.2 for b), the ANN-based model and FE model for (a) axial and (b) bending loads 

 

It can be seen from Figure 4.3 that the estimations of the ANN-based model have a 

much higher correlation degree with the FE model. In T-welded joints, in addition to the 

local weld parameters, the effect of undercuts (either as a weld defect or a consequence 

of post-weld treatment) was studied and numerical models explicitly considering this 

parameter were simulated. No empirical equation is available capable of taking this 

parameter into account in the calculation of SCFs. 

There are red marks in Figure 4.3a which are the estimations made by the modified 

version of the original equation proposed by the same authors (Hellier et al., 2014) for 

axial loading: 

 

𝑆𝐶𝐹𝑎(𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑) = 0.889 − 0.302𝜃 + 3.44(𝑟 𝑡⁄ ) + 0.529(𝑤 𝑡⁄ ) + 0.012𝜃2 +
104(𝑟 𝑡⁄ )2 − 0.633(𝑤 𝑡⁄ )2 − 0.614𝜃3 + 0.18(𝑤 𝑡⁄ )3 − 0.018(𝑤 𝑡⁄ )4 − 35.5𝜃(𝑟 𝑡⁄ ) −
0.153𝜃(𝑤 𝑡⁄ ) + 4.38(𝑟 𝑡⁄ )(𝑤 𝑡⁄ ) + 30.6𝜃2(𝑟 𝑡⁄ ) − 0.219𝜃2(𝑤 𝑡⁄ ) − 64.3𝜃(𝑟 𝑡⁄ )2 +
0.041𝜃(𝑤 𝑡⁄ )2 − 54.5(𝑟 𝑡⁄ )2(𝑤 𝑡⁄ ) + 0.595(𝑟 𝑡⁄ )(𝑤 𝑡⁄ )2 +
𝜃0.68(𝑟 𝑡⁄ )−0.299(𝑤 𝑡⁄ )0.263.                                                                                                          (4.4) 

 

Although the modified equation yields much higher accuracy in SCF estimation, its 

degree of derivation from FE results is still slightly more than those derived from 

ANNs. In addition to providing a method with higher accuracy, the ANN-based model 
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was coupled with a genetic algorithm in order to provide the best set of local weld 

parameters, resulting in the least SCFs. A detailed description of the implemented 

network, along with its analysis of errors, can be found in P-III. 

 

Similar to the models of T-welded joints, the ANN-based models showed a high level of 

accuracy in the calculation of SCFs of butt welds when compared with the empirical 

equation. In addition, a specific network was implemented in order to be able to 

explicitly consider the axial misalignment effect on the SCFs of butt welds. The 

modelling technique, network structure and implementation, analysis of variance and 

comparison of results with those joints studied using the common empirical equations 

for misalignment analysis are provided in P-IV. 

Figure 4.4 shows the results of SCF calculations by the ANN-based model and Equation 

4.3 when compared with those of the FE model. It can be seen that the trained networks 

were able to estimate the SCF values with a considerably higher degree of precision (the 

coefficients of determination were greater than 99.9% in all load cases and 

configurations). Equation 4.4, however, did not yield equally accurate estimations and 

this discrepancy increased in joints with higher SCF values. A possible explanation for 

this discrepancy compared to FE model results and its absence in the original study 

(Kiyak et al., 2016) could be the utilization of remote nominal stress in the calculation 

of SCFs instead of the linearized through-thickness stress utilized in the current study. 

The evaluation of errors in SCF estimations showed that using the nominal stress 

instead of linearized through-thickness stress yields an error in the same range as 

reported in study of Kiyak et al. (2016) (ranging from ≤3.5% to ≤4.4%, depending on 

the configuration and load type). It should also be highlighted that only profiles in 

which the local weld parameters were within the valid range of the proposed equation 

were selected for comparison with FE results. 

 
Figure 4.4: A comparison of estimated SCF values by (a) the ANN-based model and (b) 

Equation 4.3 with FE model results 
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A comparison with the conventional method of using a stress magnification factor to 

modify the nominal stress and distinct values of SCFs for membrane and bending stress 

components of axially-misaligned joints was also performed to illustrate the accuracy of 

the ANN-based model in the estimation of SCFs for a butt-welded joint with axial 

misalignment. The results also showed improvements in the calculations for this type of 

joint. A full comparison can be found in P-IV. 
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5 The low-cycle fatigue analysis of notches 

Some well-known methods for conventional notch fatigue analysis, mainly based on the 

philosophy of critical distances, are the proposals by Peterson (1959) and Neuber 

(1958). Although entirely empirical and without any physical support, these proposed 

methods still provide fairly acceptable estimations, mainly under uniaxial loading 

conditions, and different modifications are also proposed to improve its estimation 

accuracy, for example modifications of Neuber’s rule (Kujawski & Sree, 2014; 

Zappalorto & Kujawski, 2015). There are, however, numerous investigations in the 

literature, such as those by Buch (1984) and Ciavarella & Meneghetti (2004), 

questioning the viability of these simple single-parameter approaches and their ability to 

deal with notch size effects arising from deformation and damage phenomena. For 

instance, it was pointed out by Ciavarella and Meneghetti that the classical Peterson’s 

relation is unable to analyse a notch with an infinitesimal root radius (a crack-like 

notch) because of the tendency of the fatigue notch factor towards unity. They also 

argued that the usability threshold of Neuber’s rule is limited to notches sized a few 

tenths of a millimetre. Another approximation procedure that can be used in a manner 

similar to Neuber’s rule is the strain energy density (SED) method, as described by 

Molski & Glinka (1981). 

Local strain analysis at the notch root, based on the similitude concept and utilizing the 

numerical methods, is another technique suitable for notch analysis. However, its 

accuracy could be affected by the approach utilized by the user and by the geometrical 

features of the component. That is, this method is only able to predict accurate strain 

values at the notch root if detailed elastoplastic FE analysis using the cyclic material 

response is performed. Conducting the linear FE analysis equipped with 

approximations, such as Neuber’s rule, in order to evaluate the strain could diminish its 

accuracy and lead to the incorrect estimation of critical spots in components, including 

stress raisers with different configurations (Taylor et al., 2000). This could happen 

because the linear models, coupled with empirical approximations, do not allow 

stress/strain distributions at the notch root because of plasticity. In addition, it has been 

shown (Fatemi et al., 2004) that the accuracy of this method can be affected by notch 

sharpness (i.e. the higher the SCF is, the more conservative the life estimations are). 

5.1 The elastoplastic reformulation of the Theory of Critical 

Distances 

In order to improve the notch sensitivity analysis and overcome the aforementioned 

difficulties (mostly related to correctly defining the fatigue notch factor) by 

consideration of the stress/strain gradient and notch root plasticity, a group of methods 

relying on the critical distances concept was developed (mainly by Taylor) under the 

name the theory of critical distances and showed promising results in both high and 

LCF analyses under uniaxial and multiaxial loading conditions (Taylor, 2007; Susmel & 

Taylor, 2003; Susmel, 2008; Gates & Fatemi, 2016). The elastoplastic modification of 
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the TCD approach (Susmel & Taylor, 2010), proposed for a LCF regime, states that, by 

directly post-processing the mechanical fields (i.e. elastoplastic stress–strain fields) at 

the notch root of a FE model, the detrimental effect of stress concentrators of any kind 

on the fatigue life can be taken into account. The versatility of this approach enables it 

to be applied in a variety of interpretations by simply changing the geometrical features 

and size of the domain in which the required effective strain is calculated. Two 

interpretations of the TCD in a LCF regime are namely the point method (PM) and line 

method (LM). In the simplest interpretation of the TCD approach, the PM, elastoplastic 

stress-strain values at a given point, distant from the notch root, are used in the 

estimation of fatigue damage. Under a LCF regime, this distance is postulated to be 

equal to a material characteristic length, depending only on the material, independent of 

notch geometry and load spectrums (Susmel & Taylor, 2010). The main advantage of 

such a technique is that the critical distance value no longer depends on the number of 

loading cycles to failure, as it happens instead when the TCD is applied by post-

processing linear-elastic stress fields in high-cycle fatigue (Susmel & Taylor, 2007). 

This method, considering the characteristic length (L) in conjunction with the Coffin 

(1954), Manson (1954) and Smith-Watson-Topper (Smith et al., 1970) parameters can 

provide accurate life estimations under constant and variable amplitude loadings in both 

the presence and absence of mean stresses (Susmel & Taylor, 2010; Susmel & Taylor, 

2015).  

5.2 Coupling the crystal plasticity finite element method with the 

TCD  

Being a successful technique that is able to provide improvements over conventional 

approaches, the TCD still is not supported by any physical backgrounds and does not 

explicitly consider the microstructure’s heterogeneity. Although, it is postulated that the 

length parameter used in this approach might be related to microstructural units, such as 

grain size, this clear relation was only observed for the brittle fracture of steel under 

monotonic loading and no clear microstructural relationship is found in LCF and high-

cycle fatigue applications (Taylor, 2006; Taylor, 2016). 

An attempt was made to investigate the effect of introducing microstructural features on 

the estimation capabilities of this successful empirical approach. To this end, post-

processing is performed on the results of a FE model equipped with the framework of 

constitutive equations based on crystal plasticity instead of the conventional FE model 

utilized in the TCD approach to represent the heterogeneity of the material’s 

microstructure. The analysis covers two sections, starting with the cyclic plasticity 

analysis with polycrystals, utilizing a self-consistent scheme for model parameter 

identification. Both monotonic and cyclic tests are conducted in order to tune the 

constitutive equations’ parameters, considering isotropic and kinematic effects. In the 

second section, a specimen with a circumferential round notch is simulated using the 

integrated material modelling technique. That is, the notch root is covered by the crystal 

plasticity zone and the rest of the model is analysed by a conventional continuum FE 
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formulation. This combined model is used in order to investigate the effect of 

microstructural heterogeneity along with size and gradient effects on the effective strain 

used in the reformulation of the TCD approach in LCF. 

The total deformation framework suggested by Mandel (1973) was utilized for crystal 

plasticity modelling in the current study. Detailed information regarding the model can 

be found in P-V. In the following, a short description of the material parameters 

identification and numerical procedure used in the implementation of the CPFE model 

are provided. 

5.2.1 The identification of material parameters 

Modelling started with the identification of crustal plasticity parameters. The 

experimental data of Chapter 2 were used, along with the homogenization model 

proposed by Cailletaud & Pilvin (1994), known as the Beta-method, in order to 

transform the behaviour of single crystals into the homogenized behaviour of the 

polycrystalline microstructure. In the Beta-method, the elastoplastic tensor 𝛽 is 

introduced to describe the interphase or intergranular constraints, or more precisely, the 

effect of other phases or grains. The module 𝐿 can be chosen to be Kröner’s 

approximation or simply equal to the shear modulus of the material. This can be written 

as: 

𝜎𝑔 = Σ + 𝐿𝑔: (𝛽 − 𝛽𝑔),                                                                                              (5.1) 

where 𝜎 and Σ are the stress tensors and the superscripted 𝑔 denotes the term for a grain 

or phase. The evolution of tensor 𝛽 can be written as: 

�̇� = 휀�̇�
𝑔

− 𝐷𝑔 (휀�̇�
𝑔,𝑀𝑖𝑠𝑒𝑠

(𝛽𝑔 − 𝛿𝑔휀𝑝
𝑔

)),                                                                        (5.2) 

where 𝐷 and 𝛿 are scale transition variables. A phenomenological hardening model that 

considers isotropic softening and kinematic hardening is used instead of a dislocation 

dynamics-based model, which means that hardening/softening is controlled by the 

accumulated plastic slip in the slip systems and their interactions. Table 5.1 shows the 

calibrated material parameters for the crystal plasticity model: 

Table 5.1: Calibrated material parameters for the crystal plasticity model (All units in MPa) 

Parameters 
Elastic constants Slip parameters 

𝐶11 𝐶12 𝐶44 𝜏0
110 𝜏0

112 𝑉 𝑣 𝑏1 𝑄1 𝑏2 𝑄2 

 219540 78125 70700 250 250 250 100 84 -9.5 8 -20 

Interaction matrix coefficients ℎ1 ℎ2 ℎ3 ℎ4 ℎ5 ℎ6 ℎ7 ℎ8   

 1.3 1.0 1.05 1.15 1.1025 1.3 1.495 1.0   

Kinematic parameters  q d         

 8500 250         
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5.2.2 The modelling procedure 

An integrated modelling technique was used in the simulation of the notched specimen. 

That is, the notch root is encapsulated by a CPFE model, its covering zone by an 

elastoplastic conventional FE model, and the rest of the geometry by an elastic material 

model. The size of the CPFE zone must be as small as possible to minimize the 

computational time of three-dimensional model and at the same time broad enough to 

encapsulate the fatigue process zone. Although this zone is not necessarily the exact size 

of the plastic zone, a series of elastoplastic FE models were first checked, based on the 

accumulated equivalent plastic strain for up to 20 cycles, in order to make sure that the 

considered crystal plasticity zone is broad enough to fully cover this plastically 

deformed area. A cuboidal shape was utilized instead of realistic microstructure 

morphology. Due to the complex microstructural features of martensite, the element 

size was selected to be in the range of the measured prior-austenite grain size (25–35 

µm). It is assumed that each grain comprises one packet of parallel martensitic laths, 

each with a random orientation. 

5.3 Results and discussion 

By post-processing the results of the conventional FE model and utilizing the TCD 

approach based on PM interpretation in its original form, the material characteristic 

length of 𝐿𝑃𝑀 = 149 μm away from the notch root was obtained. The life estimations 

obtained by using this length are depicted in Figure 5.1, showing great improvements, 

especially for specimens with a higher SCF compared with other common 

approximations. The level of unnecessary conservative fatigue life estimations was 

profoundly decreased in the specimens with sharper notches. 

 
Figure 5.1: A comparison of fatigue life estimations by different methods for two notched 

specimens: (a) R = 0.5 mm (b) R = 1.5 mm (𝐾𝑡 and 𝐾𝑓 denote using a SCF or fatigue notch 

factor in estimations) 
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The inhomogeneous distribution of mechanical fields in the critical area of the notch 

root makes it impossible to easily use the stress–strain gradient with the PM 

interpretation of the TCD. This issue can be sorted out by fitting a line (in linear or non-

linear form) through the point distribution of strain values and using it as the strain 

curve for the estimation of the material characteristic length that is used in the TCD 

approach. This method is used by Musinski & McDowell (2012) in plotting the log-

linear fit line through the point distribution of maximum fatigue indicator parameter 

(they use the Fatemi-Socie parameter in their study), obtained from a three-dimensional 

notched plate with crystal plasticity formulation at the notch root. 

Thanks to having a three-dimensional model, it is possible to select the random paths in 

order to obtain the strain values at different locations. In the current study, five different 

paths were selected, denoted by P1 to P5. The estimated values of the material 

characteristic length obtained by linear and exponential fitting through the results from 

different random paths of the CPFE model (𝐿𝑃𝑀
𝐶𝑃 ) are listed in Table 5.2. The strain 

dispersal at the notch root around the model yields different strain gradients depending 

on the different paths selected around the notch root. However, it can be observed that 

the differences in the estimated values of 𝐿𝑃𝑀
𝐶𝑃  obtained from different paths are 

negligible and even identical for some paths. However, averaging these could provide a 

reference value with a higher degree of reliability in calculations. This, in a way, is 

comparable to the original form of the TCD proposed for LCF life estimations. 

Although using just one experimental result for calibration is satisfactory, in the case of 

having a high number of identical samples, it was proposed that the results of more than 

one experiment and the mean value of the material characteristic lengths should be used 

in fatigue life estimations (Susmel & Taylor, 2010). 

Table 5.2: Estimated values of the material characteristic length 

Parameter 
Value (μm) 

Linear fit Exponential fit 

𝐿𝑃𝑀−𝑃1
𝐶𝑃  214 194 

𝐿𝑃𝑀−𝑃2
𝐶𝑃  192 180 

𝐿𝑃𝑀−𝑃3
𝐶𝑃  214 202 

𝐿𝑃𝑀−𝑃4
𝐶𝑃  214 197 

𝐿𝑃𝑀−𝑃5
𝐶𝑃  146 138 

mean 𝐿𝑃𝑀
𝐶𝑃  196 182 

𝐿𝑃𝑀 149 
 

Figure 5.2a shows the estimated fatigue lives using the mean value of 𝐿𝑃𝑀,
𝐶𝑃  

approximated by both linearly and exponentially fitted lines through strain distribution. 

This is done as the 𝐿𝑃𝑀
𝐶𝑃  values from linear fitting showed more consistency in different 

paths, whereas the mean value from exponential fitting yielded a lower percent error 

compared with the 𝐿𝑃𝑀. The differences are, however, negligible (especially for 
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notched specimens with a bigger notch radius) when it comes to the estimation of 

fatigue lives. Figure 5.2b shows the estimated fatigue lives, using material characteristic 

length that is approximated by both numerical models with and without the crystal 

plasticity zone and compared with the experiments. All estimations lie in the life 

boundary of factor ±3, which can be considered totally satisfactory considering the 

nature of the fatigue test results even on plain specimens. 

 
Figure 5.2: (a) A comparison of fatigue lives, estimated by 𝐿𝑃𝑀

𝐶𝑃  and approximated by linearlly 

and exponentially fitted lines through CPFE results. (b) Experimental fatigue lives versus lives 

estimated by the TCD-CPFE model 

It can be seen from Figure 5.2 that using the CPFE model in order to estimate the 

material characteristic length of the PM interpretation of the TCD approach for LCF 

analysis of the material under investigation resulted in life calculations which all fell 

into the full acceptance boundaries. In both configurations, with different notch radii, 

the fatigue life estimations tended to increase when the TCD was coupled with a CPFE 

model. This improved the overall life estimations of specimens with R = 0.5 mm but 

shifted the lives more to the non-conservative side in the case of specimens where R = 

1.5 mm. The change is, however, negligible and it also gets smaller if the lives obtained 

by the exponential line fittings are used. 



45 

6 Summary and conclusions 

The design and fabrication of components made of high-strength steels require 

precautions as the intrinsic nature and properties of this type of material make them 

sensitive to geometrical discontinuities and defects, such as notches, which are 

inevitable in real applications. In addition, being exposed to cyclic loading conditions 

makes them susceptible to fatigue failure, which with the presence of notches can 

significantly degrade their promising performance, which benefits from their high 

strength. Given these conditions, extensive experimental and analytical investigations 

are necessary in order to provide data in order to be added to the design and 

manufacturing guidelines which lack recommendations regarding components made of 

high-strength and ultra-high-strength steels. 

In the current study, a direct-quenched high-strength steel (S960 MC) was investigated 

under LCF loading by means of experimental and analytical methods in order to 

characterise the materials properties and obtain the data required for the design phase of 

components made from this material. Low-cycle fatigue tests under constant amplitude 

loading were performed on plain and notched specimens, along with analytical notch 

fatigue analyses. 

The material showed cyclic softening (due to the rearrangement of the prestrain-induced 

dislocations), which was highly pronounced during the first load cycles. The strain-life 

fatigue curve obtained from experiments was used as a reference curve in order to 

assess the ability of other approximations (proposed in the published literature) to 

estimate this curve without the trouble of conducting costly and time-consuming fatigue 

tests. Among these methods, the approximations that used the monotonic properties 

were quite successful. A new ANN-based model was implemented using a data set that 

included experimentally gained mechanical properties of 60 low-alloy steels. This 

proposed model also yielded acceptable strain-life fatigue curve estimation. The model 

based on CDM, however, showed suitability in the estimation of curves related to the 

early fatigue crack initiation stages that corresponded to crack sizes that were less than 

the sizes concerned by practitioners and designers in engineering applications. 

The ANN-based model then was extended to welded joints, which confirmed the 

superiority of the well-trained models in the estimation of SCFs compared to the 

empirical equations. The proposed models also were able to explicitly take into account 

the effects of undercuts (in T-fillet welded joints) and axial misalignment (in butt-

welded joints) in the calculation of SCFs. 

For fatigue analysis of the notched specimens, the most common analytical methods 

(linear rule, Neuber’s rule and strain energy density methods) and numerical methods 

(elastoplastic FE methods) were used. In addition, the approach, based on the 

elastoplastic reformulation of the TCD, was also utilized (in its PM interpretation), 

which confirmed the higher accuracy of this method compared with the conventional FE 

method. In this regard, this method was coupled with the concept of crystal plasticity in 
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order scrutinize the effect of introducing the microstructural heterogeneity into the 

calculation of the TCD’s material characteristic length and the consequent effect on 

LCF life estimations. It was interesting to find that a CPFE model can be successfully 

coupled with the original elastoplastic TCD. This integrated TCD-CPFE model yielded 

higher values of material characteristic length, which resulted in the trend of less 

conservative fatigue life estimations for specimens with different notch radii. 

Conducting the aforementioned experiments and analyses, two main research goals of 

the current study were achieved as new results, obtained through extensive tests and 

measurements, and novelties were achieved through utilizing the mathematical and 

numerical techniques. However, more studies are definitely required in order to 

strengthen the reliability of the findings and any recommendations based upon them. 

Regarding the application of ANN-based models for strain-life fatigue curve estimation 

and the coupled TCD-CPFE model for notch fatigue analysis, the possible extensions to 

the current study or aspects requiring further investigation in order to support any 

concluding remarks are listed as the two following research topics: 

- It should be highlighted that the current ANN-based model for the estimation of 

the strain-life fatigue curve is mainly implemented on the concept of correlation 

between monotonic properties and experimental fatigue life. Therefore, besides 

the inherent limitations of the ANN technique for this specific application, 

uncertainties in the concept itself could act as a source of error in the 

estimations. A more comprehensive study on a broader range of materials is 

definitely needed in order to support any conclusion about the applicability of 

ANN-based models to strain-life curve estimations. It could also be 

advantageous to perform a sensitivity study such as that conducted by Marohnić 

& Basan (2016) in order to investigate the level of influence of each monotonic 

property in the estimation of cyclic properties, as this would lead to a better 

understanding of how and to what extent the fatigue properties are influenced by 

the relevant monotonic properties. Such knowledge would be beneficial for the 

implementation of more robust networks, supplied with the most influential 

parameters. 

 

- Regarding the TCD-CPFE method proposed for elastoplastic fatigue analysis of 

notches, a few issues should be further analyzed before making any 

recommendations based on the findings of the current study with confidence. 

The results are just reporting the utilization of the TCD-CPFE modelling of 

round, semi-circular notches on a direct-quenched high-strength steel (S960 

MC). Different geometries and notch configurations have to be investigated (as 

in those already conducted to evaluate the TCD approach in its original form) in 

order to verify the current results. In addition, the same procedures should be 

performed on different types of steel (or other metallic materials) in order to test 

whether the same trend observed here is also true for other materials. In addition 

to the consideration of other engineering metals and notch configurations, 

another extension could be the introduction of realistic grain morphologies. This 
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could be handled by utilizing more complex approaches, such as those proposed 

by Li et al. (2015), using a novel, generalized method of Voronoi Tessellation in 

order to generate synthetic, semi-realistic three-dimensional microstructural FE 

models (even of irregular geometries) that are capable of effectively reproducing 

and controlling the grain size distribution and grain aspect ratio obtained from 

experiments. 
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Appendix I: Fatigue tests results 

The results of the fatigue tests based on strain amplitudes and total lives (from P-I). 

 
Table A.1: Fatigue test results 

ID 
∆ε/2  

% 

Stable or half-life values 

E, (MPa) 

Life at 

50% load 

drop 

(cycles) 

Total life, Nf  
(cycles) ∆σ/2 

(MPa) 

∆εp/2 

% 

∆εe/2 
% 

E, (MPa) 

SP 

33 
1.2002 918.9 0.6744 0.5259 174,597 196,629 373 619 

SP 

34 
1.1989 926.0 0.6901 0.5088 181,475 201,143 339 478 

SP 

35 
1.2001 930.6 0.6825 0.5176 179,456 195,020 356 599 

SP 

27 
0.9978 888.9 0.5055 0.4924 183,599 202,815 640 1,013 

SP 

28 
0.9973 896.6 0.5010 0.4963 182,580 196,505 570 663 

SP 

30 
0.9923 903.3 0.4958 0.4965 180,829 194,807 523 900 

SP 

11 
0.8465 892.7 0.3684 0.4781 188,471 199,882 1,046 1,930 

SP 

13 
0.8487 894.5 0.3814 0.4673 188,299 201,800 832 871 

SP 

23 
0.8446 883.8 0.3523 0.4923 180,202 189,940 976 1,004 

SP 

1 
0.7492 836.8 0.2626 0.4866 173,224 182,329 2,482 3,045 

SP 

6 
0.7685 853.6 0.3086 0.4599 187,411 204,436 2,040 2,910 

SP 

7 
0.7644 847.7 0.2934 0.4710 184,127 196,449 1,866 2,513 

SP 

2 
0.4865 766.8 0.0700 0.4165 183,704 192,251 12,100 13,515 

SP 

37 
0.4972 767.8 0.0819 0.4154 188,284 200,033 8,840 9,122 

SP 

39 
0.4975 790.4 0.0918 0.4058 195,789 196,843 8,110 8,739 

    Mean value:     183,470        196,725   

 

 

  

 

 





57 

Appendix II: Materials data 

The materials data used in P-II. 

 
Table A.II: The mechanical properties of low-alloy steels, used as a data set in the 

implementation of the ANN-based model 

Material Designation 
𝜎u 

(MPa) 

𝜎y 
(MPa) 

𝜎u/𝜎y 
RA 
% 

E 
(GPa) 

HV 
σ´f 

(MPa) 
b ε´f c 

8 Mn 6 DIN 965 862 1.119 57 198 282 1087 -0.068 0.312 -0.549 

8 Mn 6 DIN 869 821 1.058 53 198 282 1073 -0.055 0.203 -0.541 

14 Mn 5 DIN 697 580 1.202 68 206 236 1339 -0.111 1.7769 -0.845 

22 MnCrNi 3 DIN 1510 1200 1.258 42 198 471 3046 -0.141 0.542 -0.783 

23 Mn 4 DIN 1091 1008 1.082 61 207 320 2177 -0.129 0.84 -0.688 

25 Mn 3 DIN 540 351 1.538 67 200 140 958 -0.106 0.373 -0.493 

25 Mn 5 DIN 1008 904 1.115 49 207 304 1137 -0.069 1.199 -0.74 

30 MnCr 5 DIN 950 820 1.159 64 206 309 1482 -0.106 2.7989 -0.824 

41 MnCr 3 4 DIN 930 800 1.163 62 207.28 309 1271 -0.082 1.248 -0.653 

80 Mn 4 DIN 931 502 1.855 16 187.5 272 1249 -0.101 0.175 -0.451 

10 CrMo 9 10 DIN 457 627 0.729 81 210 193 736 -0.065 0.266 -0.527 

16 CrMo 54 DIN 556 393 1.415 74 210 164 781 -0.078 0.382 -0.546 

30 CrMo 2 DIN 898 780 1.151 67 221 272 1211 -0.071 1.008 -0.652 

30 CrMo 2 DIN 1429 1360 1.051 55 200.25 392 1691 -0.08 0.814 -0.674 

40 CrMo 4 DIN 940 840 1.119 64 208.78 309 1274 -0.078 1.6739 -0.677 

100 Cr 6 DIN 2016 1927 1.046 12 207 560 2620 -0.093 0.145 -0.56 

16 NiCrMo 3 

2 
DIN 981 939 1.045 63 209 319 1010 -0.054 0.9734 -0.693 

23 NiCr 4 DIN 808 725 1.114 66 208.531 269 1031 -0.07 0.737 -0.644 

40 NiCrMo 7 DIN 1471 1374 1.071 38 193.5 434 1880 -0.086 0.706 -0.662 

40 NiCrMo 7 DIN 829 635 1.306 43 193.5 254 1206 -0.095 0.536 -0.568 

30 CrMoNiV 

5 11 
DIN 773 605 1.278 62 212 243 859 -0.059 0.603 -0.62 

34 CrMo 4 DIN 1088 1017 1.070 65 193 343 1215 -0.058 0.703 -0.62 

34 CrMo 4 DIN 978 893 1.095 67 190 316 1131 -0.061 4.551 -0.848 

34 CrMo 4 DIN 1078 980 1.100 61 197 335 1286 -0.063 0.518 -0.594 

34 CrMo 4 DIN 881 780 1.129 71 194 283 1160 -0.078 0.65 -0.607 

40 NiCrMo 6 DIN 1146 1084 1.057 59 201 357 1360 -0.063 0.32 -0.551 

40 NiCrMo 6 DIN 1015 910 1.115 62 190 317 1222 -0.067 0.325 -0.55 

40 NiCrMo 6 DIN 1029 953 1.080 62 202 326 1195 -0.061 0.162 -0.467 

40 NiCrMo 6 DIN 1067 998 1.069 62 193 338 1274 -0.064 0.612 -0.628 

40 NiCrMo 6 DIN 884 810 1.091 67 205 285 1131 -0.072 0.29 -0.54 

42 Cr 4 DIN 1006 903 1.114 62 195 318 1212 -0.064 1.2929 -0.716 

42 Cr 4 DIN 921 813 1.133 65 194 292 1120 -0.065 0.658 -0.627 

42 Cr 4 DIN 952 845 1.127 62 194 305 1252 -0.073 1.294 -0.674 

42 Cr 4 DIN 934 833 1.121 65 192 300 1229 -0.072 1.149 -0.667 

42 Cr 4 DIN 840 717 1.172 69 193 273 1055 -0.071 0.458 -0.578 

50 CrMo 4 DIN 1086 970 1.120 48.6 205 345 1642 -0.092 1.355 -0.706 

26 NiCrMoV 

115 
DIN 1324 1145 1.156 58 202 402 1889 -0.075 0.51 -0.67 

4130 AISI 895 779 1.149 67 220 271 1275 -0.083 0.92 -0.63 

4130 AISI 1425 1358 1.049 55 200 386 1695 -0.081 0.89 -0.69 

4142 AISI 1060 1048 1.011 29 200 327 1450 -0.1 0.22 -0.51 

4142 AISI 1415 1379 1.026 48 205 402 1825 -0.08 0.45 -0.75 

4142 AISI 1550 1448 1.070 47 200 423 1895 -0.09 0.5 -0.75 

4142 AISI 1760 1586 1.110 42 200 477 2000 -0.08 0.4 -0.73 

4142 AISI 1930 1862 1.037 37 200 477 2105 -0.09 0.6 -0.76 

4142 AISI 1930 1724 1.119 35 205 504 2170 -0.081 0.09 -0.61 

4142 AISI 2035 1896 1.073 20 200 504 2070 -0.082 0.2 -0.77 

4142 AISI 2240 1689 1.326 27 205 596 2655 -0.089 0.07 -0.76 

4340 AISI 825 634 1.301 43 195 255 1200 -0.095 0.45 -0.54 

4340 AISI 1240 1172 1.058 57 195 370 1655 -0.076 0.73 -0.62 

4340 AISI 1470 1372 1.071 38 200 433 2000 -0.091 0.48 -0.6 
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5160 AISI 1670 1531 1.091 42 195 456 1930 -0.071 0.4 -0.57 

52100 AISI 2015 1924 1.047 11 205 551 2585 -0.09 0.18 -0.56 

9262 AISI 925 455 2.033 14 205 274 1040 -0.071 0.16 -0.47 

9262 AISI 1000 786 1.272 33 195 295 1220 -0.073 0.41 -0.6 

950C SAE 565 324 1.744 69 205 150 970 -0.11 0.85 -0.59 

950X SAE 440 345 1.275 65 205 150 625 -0.075 0.35 -0.54 

950X SAE 530 331 1.601 72 205 156 1005 -0.1 0.85 -0.61 

950X SAE 695 656 1.059 68 195 236 1055 -0.08 0.21 -0.53 

A538A Other 1515 1482 1.022 67 185 429 1655 -0.065 0.3 -0.62 

RQC-100 Other 930 883 1.053 67 205 305 1240 -0.07 0.66 -0.69 
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