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0  INTRODUCTION

The numerous advantageous characteristics of 
nodular cast iron (NCI) components, such as their 
steel-like mechanical properties and economical 
manufacturability, are linked with a higher level of 
scatter in material behaviour compared to steels. 
Engineering materials are classified based on their 
minimum monotonic tensile properties; therefore, a 
given standardized NCI grade can contain materials 
with 100 MPa difference in tensile and fatigue 
strength. Recommended values for the fatigue strength 
in standards and design guidelines do not always 
correspond to the lower-end strength material with the 
prescribed minimum monotonic properties.

Apart from the large-scale scatter originating 
from differences in the microstructure and wall-
thickness, internal and surface discontinuities also 
heavily influence the fatigue life of structural cast 
components. Surface and subsurface discontinuities 
have the most detrimental effect on the fatigue 
strength from these factors; their position, size, and 
morphology vary from component to component. 
A critical defect can lead to in-service failure, but 
most of the discontinuities do not affect the expected 
service life. A fatigue assessment-based quality 
inspection methodology is, therefore, necessary 

to balance in-service safety and the economical 
production of cast components. Allowable surface 
discontinuity size finite element (FE) result fields are 
a practical engineering tool during casting design, 
process planning, and the quality inspection process. 
The current study employs different methods to obtain 
the allowable surface discontinuity size as an FE-
result field.

Improving the accuracy of the fatigue assessment 
calculations through the consideration of the non-
idealistic properties of components is currently a heavily 
researched area. Nadot et al. [1] investigated the effect of 
casting defects of the fatigue limit of NCI material. From 
the standpoint of the defect-induced fatigue process, each 
specimen is considered individual during testing. For the 
assessment of individual fracture events, the “step-by-
step” method proposed by Bellows et al. [2] has proven 
to be essential. Cheng et al. [3] the high frequency cut-
off of machined surface topography is defined, which is 
related to a material parameter a0. Besides, the proposed 
analytical expressions are applied to predict the stress 
concentration factors (SCFs derived analytical formulas 
for the modelling of the surface topography in the 
fatigue assessment process based on the theory of critical 
distance. Rotella et al. [4] plotted a defect size map based 
on FE-calculations for cast A357-T6 under multiaxial 
loading using the defect stress gradient (DSG) criterion. 
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The comparison of experimental and simulation results 
has shown that the DSG criterion provides a good 
estimation of the crack initiation sites. Vincent et al. [5] 
have shown that the defect size that impacts the fatigue 
limit is largely dependent on the grain size of the material. 
Schönbauer et al. [6] investigated small artificial surface 
defects on the torsional and tensile fatigue behaviour of 
precipitation-hardened chromium-nickel-copper stainless 
steel. They concluded, that fatigue behaviour is governed 
by the maximum principal stress even under torsion and 
emphasized the importance of the crack initiation phase 
for defects with ρ ≥ 50 μm notch root radius. Mukherjee 
et al. [7] analysed the relationship between fatigue and 
microstructural properties in NCI material with cooling 
rate calculations, microstructural characterization by 2D 
SEM and 3D X-ray tomography and fatigue testing on 
sand and metal moulded samples.

Casting defects can be considered to be notches 
with complex morphology; most of the advancements 
in the area of notched fatigue research are, therefore, 
applicable with some modifications. The effect of 
notches on the crack initiation life can be approached 
from the standpoint of fracture mechanics with 
the analysis of short-crack propagation. Ostash et 
al. [8] applied a fracture mechanics approach for 
macrocrack initiation life computation on notched 
mild-steel and aluminium specimens with promising 
results. A conventional stress-strain based approach 
was applied in the work of Gates and Fatemi [9] for 
multiaxial notched fatigue analysis with the utilization 
of the theory of critical distances and the Fatemi-Socie 
critical plane damage parameter. New approaches are 
currently being developed for a unified description of 
the total fatigue life; Liu et al. [10] proposed a method 
based on the theory of damage mechanics to describe 
damage evolution in a notched specimen.

The current study compares different approaches 
to simulate the Kitagawa diagram (fatigue strength vs 
surface discontinuity size) for ISO1083/JS/500-7 NCI 
material. These methods are used to plot equivalent 
allowable surface discontinuity size FE-results. 
Experimental and literature fatigue data are compared 
to quantify the scatter in the defect-free fatigue 
properties. Design values of the surface discontinuity 
size-dependent fatigue strength are derived to ensure 
safety during the quality inspection process.

1  EXPERIMENTAL RESULTS FOR NCI MATERIAL

As part of a large-scale research program with the aim 
of improving the fatigue design of NCI components, 
load-controlled fatigue tests have been conducted on 
specimens with different microstructures and surface 
properties. The material chosen for this analysis is a 
ferritic-pearlitic NCI, designated as ISO1083/JS/500-
7 according to the international standard ISO 1083 
[11].

1.1 Results with Artificial Surface Defects and Casting 
Skin

One hundred (100) fatigue test specimens with a 
rectangular cross-section were created with a complex 
artificial surface defect introduced by means of a special 
casting core. Fig. 1 shows the specimen geometry and 
computed tomography (CT) image from the longitudinal 
cross-section. The equivalent size of the artificial 
complex  defect  is  2110  μm  according  to  the  area  
parameter from Murakami [12]. A detailed view of the 
surface defect in the specimens can be seen in Fig. 2. The 
chemical composition shown in Table 1 is consistent 
with the expectations to achieve a casting material for the 
ISO1083/JS/500-7 grade. In Table 1, Sc refers to the 
degree of saturation, and has been calculated as  
Sc = %C / (4.23 – 0.3 · (%Si + %P)). An evaluation of the 
obtained microstructural features in accordance to ISO 
945-1 [13] is summarized in Table 2. The metallographic 
inspections were conducted on a cross-section of the 
clamping area from a tensile specimen. B8×40 (DIN 
50125 [14]) tensile specimens have been machined to 
standard ISO 1083 Y1-shaped test samples with 265 mm 
length. The tensile tests were carried out at room 
temperature according to EN ISO 6892-1 [15]. The 
average values of 12 tensile tests are a proof strength of 
Rp0.2 = 348 ± 21 MPa, an ultimate tensile strength of  and 
an elongation at fracture of Rm = 583 ± 43 MPa and an 
elongation at fracture of A = 14 % ± 2 %.

Table 1. Average chemical composition of the test specimens 
(average of five measurements)

%C %Si %Mn %P %S %Cr %Cu %Mg Sc
3.62 2.33 0.19 0.013 0.005 - 0.36 0.04 1.03

Table 2.  Average metallographic properties of the test specimens (average of five measurements)

Graphite  
[%]

Nodules 
[1/mm²]

Nodularity 
[%]

Form III 
[%]

Form IV 
[%]

Form V 
[%]

Form VI 
[%]

Pearlite cont. 
[%] Size

10.7 ± 0.14 657 ± 207 88.8 ± 1 0.84 ± 0.15 0.24 ± 0.1 28 ± 2.6 70.92 ± 2.6 46.6 ± 3.8 6
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Fatigue tests were carried out on a RUMUL 
MAGNODYN fatigue machine at room temperature 
at R0.1 and R0.5 pulsating tension loads with fixed 
amplitude with a testing frequency of 40 Hz. Cracks 
initiated exclusively from the large artificial defect.

Fig. 3 and 4 show the fitted and the design 
(97.5 % failure probability and 95 % significance 
level considering the lognormal distribution of fatigue 
life) S-N curves with the experimental data for R0.1 
and R0.5 pulsating tension load.

1.2  Results for Low and High-Strength Material

Fatigue tests were conducted on low- and high-
strength ISO1083/JS/500-7 material, to estimate the 
possible scatter in the high-cycle fatigue properties 
of smooth specimens. The specimens have been 
machined from NCI components from the production 
line, the distinction “low” and “high” strength refers to 
different batches of the same component. The tensile 
properties of the studied materials were determined 
on B8×40 (DIN 50125 [14]) tensile specimens 
according to the standard EN ISO 6892-1 [15] and are 
summarized in Table 3.

The geometries of the fatigue test specimens are 
displayed in Fig. 5. The fatigue tests were carried 
out on an INSTRON 8874 servo-hydraulic fatigue 
machine with a fixed-load ratio of R0.05 and a fixed-
load maximum with a testing frequency of 30 Hz. In 
the case of the low-strength material, fatigue testing 
was carried out at three different stress levels to obtain 
the full S-N curve.

In the case of the high-strength cast iron, the step-
by-step method [2] was applied with 20 MPa steps in 
the stress maximum to determine the fatigue strength 
at 106 cycles.

Fracture surfaces were analysed, and the initiation 
sites were located in the near-surface region without 
the influence of notable subsurface or internal defects. 
Results are summarized in Table 4. 

It is interesting to note that the previous loading 
steps below the fatigue limit do not have a noticeable 
impact in the fatigue strength; therefore, the 
application of the step-by-step approach in the fatigue 
testing process is justified. Fig. 6 shows the obtained 
test results with the fitted S-N curve and the S-N curve 
based on the FKM guideline [16].

Fig. 1.  Fatigue test specimen with casting skin and complex 
artificial surface defect, CT image of the cross-section  

of the gauge length

Fig. 2.  Geometry of the testing section of the fatigue test 
specimen with casting skin and complex artificial surface defect

Fig. 3.  Design and 50 % failure probability S-N curves  
for defective ISO1083/JS/500-7 with the test results  

for R0.1 pulsating tensile load

Fig. 4.  Design and 50 % failure probability S-N curves  
for defective ISO1083/JS/500-7 with the test results  

for R0.5 pulsating tensile load
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2  FATIGUE LIFE OF ISO1083/JS/500-7 NCI

Table 3 provides a quick view of monotonic tensile 
strength and tensile fatigue strength at 106 cycles of 
the investigated material. If no tests were conducted at 
R-1 tension, an estimated value of the fully-reversed 
fatigue strength obtained by the Goodman approach 
is shown in brackets for an easier comparison of the 
different results.

Fig. 7 shows the effect of mean stress on the 
stress amplitude corresponding to fracture at 106 
cycles. The modified Goodman approach is used due 
to its simplicity and slight conservatism for the 
simulation of the mean stress effect. For the 
description of the mean test results the mean value of 
σ R−1
10
6

 and the mean value of the yield strength was 
used to fit the modified Goodman curve.

Fig. 7.  Effect of mean stress on the fatigue limit of  
ISO1083/JS/500-7, experimental results and the modified 

Goodman curve at 106 cycles

The fatigue data included in the FKM guideline 
[16] proves to be a good estimate of the low-strength 
ISO1083/JS/500-7 fatigue properties. Based on FKM 
[16] data and the modified Goodman approach, a 
design curve is proposed for the defect-free material 
by using the values for σ R−1

10
6

  and Rp0.2 from the 
guideline.

Table 3.  Summary of tensile monotonic and fatigue strength at  cycles for the ISO1083/JS/500-7 cast iron material at different R-ratios

Designation Rp0.2 [MPa] Rm [MPa] A [%] σR-1 [MPa] σR0 [MPa] σR0.05 [MPa] σR0.1 [MPa] σR0.36 [MPa] σR0.5 [MPa]
FKM [16] 320 500 7 170 135 - - - -
low-strength 328 491 15 (194) - 135 - - -
high-strength 378 649 9.7 (277) - 188 - - -
Yamabe and Kobayashi [17] 363 555 8 275 - - - - -
Rabb [18] 338 625 - 260 - - 160 120 -
artificial defect 348 583 14 (119) - - 88 - 78

Table 4.  Fatigue test results for the high-strength ISO1083/
JS/500-7 material

No. No. of cycles σmax
test  [MPa] σ R0 05

10
6

.
 [MPa]

1

1,000,000 325

184
1,000,000 345
1,000,000 365
1,000,000 385
153,644 405

2
1,000,000 385

1931,000,000 405
80,476 425

3 855,122 405 190
4 1,000,000 385 185

Fig. 5.  Specimen geometry for a) high-strength material and  
b) low-strength material testing

Fig. 6.  Comparison of experimental results and the FKM 
calculation guideline [16] at R0.05 pulsating tensile load for  

low- and high-strength ISO1083/JS/500-7
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3  FATIGUE LIFE OF MATERIAL  
WITH SURFACE DISCONTINUITIES

The current study employs four concurrent approaches 
to simulate the relationship between equivalent 
surface discontinuity size and the fatigue limit, which 
is the Kitagawa curve in other terms.

3.1  The Defect Stress Gradient Method

The DSG methodology from Vincent et al. [19] in 
previous work [Leopold G, Nadot Y. J ASTM Int 
7:2010], to represent the effect of a defect in the 
fatigue criterion by means of a stress gradient term. 
This general methodology called Defect Stress 
Gradient (DSG describes the effect of surface 
discontinuities on the high-cycle fatigue strength 
under multiaxial loading conditions. The local hot-
spot stress is modified with a defect and material-type 
dependent stress gradient function. In the current 
analysis, the approach is applied with the Crossland 
equivalent stress, characterizing the multiaxial fatigue 
strength of the defect-free material, which limits the 
application to proportional loading conditions. The 
Crossland parameters have been identified on the 
fatigue limits for three different loading types based 
on the experimental results of Nadot et al. [1] on 
defect-free NCI, and are αCr = 1.13 and βCr = 255 MPa. 
The a∇  parameter describes the effect of the defect on 
the multiaxial fatigue strength for spherical surface 
defects and is a∇ = 209 μm.

The equivalent DSG stress σDSG predicts crack 
initiation at the value βCr, and is calculated with the 
equation:

 σ σ
σ σ

βDSG Cr
Cr Cr

Cra
area

= −
−

≤∇
max

max

,

0

 (1)

where σCr
max  is the maximum of the Crossland 

equivalent stress at the tip of the defect, σCr
0  is the 

stress at the same location without the stress 
concentration effect of the defect. The Crossland 
equivalent stress is calculated with the following 
equation for a representative load cycle:

 σ α σCr a Cr hJ= +
2 ,max

.  (2)
With the simplification, that the ratio σ σCr Cr

max
/

0  
is equal to the theoretical elastic stress concentration 
factor for hemispherical surface defects in an infinite 
body Kt

sph = 2 06. , the allowable hemispherical 
surface defect size area all sph

DSG
.  can be expressed 

according to the following equation:

 area a
K

Kall sph
DSG Cr t

sph

t
sph

Cr Cr
. .=

−( )
−∇

σ

σ β

0

0

1

 (3)

3.2  The Murakami Approach

The Murakami approach [20] provides a good estimate 
of the fatigue limit for a large number of different 
defective materials. It has undergone several smaller 
developments over the years, which has led to robust 
applicability. The fatigue limit σw can be expressed for 
a given equivalent defect size area  and load ratio 
R:

     σ
α

w loc VF H area
R

= +( )( ) ⋅
−( )









−
120

1

2

1
6

,  (4)

where Floc is the location factor and is 1.43 for a 
surface defect; α is a material parameter and is given 
as 0.371 + HV · 10–4 for NCI material.

The calculation process can be used to express 
the allowable equivalent defect size area all sc

Murakami
.  

with short crack considerations:

 area
F H

R

all sc
Murakami
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I eff
amp.
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=
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HV = 200 hardness was considered for the 
investigated NCI material as the main input parameter 
of the Murakami approach.

A differentiation is given for area ≥ 1000 μm, 
where the equivalent crack is considered to be 
microstructurally long. In this regime, the threshold 
stress intensity factor (SIF) range for crack 
propagation is a constant value, estimated as:

 ∆K H
R

th
lc

V= ⋅ ⋅ + ⋅ ⋅
−( )









−
3 3 10 120 1000
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3

1

3. ( ) .
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This leads to the following equation for the 
equivalent defect size area all lc

Murakami
.  with long crack 

considerations:

 area K
Yall lc

Murakami th
lc

I eff
.

.

.=










1

2

π σ
∆
∆

 (7)

3.3 Fatigue Limit Prediction with Linear Elastic Fracture 
Mechanics

Considering complete equivalence between surface 
defects and cracks of equivalent size, linear elastic 
fracture mechanics (LEFM) can be applied to model 
the state of the crack propagation threshold, in other 
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terms the fatigue limit. The NASGRO crack growth 
model by Forman and Mettu [21] describes the 
phenomenon of crack closure with a crack-opening 
function from Newman [22].

The NASGRO model for the NCI material of 
interest has been calibrated on the experimental results 
of Björkblad [23]. The threshold stress intensity range 
in the NASGRO model is calculated as follows:

 ∆ ∆K K a
a a

f
A Rth = +
−

−( ) −( )








0

0 0

1

1 1
,  (8)

where a = area  is the crack length, Y = 2/π is the 
shape factor at the bottom of a hemispherical surface 
crack embedded in an infinite body under tension. The 
material parameters considered in the calculations are 
summarized in Table 5. The allowable equivalent 
defect size area all

LEFM
 according to the LEFM 

approach is given by:

 area K
Yall

LEFM th

I eff

=










1

2

π σ
∆
∆

.

.  (9)

Table 5.  Material properties for the NASGRO model for ISO1083/
JS/500-7, based on experimental data from [23]

Symbol Value Unit

a0 0.038  mm

α 2.5 -

Smax / σ0 0.3 -

ΔK0 7.5 ∆Kth eff. .= 3 75MPa m

Cth+ 1 -

3.4  Fatigue Limit Prediction with The Effective Threshold

The equivalence of surface defects and cracks with the 
same size considered in the LEFM approach is, however, 
not fully correct. Long fatigue cracks have plastic 
wake along the crack path, whereas a crack initiated 
from a defect is a short crack with different parameters 
to consider in a crack propagation analysis. From a 
theoretical standpoint, cracks initiated from defects 
should be modelled with the equivalent size of the defect 
with the application of the threshold for microstructural 
crack initiation ΔKth.eff. The effective threshold SIF range 
is independent of the load ratio. The equivalent allowable 
defect size can be estimated with the following equation:

 area
K

Yall
K th eff

I eff

th eff∆ ∆

∆
. .

.

,=










1

2

π σ
 (10)

where ∆Kth eff. .= 3 75MPa m  based on the 
experimental results of Nadot et al. [24].

3.5  Comparison with Experimental Results

Figs. 8 to 10 show the comparison between the 
simulated curves with the different methods and 
the experimental results. The results obtained on 
specimens with complex artificial defects are displayed 
with the mean fatigue strength at  cycles with a scatter 
band of three times the standard deviation. Some of 
the experimental data used for comparison originate 
from the work of Nadot et al. [1].

The fracture mechanics method based on the 
effective threshold SIF range (ΔKth.eff) leads to highly 
conservative results compared to specimens cycled 
until complete fracture. This approach models the start 
of microcrack propagation, hence it neglects parts of 
both the crack initiation and propagation phases. The 
fracture mechanics method utilizing the threshold 
SIF range (ΔKth) can lead to non-conservative results 
in cases of small defects, but overall describes the 
Kitagawa relationship well at different load ratios. This 
approach considers complete equivalence between 
surface defects and fatigue cracks, which can be a 
non-conservative assumption since cracks initiating 
from defects do not have the same closure levels as 
fully formed fatigue cracks of the same size do. The 
method of Murakami has a good general description 
of the Kitagawa-curve for ferritic-pearlitic NCI. 
This approach, however, should be applied carefully, 
since the utilized HV – ΔKth.eff correlation does not 
necessarily stand for the high-strength ferritic NCI 
grades. The DSG approach also models the multiaxial 
fatigue behavior of the defect-free and defective 
material in the HCF range as well, and therefore more 
general than the other analysed methods do.

The curves recommended for design have been 
derived from the curves obtained with the DSG 
approach with the application of a safety factor 
estimated from the scatter of the defect-free results 
for this material grade. The mean stress-dependent 
safety factor is essentially the distance of the mean 
experimental and design curves on the Haigh diagram 
in Fig. 7. Its value is 1.64 for R–1, 1.58 for R0.1, and 
R0.5 due to the smaller level of scatter in strength 
under higher mean stresses.

4  ALLOWABLE DISCONTINUITY SIZE MAPS

The derived formulas for the allowable surface 
discontinuity size can be used to plot corresponding 
FE-results for a general complex case. Within the 
DSG approach the Crossland equivalent stress is 
employed to describe multiaxial loading effects. 
For the Murakami and the fracture mechanics-based 
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approaches, the maximum principal stress range can 
be used to describe multiaxial stress states, since that 
corresponds to the crack opening mode in fracture 
mechanics. It has to be noted, that these criteria are 
only applicable to proportional loading conditions.

A simple analysis example is employed to 
demonstrate the allowable discontinuity size FE-
results obtainable by the methods introduced in 
Chapter 3. Fig. 11 shows the analysis setup for a 
rectangular 3D body under pure bending. The R0 
cyclic load was set up with the aim of inducing 
bending stresses leading to first yield according to the 
standard proof strength of 320 MPa at the maximum 
load. E = 169 GPa and υ = 0.275 were applied to set up 
the linear elastic material model for the FE-solution. 

The simulations were conducted with ANSYS 
Academic Research 17.2 software.

Fig. 12 shows the allowable discontinuity size 
maps obtained by the different approaches. The 

Fig. 11.  a) FEA model setup and b) the  normal stress [MPa] result field at the maximal load

Fig. 12.  Allowable discontinuity size  FE-result fields with a) Murakami’s, b) effective threshold, c) DSG and d) LEFM approaches

Fig. 8.  Kitagawa curves for R–1 tension-compression  
for NCI with artificial surface defects,  

with additional experimental results from [1]

Fig. 9.  Kitagawa curves for R0.1 tension for NCI with artificial 
surface defects, with additional experimental results from [1]

Fig. 10.  Kitagawa curves for NCI under R0.5 tension loading with 
artificial surface defects
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differences of the compared approaches follow the 
trend discussed in Chapter 3.5. Fig. 13 displays the 
design values of the allowable surface discontinuity 
size derived from the results obtained with the 
DSG approach with the application of the mean 
stress-dependent safety factor. Illustrations of the 
corresponding discontinuity sizes are linked with 
the different colour bands to provide some level of 
physical connection. From the illustration of the 
proposed methodology, it can be concluded that 
even large surface defects can be tolerable from the 
standpoint of safe in-service life, if their position on 
the component is carefully monitored. In the current 
case displayed on Fig. 13, 1 mm to 1.5 mm surface 
defects can be allowed on more than two thirds of the 
component surface, which is marked by blue on the 
defect size map. (The legend indicates 1.5 mm to 2 
mm for this colour band, but the distribution inside 
one band is unknown. For this reason, the allowed 
defect size range is shifted to a lower class.) The 
area-ratio of the different colour bands is governed by 
the nature of the Kitagawa diagram, which shows a 
decreasing sensitivity (especially the DSG approach) 
to the increase of the defect size in the investigated 
range. The critical area, where no discontinuities are 
allowed, must be generally quite narrow, otherwise 
the component would not even comply with the 
traditional fatigue assessment. 

Fig. 13.  Allowable discontinuity size  FE-result field for design with 
the DSG approach

5  CONCLUSIONS

Fatigue tests have been conducted to analyse the 
scatter of fatigue properties for the ISO1083/JS/500-7 
NCI material grade. A 40 % difference in the fatigue 
strength (σ R0 05

10
6

.
) is possible between polished samples 

machined from 500-7 NCI components. The step-by-
step [2] approach has proven to give good results for 
the analysed material; the loading history below the 
fatigue limit had a negligible effect on the fatigue 
strength at  load cycles. Different methods applicable 
to the assessment of surface discontinuities have been 
compared in the current paper.

Allowable surface defect size maps have 
been plotted for a simple analysis example: for the 
comparison of the methods in their planned field of 
application.  Surface  discontinuities  of  1000  μm  can 
reduce the fatigue strength of NCI by a factor of 2.5. 
(hemispherical defects in cylindrical test specimens 
under R–1 tension-compression [1]).

The fracture mechanics method based on the 
effective threshold SIF range (ΔKth.eff) leads to highly 
conservative results compared to specimens cycled till 
complete fracture.

The fracture mechanics method utilizing the 
threshold SIF range (ΔKth) can lead to non-conservative 
results in case of small defects, but overall describes the 
Kitagawa relationship well at different load ratios.

The method of Murakami has a good general 
description of the Kitagawa-curve for ferritic-pearlitic 
NCI. This approach however should be applied 
carefully, since the utilized HV – ΔKth correlation does 
not necessarily stand for the high-strength ferritic NCI 
grades.

The DSG approach also models the multiaxial 
fatigue behaviour of the defect free and defective 
material in the HCF range and is, therefore, more 
general than the other analysed methods.

The fatigue properties recommended by the FKM 
Guideline [16] are in good agreement with the tested 
low-strength ISO1083/JS/500-7 material; they truly 
represent the lower end mechanical properties for this 
grade.
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7  NOMENCLATURES

a∇   material parameter in the DSG criterion,  
 [µm]

a0  material constant depending on the  
 microstructure, [mm]

A0  component of the crack-opening function by 
 Newman, [-]

area  equivalent defect size from Murakami,  
 [MPa]

Cth+  fitting parameter describing the  
 R-dependence of ΔKth, [-]

E  modulus of elasticity, [GPa]
f  crack-opening function by Newman, [-]
Floc  location factor, [MPa]
HV  Vickers hardness, [MPa]
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J a2  amplitude of the square root of the second  
 invariant of the deviatoric stress tensor in a  
 load cycle, [MPa]

R  fatigue load ratio, [-]
Rp0.2 monotonic proof strength at 0.2 %  

 elongation, [MPa]
Rm  ultimate tensile strength, [MPa]
Smax / σ0 ratio of the maximum applied stress to the flow 

 stress in the NASGRO model, [-]
α  plane stress/plain strain constraint, [-]
αCr  material parameter in the Crossland  

 criterion, [-]
βCr  material parameter in the Crossland  

 criterion, [MPa]
ΔK0   the value of ΔKth at R0, [MPa√m]
ΔKth crack propagation threshold stress intensity  

  factor range, [MPa√m]
ΔKth.eff effective value of the threshold stress  

  intensity factor, [MPa√m]
σmax
test  applied cyclic stress max., [MPa]

σ a
10
6

 fatigue strength in stress amplitude at 106  
 cycles, [MPa]

σ RX
10
6

 fatigue strength in stress amplitude at 106  
 cycles and load ratio “X”, [MPa]

σCr  Crossland equivalent stress, [MPa]
σh,max max. of the hydrostatic stress in a load cycle,  

 [MPa]
σw  fatigue limit for a given load-ratio, [MPa]
σ I eff
amp
.  the effective maximum principal stress  

 amplitude, [MPa]
ΔσI.eff the effective maximum principal stress  

 range, [MPa]
υ  Poisson’s ratio, [-]
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