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In automotive machinery, components are often required to withstand a very 
high amount of loading cycles before failing. Hence, fatigue data for the very high 
cycle fatigue (VHCF) regime are of importance for the engineers designing such 
components. In this thesis, the VHCF properties of three different high strength 
microalloyed automotive steel grades are investigated. Through theoretical 
computation and modelling, as well as experimental testing, knowledge of 
fatigue strength as well as crack initiation and propagation behaviour is gained.

The influence of high load frequency on both theoretical computation and 
experimental testing of fatigue properties was analyzed and conclusions were 
drawn. An ultrasonic fatigue testing system at 20 kHz load frequency was used 
to perform uniaxial and bending fatigue, and crack growth testing.
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Abstract

Mechanical fatigue failure occurs in components subjected to cyclic 
loading. A crack initiates at critical regions in the component and 
propagates during repeated loading. The expected fatigue life depends 
on the level, type and frequency of the loading. Generally, as implied 
by the Wohler’s SN curve, higher applied cyclic load leads to lower 
fatigue lifes and vice versa. When designing mechanical components 
carrying cyclic loading, engineers take into account the fatigue limit, 
i.e. the material specific maximum load allowed for the desired fatigue 
life. In automotive machinery, components are often required to with-
stand a very high amount of load cycles before failing. Hence, fatigue 
data for the very high cycle fatigue (VHCF) regime becomes signifi-
cant. 
 
In this thesis, an ultrasonic fatigue testing system, with 20 kHz load-
ing frequency, was used to determine the fatigue properties of three 
high strength low alloyed automotive steels (a ferritic-pearlitic, a mar-
tensitic and a carburizing martensitic steel) in the VHCF regime. The-
oretical modelling taking into account the influence of the high load 
frequency was developed and utilized to control the experimental test-
ing. Fatigue strength, crack initiation mechanisms and crack propaga-
tion behaviour in the VHCF regime were studied. More specifically, 
fatigue strength (σN) at 108 cycles, in both uniaxial and bending load-
ing, crack growth rate (da/dN) and threshold behaviour (ΔKth) in the 
low stress intensity factor regime were determined using specially de-
signed specimens and test rigs. 
 
The fatigue failure of the automotive steels in the VHCF regime, re-
vealed fracture surfaces with fine granular area (FGA) formation close 
to the initiation point, with a transition to flat transgranular crack 
growth inside the fish-eye area. The stress intensity thresholds of FGA 
and fish-eye transitions are described and related to crack tip plastic 
zone sizes and steel strength. 
 
The effect of damping at 20 kHz, on automotive steels, was thorough-
ly studied by experimental measurements and theoretical investiga-
tions. The effect of introducing damping in dynamic analysis of stress 
and stress intensity computations for fatigue strength and crack 
growth testing at 20 kHz was clarified. Best practice for theoretical 
modelling and computation of stress intensities in crack growth test-
ing at 20 kHz, including the effect of damping, along with guidelines 
for best practice testing procedure are provided.  
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Introduction

Very high cycle fatigue, VHCF
In the late 19th century, the German railway engineer August Wöhler 
introduced the famous SN curve presenting a relationship between 
the cyclic load amplitude and the expected fatigue life. Limited by the 
testing speed of the mechanical test rigs, and due to the low cycle fa-
tigue life required for the at the time existent mechanical components, 
Wöhler’s SN curve covered up to 106-107 cycles, see Figure 1. 

 
Figure 1. August Wöhler´s first introduced SN curve. 
 
However, in late 20th century, material researcher gained an increased 
interest in the study of fatigue failure of metals at fatigue lifes above 
108 cycles. Consequently, an interest grew to extend Wöhler’s SN 
curve and to define the Very High Cycle Fatigue (VHCF)-regime of the 
curve. Bathias et.al [1] and Stanzl-Tschegg et.al [2] were leading re-
searchers in developing a system for testing metals for fatigue at very 
long fatigue lifes within manageable testing times. The desire of high 
loading frequency led to the idea of using the ultrasonic fatigue testing 
system (first constructed by Mason in year 1950) to load small spe-
cially designed metal specimens. Today there is an active scientific 
community around the world specialized in VHCF research [3-10]. 
Furthermore, in the early stage of the VHCF era, a change in failure 
mechanism in high strength steels related to longer fatigue lifes was 
also observed. A transition from surface initiations at short fatigue 
lifes to subsurface initiations long fatigue lifes. Surface initiations are 
usually caused by surface defects or internal concentrations of plastic 
deformation forming persistent slip bands (PSBs) whom are trans-
ferred to and accumulated at the surface. However, at longer fatigue 
lifes, crack initiations were shown to be more common at the interior 
of the material, i.e. subsurface crack initiation. This may be due to 
material defects such as non-metallic inclusions, pores or triple points 
[10-12]. 

Predominant surface
initiations

Infinite fatigue life
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The new extended SN curve, shown in Figure 2, proposed by [10, 13-
18] including the VHCF regime was defined and accepted as the typi-
cal SN curve for high strength metals containing internal defects such 
as non-metallic inclusions or even pores. While the previously defined 
SN curve (Figure 1) assumed a fatigue limit at 106 cycles, the new SN 
curve (Figure 2) eventually reaches a lifetime where internal crack 
initiations mechanisms starts to occur at around 107-108 cycles. How-
ever, results of later research [19, 20] have been showing mixed initia-
tion sites between surface and interior. Surface defects as well as in-
ternal defects has been proven to cause crack initiations. Depending 
on defect size and distribution and stress gradient, the critical site for 
crack initiation has been varied. 

 
Figure 2. Typical SN curve for high strength metals with internal defects [10, 13, 

14]. 
 

Ultrasonic fatigue testing system
The ultrasonic fatigue testing system used in the present research 
contains a generator transforming a 60 Hz voltage signal into a 20 
kHz electrical sinusoidal signal and a piezoelectric transducer that 
transforms the electric signal into an oscillating mechanical vibration 
at the same frequency. A control unit enabling important functions 
such as: varying the displacement amplitude and monitoring the sys-
tem frequency was used. A horn was designed and added to the load 
train in order to increase the maximum loading amplitude, see Figure 
3 [1, 2]. The whole load train, converter/oscillator, horn and speci-
men, are under resonance vibration at 20±0.5 kHz. Hence, all the parts 
included in the load train were designed to have a resonance frequen-
cy at 20 kHz. Varying loading ratio and loading cases (tensile and 
bending) were achieved using specially designed mechanical test rigs 
and specimen holders in accordance to [18]. 
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Figure 3. Ultrasonic fatigue testing system with stress and displacement distribu-

tion along the loading direction [18]. 
 
The testing was performed by displacement controlled loading. The 
displacement amplitude at the bottom of the horn (i.e. top surface of 
the specimen) was calibrated against the voltage input using a capaci-
tive sensor or a laser measurement device. Furthermore, a relation-
ship (m-factor) between the calibrated displacement and the maxi-
mum stresses or stress intensities, obtained analytically or by FEM 
simulations, is required for the actual testing. The specimen was de-
signed to have a resonance frequency compatible to the load train (i.e. 
20 kHz) in the direction of the load train axis. The 20 kHz loading 
frequency enables testing for these high fatigue lifes within conven-
iently short amount of time, 83 minutes for 108 cycles and under 14 
hours for 109 cycles. 
 

Ultrasonic testing for fatigue strength
In fatigue testing staircase testing for fatigue strength at specific fa-
tigue life and testing for fatigue strength over a wider fatigue life 
range, the SN-curve, are commonly used. Furthermore, the effect of a 
varying mean load and of the notch factor is of significant importance 
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for engineering purposes. Common test geometries include smooth 
and notched specimens, and different specimen sizes. Stress gradients 
and effectively stressed volumes can be quite dissimilar, affecting the 
test outcome. Considerations of critical defect distribution are re-
quired when associated with crack initiation mechanisms controlled 
by the presence of defects [21, 22]. 
As previously mentioned, the failure mechanism for compo-
nents/specimens failing in the Low and High Cycle Fatigue (LCF and 
HCF) regime were predominantly surface crack initiations. While 
testing high strength steels it has been found that new failure mecha-
nisms take place at the VHCF regime. Particular initiation processes 
at internal defects become critical for fatigue crack initiations [16, 17, 
23]. 
It has been shown through studies that the failure mechanisms in re-
gion III (Figure 2) for high strength martensitic steels are often due to 
non-metallic inclusions. Normally, when fatigue failure occurs in the 
VHCF regime, an Optically Dark Area (ODA) is observed around the 
initiation site. Murakami introduced a formula (Equation 1) relating 
the fatigue strength (at 107 cycles) of a material to the size of the ODA, 
mechanical strength of the material and the loading ratio. The con-
stant A is 1.43 and 1.56 for surface and subsurface crack initiation, 
respectively, and  = 0.226 + HV 10-4 [15, 24-26]. 
 =  ( )/     [1] 

 
Attempting to take the fatigue lifes (Nf) into account, Bathias et.al. 
modified Equation 1 by replacing the constant A with  =  –  
ln(Nf), see Equation 2. Bathias found the constants 1=3.09 and 

2=0.12 to be fitting for the specific type of materials tested in [18]. 
 =  ( )/     [2] 

 
The ODA contains the initiation point (e.g. a non-metallic inclusion) 
with a fine granular structure in the vicinity of it. Hence, the ODA is 
the sum of the size of the defect and the Fine Granular Area (FGA). 
The FGA is formed during an extremely slow crack propagation im-
mediately after the crack is initiated at the border of a defect. As the 
crack reaches the border of the FGA, a transition in the crack growth 
mechanism occurs leading to much higher crack growth rates outside 
the FGA. It has been proofed that the formation of the FGA occurs 
during approximately 99% of the total fatigue life [27-29]. Inevitably, 
the crack growth within the ODA and the formation of the FGA is of 
the highest importance regarding fatigue lifes of high strength low 
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alloyed steels. Focus and research effort is hence directed to the crack 
growth mechanisms within this area. 
Commonly in automotive mechanical systems, components are sub-
jected to cyclic flexural loading like bending or torsion. Similarly to 
the uniaxial fatigue testing, the need for a high frequency testing us-
ing the ultrasonic fatigue testing system was arisen. Hence, the devel-
opment of special test rigs for these type of loadings, e.g. torsion and 
bending, has been taking place in various laboratories [18, 30-32]. In 
[33], a further developed 3-point bending rig have been used to test 
for fatigue strength and SN curves of two high strength low alloyed 
steel grades. 

Ultrasonic testing for fatigue crack growth
Crack growth rate testing consists of the determination of fatigue 
crack growth rates (da/dN) as described by the Paris law curve and 
the stress intensity threshold value (ΔKth). Using the ultrasonic fa-
tigue testing system, it is possible to perform these tests at high load 
frequencies as 20 kHz. However, such testing puts high demand on 
both the experimental procedure and the numerical simulation of it. 
As previously mentioned, the testing needs to be performed under 20 
kHz resonance conditions. The specimen compliance and thus reso-
nance frequency changes as the crack grows, hence the load control 
needs to be calibrated for varying crack lengths. Earlier studies [18, 
34] have been presenting test methods, adapted to the ASTM E647 
[35], for 20 kHz crack growth testing. At this high frequency, fatigue 
crack growth testing is mainly restricted to the low ΔK regime and 
growth rates below 10-8 m/cycle. A single edge notched tensile fatigue 
crack growth (FCG) specimen have been designed by [18] for these 
studies, see Figure 4. 
These test methods have been based on stress intensity computation 
conducted analytically as derived by dimensional analysis, Equation 
3. ∆ = ( / )   [3] 

 
where Ed is the dynamic elastic modulus, U0 is the displacement am-
plitude (at the top surface of the specimen), a is the crack length (Fig-
ure 4) and f(a/w) is the geometry function calibrated for a specific 
specimen geometry with the specimen width w. 
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Figure 4. The FCG specimen geometry designed for 20 kHz with a) overall speci-

men geometry, b) notch dimensions and c) specimen dimensions [18, 
34, 36]. 

 

Frequency effect
The very high load frequency during ultrasonic fatigue testing brings a 
concern about the frequency effect on the experimental results. In [18, 
37] the authors states that experience and previous results shows a 
very small frequency effect, at least for low displacement amplitudes. 
Other researchers [2, 11] states that frequency effect on the fatigue 
strength increases with ductility, strain-rate sensitivity and other 
time-dependent processes like corrosion and high temperature, and 
has been more pronounced in BCC materials. In [32], a crack growth 
analysis of two austenitic materials, Hastelloy X and nickelbased alloy 
IN 800, was performed at two different load frequencies 60Hz and 
20kHz. The results showed slim to none frequency effect regarding 
crack growth rates and stress intensity threshold values. 
In [38], the frequency effect on bearing steel with different tempering 
temperatures, i.e. different strengths, was studied. The results showed 
less frequency effect on the materials with higher strength. This was 
explained by that at lower frequency, the material spends more time 
at the maximum stress level, where most of the damage occurs, result-
ing in a lower fatigue strength. 
In [39] the authors studied the frequency effect on the ductile ferritic-
pearlitic S15C steel using five different load frequencies (0,2Hz, 2Hz, 
20Hz, 140Hz and 20kHz). The produced SN curves showed that the 
fatigue strength decreased with decreasing frequency, more pro-

B2

B1

w

L2

L1

R

1 mm

60

R0.5 mm

a

a) b) c)

L1 = 12.2 mm
L2 = 41.8 mm
B1 = 3 mm
B2 = 8 mm
w = 14 mm
R = 31 mm
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nounced at lower strength levels for the 0.2-140Hz tests. However, 
after experimentally determining the effect of the strain rate (load 
speed) on the yield strength (only for the common load frequencies 
0.2-140 Hz) an increase in the yield strength due to higher loading 
speeds (strain-rates) was observed. Taking this into account, the SN 
curves were normalized by plotting σa/σys against life time and the 
differences between the SN curves of 0,2-140 Hz diminished while the 
gap between 140Hz and 20kHz decreased but was still pronounced. 
In an extensive research project (FREQTIGUE), funded by European 
Union’s Research Fund for Coal and Steel research programme [40], 
the major objective was to investigate the influence of the load fre-
quency on fatigue strength and the effect of the 20 kHz load frequency 
of the ultrasonic fatigue testing system. Different high strength steels 
were tested at different frequencies in the range of 1-20 000 Hz at 
seven different European laboratories. The results of the project 
showed evidence of a load frequency influence on the fatigue strength. 
Within the tested frequency range the main mechanisms of frequency 
influence on fatigue strength was proposed to be a combination of; 

strain rate hardening effect with increasing frequency, initially 
causing an increase in fatigue strength, 
localized (in the metal crystal structure) temperature softening 
effect due to internal friction at further increasing load frequen-
cies, causing a decrease in fatigue strength. 

Furthermore, based on extensive crack propagation testing within the 
research project, it was concluded that macro crack propagation 
(which is highly dependent on the Irwin plastic zone) was largely in-
dependent of the frequency. In effect, no influence of frequency was 
found on macro crack propagation rate and fracture mechanisms and 
no temperature effect. 
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Materials

In automotive applications, high strength martensitic and high 
strength low alloy steel grades are frequently used. Carburized steels 
with the desired high hardness surfaces are mainly used in e.g. gear 
applications. 
The experimental work and material investigation throughout this 
doctoral thesis have been conducted on three high strength microal-
loyed automotive steels. Test specimens for different purposes have 
been sampled and prepared from the rolling direction of a Ø60 mm 
bar steel billet, as with the chemical composition presented in Table 1. 
38MnSiV5 is a ferritic-pearlitic microalloyed steel, in which normal 
contents of sulphide and oxide inclusions have been observed. 
50CrV4 is a high strength spring steel, quenched and tempered at 500 
°C (after specimen manufacturing) achieving the highest tensile 
strength with tempered martensite found in the microstructure. The 
16MnCr5 grade contains a relatively higher content of small sized sul-
phides and oxides to improve machinability, and has been carburized 
to obtain a martensitic microstructure with a hardened surface layer 
with 5% retained austenite [40]. 
 
Table 1. Chemical composition of the three steel grades, wt%. 

Grade C Mn Si P S Cr Ni Mo V 

38MnSiV5 0.37 1.46 0.68 0.011 0.050 0.12 0.10 0.03 0.10 

50CrV4 0.52 0.87 0.33 0.009 0.003 1.08 0.09 0.03 0.11 

16MnCr5 0.16 1.10 0.27 0.011 0.021 1.02 0.11 0.03 0.01 
 
 
The two-phased ferritic-pearlitic microstructure of the 38MnSiV5-
steel grade is presented in Figure 5a, the fine martensitic needle like 
structure in Figure 5b and the core microstructure, tempered marten-
site with some bainite and ferrite, of the carburizing steel grade in 
Figure 5c. 
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a) b) c) 

Figure 5. Microstructure of a) 38MnSiV5-grade, b) 50CrV4-grade and c) core 
microstructure of the 16MnCr5-grade. 

 
Grain size measurements on the three steel grades were performed on 
etched specimens. Nital 5% etch was enough to reveal the grain 
boundaries in the ferritic-pearlitic steel (38MnSiV5) while for the two 
martensitic steels (50CrV4 and 16MnCr5) an alternative etch (Picral) 
were required. Thus, perlite and ferrite grain sizes and prior austenite 
grain sizes were obtained. 
 
Table 2. Grain sizes of the three steel grades. 

Grade 38MnSiV5 50CrV4 16MnCr5 

Diameter [μm] 4.9 4.0 4.4 
 
The mechanical properties, tensile strength and ductility, varied wide-
ly between the test materials, Table 3. Here, the mechanical proper-
ties of the carburized 16MnCr5-grade are for the core material of the 
specimens. However, the 16MnCr5-grade circular cross-section spec-
imens for the fatigue strength and SN-diagram was carburized. Figure 
6 shows the hardness profile of these specimens where the dashed 
lines indicate the carburized case depth of 0.6 mm. 
 
Table 3. Mechanical properties. 

Grade Tensile 
Strength, 
(MPa) 

Yield 
Strength, 
(MPa) 

Elongation, 
A (%) 

Area Re-
duction, 
Z (%) 

Hardness, 
HV30kg 

38MnSiV5 867 589 20 55 267 
50CrV4 1409 1333 13 51 435 
16MnCr5* 1175 876 9.4 34 380 
*Core properties for 16MnCr5 
 

20 μm 20 μm 20 μm
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Figure 6. Vickers Hardness profile for the carburized 16MnCr5-grade. Measured 
with a 0.25N load. 

 

Material damping
At 20 kHz loading frequency, dynamic effects such as inertia forces 
and material damping becomes significant. In the currently used FEM 
software Abaqus, the material damping was implemented by the Ray-
leigh viscous damping model introduced as a specific fraction of the 
critical damping ( =1), above which nonoscillatory response was ob-
tained. The total fraction is a linear combination of the mass ( )- and 
stiffness ( )- proportional damping coefficients as in Equation 4. 
 = ( + )    [4] 
 
where the two Rayleigh damping constants (  and ) were used to 
compute the damping matrix [ ], see Equation 5. 
 [ ] = [ ] + [ ]    [5] 
 
where [M] and [K] are the mass and stiffness matrices and ω is the 
angular frequency. At 20 kHz frequency however (i.e. ω=125 664 Hz), 
the effect of the mass ( ) proportional coefficient in steels is negligible 
[41]. Hence, an artificial value of α=0.1 was used for the simulations 
computing the stress/strain response in the uniaxial fatigue testing 
specimen. 
The damping, also referred to as internal friction or mechanical loss, 
of the three steel grades studied in this thesis was successfully meas-
ured in [42] by the ASTM standardized Impulse excitation technique 
IET described by [43]. The method measures, in addition to the me-
chanical loss Q-1, the elastic properties of the material (E, G and ν). 
The measurements conducted using a rectangular specimen resting 
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on two thin wires placed directly under the antinodes of the flexural 
vibration. The resonance vibration was introduced to the specimen by 
striking it with a small steel ball. The sound of the vibration was rec-
orded and transferred to a computer software via a microphone. The 
exponentially decreasing sinusoidal sound signal was analyzed and 
the mentioned material properties were computed by the software. 
The decay parameter k was measured by fitting the decaying signal to 
Equation 6. 
 ( ) =   sin (2 + )   [6] 
 
where fr is the resonance frequency and ø is the phase angel. The me-
chanical loss was then calculated, according to Equation 7, for the 
specific resonance frequency achieved by the carefully chosen dimen-
sions of the specimen. 
 = 2 =      [7] 
 
The values in Table 4 are the average values of ca 20 repeated meas-
urements with the given standard deviation. 
 
Table 4. Measured flexural resonance frequency (fr), elastic modulus (E), me-

chanical loss ( -1) and calculated Rayleigh damping factor ( ) of the 
three steel grades. The stiffness proportional damping coefficient ( ) 
values were calculated according to Equation 4 with =0.1 and =2 . 

Steel grade fr [Hz]  [GPa] ∗ 10  ∗ 10  ∗ 10  

38MnSiV5 18623 ± 0.35 212 ± 0.009 2.16 ± 0.2 1.08 ± 0.1 1.84 

50CrV4 19207 ± 0,27 212 ± 0.14 1.83 ± 0,6 0,92 ± 0,03 1,52 

16MnCr5 19730 ± 0.56 212 ± 0.013 1.86 ± 0.1 0.93 ± 0.05 1.49 

 
An analytical solution based on the equation of motion including the 
mechanical inertia effects, i.e. material density and damping (accord-
ing to the Rayleigh damping model) was derived for a uniform 1D bar 
[42]. The yielded differential equation was then used to compute the 
strains in a 128.477 mm long (corresponding to 20 kHz uniaxial reso-
nance frequency) 1D bar using different damping values. Here α was 
set to 0.1 and β is the varied parameter and at different applied dis-
placement. The results showed negligible differences in computed 
strains between β- values below 10-6 (or ≤0.0628) indicating no ef-
fect of material damping in that range. This analytical solution was 
also compared to FEM dynamic simulations and the results showed 
good agreement. 
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A uniform cylindrical bar was prepared from the 38MnSiV5 steel 
grade with the same length, i.e. 128.477 mm, and loaded in the ultra-
sonic fatigue testing system with the same displacement amplitudes. 
The mid-specimen strain was measured with a strain gage and the 
results showed good agreement with the computed values with β≤10-

6. These findings confirms that the measured mechanical loss with the 
IET are reasonable and that using β=10-6 in FEM simulations is valid. 
The Rayleigh damping model, as described by Equation 4 and illus-
trated by Figure 7, implies high values at low frequencies due to the 
increased effect of the mass proportional coefficient α. As the fre-
quency was increased, the effect of α dissipates and the total damping 
factor reaches its minimum value, for α=0.1 and β=1.84*10-9 the min-
imum value was found at ca f=1.5 kHz. Further increase of the fre-
quency promotes the effect of the stiffness proportional coefficient β 
as it becomes the dominant contribution to the total damping factor. 
The measured damping values with the IET partially agrees with the 
Rayleigh damping model where the minimum values were found at 
frequencies below f=5 kHz and increases at higher frequencies. How-
ever, the experimental measurements show a maximum damping fac-
tor at the mid-range frequencies (ca 10 kHz) and slightly lower values 
at the highest tested frequencies (ca 20 kHz). This was in disagree-
ment with the Rayleigh damping model as it predicts linear and con-
tinuous increase of the damping factor with increasing frequency. 
 

 
Figure 7. Measured mechanical loss of the three steel grades at different frequen-

cies compared to the Rayleigh damping model according to Equation 4 
with α=0.1 and β=1.84*10-9 [42].  
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Uniaxial fatigue testing

The uniaxial fatigue testing specimen (hour glass shaped specimen) 
was added to the load train by mounting the specimen to the bottom 
of the horn, see Figure 8a. The exponential decreasing diameter at the 
middle of the specimen is to shorten the specimen and narrows the 
volume in which crack initiation occurs. The length of the upper and 
lower part of the specimen, with the constant diameter, was regulated 
for 20 kHz resonance frequency depending on the material density 
and elastic modulus [18]. 
The free end, i.e. the bottom end of the specimen, was sufficient for 
symmetric loading conditions, R=-1. To vary the loading ratio, R>-1, a 
second twin horn was mounted to the bottom end of the specimen, 
Figure 8b, and the whole load train was inserted into a tensile ma-
chine for the superposition of a static mean load. When negative 
mean load is desired, two identical boosters are added above the up-
per horn and under the bottom horn allowing the sufficient displace-
ment. While the vibration amplitude is controlled by the displacement 
of the specimen ends, the static mean load is force controlled through 
the tensile machine. Hence, the maximum stress in the specimen is 
related to both the axial displacement amplitude and the axial reac-
tion force. 
 

 
Figure 8. Ultrasonic fatigue testing system setup for uniaxial loading at a) R=-1 

and b) R>-1 [18]. 
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The notch effect was studied in R=-1 testing of prepared notched 
specimens with notch factor Kt=1.4. The specimen stresses were com-
puted using dynamic simulations at resonance frequency modelled in 
the FEM software Abaqus. Specimen geometries and stress distribu-
tions with prescribed 10μm displacement at specimen ends are pre-
sented in Figure 9. 
 

 
Figure 9. a) Specimen geometry (Kt=1.03), b) specimen geometry (Kt=1.4), c) lon-

gitudinal stress distribution along the cross-section of the specimens 
mid-section and d) longitudinal stress distribution along the specimen 
centre line [20]. 

 
The fatigue strength testing in this thesis implied determination of the 
fatigue strength at 108 cycles and production of the VHCF regime of 
the SN curve, i.e. N=106-109.  
The 50% probability fatigue strength at 108 cycles were determined by 
conducting the staircase testing method where 15 specimens of each 
material, loading condition and specimen geometry were included 
[20, 44]. Additional 15 specimens were tested at three different load 
levels (5 specimens at each load level) close to the determined fatigue 
limit at 108 cycles to produce data for the SN curve. 

Modelling and theoretical computation
The stress/strain analysis of the uniaxial fatigue testing specimens 
was carried out by dynamic transient FEM computation. The simulat-
ed time range was specified and divided into small enough increments 
to capture a smooth sinusoidal response. Here, for 20 kHz loading 
frequency, the time range was chosen to 0.001s (i.e. 20 cycles) and 
was divided into 10 000 increments (i.e. increments size of 10-7 s). 
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In dynamic computation, inertia forces and material damping were 
taken into account. As previously mentioned, the Rayleigh damping 
model was used by Abaqus to implement the material damping. While 
the mass proportional damping coefficient (α) was of no importance 
during 20 kHz loading frequency and set to a value of α=0.1, the stiff-
ness proportional damping coefficient (β) has a significant effect and 
thus was chosen to β=10-6 (as previously justified) for the current 
simulations. Furthermore, the density, elastic modulus and Poisson´s 
ratio were set to common steel values (e.g. ρ=7 800 kg/m3, E=210 
GPa and ν=0.3). 
The loading in the simulation was a sinusoidal displacement (10 μm) 
at the top surface of the specimens at the resonance frequency of the 
specimens determined by modal analysis (ca 20 kHz). The maximum 
stress σa, at the mid-section of the specimens, was measured and di-
vided by 10 to calculate the m-factor (i.e. MPa/μm) for the specific 
specimen geometry. 
The m-factor computed by dynamic simulation was sufficient for con-
ducting R=-1 experimental testing. However, for R>-1 testing, a sec-
ond m-factor was required for the superposition of the mean load σm 
and was computed by static simulation, Equation 8. 
 ( ) = +  sin ( )   [8] 
 
The calculated m-factors for the smooth (Kt=1.03) specimen were 
25.6 and 23.3 MPa/μm with dynamic and static simulations respec-
tively. For the notched (Kt=1.4) specimen the m-factor was calculated 
to 52.4 MPa/μm with dynamic simulation. 

Experimental results
The determination of the fatigue strength at 108 cycles using the stair-
case test method was successful. Table 5 contains the fatigue limits for 
all materials, loading conditions and specimen types. The presented 
values are corresponding to the maximum local stress amplitudes at 
the specimen surfaces [20]. 
 
Table 5. Fatigue strength at 108 cycles and standard deviation for different load-

ing conditions (local stress amplitudes in MPa) [20]. 

Load ratio Notch factor 38MnSiV5 50CrV4 16MnCr5 

R=-1 Kt=1.03 343 ±6 558 ±15 677 ±33 

R=0.1 Kt=1.03 258 ±4 543 ±6  402 ±20 

R=-1 Kt=1.4 339 ±16 650 ±26 598 ±15 
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A decrease in fatigue strength is expected at increased mean load. 
This was confirmed by the results in Table 5 and in Figures 11-13. For 
the 50CrV4 steel grade however, an increased amount of surface de-
fects were observed on the specimens included in the Kt=1.03 and R=-
1 test series, hence the lower than expected fatigue strength (i.e. 558 
MPa). Furthermore, all SN-curves (for every grade and loading condi-
tion) showed a flat appearance indicating low sensitivity of fatigue 
strength to fatigue life in the VHCF regime, i.e. 106-109 cycles. The 
relative importance of the mean stress on fatigue endurance is com-
monly illustrated by the Goodman relation, Equation 9 [45]. 
 = 1 −     [9] 

 
Figure 10 shows the fatigue strength of the three steel grades at R=-1 
and R=0.1 fitted to the Goodman relationship in a Haigh diagram. 
The 38MnSiV5 and 16MnCr5 grade showed good agreement when the 
mean load was applied while the 50CrV4 grade diverges due to the 
mentioned surface defects. 
 

 
Figure 10. Goodman relationship fitted to the fatigue strength results presented 

in a Haigh diagram [20]. 
 
The influence of the notch on the fatigue strength was negligible for 
the ferritic-pearlitic 38MnSiv5 grade. For the martensitic 50CrV4 
grade, an increase in fatigue strength was noticed due to the surface 
defects in the un-notched specimens while for the carburized marten-
sitic 16MnCr5 grade, a decrease in fatigue strength was noticed, Fig-
ures 11-13. Due to the stress gradient with significant higher stress at 
the notch surface (Figure 9c), surface crack initiations are expected. 
Giving the improved surface strength in the carburised steel, hence 
the decrease in fatigue strength influenced by the notch was unex-
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pected and assumed to be due to an enhanced defect sensitivity of the 
carburized layer. 
 

 
Figure 11. SN curves of the 38MnSiV5 steel grade smooth specimens at R=-1 and 

R=0.1 and notched specimens at R=-1 [20]. Local stress amplitude at 
specimen surface. 

 

 
Figure 12. SN curves of the 50CrV4 steel grade smooth specimens at R=-1 and 

R=0.1 and notched specimens at R=-1 [20]. Local stress amplitude at 
specimen surface. 

 

0

50
100

150

200

250
300

350

400

450
500

1E+06 1E+07 1E+08 1E+09

St
re

ss
 a

m
pl

itu
de

, M
Pa

Load cycles, N

38MnSiV5 steel grade

Kt=1.03 at R=-1 Kt=1.03 at R=0.1 Kt=1.4 at R=-1

0

100

200

300

400

500

600

700

800

1E+06 1E+07 1E+08 1E+09

St
re

ss
 a

m
pl

itu
de

, M
Pa

Load Cycles, N

50CrV4 steel grade

Kt=1.03 at R=-1 Kt=1.03 at R=0.1 Kt=1.4 at R=-1



18 
 
 

 
Figure 13. SN curves of the 16MnCr5 steel grade smooth specimens at R=-1 and 

R=0.1 and notched specimens at R=-1 [20]. Local stress amplitude at 
specimen surface. 

 
A fractography study was performed on all the failed specimens using 
a high resolution LEO FEG-SEM. The analysis revealed approximate-
ly 50/50 distribution between surface and subsurface crack initiations 
in the Kt=1.03 specimens (except for the 50CrV4 grade R=-1 test se-
ries) and almost only surface crack initiations in the notched speci-
mens. However, due to the higher mechanical properties in the carbu-
rized layer, a few specimens of the 16MnV5 steel grade showed crack 
initiation sites in the interior close to the surface. The subsurface 
crack initiation started at triple points in the 38MnSiV5 grade and 
mainly at non-metallic inclusions in the two martensitic grades, 
50CrV4 and 16MnCr5. These types of crack initiations typically forms 
a fish-eye fracture surfaces with FGA near the initiation point, Figure 
14. The fish-eye areas and formed FGA was measured in all failed 
specimens and a clear variation in sizes was noted.  
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a) b) 

Figure 14. a) Fish-eye and b) FGA formation initiated from a non-metallic inclu-
sion in the martensitic 50CrV4 steel grade at R=0.1 loading (σa=555 
MPa and N=7.5*107). 

 
As previously mentioned, during VHCF testing, the formation of the 
FGA is presumed to account for ca 99% of the total fatigue life. Meas-
urements of the FGA sizes revealed clear differences between the 
three steel grades, Figure 15a, illustrating a distinct dependence on 
the material properties. The FGA in the high strength martensitic 
steels were smaller than in the ferritic-pearlitic steel. The crack 
growth rates within the FGA was very low and SIF below the indicated 
material threshold. Thus, the transformation from FGA formation to 
the flat crack growth within the fish-eye area occurs as the effective 
mode I SIF (ΔKFGA, eff=Kmax-0) at the growing crack tip reaches values 
assumed to be related to the material specific threshold values. In 
[20], the SIF at the FGA borders was calculated and the results 
showed relatively constant values along the fatigue life, see Figure 
15b. The crack radius used for the SIF calculation corresponds to the 
radius of the ODA. The SIF values from the three different steels were 
relatively close to each other, thus assuming close indicated threshold 
values in the different steel grades. Also, the indicated thresholds 
were found reasonably close to the stress intensity mode I crack prop-
agation threshold values of the materials. 
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a) b) 

Figure 15. a) Area parameter of the measured FGA and b) SIF values at the FGA 
borders in the three steel grades in R=0.1 testing with the average indi-
cated by the dashed lines [20]. 

 
The average of the SIF values, from the R=-1 and R=0.1 testing, whom 
were believed to be related to the material thresholds, are summa-
rized in Table 6. The values are corresponding to the effective SIF, i.e. 
ΔKFGA, eff. 
 
Table 6. Average values of the effective SIF (MPa√m) at the FGA borders in the 

different test series. 

Load ratio 38MnSiV5 50CrV4 16MnCr5 

R=-1 2.3  3.6 

R=0.1 4.4 4.9 5.0 
 
The measured ODA (i.e. FGA plus inclusion) in the failed specimens 
were used to construct the modified Murakami model, to include fa-
tigue life, predicting the fatigue strength (Equation 2) for the three 
current steel grades. By optimizing the β-parameters to β1=3.93 and 
β2=-0.12, a good fit was found, Figure 16. The normalized fatigue 

strength corresponds to 1/ /
. Thus, Equation 2 is writ-

ten; 
 = 3.93 + 0.12 ln ( )  ( )/  .     
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(a) (b) 
Figure 16. Modified Murakami model with optimized β-parameters for a) R=0.1 

and b) R=-1 testing [20]. 
 
Another proposal, relating the FGA sizes to a specific material area 
(limiting material unit, LMU) beyond which no effect of microstruc-
tural variation on the mechanical properties of the material exists, 
was investigated. The LMU size of the three steel grades was found by 
conducting Vickers hardness measurements of the three steel grades 
with varying indent areas (i.e. loads). The measurement revealed high 
dependency of the indent area on the variability of measured HV data 
up to a certain material specific indent size, i.e. the LMU, beyond 
which the variability in the measured HV was relatively low, Figure 
17. The measure of when the hardness variability levels of is arbitrari-
ly taken where the gradient is 0.001 (0.1%), corresponding to 5.3, 4.3 
and 2.7 % hardness variability for 38MnSiV5, 16MnCr5 and 50CrV4, 
respectively. The hypothesis was that the FGA formation occurs when 
the Irwin plastic zone size in front of the crack tip (rp in Figure 23) 
covers a volume large enough to contain all microstructural varieties. 
The proposal relates this material specific volume to the plastic zone 
size beneath the HV indent where LMU is found, i.e. Hp, limit. Figure 18 
displays the linear relationships between the FGA area, the crack tip 
Irwin plastic zone (rp) and the limiting indent plastic zone size Hp, limit 
[20]. For the measurements of the HV indent plastic zone size Hp, the 
approximate slip cone model introduced in [46] was adopted, where it 
is related to the indent depth t; 
 = 0.172     [10] 
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Figure 17. Relative HV variability vs HV indent diagonal average [20]. 
 

  
a) b) 

 
Figure 18. a) FGA area vs Irwin plastic zone size (rp) at the FGA border and b) 

Average Irwin plastic zone size at FGA border and limiting indent plas-
tic zone size [20]. 

 
The linear relationships in Figure 18 illustrates a relation, with a scal-
ing conversion, between the FGA sizes and the material specific plas-
tic zone sizes dependant on microstructure. 
 
Regarding the size of the fish-eye area, a relationship to the material 
strength was found, i.e. the flat crack propagation ends at a specific 
SIF related to the local strength in the material. The SIF at the fish-
eye borders was calculated and material hardness at the same depths 
was measured. A clear agreement between the distributions of the two 
parameters was obtained, see Figure 19. 
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Figure 19. Material hardness profiles and fish-eye border SIF distribution in the 

three steel grades [20]. 
 

Three-point bending fatigue testing

The three-point bending fatigue ultrasonic test procedure (Figure 20) 
developed by [18, 30] was supplemented with a self-aligning spherical 
slide bearing at the bottom of the whole load train to achieve a plane 
alignment of the specimen. Furthermore, a specimen holder was de-
signed to constrain the position of the specimen blocking it from 
transversal movement [33]. A metal tip with radius 3.5mm was de-
signed and mounted into the horn transferring the load from the horn 
to the specimen, see Figure 21a. Figures 21b and 21c display the stress 
and displacement distribution in the three-point bending specimen. 
Fully symmetrical loading (R=-1) was impossible due to the required 
at all-time pressure between the metallic tip and the specimen. Thus, 
a superposed static mean load is a requirement for the bending fa-
tigue testing. In the same manner as for the uniaxial fatigue testing, 
the vibrational amplitude and the superposed mean load were cali-
brated and related to the maximum stresses in the specimen. The two 
supporting rollers were tool steel bars with 4mm diameter. 
The determination of the fatigue strength and the production of the 
SN data were carried out in the same manner and with the same 
amount of specimens as for the uniaxial testing. 
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Figure 20. Ultrasonic fatigue testing system setup for three-point bending [18, 

30, 33]. 
 

Modelling and theoretical computation
For the three-point bending specimen, in a general view, the 
stress/strain computation and calculation of the m-factor was con-
ducted in the same manner as for the uniaxial fatigue testing speci-
men. An analytical solution, based on the wave equation, of the 20 
kHz three-point bending specimen is well described in [18] and was 
here used as guideline for selection of the proper specimen geometry. 
Further, FEM analysis was used to determine resonance conditions 
and final specimen geometry. Hence, with ρ=7800 kg/m3, E=210 GPa 
and ν=0.3, a flat bar specimen geometry was determined with 8mm 
width, 4mm height and 31.8 in length, and having a transversal reso-
nance frequency of 19 997 Hz. 
As previously explained, the three-point bending testing was conduct-
ed at R=0.1 only. In the same manner as for the uniaxial specimen, 
both dynamically and statically computed m-factors were required for 
the load superposition according to Equation 8. The calculated m-
factors for the three-point bending specimen were 11.3 and 10.7 
MPa/μm with dynamic and static simulation, respectively. 
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Figure 21. a) Load-transferring tip mounted into the horn, b) stress and c) dis-

placement distribution in the three-point bending specimen [33]. 
 

Experimental results
The experimental three-point bending testing at 20 kHz was success-
fully carried out for the 38MnSiV5- and 16MnCr5- grades. However, 
for the 50CrV4 grade, the high material strength requires very high 
mean load amplitudes causing surface deformations at the contact 
point above the supporting rollers. Hence, cracks were initiated in 
those regions rather than in the middle of the specimen where the 
theoretical maximum stress exists. This was not the case for the other 
two grades due to the lower material strength of the 38MnSiV5 grade 
and the hard carburized surface layer of the 16MnCr5 grade. 
The fatigue strengths and standard deviations obtained by the stair-
case testing were 340±10 MPa and 419±14 for the 38MnSiV5- and 
16MnCr5- grades respectively. Similarly to the results of the uniaxial 
testing, the SN curves appeared to be quite flat indicating large fatigue 
life range at stress levels close to the fatigue limit. Commonly, higher 
fatigue strengths are expected in bending than in tension due to the 
smaller material volume under the maximum stresses. This was con-
firmed by the results of the 38MnSiV5 grade testing at R=0.1 where 
an increase of ca 30% in the fatigue limit was obtained. For the carbu-
rized 16MnCr5 grade however, the fatigue strengths in bending and in 
uniaxial testing were very close. This was unexpected since the carbu-
rized layer should elevate the fatigue strength measured in bending 
with the maximum stress amplitudes at the hardened surface. The 
explanation of this effect is assumed to be the higher sensitivity to 
corners due to the lower fracture toughness of the carburized 
16MnCr5 grade. However, this was in agreement with the results of 

Displacement distributionStress distribution

a)

b) c)
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the uniaxial testing where the notched specimen displayed a similar 
effect. 
The fractography of the failed specimens revealed mixed (bottom sur-
face, bottom corners and subsurface close to the surface) crack initia-
tion sites in the 38MnSiV5 grade while in the 16MnCr5 grade, the ini-
tiation sites were located exclusively at the bottom corners due to the 
corner sensitivity of the carburized layer. 
In [47], the fatigue strength in bending of the two steel grades at 20 
kHz has been compared to the fatigue strengths tested at lower fre-
quencies, 25 and 100 Hz for the 38MnSiV5 and 25 Hz for the 
16MnCr5 steel grades, Figure 22. 
 

  
a) b) 

Figure 22. Collective SN curves of bending tests at different frequencies of a) the 
38MnSiV5 and b) the carburized 16MnCr5 steel grades [47]. 

 
The collective SN curve of the 38MnSiV5 grade concludes overlapping 
results from the different test frequencies showing no apparent fre-
quency effect on the fatigue strength. For the 16MnCr5 grade, the SN 
data from the 25 Hz show a steeper decrease in strength and, when 
extrapolated to 20 kHz, indicates good agreement to the results from 
the 20 kHz testing. 
The fatigue strength measured by the staircase method at the differ-
ent frequencies, thus at different fatigue lifes, shows good agreement 
for the 38MnSiV5 grade. The 16MnCr5 grade showed lower fatigue 
strength when measured at 20 kHz than at 25 Hz, 419 and 571 MPa 
respectively. However, the derived estimate of the fatigue strength at 
106 cycles according to the ISO 12107 standard narrows the fatigue 
strengths compared between the different load frequencies. 
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Crack growth testing

The rectangular cross-section of the tensile fatigue crack growth 
(FCG) specimen (Figure 4) provides a plane crack area and measure-
ments of the growing crack length by a camera. The sinusoidal shape 
in the middle shortens the specimen and the notch acts as a crack ini-
tiator. The dimensions of the FCG-specimen were calculated accord-
ingly to reach the required resonance frequency 20 kHz of the ultra-
sonic test system. Using the specific dimensions given in Figure 4, to-
gether with a material density of 7800 kg/m3 and an elastic modulus 
of 210 GPa, a FEM modal eigenfrequency calculation, ends in a reso-
nance frequency of 20 038 Hz, which is well inside the 20±0.5 kHz 
requirement of the test system. In this case the full geometry of the 
specimen, including the notch, was considered but noting that any 
crack is omitted. Six specimens for each material and load condition 
were prepared and included in the test series. 
As a crack was initiated, and then growing, the resonance frequency of 
the specimen decreases. With a crack length of approximately a=7 
mm (a/w=0.5) the resonance frequency is decreased to the lower limit 
of the ultrasonic fatigue testing system, i.e. 19.5 kHz.  
Fatigue crack growth rates were determined experimentally following 
the guidelines of ASTM E647. The tests starts with a ΔK-decreasing 
procedure until the crack was at stand-still and no growth occurs dur-
ing 107 cycles, and then reversed to a ΔK-increasing test procedure. At 
the turning point the lowest crack growth rates were found implying 
SIF values close to the material threshold. 
In each decreasing or increasing step the crack was allowed a growth 
of 0.5 mm. prior to the next decreasing or increasing step the average 
value of the computed SIF at the start and stop of each increment, to-
gether with the number of cycles in each increment, was used for the 
determination of the Paris law da/dN-relation and parameters C and 
n in Equation 11. 
 =  (∆ )     [11] 
 
The amount of data points per specimen was limited to ca 5-10 per 
specimen by the maximal crack length allowed before the resonance 
frequency dropped to the lower limit of the system (19.5 kHz). The 
monitoring and measuring of the crack was done with a high resolu-
tion camera connected to a computer software allowing precise meas-
urement of the growing crack. Using one single specimen would pro-
vide better estimates of the Paris law parameters, e.g. by reducing the 
increment size or using alternative crack measuring techniques. 
The desired stress intensity factor (SIF) range is related to the speci-
men top surface displacement amplitude U0 according to Equation 3. 
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To control the testing by the applied stress intensity range, it is re-
quired to have the geometry function f(a/w) determined for a varying 
crack length of which the computation is described below. In the same 
manner as for the uniaxial fatigue strength testing, a free bottom 
specimen end is sufficient for R=-1 testing test while for R=-0.24 test-
ing a bottom horn and a tensile machine is required for the superposi-
tion of the mean load. 

Modelling and theoretical computation
The SIF for a varying crack length was computed according to Equa-
tion 3. The geometry function f(a/w) was calibrated by conducting a 
series of FEM simulations at different crack lengths (a=1.5 mm, 2.5 
mm, 3.25 mm, 4 mm, 4.75 mm, 5.5 mm, 6.25 mm and 7 mm). For 
every crack length, the SIF was computed by the FEM software 
Abaqus using the J-integral method. A series of values for the geome-
try function f(a/w) was then calculated for the different crack lengths 
and fitted to a 4th grade polynomial expression (Equations 12 and 13). 
These expressions were then used to determine the SIF for a varying 
crack, again according to Equation 3 [36, 48]. 
 ( / ) = −7,9005 + 8,9344 − 3,072 + 1,4013 − 0,0366 
     [12] ( / ) = 86,617 − 70,953 + 38,708 − 3,4155 + 3,1447 
     [13] 
The fd(a/w) and fs(a/w) are the geometry functions determined by dy-
namic and static FEM simulations, respectively. For R=-1 testing the 
dynamic geometry function is sufficient for determining the SIF for 
varying crack length, while for R=-0.24 testing, both functions are 
required where the statically computed SIF was used to control the 
superposed static mean load [48]. 
The frequency at which the dynamic simulations were ran has an ef-
fect on the computed stress intensities Small variations of the load 
frequency results in slightly different values of the J-integral and 
hence the SIF. Thus, the frequencies for the dynamic simulations 
were carefully chosen to represent the frequencies measured experi-
mentally. In  [36], several FEM procedures, using 3D-models, for de-
termining the resonance frequency at different crack lengths were 
evaluated and compared to the experimentally measured frequencies. 
It was concluded that the effective natural frequency ω0 (according to 
Equation 14) of the complete load train (oscillator, horn and speci-
men) was in best agreement to the experimental frequency. 
 =      [14] 
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where ω1 and ω2 are the modal angular frequencies of the un-cracked 
and cracked specimen respectively. 
For the computation of the SIF, 3D-models with focused mesh around 
the crack tip were adopted (Figure 24). It was shown that the comput-
ed values by dynamic simulations were approximately 30% higher 
than values yielded from static simulations [36]. Furthermore, the 
crack tip opening displacement (CTOD) method for computing the 
SIF was also evaluated and revealed near perfect agreement with the 
J-integral method [49]. As the name indicates, the CTOD method is 
based on the distances between the lips of an opened crack. The uy 
parameter is defined in (Figure 23b) and used to compute the mode I 
SIF according to Equation 15. 
 =     [15] 

 
where κ=(3-4ν) for plain strain and 3D-models, G is the shear modu-
lus and r is the distance to the crack tip. The SIF is computed at dif-
ferent distances r, at the eight contours of the focused mesh around 
the crack tip (Figure 24b), and linearly extrapolated back to the crack 
tip where the actual SIF value was found [50]. 
 

 
Figure 23. a) Crack tip blunting and b) the Irwin plastic zone [50]. 
 

 
Figure 24. a) Focused mesh around the crack tip and b) the different points at 

which the CTOD is measured. 
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Figure 25. ΔKI corresponding to U0=1μm plotted against a/w calculated with J-

integral and CTOD in static and dynamic analysis. 
 
As previously mentioned, a difference in the computed SIF was clear 
when conducting dynamic simulations rather than static, Figure 25. 
This is due to the fact that dynamic simulations take into account the 
dynamic effects such as inertia forces and material damping. Howev-
er, there are different procedures for dynamic simulations. The most 
obvious one is transient simulation as used for the computation of the 
stress and strain states in the uniaxial and the three-point bending 
specimens. Although, such simulation procedure requires sufficient 
implemented damping to shorten the unstable transient period at the 
start of the simulation. In [49] it has been shown that using values for 
the stiffness proportional damping coefficient below 10-6 yields very 
unstable oscillation during the simulated first 20 cycles (i.e. during 
the first 0.001 s). In the same paper, the transient simulation proce-
dure was compared to the much faster direct steady-state dynamic 
analysis, a linear perturbation procedure used to calculate the steady-
state response of a system under a harmonic excitation at a prescribed 
range of frequencies. Such analysis is carried out in a short amount of 
time regardless of the damping values used. The response was calcu-
lated in terms of physical degrees of freedom using the mass, damping 
and stiffness matrixes. The results of such analysis includes the real 
part, imaginary part, magnitude and the phase angle of the solution. 
As in the transient analysis, when using damping, a phase shift exists 
in the oscillation of the model and increases as the distance to the re-
gion of the applied displacement increases. Figure 26 displays the 
phase shift between the applied harmonic displacement at the top of 
the horn, the measured displacement of the specimen top surface U0 
and the computed SIF during the 20th cycle in transient analysis. 
 

0,0

0,5

1,0

1,5

2,0

2,5

0 0,1 0,2 0,3 0,4 0,5 0,6

ΔK
I/

U
0
, M

P
a√

m
/μ

m

a/w

Bar specimen - CTOD -
Transient - exp. freq.

Bar specimen  - J-integral -
Transient - exp. freq.

Bar specimen - CTOD -
Static

Bar specimen - J-integral -
Static



31 
 
 

 
Figure 26. The applied harmonic displacement at the horn top surface, the speci-

men top surface displacement U0 and the SIF computed by J-integral 
during 1 cycle in transient analysis. Crack length a/w=0.33 [49]. 

 
The chronological order of the maximum values of the three plotted 
parameters are according to the axial position of the regions in the 
simulated load train, horn and specimen. The phase shift was consid-
ered, and the maximum values of displacement at the required nodes 
were calculated according to Equation 16. 
 =  cos ( + )    [16] 
 
where u0 and ø are the computed magnitude and phase angle respec-
tively and ω is the angular frequency. Figure 27 shows the maximum 
displacements of the first node pair (in Figure 24) calculated accord-
ing to Equation 16 and half the distance in-between u/2 (i.e. the 
CTOD) of which the maximum was used to compute the SIF accord-
ing to Equation 15. 
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Figure 27. Displacements of the upper (uupper) and lower (ulower) nodes of the 

pair closest to the crack tip (in Figure 24) and half the distance during 
a half of a loading cycle. Crack length a/w=0.33 [49]. 

 
The direct steady-state analysis implemented in the FEM software 
Abaqus does not compute the J-integral. Hence, the computation of 
the SIF was carried out by the CTOD method. In disagreement with 
the stress-strain analysis, using the damping value β=10-6 showed sig-
nificant decrease in the computed SIF when compared to damping 
values as low as measured for the three steel grade, i.e. 
β≈10-9 in Table 4. 
In [36] it was concluded that the acquired oscillation by FEM analysis 
better represents the experimental oscillation when the whole load 
train (oscillator, horn and specimen) were included into the 3D-
model. Thus, the same is recommended for the SIF computational 
simulations. 
 

Experimental results
According to the ASTM E647 standard, for crack growth rates below 
10-8 m/cycle, ΔK-decreasing testing is recommended for the Paris law 
parameters. However, testing at lower loads than the previous step, 
requires continuing crack propagation through the relatively large 
plastic zone accumulated under the higher load in the previous step. 
This leads to a higher spreading in the data points compared to ΔK-
increasing testing, see Figure 28. 
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Figure 28. Crack growth rate vs crack length (da/dN vs a/w) for 50CrV4 grade 

in R=-0.24 testing [48]. 
 
Different crack propagation responses was found between the three 
different steel grades. The carburized 16MnCr5 grade exhibited high-
est crack growth rates at R=-1, while at R=-0.24, the martensitic 
50CrV4 grade demonstrated the highest growth rates. 
 

  
a) b) 

Figure 29. Crack growth rates for the three steel grade in a) R=-1 and b) R=-0.24 
ΔK-increasing testing [48]. 

 
The fatigue crack growth thresholds ΔKth are the asymptotic values of 
ΔK at which no crack growth occurs, i.e. da/dN approaches zero. 
Commonly, an arbitrary definition of the ΔKth is the ΔK corresponding 
to a fatigue crack growth rate of 10-10 m/cycle. The lowest crack 
growth rates presently measured were in the range of 5*10-10-10-9 
m/cycles, Figure 29. The values presented in Table 7 are the ΔKeff val-
ues corresponding to the lowest measured crack growth rates in each 
material and loading condition. Hence, these values were assumed to 
be slightly above the real material thresholds. 
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Table 7. Estimated threshold values ΔKth from the crack growth rate testing. 

Load ratio 38MnSiV5 50CrV4 16MnCr5 

R=-1 4.6 4.6 3.4 

R=-0.24 4.6 4.6 5.5 
 
Furthermore, these results were compared to results from lower fre-
quency (35 and 130 Hz) testing of the same materials in [40]. The 
measured crack growth rates from the three different frequencies was 
collected into combined Paris law diagrams. The crack growth rates 
obtained by 20 kHz testing covered the lower region of the Paris law 
curve (10-9-10-8 n/cycle) while the growth rates from the lower fre-
quencies covered the upper part of the Paris law curve (up to 10-6 
m/cycle). Overall, an agreement between all frequencies regarding the 
crack propagation rates and disagreement in threshold values were 
found. 
The fractography of the failed specimens showed a singular initiation 
site at the notch bottom and crack propagation in a straight and well-
behaved manner. Fatigue fracture features such as initiation sites, 
striations and also the border between the ΔK-decreasing and the ΔK-
increasing regions where the lowest crack growth rates were meas-
ured were revealed. By measuring the striation spacing the fatigue 
crack growth rates were found 1-2 orders of magnitude larger than the 
camera measured growth rates. This may be due to the fact that the 
crack was not growing during the whole load increments. Usually, the 
crack propagation in each increment starts after a certain number of 
cycles where the crack was at stand-still. Also, it may be difficult to 
resolve really small crack extensions in FEG SEM-studies of high 
strength steels. 
Furthermore, the ferritic-pearlitic 38MnSiV5 grade showed features 
of transgranular ductile fatigue crack propagation while the marten-
sitic grades displayed transgranular and flat growth rates and some 
grains with crystallographic crack growth [48].  
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Conclusions

The results presented in this thesis were achieved mainly through the 
work described in the six related articles [20, 33, 36, 42, 48, 49]. All 
experimental fatigue results, fatigue strength (uniaxial and bending) 
and crack growth measurements were produced by 20 kHz testing 
using an ultrasonic fatigue testing system. The same three high 
strength low alloy steel grades (38MnSiV5, 50CrV4 and 16MnCr5) 
were used to prepare the different specimen types for the different 
test procedures. 
 
The experimental work for determination of fatigue strength and SN 
curves was carried out successfully in both uniaxial and three-point 
bending, with the exception for the 50CrV4 grade in bending. For the 
steel grades tested, fatigue fracture mechanisms and fatigue behav-
iour similar to low frequency testing were observed. The conclusions 
of fatigue strength testing is summarised in the following points; 
 

1. The results, from both uniaxial and bending testing, indicated 
finite fatigue lifes up to 109 load cycles, although with low load 
dependency in the very high cycle fatigue regime, i.e. 106-109 
load cycles.  

2. In the uniaxial testing, both surface and subsurface crack initi-
ations were found. The subsurface cracks were mainly initiat-
ed at triple points or at internal defects, e.g. non-metallic in-
clusions in the martensitic steel grades, revealing common 
features for interior fatigue cracks in the VHCF regime, fish-
eyes and FGA formations. 

3. A modified Murakami-Bathias model was adopted for esti-
mates of fatigue strength and was in agreement for all three 
steel grades. 

4. The influence of the increased mean load, in uniaxial testing, 
on the 38MnSiV5 and 16MnCr5 steel grades was according to 
the Goodman relation while for the 50CrV4 grade surface de-
fects in the R=-1 test series obscured a conclusion. 

5. The FGA formation took place under loads and crack lengths 
corresponding to stress intensity factors below and up to val-
ues reasonably close to the threshold for mode I crack propa-
gation. 

6. For the three steel grades, a correlation was found between the 
sizes of the FGA´s formed on the fracture surfaces, the Irwin 
plastic zone sizes and the limiting material unit defined in the 
present work. 

7. The fatigue strengths and SN curves measured in bending 
were in agreement with the uniaxial test results for the ferritic-
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pearlitic 38MnSiV5 grade while for the carburized 16MnCr5 
grade, a decrease in fatigue strength related to corner crack in-
itiation was noticed. 

 
The crack growth testing at 20 kHz was performed yielding crack 
growth rates and stress intensity thresholds estimates. Different theo-
retical methods for resonance frequency and stress intensity factor 
computation at 20 kHz was developed and compared. Based on the 
computational analysis and experimental results the following con-
clusion were drawn; 
 

8. By including the whole load train in the FEM 3D-model for 
modal analysis, and taking into account the influence of the 
breathing crack by using the effective natural frequency, the 
computed crack length dependent frequency shows good 
agreement to the experimentally measured frequency. 

9. Dynamic simulation at 20 kHz frequency for the stress intensi-
ty factor computation taking into account the inertia forces 
and material damping yields ca 30% higher values than static 
simulations. 

10. The two different methods for calculating the stress intensity 
factor, J-integral and CTOD, showed perfect agreement also 
when including 20kHz and damping effects. 

11. The different dynamic analysis procedures, the computation-
ally expensive transient analysis and the much faster direct 
steady-state analysis, showed good agreement with the differ-
ent damping values used. 

12. Implement of damping into the stress intensity factor compu-
tation showed a clear effect on the results where lower values 
were obtained. 

13. The experimental procedure, based on the ASTM E647 stand-
ard, was used successfully in testing for crack growth rates and 
Paris law parameters where ΔK-increasing testing yielded best 
results. 

14. The estimated stress intensity thresholds of the three steel 
grades are reasonable and close to the values indicated by the 
FGA border stress intensity factor. 

15. A best practice for modelling and computing the stress intensi-
ty factor in the 20 kHz FCP specimen, along with recommen-
dations for best practice testing procedure were provided. 
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Recommendations for future work
Questions were raised during the work of this thesis and are yet to be 
answered. Hereby, recommendations for improvements and future 
research are summarized in the following proposals; 
 

1. To further study the damping frequency dependence and 
mechanisms in steels and the use of a computational design 
procedure, the disagreement between the measured damping 
of the three high strength steel grades at different frequencies 
and the Rayleigh damping model needs to be investigated. The 
damping obtained had a parabolic appearance with maximum 
damping at the middle frequencies. 
 

2. To study the asymptotic behaviour and mechanisms at very 
long fatigue life of steels. The SN-curves obtained in both uni-
axial and three-point bending testing were quite flat indicating 
low dependency on the load amplitude in the VHCF regime. At 
the same stress level one specimen may endure very short life 
while another will endure a very long life. Therefore, contin-
ued detailed study of life limiting conditions is recommended, 
including nucleation and early crack growth in the VHCF re-
gime. 
 

3. To study the influence of carburized microstructure on VHCF 
strength. The carburized 16MnCr5 steel grade showed a de-
crease in fatigue strength when the maximum stress amplitude 
during testing was at the specimen surface, i.e. in notched uni-
axial and three-point bending specimens. Of particular inter-
est is the FGA formation and its relation to Irwin plastic zone 
size and the carburizing surface layer where the VHCF fracture 
initiates. 

 
4. To develop the procedure for 20 kHz crack growth testing. The 

amount of data points, from one specimen, obtained for the 
Paris law curve during fatigue crack growth testing was insuf-
ficient, reducing the crack growth increment size or using al-
ternative for crack length monitoring and measuring methods, 
e.g. potential drop method, is recommended.  
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Very high cycle fatigue of automotive steels

In automotive machinery, components are often required to withstand a very 
high amount of loading cycles before failing. Hence, fatigue data for the very high 
cycle fatigue (VHCF) regime are of importance for the engineers designing such 
components. In this thesis, the VHCF properties of three different high strength 
microalloyed automotive steel grades are investigated. Through theoretical 
computation and modelling, as well as experimental testing, knowledge of 
fatigue strength as well as crack initiation and propagation behaviour is gained.

The influence of high load frequency on both theoretical computation and 
experimental testing of fatigue properties was analyzed and conclusions were 
drawn. An ultrasonic fatigue testing system at 20 kHz load frequency was used 
to perform uniaxial and bending fatigue, and crack growth testing.
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