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Abstract 

Many engineering components reach a finite fatigue life well above 109 load cycles. 
Some examples of such components are found in airplanes, automobiles or high speed 
trains. For some materials the fatigue failures have lately been found to occur well after 
107 load cycles, namely in the Very High Cycle Fatigue (VHCF) range. This finding 
contradicted the established concept of fatigue limit for these materials, which postulates 
that having sustained 107 load cycles the material is capable of enduring an infinite 
number of cycles provided that the service conditions are unchanged. With the 
development of modern ultrasonic fatigue testing equipment it became possible to 
experimentally establish VHCF behaviour of various materials. For most of them the 
existence of the fatigue limit at 107 load cycles has been proved wrong and their fatigue 
strength continues to decrease with increasing number of load cycles. 

One important group of materials used for the production of high performance 
components subjected to the VHCF is tool steels. This study explores the VHCF 
phenomenon using experimental data of ultrasonic fatigue testing of some tool steel 
grades. The causes and mechanisms of VHCF failures are investigated by means of high 
resolution scanning electron microscopy, and in relation to the existing theories of fatigue 
crack initiation and growth. The main type of VHCF origins in steels are slag inclusions. 
However, other microstructural defects may also initiate fatigue failure. A particular 
attention is paid to the fatigue crack initiation, as it has been shown that in the VHCF 
range crack formation consumes the majority of the total fatigue life. Understanding the 
driving forces for the fatigue crack initiation is a key to improve properties of 
components used for very long service lives. Finite element modelling of VHCF testing 
was added as an additional perspective to the study by enabling calculation of local 
stresses at the fatigue initiating defects.     
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Introduction 

The Very High Cycle Fatigue (VHCF) of engineering materials is a phenomenon that 
first became acknowledged and evoked scientific interest only a few decades ago. It was 
observed that some materials when subjected to a sufficiently high number of load cycles 
(108 – 1010) fail at stress levels that traditionally were considered as safe (1-10). Prior to 
this, it was believed that if a material survives 106 – 107 load cycles than it would never 
fail with increasing number of cycles at the same stress level. The highest stress at which 
a material could sustain infinite number of load cycles is called a fatigue limit. 

In order to investigate the existence of fatigue limit, accelerated fatigue testing equipment 
was required. The prototype of the modern ultrasonic fatigue testing machine was 
developed by Mason in 1950 (11). However, it was only in late 80th with the appearance 
of modern computers that the VHCF testing attracted broader interest in Europe, Japan 
and the USA. Since then a number of materials have been tested and proved not to have a 
fatigue limit at 106 – 107 load cycles, but instead show a continuous decrease in fatigue 
strength with increasing number of cycles. There is a large scientific interest as to the 
mechanisms and driving forces of the VHCF failures. In addition to this, the VHCF of 
materials represent a practical problem for many technical systems. With the progress in 
technological development the required fatigue life for many components has increased 
to exceed 108 load cycles. Nowadays the VHCF constitutes one of the main design 
criteria for a number of applications in aircraft, automobile, railway and other industries. 
Some examples of such components are: gas turbine disks (1010), car engine cylinder 
heads and blocks (108), ball bearings, high frequency drilling machines, diesel engines of 
ships and high speed trains (109), etc. 
  
The main objective of this project is to investigate VHCF behaviour of various tool steels 
by means of ultrasonic testing equipment. Here the traditional fatigue limit at 106 – 107

load cycles is questioned and, instead, the fatigue strength at 109 load cycles is 
established for each steel grade. Furthermore, specimens fracture surfaces and in 
particular VHCF initiating defects are studied and compared. By ultrasonic fatigue testing 
another important project objective is achieved – the largest microstructural defects that 
are present in each steel grade and which could not be found by conventional defect 
detection techniques, are identified. This is enabled by the fact that VHCF failures 
originate from the largest defects found in the tested volume, as they have the highest 
potential to initiate fatigue crack.  

In addition to this, the fundamental mechanisms of crack initiation and growth in the 
VHCF regime are studied in the course of the project. A particular attention is paid to 
questions such as what material properties or crack developing mechanisms govern 
VHCF life and strength? Can they be controlled, and how? The incorporation of Finite 
Element Modeling (FEM) into the research is also an important task which adds 
additional perspective to the project. 

Finally, one of the aims of this project is to generate VHCF data, which is still rather 
scarce and requires further verification. The use of engineering materials as a whole and 
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tool steels in particular in the applications subjected to VHCF is constantly growing. 
Therefore, any research that can contribute to better understanding of VHCF 
phenomenon or simply add to the pool of experimental data is appreciated by both 
scientific and engineering communities. Hopefully, this thesis can serve the above 
purpose and give answers to some ambiguous aspects of VHCF as well as raise questions 
about those areas that require further research.        

Experimental 

Materials 

This study presents the results of VHCF testing of two high strength hot-work tool steels: 
AISI H11 and H13, which became the basis for Paper II and Paper I respectively. The 
materials have been ingot cast and forged, which resulted in directional microstructure 
and in particular in elongated shape of internal defects such as slag inclusions – the main 
cause of VHCF failure in tool steels. The “hour-glass” shaped fatigue specimens have 
been extracted from the steel billets in the transverse direction, so that the elongated 
defects lie in the plane perpendicular to the applied stress. The specimens have been 
hardened and tempered to produce a martensitic microstructure with a dispersion of small 
carbides, Fig.1. The two steels have rather similar chemical composition with slightly 
higher Cr and V content in AISI H13 grade, Table 1 and 2. 

             
  
a)                                                                         b) 

Figure 1.  Martensitic microstructure of AISI H11 (a) and H13 (b) tool steels with the dispersion 
of small carbides. 
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Table 1   
Nominal composition of H11 steel in wt % 
Element C Si Mn Cr Mo V 

wt, % 0.38 1.10 0.40 5.00 1.30 0.40 

Table 2   
Nominal composition of H13 steel in wt % 
Element C Si Mn Cr Mo V 

wt, % 0.39 1.00 0.40 5.30 1.30 0.90 

Methodology 

To accomplish the fundamental aim of the project, namely to investigate VHCF 
properties of tool steels, the ultrasonic fatigue testing technique was used. A detailed 
description of the method and respective equipment is found in the appended literature 
review and in (11). The fatigue experiments were conducted in air with the application of 
external cooling to maintain the temperature on the specimens’ surface in the range of 
room temperature. The testing was carried out at 20 kHz frequency with minimum to 
maximum load ratio R = 0.1. The specimens were of “hour-glass” shape with the 
diameter of the smallest cross-section of 6 mm. The critical section of each specimen was 
polished in order to remove potential stress raisers from the surface. All specimens were 
extracted from respective steel billets in the transverse direction, which represents the 
worst case for fatigue properties. For the sake of comparing fatigue mechanisms and 
strength at different numbers of load cycles, one series of specimens have been fatigue 
tested using conventional Instron 100 kN servo-hydraulic machine.   

The experiments were performed using the staircase method with the reference fatigue 
live length of 109 load cycles. If a specimen has failed prior to reaching 109 cycles, the 
next one would then be tested at stress level that is by a predefined amount (step) lower 
than the stress in the previous experiment. If a specimen survived more than 109 load 
cycles then the next experiment would be performed at stress level that is by the step 
higher than the one used in the previous experiment. In such a manner the whole series of 
specimens is tested and the fatigue strength together with its standard deviation are 
estimated. For the detailed description of the staircase method the readers are referred to 
(12).  
    
High resolution Scanning Electron Microscope (SEM) Leo 1530 was used to evaluate 
fatigue initiating defects as well as fracture surfaces of the failed specimens. Moreover, in 
Papers I and II  the SEM is used in the attempt to establish fatigue crack growth rates as 
the crack progresses from small to critical size. This is accomplished by identifying the 
repetitive marks of cyclic crack growth (striations) on the fracture surfaces and then 
measuring their spacing.  
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In order to monitor the stress gradient within an “hour-glass” shaped specimen during 
testing and to identify the actual local stresses acting at the fatigue initiating defects, an 
axi-symmetrical Finite Element Model (FEM) was developed using ABACUS software 
(Paper III). The model simulates ultrasonic uni-axial fatigue testing at stress ratio R = 0.1 
by means of two step process: 1) tensile pre-stressing; and 2) application of a sinusoidal 
cyclic stress. The magnitude of this cyclic stress is defined by the required fatigue stress 
amplitude, while the magnitude of the static pre-stress is adjusted to satisfy the load ratio 
R = 0.1. In addition to this, the FE model is used to establish the dependence of the 
fatigue stress amplitude on the damping properties of the tested material, Paper III.  

Results and discussion 

Fatigue limit 

One of the fundamental aims of this work was to investigate whether or not a fatigue 
limit exists in tool steels at 106 or 107 load cycles. The experimental results obtained from 
testing of AISI H11 and H13 hot-work tool steels prove that there is no fatigue limit and 
fatigue failures continue to occur even well above 109 load cycles at progressively 
decreasing stress levels, Figs. 2 and 3. In Paper I it is shown that the difference between 
fatigue strength of H13 steel at 2·106 and 109 load cycles is 75 MPa in stress amplitude. 
This value is significant and should be accounted for in designing engineering 
components subjected to VHCF. Likewise, in Paper II the experimental evidence that 
disprove the concept of fatigue limit in H11 steel are presented. Here, similarly to H13 
steel, the fatigue failures take place at a number of load cycles exceeding 107. 
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Figure 2.  VHCF results for five production batches of AISI H13 steel together with conventional 
fatigue test results for batch 3. Load ratio R = 0.1. 
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Figure 3.  S-N fatigue data for five production heats (A-E) of AISI H11 steel tested  
at load ratio R=0.1. 

Fatigue initiating defects 

The VHCF fractures described in this work are all internally initiated and in vast majority 
of cases originated from slag inclusions of stringer type or sometimes from a single 
particle, Fig. 4a) and b) respectively. In one case, however, the fatigue crack started from 
a carbide, Fig. 5a), and in a few instances internal voids created by trapped gases during 
steel production caused the fatigue failure, Fig. 5b).      

      

a)                                                                     b) 

Figure 4.  Fatigue failure originating from slag inclusions: a) stringer type; b) single particle. 
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a)                                                                    b) 

Figure 5.  Fatigue failure initiated from: a) carbide; b) void. 

As shown in Figs. 6 and 7 and described in Papers I and II , the dimensions of the VHCF 
initiating defects are significantly bigger than the ones found in steels with traditional 
means of materials cleanliness inspection, like Optical Microscopy (OM). This is 
explained by the fact that during VHCF testing, which is carried out at low stresses, only 
the largest defects within tested material volume have the potential to initiate fatigue 
failure. Because their occurrence is relatively rare, the probability of identifying them 
using OM is very small. Therefore, the application of ultrasonic fatigue testing technique 
could be extended from estimating fatigue strength at high number of load cycles to 
evaluating the cleanliness of materials with respect to the largest available defects. The 
knowledge about these extreme defects in a material is crucial and should be considered 
when the material is chosen for one or another technical application. As to the 
engineering components subjected to VHCF, the presence of one such defect in the 
critical section of a component could lead to catastrophic failure.  
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Figure 6.  The relationship between the square root of the fatigue initiating defect area and the 
corresponding stress amplitude for five production heats of AISI H13 tool steel. 
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Figure 7.  The relation between the length of fatigue initiating defects and corresponding stress 
amplitude for five production heats (A-E) of AISI H11 steel. 

Fracture morphology 

A typical fracture surface of a failed specimen is shown in Fig. 8a. Its particular feature is 
the so-called “fish-eye” that forms around the fatigue initiating defect, Fig. 8b). As 
described in Paper I, the “fish-eye” boundary is more distinct if it marks the point when 
the fatigue crack reaches the surface. In that case there is a sharp change from internal to 
external fatigue crack with air-assisted growth. This change is reflected by the shift in 
appearance on the fracture surface. On the other hand, the “fish-eye” boundary could still 
be observed even if it is located at some distance from the specimen surface. This 
boundary marks the change in fatigue crack propagation mechanism. Therefore, if the 
size of the “fish-eye” is to be considered as an evaluating parameter of the fatigue 
process, then it is only the latter types of the “fish-eyes” (located away from the surface) 
that should be used. As to the “fish-eyes” reaching the surface, their size is largely 
defined by the distance from the fatigue initiating defect to the surface, rather than by a 
critical crack size that marks the shift in growth mechanism for the internal crack.     
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a)                                                                      b) 

Figure 8.  Typical fatigue failure: a) fracture surface overview; b) the “fish-eye”. 

The fatigue crack growth continues beyond the “fish-eye” boundary until the crack 
reaches a critical size and rapid failure occurs. The fracture surface within the “fish-eye” 
has relatively flat morphology when compared to the remaining crack propagation area. 
This is in line with the different crack propagation mechanisms that operate within and 
outside the “fish-eye”. The crack growth rate in these two regions differs and is discussed 
in more details in the next section. 

Crack initiation and growth  

With respect to fatigue crack propagation two main stages have been distinguished in 
H11 and H13 tool steels. These are: crack growth within the “fish-eye” and crack growth 
outside the “fish-eye”. In Papers I and II  the crack growth rate is estimated by measuring 
striation spacing on the fracture surfaces. The results indicate that with an increasing 
crack size within the “fish-eye” the crack growth rate changes insignificantly and 
constitutes 10-20 nm/cycle, Fig. 9. Once the crack outgrows the “fish-eye”, its 
propagation rate starts to increase steadily with increasing crack size and changes from 
about 30 to 140 nm/cycle as the crack develops to its critical size. 
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Figure 9.  Crack growth rate, based on striation spacing measurements, within and outside the 
“fish-eye” calculated for a specimen made from AISI H11 steel. 

In Paper II it has been shown that the portions of fatigue life consumed for the crack to 
grow within and outside the “fish-eye” are insignificant in comparison to the total fatigue 
life. Together they constitute less than 1% of the total life. This introduces the concept of 
VHCF initiation stage. The initiation zone is defined in Paper II as the area around 
fatigue origin where the striations were not distinguishable in SEM, Fig. 10. It was 
estimated to be around 50 µm in diameter. Technically, the initiation stage is a part of 
fatigue crack development within the “fish-eye”. However, because it is life-controlling 
and due to uncertainties as to the mechanisms of crack formation within this zone, it is 
reasonable to investigate it separately.  

Figure 10.  Schematic illustration of different stages of VHCF crack development in an 
hour-glass shaped specimen. 

Crack growth within the ”fish-eye” 

Crack growth outside the ”fish-eye” 

Final fracture 

Initial crack growth 
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The above reasoning leads us to the conclusion that in VHCF regime close to 100 % of 
fatigue life is consumed during the crack initiation. The question is how and under what 
conditions the crack formation takes place.  

The theory developed by Murakami (13-16) and described in the Literature Review
suggests that in the VHCF range the crack growth during the initiation stage is enabled 
by synergistic effect of cycle stresses and hydrogen that is trapped by the inclusion. It is 
argued that without hydrogen the crack equal to the size of VHCF initiating inclusion 
would be non-propagating. The destructive effect of hydrogen results in the crack 
growing to a certain size when it is big enough to propagate entirely due to the applied 
stress. Murakami introduces the term Optically Dark Area (ODA), which represents 
hydrogen-assisted crack growth. As the name suggests it appears dark in the OM, but it is 
light when viewed in the SEM. Fig.11 shows a fracture surface of an H11 steel sample, 
which could be related to the ODA described by Murakami. The size of the ODA is in 
line with the size of the introduced in Paper II fatigue initiation zone, during which more 
then 99% of fatigue life is consumed. The VHCF results discussed in this thesis do not 
confirm the existence of hydrogen-assisted crack propagation but they reinforce the 
notion of the existence of a life-controlling fatigue initiation area with specific crack 
development mechanisms.            

Figure 11.  Optically Dark Area (ODA) in an H11 specimen. 

Let us consider the VHCF initiating defects as pre-existing cracks. This assumption could 
be largely verified by comparing the destructive potential with respect to VHCF of pores 
and inclusions of similar size, under identical stress conditions and for the same material. 
To accomplish this, the additional experimental data featuring the above mentioned 
defects as the VHCF origins is required. However, at this point we assume that the 
fatigue initiating defects represent pre-existing cracks of the same size. 

For the selected Specimen D in Paper II almost 109 load cycles were consumed during 
the initiation stage, i.e. prior to the fatigue crack reaching about 50 µm in diameter. If we 
assume that the fatigue crack grows with each load cycle by the smallest possible step of 
0.1 nm – the interatomic distance, then it would take less than 106 load cycles for the 
crack to grow through the initiation zone. Therefore, there must be mostly non-
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propagating cycles during the initiation stage. Moreover, whatever happens with the 
crack surrounding microstructure during those non-propagating load cycles defines the 
mechanism of crack formation. Should we assume hydrogen-assisted growth, then it is 
possible that during non-propagating load cycles the hydrogen atoms diffuse to the most 
stressed region, the crack tip, until their concentration is high enough for the crack to 
propagate by a short distance. Then the new period of crack stagnation and hydrogen 
diffusion begins. Another possibility is that during non-propagating cycles a continuous 
dislocation rearrangement takes place at the crack tip until a favourable positioning is 
reached and the crack advances by a small step. Whatever the mechanism of the fatigue 
cracks formation, its rate (which is inversely proportional to the number of non-
propagating cycles between crack advances) should be related to the stress state at the 
crack tip. Considering that the non-propagating cycles constitute about 99% of VHCF 
life, then even the total fatigue life should be related to the stress state at the crack tip 
during the initiation stage. 

VHCF life 

In Paper III, the VHCF life is viewed as a function of local stresses acting at the fatigue 
initiating defects and the dimensions of those defects. Using a finite element model, the 
local stresses have been established as a fraction of nominal, depending on the location of 
the fatigue initiating defects within the specimen.  

The attempt is made to show the similarities between the fatigue initiating potential of 
inclusions in steels on the one side and the cracks of the same dimensions on the other. It 
is speculated that the stress state at the tip of such cracks defines the rate of fatigue 
damage accumulation during the crack initiation stage. It is known that fatigue initiation 
stage is life-controlling in the VHCF. Therefore, the total fatigue life would then be 
related to the stress state at the tip of a crack representing a fatigue initiating defect.  
  
In addition to this, in Paper III the effect of material damping on the fatigue stresses is 
investigated. It is shown that a high loading rate, i.e. during ultrasonic fatigue testing at 
20 kHz, the material damping in steels can result in 14% lower stress amplitudes 
compared to when damping properties are ignored. 
   

Conclusions

In the course of the research following conclusions have been drawn based on the 
experimental evidence and analysis of the results: 

• There is no fatigue limit in AISI H11 and H13 tool steels at 106 or 107 load 
cycles. Fatigue strength gradually decreases as number of cycles reaches into 
VHCF range. 
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• Slag inclusions are a dominant type of VHCF initiating defects in AISI H11 and 
H13 tool steels. 

• Ultrasonic fatigue testing is a useful tool for locating maximum defects within a 
material.  

• VHCF failures are internally initiated. Fracture surfaces of broken specimens are 
characterized by the so-called “fish-eye” formation. 

• There are two main stages of crack propagation in the VHCF: 1) slow crack 
growth within the “fish-eye”; 2) fast crack growth outside the “fish-eye”. 

• Crack initiation stage is life controlling for VHCF. Moreover, around 99% of 
total fatigue life is consumed during non-propagating crack behaviour. 

• VHCF life is related to the size of the fatigue initiating defects and the local 
stress state.  

Future work 

Following the conclusion made in this work about the life-controlling importance of 
crack initiation stage in VHCF, the focus of future work should directly or indirectly be 
related to the investigation of fatigue mechanisms and parameters that are descriptive of 
this particular stage.  

In order to get more comprehensive picture of the VHCF properties of tool steels 
additional testing of different steel grades is required. So far in this research the major 
type of fatigue initiating defects was slag inclusions. However, it has been shown that in 
tool steels the VHCF failures could originate from carbides as well as pores. Which of 
these defects are the most detrimental is an interesting question, the answer to which 
could give further information as to the fatigue crack formation. Therefore, testing of 
steel grades where large carbides, pores and slag inclusions are potentially present in the 
microstructure is a way of obtaining fatigue failure originating from these defects, which 
could then be graded as to the degree of harmfulness. In addition to this, when comparing 
the experimental results where fatigue origins are inclusions and pores respectively, the 
assumption of slag inclusion being a pre-existing crack could be verified.  

Additional data is required in order to confirm the results presented in Fig. 13 and 14, 
which show the combined influence of the defect size and local stress range on the VHCF 
life. For this type of analysis it is advisable to use high purity material with the fatigue 
initiating defects being of the same type and similar and simple shape, which would 
reduce the error when measuring their size and approximating it to the equivalent circular 
crack. One alternative is to test specimens that have been taken from the steel billet in the 
longitudinal direction. In this way the shape of the fatigue initiating defect would be close 
to the spherical and relative comparison could be easily accomplished.  
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The influence of material microstructure on VHCF properties and in particular on the 
crack initiation process is another area that requires further research. It is of interest to 
know how micro-structural parameters such as for example grain size or volume fraction 
of carbides effect the VHCF behaviour. Furthermore, the research of VHCF would 
benefit from ultrasonic fatigue testing of a series of specimens made from the same steel 
grade but heat treated to produce different microstructure.  

The “fish-eye” formation is another region that requires additional research. Some 
valuable information with respect to development and growth of small internal cracks 
could be obtained when analyzing “fish-eye” characteristics and matching them with the 
test parameters. 

In conclusion, a thorough investigation using all possible technical means of the fatigue 
initiation zone is desirable to better understand the mechanisms of VHCF crack 
formation. These could include a detailed SEM study; fracture surface profilometry 
starting from the fatigue initiating defect and moving in the growth direction; 
observations aimed at finding traces of hydrogen in the initiation zone; etc. Furthermore, 
it could be of much help to create a FEM that would simulate fatigue crack formation 
process.        
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Very high cycle fatigue 

of high performance steels

Many engineering components reach a finite fatigue life well above 109 load cycles. Some 

examples of such components are found in airplanes, automobiles or high speed trains. For 

some materials the fatigue failures have lately been found to occur well after 107 load cycles, 

namely in the Very High Cycle Fatigue (VHCF) range. This finding contradicted the established 

concept of fatigue limit for these materials, which postulates that having sustained 107 load 

cycles the material is capable of enduring an infinite number of cycles provided that the service 

conditions are unchanged. With the development of modern ultrasonic fatigue testing equipment 

it became possible to experimentally establish VHCF behaviour of various materials. For most 

of them the existence of the fatigue limit at 107 load cycles has been proved wrong and their 

fatigue strength continues to decrease with increasing number of load cycles.

One important group of materials used for the production of high performance components 

subjected to the VHCF is tool steels. This study explores the VHCF phenomenon using 

experimental data of ultrasonic fatigue testing of some tool steel grades. The causes and 

mechanisms of VHCF failures are investigated by means of high resolution scanning electron 

microscopy, and in relation to the existing theories of fatigue crack initiation and growth. The 

main type of VHCF origins in steels are slag inclusions. However, other microstructural defects 

may also initiate fatigue failure. A particular attention is paid to the fatigue crack initiation, 

as it has been shown that in the VHCF range crack formation consumes the majority of the 

total fatigue life. Understanding the driving forces for the fatigue crack initiation is a key to 

improve properties of components used for very long service lives. Finite element modelling 

of VHCF testing was added as an additional perspective to the study by enabling calculation 

of local stresses at the fatigue initiating defects.


