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ABSTRACT 
 

 

 

Fatigue crack initiation and growth at extremely low stresses is a concern for structural 

integrity of aerospace, locomotive and automotive structures where cracks are initiated well below 

the fatigue limit of the materials. Fatigue Fracture is the most common failure phenomenon in 

materials and structures under cyclic loading. Fatigue cracks initiate from stress concentration 

regions at stresses lower than the static strength of the materials. The typical fatigue S-N or 

Wohler curve of many materials is available in open literature up to 107 cycles and fatigue life 

beyond these cycles is usually predicted by statistical methods. However, with the invention of 

piezoelectric fatigue machines vibrating at 20kHz, a new concept has recently been emerged. It 

has been found that statistical prediction of fatigue life beyond 107 cycles is not true and metals 

and alloys may show fatigue fracture even at very low stresses up to 1012 cycles. In addition, a 

very new failure mechanism in fatigue has been observed where the materials and alloys show 

fracture from the sub-surface of the material and show a step-wise S-N curve. Although many 

studies focused to develop a thorough understanding of the crack initiation up to 1012 cycles or 

Very High Cycle Fatigue (VHCF), yet the complete understanding has not been established yet. 

There is no comprehensive model for explanation of the fatigue crack initiation phenomenon 

beyond 107 cycles of service life of materials.  

In this monograph, the basic principles of Very High Cycle Fatigue (VHCF) and the 

development of equipment required for testing specimens up to VHCF have been discussed. In 

addition, typical transition of crack initiation site from surface to sub-surface of the materials and 

their deformation mechanisms has been investigated. The process of local plasticity accumulation 

around the inclusion required for initiation of fatigue cracks has been discussed in detail. The 

current understanding of the VHCF phenomenon and fatigue life improvement techniques has 

also been discussed. 

The concept and understanding of VHCF are very important for postgraduate and PhD 

students to understand the importance of the field. The VHCF field is now termed as the highest 

contributing subject in the top 100 most cited papers in the field of fatigue. The application of the 

field is widespread in Mechanical, Materials, Aerospace Civil and Structural Engineering. Many 

mechanical, aerospace, automobile and wind energy structures under dynamic loading suffer 

fatigue fracture up to 1012 cycles. Owing to economic concerns, it is now desired that structures 

and alloys perform service up to at least giga cycles (109 cycles). However, the transition of 

fracture mechanism from surface to subsurface of many engineering alloys is the main hurdle in 

establishing the same. Hence, it is very important to understand this critical deformation 

mechanism for engineering community. The VHCF field is relatively new and most of the 

development has been made in last 15 years or so. The fatigue and fracture mechanics course is 

a compulsory subject in the field of Postgraduate programs of mechanical/ materials/ aerospace/ 

civil engineering. However, the VHCF topic is still not covered in the syllabus. This may be 

attributed to the unavailability of the text books about the subject in Pakistan. Globally, only one 

book related to VHCF has been published so far authored by Prof. Claude Bathias and Prof. Paul 

Paris of France. Apart from this book, there is no other comprehensive book available and large 

proportion of the experimental data is only available in research papers. The access to these 

research journals and papers is based on costly subscriptions and access for students studying 
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the topic is difficult. It is envisaged that the monograph will be of substantial importance for 

engineering and scientific community at national and international level, and will be well cited in 

near future by students. 
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                                                                FOREWORD 
 
 

The study of fatigue dates back to the early 1800s, and Wilhelm Albert’s studies on the 
failure of chains used in mines. Since then, our knowledge of fatigue, its mechanisms and its 
mitigation, have progressed gradually. Notable disasters such as the Comet airliner failures of the 
1950s helped to advance understanding of critical aspects of damage-tolerant design for 
structures and materials that are susceptible to the development of fatigue cracking during 
service. 

 
Fatigue continues to cause problems, and the occasional catastrophic and fatal failure 

when the lessons from the past are forgotten, or a design is released into service with insufficient 
rigour in the testing or approval, or an error is made during the manufacturing of a product. 

 
There continues to be much research into the fundamental mechanisms of fatigue and 

fatigue crack growth, particularly in metallic materials, with the aim of further developing our 
understanding so that failures can be reduced even further in the future. 

 
Very-high-cycle fatigue has been an area of increasing interest for many years. As we 

expect our products to offer longer lifetimes at reduced cost and with greater efficiency, what was 
previously considered to be a “safe” fatigue life may not be so when the component is exposed to 
billions of operating cycles or even more. Engineering applications such as motors and pumps 
already routinely cope with load cycling at such high levels, but components in applications from 
transport to consumer goods will have demands placed upon them to achieve extremely long 
operating lifetimes. 

 
This monograph provides a valuable summary of current thinking on very-high-cycle 

fatigue, It looks at the rationale for using piezoelectric test machines, and their basic operation. It 
contains some experimental work on the initiation of cracks in very-high-cycle fatigue; the effect 
of notches; and the effect of surface treatment. It concludes with a look at how future research will 
further develop our understanding in this field. 

 
This monograph will be a valuable introduction to the field of very-high-cycle fatigue for a 

wide readership. 
 

 
 
 

Professor M. E. Fitzpatrick CEng CSci. MIoD. FIMMM 
Executive Dean, Faculty of Engineering, Environment and Computing 
and Lloyd's Register Foundation Chair in Structural Integrity and Systems Performance 
Coventry University, Coventry, UK. 
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CHAPTER – 1 

 

VERY HIGH CYCLE FATIGUE 

1.1  Introduction 
 

Fatigue fracture is the most common failure mechanism in materials and structures under 
cyclic loading. Fatigue cracks initiate from stress concentration regions at stresses lower than the 
static strength of the materials. Fatigue crack initiation and growth at low stresses are of serious 
concern for structural integrity of aerospace, locomotive and automotive structures especially in 
the cases when crack are initiation takes place well below the fatigue limit of the materials [1]. 
The S-N or Wohler fatigue curve shows data up to 107 cycles and statistical methods are used for 
prediction of further fatigue life. However, with the invention of piezoelectric fatigue machines 
vibrating at 20 kHz or above, now it is well established that statistical prediction of fatigue life 
beyond 107 cycles is not a right approach and metals do show fracture even at very low stresses 
up to 1012 cycles [2]. The fracture beyond 107 cycles is different than the conventional fatigue 
fracture as crack initiation is found to be from the subsurface of materials. Different crack initiation 
sites show a shift in trend of S-N curve where a stair type step-wise shape is observed. In last two 
decades, substantial efforts have been made to better understand the crack initiation mechanism 
beyond 107 cycles, yet the understanding of crack initiation phenomenon is still considered a 
challenging task [3]. To date no mathematical model has been developed for explanation of the 
fatigue crack initiation beyond 107 cycles. This chapter discusses the basic principles of Very 
High Cycle Fatigue (VHCF). The current understanding of deformation mechanism in the 
materials under very high fatigue cycles is discussed. In addition, effectiveness of fatigue life 
improvement techniques and current challenges in VHCF behavior of materials are also 
highlighted.  
 
1.2   Very High Cycle Fatigue of Engineering Alloys 
 

The concept and understanding of VHCF is very important in components where longer 
service life is expected. The application of the field is widespread in Mechanical, Materials, 
Aerospace Civil and Structural Engineering where dynamic loading produce fatigue fracture up to 
1012 cycles. However, the current fatigue code design curves are developed on the fatigue data 
up to 107 cycles, far below the 109-1012 cycles experienced in actual practice [1-2]. Owing to 
economic concerns, it is now desired that structures and alloys perform service up to at least giga 
cycles (109 cycles). However, very little is known about the deformation mechanism of 
engineering alloys beyond 107 cycles. The crack initiation site shifts from surface to subsurface of 
material which is still not understood thoroughly. To be able to design structures capable of 
serving beyond 107 cycles, the scientific community is trying to develop a better understanding of 
the deformation mechanism, the crack initiation and propagation controlling features and facture 
behavior. The VHCF field is relatively new and most of the development has been made in last 
fifteen years or so.  
 

The VHCF has attained substantial importance in recent years particularly after 
establishing the fact that a fatigue limit does not exist in many cases. Most engineering designs 
assume a fatigue limit and expect infinite life at stresses below than this value. Recent studies, 
however, concluded the fact that most materials including ferrous alloys experience failure up to 
109 cycles and above, and fracture in ultra-high cycle fatigue is a consequence of subsurface or 
internal crack initiation at the defect sites [1-2]. Hence, there is a growing understanding that a 
safe-life design based or the infinite life criterion may be risky for material. These materials exhibit 
a continuously decreasing stress life response, even at a high number of cycles (107-109). Hence 
for these materials, the fatigue strength at a given number of cycles is a better representation 
instead of endurance limit. 
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1.3  Current Understanding of VHCF 
   

The material testing up to higher number of loading cycles is considered very important. 
The cyclic loading of specimens beyond the Wohler curve initiated the development of 
mechanisms capable of vibrating the samples up to very high cycles in realistic time duration. The 
testing up to extremely high number of cycles is realistic only using devices oscillating with high 
frequencies. Hopkinson [4] initially designed a mechanical machine capable of exciting specimen 
with 33 Hz. Later he used electromagnetic devices to produce frequency up to 116 Hz.  Mason [5] 
in 1950 successfully used 30kHz frequency for testing high life cycle materials. Later, Bathias [1] 
used the principle of Mason to present a fatigue testing machine with 20kHz as working 
frequency. Girard used a machine with 92 kHz but it was found that with further increase in the 
testing frequency produced several problems such as excess heating of samples. Up to now, 
several high frequency fatigue testing machines have been developed for testing materials under 
different loading environments such as axial, torsion, bending, fretting, each at fixed and variable 
amplitude loading at room, high and low temperature.  
 

In ultrasonic testing, a controller supplies electricity to piezoelectric transducer. The 
transducer converts this electricity into vibration to an ultrasonic tuned horn working in a 
resonance condition. The geometry of horn is designed such that the specimen vibrates in 
resonance with electric signal. The amplitude of horn is transmitted to the attached specimen 
where at its midsection a required strain amplitude is achieved. The transmission travels along a 
single line from top of the specimen to the bottom end. The experiments are inexpensive and do 
not require much time as compared to the traditional 100 Hz testing. 
 

In cyclic loading the shape of the S-N curve show a shift in trend beyond 107 cycles. Up 
to 107 cycles the S-N curve follows a decreasing trend and the crack initiation sites are observed 
from the surface of material. Table 1 shows the loading fatigue cycles and time required to test 
each specimen when standard 20, 100 and 20000Hz frequencies are used. It can be seen that 
the time required to test material can be reduced substantially if 20kHz frequency is used for 
fatigue cycling. 
 

S. 
No. 

Loading 
Cycles 

Fracture Time (hours) 

20 Hz 100Hz 20kHz 

1 105 1.38 
 

0.27 0.00138 

2 106 13.8 2.77 0.0138 

3 107 138.88 (5.7 days) 
 

27.77 (1.1 days) 0.1388 

4 108 1388 (57 days) 277.77 (11.5 days) 1.388 

5 109 13888 (1.5 years) 2777 (115 days) 13.8 

6 1010 138888 (15 years) 27777 (3.1 years) 138.8 (5 days) 

 
Table 1: Time required to complete fatigue testing using different frequencies 

 
The S-N curves obtained for different materials tested up to 109 cycles show stepwise 

shapes. The fracture mode of specimens change from surface to subsurface crack initiation 
which is reflected by a step in the S-N curve shape. The inclusion, pits, pores etc. in all 
commercial materials as a result of deoxidation additions, impurities or entrained exogenous 
material. Subsurface crack initiation is a microstructure related phenomenon and the initiation 
sites are usually associated with interior defects in material such as inclusions, pits, pores, etc.  
 

The VHCF crack initiation phenomenon has been investigated by some researchers in 
recent past. Bathias [1] discovered that fatigue failures can happen beyond 107 cycles and the 
concepts of infinite fatigue life is not true. He found that the difference of fatigue resistance was 
about 200MPa between 107 to 109 cycles. Hence, it was concluded that statistically estimated 
fatigue resistance between 107 to 109 cycles was not a right approach. He suggested to use 
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piezoelectric fatigue machines for testing the materials up to very high cycles for experimental 
determination of fatigue resistance of material. Shiozawa et al. [6] observed a stepwise S-N curve 
for high chromium-carbon bearing steel. In his study he found two different trends of S-N curve 
based on different crack origins. Crystal slip was observed in surface cracking while subsurface 
cracks were found from non-metallic inclusions. Nishijima et al. [7] concluded that subsurface 
fatigue cracks were observed in materials with strengthened surface. Murakami [3] developed a 
model for estimation of the fatigue life using area of inclusion. The fatigue limit 𝜎𝑤 was predicted 
by 
 
 

𝝈𝒘 =
𝑪(𝑯𝑽 + 𝟏𝟐𝟎)

√𝒂𝒓𝒆𝒂
𝟔 (

𝟏 − 𝑹

𝟐
)

𝟐

 

 
While working on steel alloys, Wang et al. [8] studied different high strength engineering 

alloys up to very high cycle fatigue. He concluded that the fatigue failure beyond 107 cycles 
shows two different behaviors such as surface and subsurface fracture modes. In materials 
where beyond 107 cycles a subsurface cracking was observed, the size of inclusion in the 
microstructure of the material controlled the crack initiation and overall fatigue life. A deterministic 
model for the fatigue life prediction in gigacycle regime was also developed for quantitative 
evaluation of cracking from inclusions. Shiozawa et al. [9] loaded high chromium-carbon bearing 
steel specimens in bending mode and found stair-case type S-N curve. He observed two different 
crack initiation regions and mechanisms based on the number of fatigue cycles to failure. The 
cracks initiated from the surface of material from crystal slips. However, the non-metallic 
inclusions were found involved in the subsurface cracks. In another study, Wang et al. [2] 
concluded that fatigue failure was possible beyond 107 cycles and assuming a fatigue limit before 
109 cycles was not a right approach. It was suggested that the fatigue strength at a given number 
of cycles was a better way of representation of fatigue properties of the materials. Furaya et al. 
[10] conducted fatigue tests at 100, 600 and 20000 Hz on low-temperature-tempered JIS 
SNCM439 steel to observe the effect of test frequency on the fatigue life of material. It was found 
that the fatigue properties were independent of frequency however, the data was scattered in the 
S–N diagram. Shiozawa et al. [9] in another study observed that a fish eye region with a granular-
bright facet (GBF) was formed around inclusion. The surface roughness was also higher at this 
location as compared to the rest of fracture surface. He concluded that carbides in the 
microstructure of the material formed the rough and granular fracture surface in the GBF. He 
concluded that multiple micro cracks were initially initiated around the inclusion which then grew 
and coalesce with each other in very high cycle fatigue regime. He termed the mechanism of 
GBF formation in very high cycle fatigue as the ‘dispersive decohesion of spherical carbides’. 
 

So far the research carried out for the investigation of very high cycle fatigue behavior of 
metals concludes that the surface cracks initiate from crystal slip on the surface while subsurface 
cracks initiate from inclusions and defects. Some studies focused on prediction of fatigue life 
based on surface and subsurface features however, a concrete understanding of the fatigue 
crack initiation and propagation mechanism is yet to be established. Most of the development so 
far in understanding of the deformation mechanism is still empirical. There is need for 
development of mechanistic understanding of the phenomenon leading to a comprehensive 
mathematical model for prediction of the fatigue life of the alloys up to the VHCF domain. 
 
1.4  Conclusion 
 

Fatigue crack initiation mechanisms before and beyond 107 cycles have been discussed. 
It can be said that the fatigue crack initiation mechanisms is a complex phenomenon owing to 
changes in cracking behavior before and beyond 107 cycles. It was concluded that most of the 
development in fatigue crack initiation especially from sub-surface of material, with and without 
fish-eye formation, is still empirical. It is now required that a comprehensive mechanistic 
understanding of the process be developed leading to a mathematical model for prediction of the 
fatigue life of alloys up to very high cycles. 
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CHAPTER – 2 
 

 
 

A REVIEW OF PIEZOELECTRIC FATIGUE MACHINES 
AND DEVELOPMENT 

 
2.1  Introduction 
 

The standard test methods for ultrasonic fatigue testing of materials with 20kHz or higher 
frequency is yet to be produced. Up to now the research laboratories use their own ultrasonic 
fatigue testing machines and test procedures for investigation of the very high cycle fatigue 
behavior of materials. However, a similar fundamental mechanism of all ultrasonic fatigue testing 
machines is used. Every machine consists of three essential components; a high frequency 
generator produces 20kHz sinusoidal electrical signal, a transducer for transformation of the 
electrical signal into mechanical vibration and a control unit. The characteristics of these 
components vary with performance of the ultrasonic fatigue machines. The uniaxial fatigue 
machines are simpler in design as compared to multiaxial variable loading machines. 
 

Since Wohler presented the idea of cyclic testing, the desire of material testing up to 
higher number of loading cycles attracted the researchers to invent new mechanisms of cyclic 
loading up to very high cycles in realistic manner. It was well realised in early stages of fatigue 
testing research that machines capable of oscillating with very high frequencies would be the 
ideal solution for this critical problem. Hopkinson [1] initially designed a mechanical machine 
capable of exciting specimen with 33 Hz. Later he used electromagnetic devices to produce 
frequency up to 116 Hz. Mason [2] in 1950 successfully used 30kHz frequency for testing high life 
cycle materials. Later, Bathias [3] used the principle of Mason to present a fatigue testing 
machine with 20kHz as working frequency. Later a machine with 92 kHz was also developed but 
it was found that excessive heating in the specimens due to high testing frequencies affected the 
fatigue results.  
 

Up to now, several ultrasonic fatigue testing machines have been developed. These 
machines can test material under different loading environments such as axial, torsion, bending, 
fretting, each at fixed and variable amplitude loading at room, high and low temperature. Fig. 1 
shows an axial fatigue machine with data acquisition and observation unit. The designs of these 
machines depend on the desired loading state. In this chapter, designs and characteristics of 
some commercially available machines are presented. 



xix 
 

 
 

Fig.1: Piezoelectric Fatigue Test Machine with Control System 
 

2.2 Basic Construction of Ultrasonic Fatigue Machines 
 

The ultrasonic fatigue test machine essentially uses three common components to excite 
the specimen at 20kHz frequency which are; 
 
1. A power generator that uses 50 or 60Hz voltage signal and transforms into 20 kHz sinusoidal 
signal. 
 
2. A piezoelectric transducer operated and excited by the power generator. The transducer 
converts electrical signal into ultrasonic waves and mechanical vibration with a similar frequency. 
 
3. An ultrasonic horn which is used to amplify the waves of transducer to generate a larger strain 
amplitude in the specimen. 
 

In ultrasonic testing, a controller supplies electricity to piezoelectric transducer. The 
transducer converts this electricity into vibration to an ultrasonic tuned horn working in a 
resonance condition. The geometry of horn is designed such that it vibrates in resonance with 
electric signal. The amplitude of horn is transmitted to the attached specimen where at its mid-
section required strain amplitude is achieved. The transmission travels along a single line from 
top to the bottom end of the specimen. Fig. 2 shows the schematic representation of ultrasonic 
fatigue machine and its essential components. 
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Fig. 2: Schematic Representation of Ultrasonic Fatigue Test Machine 
 
2.3  Stress and Amplitude in Specimen 
 

Every piezoelectric fatigue machine is equipped with frequency control system, data 
acquisition and an observation unit. The specimen is excited in resonance with ultrasonic 
frequency in longitudinal mode. The maximum displacement and strains are found maximum at 
the far end and mid-section of specimen, respectively. If higher stresses are required for testing, 
an additional horn is used to produce higher loading ratios. The generator uses multiple piezo-
ceramics to provide vibration energy for generating a sinusoidal signal for the converter for 
mechanical vibration. The amplification process with horn and generator maintain the frequency 
of the mechanical system to 20 kHz. The S-N (Stress- Fatigue Failure Cycles) curve is obtained 
from the stress value in the mid-section and the cycles of vibrations. The piezoelectric 
transducers expand or contract with application of electrical signal and produce the stress 
amplitude in the specimen as discussed earlier.  
 
2.4 Type of Ultrasonic Fatigue Test Machines 
 

2.4.1. Fretting Wear Testing 
The fretting wear machines are used where effect of cyclic loading of components under 

wear are investigated. The accelerated fretting wear testing achieved through these machines 
helps in developing a thorough understanding of the phenomenon of wear which is a very 
dominating damage mechanism. The increase in contact force and other conditions are used in 
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the testing to observe the effect of fatigue characteristics. The oscillating specimen is clamped 
between two stationary specimens. One sample is mounted on a traveling yoke while the other 
sample is used to support against high bending stresses [4]. 
 

2.4.2.  Bending Fatigue Testing 
Bending is a very common loading mode in engineering structures The bending fatigue 

machines are used to observe the deformation mechanism of rotating parts such as bearing, 
shafts, rotors, axles etc. The ultrasonic bending fatigue machines can be of three point or rotating 
bending. The three-point bending ultrasonic fatigue testing system is similar to conventional static 
bending machine. In rotating bending fatigue test the loading on the surface is found maximum. 
 

2.4.3. Torsion Fatigue Testing 
Torsion is common in rotating components and is an important loading mode. The ultrasonic 
fatigue machines capable of producing torsion load are relatively new and need further 
development. The mechanical parts of the torsion ultrasonic machines ensure the specimen is 
loaded under torsion resonance vibration. In torsion mode, the shear loading is applied on the 
material [5]. Owing to the fact that shear modulus of materials is always less than the elastic 
modulus (G=E/2(1+v)), the smaller machine parts are used to resonate the specimens.  
 

2.4.4. Temperature Controlled Ultrasonic Fatigue Test 
In high temperature fatigue testing, an induction heating device is used in the middle of 

specimen. The specimen geometry in ultrasonic testing uses the elastic modulus of the material 
to ensure resonance condition in the testing process. The elastic modulus of the material is a 
temperature dependent property. Hence, the resonance conditions are affected with change in 
the temperature [6]. The effect of temperature on the resonance characteristics of specimen may 
change the specimen length. In addition, the high temperature may damage the transducer and 
horn. Additional rods are used with specimens to keep a uniform temperature distribution along 
the specimen. Hence, new geometries of horns, specimens and rods are used to maintain the 
resonance condition in the system. 

 
In low temperature cryogenic conditions; liquid nitrogen, hydrogen or helium is used to 

create a cryogenic temperature atmosphere. The shorter testing time for very high cycle fatigue is 
ideal for testing as the liquid nitrogen and other consumables are not economically viable for long 
term testing [7].  
 

2.5 Conclusion 
There are several ultrasonic fatigue testing machines which can be used for investigation 

of the VHCF behavior of the material. The standard test method for fatigue testing of materials 
with ultrasonic frequency is yet to be produced. Up to now the laboratories use their own 
ultrasonic fatigue testing machines and procedures to investigate the very high cycle fatigue 
behavior of materials. The designs of these machines depend on the desired loading state. The 
working principle of the machines always moves around the ultrasonic transducers. 
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CHAPTER – 3 
 
  

 
INVESTIGATION OF VHCF CRACK INITIATION 

 
3.1  Introduction 
 

The fracture behavior of metallic materials up to very high fatigue cycles is divided in two 
types [1-7]. In the first type, a large difference in the fatigue strength from 106 to 109 cycles is 
found. The crack initiation is observed in the subsurface of the material from the internal defects 
or inclusions. A fish-eye region is formed at the crack initiation site and the S-N curve shows a 
stair-case type shape with a transition at 107 cycles [1]. In second type, the crack initiation is 
observed from the surface of material. The difference in the fatigue strength is found relatively 
lower. The S–N curve, between 106 to 109 cycles, shows a little decrease in slope with no 
transition at 107 cycles [1-3]. In both cases, the crack initiation is caused by the localised plasticity 
accumulation due to the fatigue cycles. In the surface cracking materials, the plasticity 
accumulation occurs around the surface defects and pores [7], planar slip bands [8-9, 12, 15-17] 
and grain boundaries [18] due to the stress concentration. In subsurface cracking, the same 
occurs around the non-metallic inclusion, heterogeneity, or super grain. In surface cracking 
materials, Persistent Slip Bands (PSBs) as intrusions and extrusions appear on the surface of 
material leading to crack initiation. In subsurface cracking, a fish–eye with fine granular area 
(FGA) is formed. Once the area of FGA reached to the corresponding stress intensity factor of the 
material the crack initiates. This chapter discusses the details of surface cracking mechanism in 
stainless steel alloy AISI 310. The behaviour of material in high and very high fatigue cycles are 
characterise. The fracture surface of the material under different loading cycles is also discussed.  
 
3.2  Stainless Steel Alloy AISI 310 
 

The surface cracking phenomenon is observed in the materials which on cycling loading 
exhibit irreversible deformation twining, surface roughening and difference in strength of matrix 
and precipitates in the microstructure. The surface of the material shows micro-cracking leading 
to formation of extrusion and intrusions of slip bands. The AISI 310 stainless steel is one example 
of those materials which show PSBs during cyclic loading. The alloy is preferred to be used in 
moist conditions owing to its superior corrosion resistance capability. It is frequently used in heat 
exchangers, pipes and machinery parts applications. The alloy shows better characteristics for 
oxidation prevention at elevated temperatures. Fig. 3.1 shows the microstructure of the alloy. The 
grain size of the material is ~10 μm. The grains of the materials show equiaxed and random 
orientation with carbide precipitates around the grain boundaries. Elastic–plastic properties of the 
material are given in Table 3.1.  
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(a) 

 
(b) 

Fig. 3.1: Microstructure of the material (a) Optical Micrograph (b) SEM micrograph; the 
microstructure of the material shows carbide precipitates at grain boundaries 

 

Material E 
(GPa) 

𝝈y 

(MPa) 

Gauge 
length 
(mm) 

Percentage 
Elongation 

(%) 

Hardness 
(HV) 

E / 𝝈y 

 

AISI 310 205 850 25 16 370 240 
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Table 3.1: Mechanical properties of AISI 310 
 
The composition of material is shown in Table 3.2. X-ray diffraction (XRD) measurements of the 
alloy show diffraction planes (111), (200) and (220) (Fig. 3.2). 
 
 

Material C% Cr % Ni % Si % Mn  % Cu % Mo% P% Fe % 

AISI 310 0.04 23.3 18.9 1.8 1.27 0.3 0.15 0.03 Bal 

 
Table 3.2: Composition of AISI 310 

 

 
Fig. 3.2: X-ray Diffraction of the material showing (111), (200) 

and (220) diffracting planes 
 

In VHCF testing, the sample geometry is designed to resonate longitudinally at 20 kHz 
with the piezoelectric fatigue testing system. The elastic modulus and density of the material is 
used to obtain the specimen geometry suitable for resonance condition of the sample during the 
fatigue cycling. Hence, every material has different specimen dimensions for ultrasonic fatigue 
testing. The details of the AISI 310 specimens used in VHCF testing are shown in Fig. 3.3 (a). 
The surface of the specimens was carefully polished to get a surface roughness of 0.2 um or 
lower to avoid any effect of surface roughness on the fatigue characteristics. Fig. 3.3 (b) shows 
the surface roughness of the material measured from Atomic force microscope (AFM).  
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(a) 

 
(b) 

 
Fig. 3.3. (a) Geometry of fatigue specimen (b) 3D surface profile of fatigue  

specimen before loading 
 

3.3  S-N Curve of the Material 
 

Fig. 3.4 shows the S-N curve of the material when tested with ultrasonic fatigue system. 
The initial part of the S-N curve showed a decreasing slope up to 106 cycles. The fatigue life in 
the initial part of the S-N curve was found to be continuously decreasing. A semi-asymptote type 
curve can be seen which changed to almost horizontal beyond 106 cycles. The fatigue limit of the 
material was found to be around 500MPa and exhibited run out samples below this stress. The 
fatigue fracture for this material was found even beyond 107 cycles. It was found that at higher 
fatigue cycles the difference in the fatigue strength was very small (only around 50MPa). The 
lower slope of S-N curve beyond 106 cycles resulted in a little difference in fatigue strength 
between 106 to 109 cycles. It is known that materials with lower strength (UTS) show lower 
decreasing slope in S-N curve [3]. It can be said that the fatigue crack initiation and propagation 
at lower stresses is mainly a function of higher number of fatigue cycles. Similarly, very small 
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increase in stress level reduces the fatigue cycles significantly.  

 
 

Fig. 3.4: S-N curve of AISI 310 
 
3.4  Characteristics of Fracture  
 

The SEM images of fracture surface of different specimens are shown in Fig. 3.5. The 
cracks were found to be initiated from the surface of specimens. The crack initiation location was 
found to be independent of the stress levels and failure cycles. No fish-eye or subsurface crack 
initiation was observed for this material [9-10, 15]. This was in agreement with the shape of S-N 
curve which showed no “step”. This is usually termed as a characteristic when crack initiation site 
shifts from surface to subsurface of material.  
 

The fracture surface found to have different distinctive zones (divided into six regions) 
with multiple secondary cracks and pores in the subsurface of the specimen (Fig. 3.5 (b)). Radial 
patterns of ridges were observed on the fracture surface [5]. The fracture surface found to have 
few striations around the crack initiation region which may be attributed to the resistance in crack 
propagation. The distance between the striations was around ~150μm as shown in Fig. 3.5 (c). 
Due to these striations the fracture surface looked very rough. Cleavage fracture regions with 
secondary cracks were observed on the fracture surface. Some coarse striations were found in 
the middle of the fracture surface. The fracture surface showed fatigue overload with ductile 
transgranular fracture at the other end. 
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(a) 

 
(b) 
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(c) 

Fig. 3.5: Fracture surface (a) sample failed at 1.63x106 cycles (b) Striation in the specimen 
after 7.78x108 cycles (c) Striation at the fracture surface after 7.78x108 cycles 

 
 
3.5 Fatigue Crack Initiation 
 

The surface and subsurface crack initiation mechanisms in VHCF make it an extremely 
challenging problem. If a material is considered for prolonged service life up to 109 to 1012 cycles 
the main focus of fatigue life remains on the crack initiation instead of crack propagation. In VHCF 
life of the materials, it is found that more than 90% of the fatigue life of the materials is consumed 
by fatigue cycles for initiation of the crack, and fatigue life in crack propagation stage is almost 
negligible [1]. Hence a better understanding of crack initiation phenomenon is more important for 
the VHCF design life of materials.  
 

The fatigue cracking is driven by the local plastic deformation in cyclic loading at surface 
or subsurface of the material [9, 15-16, 19-21]. The PSBs and twining lead stress concentration 
effects in surface while inclusions or defects in subsurface, are considered the main reason for of 
fatigue crack initiation. Multiple conclusions for surface crack initiation have been made in 
different studies earlier [8-14].  
 

From investigations of the fracture surfaces of the AISI 310 specimens it was found that 
the crack initiation mechanism was mainly controlled by the number of fatigue cycles. The FCC 
materials, like AISI 310 stainless steel alloy, are known to show PSBs development due to 
localized cyclic plastic deformation in fatigue cycling [19, 22]. Fatigue cracks initiate from PSBs in 
those crystallographic planes with a preferred orientation [20]. Thorough investigation of PSBs 
and their threshold in high cycle fatigue have been highlighted in other studies [19-21, 22-23]. 
However, there are limited studies about the behavior of PSBs in the VHCF [17]. In addition, the 
topography of surface slip bands and markings continuously change during cyclic loading owing 
to the difference in the crystallographic planes with preferred orientations and the grain size [19, 
21]. Hence, investigation of the behavior of PSBs in every materials is carried out for complete 
understanding of the crack initiation mechanism. 
 

In AISI 310 alloy, the surface of the specimen parallel to the loading direction showed 
smooth surface without any damage or PSBs in specimens failed up to 106 cycles [24]. This 
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showed that the grain boundaries carbide particles worked as stress concentration regions for 
crack initiation [19]. However, high density PSBs and deformations were produced in specimens 
failed from 106 to 109 cycles. Atomic force microscope (AFM) was used for investigation of the 
PSBs profiles. Fig. 3.6 (a) shows the AFM scanned image of an area 90mm x 90mm near to the 
fracture region and Fig. 3.6 (b) and (c) show the cross section and 3D image of the area, 
respectively. The AFM height profile from the top corner of the area through the slip bands to the 
other corner of the area showed multiple crust and troughs. This showed that the PSBs were 
developed in arrays of intrusions and extrusions around the entire periphery of the specimen. The 
PSBs were more concentrated near the crack initiation region [20, 22]. The intrusions and 
extrusions were parallel to each other with very small spacing. The depth of the slip bands was as 
high as 250nm at some regions.  
 

 
(a) 
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(b) 

 

 
 

(c) 
Fig. 3.6: (a) AFM scanned surface of specimen from near crack initiation region in 
specimen after 3x108 cycles (b) height profile of a region (from one corner to the other 
corner); the profile shows PSBs and dislocations (c) 3D reconstructed surface topography 
of the region shown in part (a) of the fig. 
 

It can be said that the PSBs emerge out after 107 cycles on the surface of FCC materials. 
The density of these PSBs continuously increases with fatigue cycles leading to higher surface 
roughness of the specimen. The specimens with fewer slip bands show less striations on the 
fracture surface than those fail at higher fatigue cycles. The large difference in fatigue failure 
cycles for a very small difference in stress levels is obtained in alloys where PSBs are produced 
before crack initiation. At relatively lower stress level, the process of PSBs use significantly higher 
fatigue cycles. These cycles increase the depth and width of the extrusions and intrusions. The 
intrusions are found deeper than extrusions. Man et al. [23] also showed deeper intrusions than 
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extrusions in 316L steel. The extrusion height depends upon the size of the grain below the 
surface in the direction of the active Burgers vector [17, 19].  
 

It is now generally acknowledged that FCC materials like nickel-chromium steels exhibit 
PSBs under loading [25, 25-26]. In AISI 310 the FCC structure (111) was obtained by XRD and 
worked as the main slip system. The crystal plane (111) with a higher Schmid factor suffer from 
more plastic deformation and produce strain localization and dislocation accumulation at grain 
boundaries [17]. The partial surrounding of the grains at the leading surface of specimen [9] and 
plasticity accumulation generate the PSBs and local yielding at the surface of the material. The 
sharp edges of PSBs act as local stress concentration and serve as the initiation and driving 
factor for crack [5, 8, 15, 17, 19-21, 22-24]. The PSBs with higher depth intrusions initiate the 
fatigue cracks [17, 19-21, 22-23]. Shallow fatigue cracks nucleate within PSMs or close to 
heterogeneities and defects enhance the localized plastic deformation.  
 
3.6  Conclusion 

Fatigue crack initiation mechanism of AISI 310 stainless steel was investigated up to giga 
cycles. It was found that FCC steels show the PSBs beyond 107 cycles on the surface of 
specimens and their density continuously increase with further fatigue cycles. These slip bands 
increase the surface roughness of the specimen. The fatigue cycles increase the depth and width 
of the extrusions and intrusions. The sharp edges of PSBs act as local stress concentration and 

serve as the initiation and driving factor for crack. The horizontal S–N curve showed that little 

decrease in stress level increased the failure cycles significantly.  
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CHAPTER – 4 
 

 
 

VERY HIGH CYCLE FATIGUE BEHAVIOR OF SMALL SCALE 
NOTCHES IN AISI 310 STAINLESS STEEL 

 
 
4.1 Introduction 

 

Mechanical damage on structures and materials are very common. Whilst the structures 
are in service, shallow notches and scratches may occur during maintenance, service and 
transportation. The fatigue life of structures is significantly reduced due to these damages [1]. 
These damages affect the service life of the materials and structures in different ways. The 
damages are identified by their shape and size. The damages occur in the service life may be of 
infinite shapes and sizes. This makes it extremely difficult to understand the behavior of these 
damages in the fatigue life. Many studies have focused on the effects of small and large scale 
damage and notches on the fatigue life of materials and structures up to high cycle fatigue. 
However, it was found that the behavior of service life based damages in fatigue loading is very 
complex. The combination of parameters such as elastic-plastic properties of the material, 
geometry of damage, residual stresses and fatigue loading and its type all affect the behavior of 
material. In addition, the studies on the VHCF behavior of damages are extremely rare and very 
little is known about this for critical engineering alloys.  
 

The earlier results on damages have shown that some mechanical damages may reduce 
the fatigue life of alloys up to 90%. Different studies on damages, scratches and notches showed 
that fatigue life was affected by several factors. Khan et al. [1] on aluminum alloys, Chapetti et al. 
[2] and Akiniwa et al. [3] on steel alloys; attributed the lower fatigue life to high tensile residual 
stresses, microstructure barriers, and stress concentration factors, respectively. Lukas et al. [4-5] 
studied the notch size effect for the same stress concentration factor (Kt) and developed a 
threshold stress relation. Dowling [6] investigated sharp notches and concluded crack 
propagation as he main fatigue life consuming parameter. McEvily et al. [7] investigated the effect 
of notch sensitivity and size effects. These studies concluded that typically a notch can be termed 
as “very small”, “small” and “large” scale based on the notch size effect. The  “very small” notches 
do not affect the fatigue strength of the materials. The “small” notches affect the fatigue life with a 
notch sensitivity which is correlated through a fatigue strength reduction factor (Kf). This factor is 
independent of the notch shape. The notch shape and associated stress concentration factor 
dominates the fatigue strength of the material. The microstructure and the mechanical properties 
of the materials are used for notch size effect and its threshold stress concentration factor. The 
maximum stress and the root of notch dictates the failure of notched bodies and specimens. The 
stress at the notch root, in most of the cases, is found different than the applied stresses mainly 
due to the residual stresses at the notch root region. Hence, without residual stress knowledge 
around the notch root, the maximum stress in the notched specimens cannot be estimated 
accurately so as the fatigue life. The residual stress field in notched bodies and specimens is 
controlled by the type of tool and cutting force used in producing the notches. However, the 
accurate determination of effective stress concentration factor in consideration of the notch root 
residual stress, in small scale notches, is extremely difficult in engineering materials. The highly 
localized gradient residual stresses produced in the machining of small scale notches are very 
difficult to measure from any experimental technique [1, 8]. Hence, the fatigue life assessment of 
notched specimens is made by the experimental investigations. 
 

This chapter presents the effect of two different shallow notches on the fatigue 
characteristics of stainless steel AISI 310 alloy up to VHCF. Two types of notches (designated as 
A and B) were created having 180 and 100μm depth with root radius 50 and 75 μm respectively. 
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These kind of shallow and sharp scratches appear in the service life of heat exchangers, 
aerospace and locomotive structures [1, 8].  
 

4.2  Materials and Experimental Methods 
 

A circumferential notch on the surface of specimen was created by machining to 
investigate its effect on the VHCF properties. Two notches of 180 and 100 μm  (termed as notch 

A and B) depth were created with root radius of 50 and 75 μm respectively. The included notch 
angle in both cases was 60˚. Fig. 4.1 shows the SEM image of the notch cross-sections. The 
stress concentration factors (Kt) of these notches A and B were found to be 4.8 and 3.2, 
respectively [9]. The details of the notches are given in Table 4.1. 
  

 
(a)  

 
(b)  
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Fig. 4.1: Notches in AISI 310 stainless steel 
 
(a) Notch A with stress concentration factor of 4.8 (b) Notch B with stress  
     concentration factor of 3.2 
 

S. No. 
Notch 
Type 

Depth 

(𝝁m) 

Width 

(𝝁m) 

Root Radius 

(𝝁m) 
d/𝝆 Kt 

1 A 180 320 50 3.6 4.8 

2 B 100 210 75 1.33 3.2 

 
Table 4.1- Details of the notches 

 
4.3  Results and Discussion 
 

4.3.1. S-N Curve 
Fig. 4.2 shows the S-N curves of notched specimens. It was found that fatigue data of 

notched specimens was significantly different than that of smooth specimens. The difference in 
the fatigue lives of smooth and notched specimen was found to be larger with increase in the 
fatigue cycles. The notched specimens mostly failed up to the up to 106 cycles. The S-N curve of 
notch A showed a higher decreasing slope than that of notch B. The variation in fatigue failure 
cycles at different stress levels was very small. This showed that both notches were not able to 
sustain higher fatigue cycles even at lower stresses. As mentioned in earlier chapter, the VHCF 
testing required specimen geometry to resonate with piezoelectric transducer. This specific 
specimen geometry restricted the lowest possible testing stress up to 180MPa.The specimens 
tested up to 180 MPa failed before 106 cycles without showing a fatigue limit. This lowest stress 
level was 3.6 times less than the fatigue strength of the smooth specimens. 

 
The decreasing slope of the S-N curve of notch B specimens was less than the notch A 

specimens. In notch B specimens, the initial S-N curve showed a higher decreasing slope. The S-
N curve beyond 106 cycles showed almost a horizontal line. The fatigue life was to be increased 
substantially with decreasing stresses. The specimens were tested up to 109 cycles and a fatigue 
limit of 300MPa was obtained for notch B specimens. The notch B specimens fatigue limit was 
almost half of the fatigue limit of the material. It was found that difference in the fatigue strength of 
notch B specimens with that of material was was smaller at 109 cycles (200MPa) than at 106 
cycles (280MPa). This showed that the effect of stress concentration at the tip of the notch B was 
higher at mega cycles than at giga cycles. 
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Fig. 4.2 . S-N curve of AISI 310 with and without notch 
 

4.3.2. Fractography 
The fracture surfaces of all smooth and notched specimens were investigated with 

Scanning Electron Microscopy (SEM). In smooth and notched specimens the crack initiation was 
found to be from the surface of specimens. In this material, no fracture surface showed any 
subsurface cracking even beyond 107 cycles [9]. The fracture surface of notched specimens 
showed a smooth and homogeneous surface. The fracture surfaces of both notched specimens 
were very similar. Fig. 4.3 shows the fracture surface of a notch A specimen failed at 8.03x105 

cycles (210MPa). In comparison to the smooth specimens, the fracture surface showed a 
homogenous and clean surface without radial markings. The crack initiation was found from 
multiple locations on the surface of specimen. The cracks from multiple surface locations 
coalesce leading to the specimen failure. 
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Fig. 4.3. Fracture surface of a notch A specimen after 8.03x105cycles (210MPa) 
 

4.3.3. Fatigue Crack Initiation (Notched Specimens) 
The S-N curve of notched specimens was different than that of smooth specimens. In 

notched specimens the crack initiation was found from multiple locations. In these specimens the 
specimens failed up to 106 cycles the surface of specimens showed no localized plastic 
deformation and PSBs. This led to a conclusion that high elastic stress concentration around the 
notch root was the main reason for crack initiation in the specimens. 
 

The notch B specimens found to have a fatigue limit at 109 cycles. The specimens 
showed no failure up to 109 cycles found to have shallow PSBs on surface. It can be said that 
lower stress used in the testing led the specimens to survive up to 109 cycles and resulted in slip 
bands at the surface of specimens [10]. 
 
Fig. 4.4 (a) shows the AFM scanned image of an area of size 30𝜇m x 30 𝜇 m on the notched 
specimen surface. The specimen was fatigue loaded up to 1.13x109 cycles and found to have no 
failure. Shallow PSBs were found on the surface of specimen. A surface roughness of 119.4nm 
was obtained for this specimen. This roughness value was less than those of the smooth 
specimen without notch, loaded up to similar fatigue cycles. The AFM image of a region shown in 
part (a) of Fig. 4.4 is shown in Fig. 4.4 (b). It can be seen that multiple thin intrusions and 
extrusions were present on the surface. The maximum intrusion depth was 50nm which was 
substantially less than the intrusions in the smooth specimens where depth was found to be up to 
300nm (Fig. 4.5 (a) and (b)). It was concluded that lower stress used in the fatigue testing 
produced a relatively lower density of PSBs. These PSBs were found to have no effect on the 
facture of specimens and a fatigue limit was observed at 109 fatigue cycles.  
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(a)  
 
 
 

 
(b) 

 
Fig. 4.4 (a) AFM scanned image of PSBs on a specimen surface failed at 6.45x107 (530MPa); 

the density of slip bands increased with number of cycles (b)Section graph of part (a) of 
the figure; 1 and 2 show randomly selected intrusion and extrusion 
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(a) 

 
(b) 

 
Fig. 4.5. (a) AFM scanned image of PSBs on a notch B specimen run out at 1.13x 109 

cycles (b) Height profile from the red line showing multiple PSBs. 
 

4.3.4. Notch Sensitivity and Fatigue Strength Reduction 
The lower fatigue lives in notched specimens was quantified by a factor termed as the 

fatigue strength reduction factor (Kf). The factor Kf  was calculated as the ratio between 𝜎 and 𝜎n 

(i.e. 𝜎 / 𝜎 n), where 𝜎  and 𝜎 n are the fatigue strength of smooth and notched specimens, 
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respectively. Fig. 4.6 shows the Kf of both notches A and B at different fatigue cycles. It was 
found that both notches reduced the fatigue life exhibiting notch sensitivity in specimens. It can be 
seen that notch A was more detrimental than notch B in reducing the fatigue life of specimen. A 
higher Kf  was obtained for notch A than notch B and the trend was found to be independent of 
the fatigue cycles. In the initial stages, the notches showed no effect on the fatigue life. In this 
phase the Kf  was found to be as 1.  

 

 
 

Fig. 4.6. Fatigue strength reduction factor (Kf) for notch A and B specimens 
 

It was found that fatigue strength reduction factor increased linearly with decrease in the 
testing stress in notch A specimens. The maximum value of Kf  was found to be at 106 cycles. At 
this stage the value of Kf  reached to as high as 3.6. Similarly, in notch B the Kf increased linearly 
to a maximum value of 1.9 at 106 cycles. However, beyond 106 cycles the notched specimens 
showed no further increase in Kf. It was found that the notch A was more detrimental and reduced 
the fatigue strength of specimens two times more than notch B. A constant value of Kf beyond 106 

cycles showed that maximum effect of notches was up to mega cycles only.  
 

It can be said that the notch A was more notch sensitive than the notch B. The notch A 
with relatively higher depth than the notch B led to a higher notch root elastic stress concentration 
factor (Kt). Fig. 4.7 shows the variation of Kf  with respect to the notch depth, normalized with the 
root radius (d/𝜌). It can be seen that both notches possessed a similar Kf  for different values of 

d/𝜌 up to 104 cycles. The Kf in both notches reached to a maximum value at 106 cycles. The 

notch A owing to its higher d/𝜌 resulted in a higher Kf. It was concluded that deeper notches were 
more detrimental effect on the fatigue life. The deeper notch showed more notch sensitivity than 
the relatively shallow notch.  
 

It was found that the difference in Kt of the notches led to a substantial difference in the 
fatigue strength. The notches are classified as “blunt” and “sharp” based on the stress 
concentration factor. The notches with a stress concentration factor Kt less than 4 are called as 
“blunt”. In these blunt notches, the stress threshold is considered the main parameter to initiate a 
crack. However, the notches with stress concentration Kt  greater than 4 are called as “sharp”. In 
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sharp notches, the crack initiation life is very limited and even a small stress level can initiate the 
crack.  
The notch A with Kt=4.8 (sharp notch) showed extremely low fatigue and notch B with Kt=3.2 
(blunt notch) showed a relatively higher fatigue life. It was concluded that a deep notch reduced 
the fatigue life more than a shallow notch. Furthermore, the notch with a lower root radius (notch 
A 𝜌=50 μm) produced a lower fatigue life than a blunt notch (notch B  𝜌=75 μm ).  

 
 
 
Fig. 4.7. Variation in fatigue strength reduction factor (Kf) with depth of notches; the depth 

was normalized by the root radius of the notch 
 

The accurate assessment of size effects and stress concentration factor in shallow 
notches is considered challenging. The complex interaction of the microstructure of the material, 
crystal orientations, the notch root microscale plasticity and associated residual stresses drives 
the fatigue life [1]. The small scale notches when produced, a highly localized high gradient 
residual stress filed is produced around the notch root. In addition, in fatigue loading these 
residual stresses sometimes redistributed. The measurement of such localized residual stress 
fields form any experimental technique is very challenging. Usually synchrotron X-ray diffraction 
with high spatial resolution of the order of a few microns is required which itself has its own 
limitations such as gauge volume, texture effects etc. [1, 8].  
 

It can be said that shallow notches with root radii around 50~75  μm and depth 

100~200 μm may show extremely lower fatigue life and crack initiation at extremely low stresses. 
However, a new approach is required in which the geometry, microstructure, associated plasticity 
and residual stresses surrounding the mechanical defects are related for the initiation of fatigue 
cracks from the small scale damages and notches.  
 
4.4 Conclusions 

Fatigue behavior of notched AISI 310 specimens were investigated up to very high cycles. 
In notched specimens, the fatigue lives were found to be very low than the smooth specimens. 
The cracks initiated from surface of specimens where very shallow PSBs were found. The 
shallow PSBs showed no effect on the fatigue failure of specimens up to 109 cycles. The notch 
with a higher Kt  showed a higher fatigue strength reduction factor than a blunt notch with lower Kt.  
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CHAPTER – 5  
 

 
 

EFFECT OF SURFACE TREATMENT ON THE CHARACTERISTICS OF 
ALLOYS UP TO VERY HIGH CYCLE FATIGUE (VHCF) 

 
5.1 Introduction 

The fatigue cracks initiate from stress concentration regions while limiting the service life 
of materials and structures. The prevention of early fatigue cracking or enhancement of life 
design life of aerospace, automotive, locomotive and wind energy structures is now considered 
very important for environmental and economic reasons. The concept of energy transfer in the 
materials through mechanical working to improve the surface properties and fatigue life is getting 
extremely popular in allied engineering applications [1]. The techniques like laser shock peening 
(LSP), shot peening (SP), ultrasonic shot peening (USP) and ultrasonic nanocrystal surface 
modification (UNSM) have been the focus of the recent studies for improvement of the fatigue life 
[2-6]. These techniques plastically deform the material surface and produce compressive residual 
stresses in the material up to a significant depth. The residual stresses delays the fatigue crack 
initiation on the surface of material resulting in the improvement of the total life.   

 
This chapter discusses the effectiveness of Ultrasonic Nanocrystal Surface Modification 

(UNSM) method of surface treatment. The UNSM method was applied with different process 
parameters on two different steel and titanium alloys and results are discussed. The results of 
fatigue life improvement of the alloys up to VHCF for the alloys have been discussed. The effects 
of UNSM on the microstructure and elastic-plastic properties of the alloys have been discussed in 
the chapter. 
 
5.2  Surface Treatment of Engineering Alloys 
 

The use of surface treatment methods for improvement of the surface properties and 
fatigue life has been proved very successful in the past. In surface treatment methods, the target 
materials are deformed plastically to produces the compressive residual stresses in the material 
up to a significant depth. The compressive stresses on the surface of material delay the fatigue 
crack initiation and improve the fatigue life. However, most studies on the effectiveness of surface 
treatment methods have focused on the fatigue life improvement up to 107 fatigue cycles only the 
behaviour of materials in very high fatigue cycles (109-1010) is still not very well known.  
 

In a typical surface treatment process the plastic deformation of the material results in 
compressive residual stresses on the surface of alloys. The biggest challenge in surface 
treatment is producing a desired residual stress field and its stability in fatigue loading. Up to now, 
the surface treatment is applied with process parameters selected on trial and error basis in a 
hope of getting beneficial residual stress field capable of retarding the cracking. The empirical 
approach for selection of optimized process parameters is very time consuming and costly. The 
process parameters found to produce acceptable residual stress fields on one alloy usually have 
no relevance to other alloys. In addition, the compressive residual stresses produced in the 
surface treatment are balanced by compensatory tensile residual stresses in the subsurface of 
material so that overall stress state of the material remains in the equilibrium. In fatigue cycles up 
to 107 cycles, the cracks initiate from the surface of material. However, beyond 107 fatigue cycles 
the material fails by subsurface cracking and the balancing tensile stresses in the subsurface of 
material may enhance the subsurface cracking. This may affect the performance of materials 
beyond 107 cycles.  
 

The UNSM is a process of ultrasonically striking the material to convert the 
microstructure of the material in to nanocrystals, up to a certain depth. Fig. 5.1 shows the basic 
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principle of the UNSM technique [6]. In a typical UNSM process, an ultrasonic transducer is 
attached to the booster and horn both are coupled with a tungsten carbide ball. The device is 
used to strike the material with ultrasonic excitation of 1000 to 100,000 strikes/mm2. The contact 
pressure of 3-30GPa is used in the process based on the hardness of the targeted material. This 
mechanical working induces a compressive residual stress field in to the material which can go as 
deep as 500μm in to the surface. The plastic deformation and compressive residual stresses help 
in delaying the fatigue crack initiation and subsequently improve the fatigue life [2-3].  
 

 
(a) 

 
(b) 

 
Fig. 5.1: (a) Schematic representation of effect of UNSM on microstructure of the material 

(b) UNSM process set-up [6] 
 

5.3 Material Used in Fatigue Life Improvement Study 
 

Cylindrical rods of 12 mm diameter of AISI 310 and Ti6Al4V were used in this study. 
Properties of AISI 310 have already been discussed in chapter 3 and 4. Ti6Al4V is the most 
common titanium alloy used in many aerospace, marine, medical and power generation 
applications. The alloys provide excellent combination of strength, corrosion resistance, weld and 
machinability. Elastic–plastic properties of the materials were obtained by tensile testing 
according to the ASTM standard E8. The details of the properties are given in Table 5.1. The 
ultrasonic fatigue testing of the specimens up to very high cycle fatigue (VHCF) range have been 
carried out. The geometry of specimens was obtained as discussed in chapter 3.  
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Material E 
(GPa) 

𝝈y 
(MPa) 

Gauge 
length 
(mm) 

Percentage 
Elongation 

(%) 

Hardness 
(HV) 

E / 𝝈y 
 

Ti6Al4V 110 900 25 20 360 120 
 

Table 5.1: Mechanical property data for Ti6Al4V 
 

5.3.1. Surface Treatment Details 
In the UNSM process, a tungsten carbide ball of diameter 2.4 mm was used for striking 

the materials. The static impact force of 20 and 30N was used for AISI 310 while 18.1 and 36.2 N 
for Ti6Al4V. Before any fatigue testing, the surface roughness of the samples was measured 
before and after the treatment. Fig. 5.2 shows the AFM scanned image of Ti6Al4V alloy before 
and after UNSM treatment. The surface face roughness of the specimen improved with UNSM 
treatment in all specimens.  

 
(a) 

 

 
(b) 

Fig. 5.2. Surface roughness of Ti6Al4V (a) before UNSM treatment (b) UNSM 
treatment with 30N impact force 
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5.4 S-N Curves of the Materials 
 

Fig. 5.3 shows the S–N curve for AISI 310 before and after the UNSM treatment with 30N 
impact force. Two different feed rates of 0.004 and 0.007mm/sec were used for treatment of AISI 
310. The S-N curve of specimens before treatment showed a decreasing slope at higher stresses 
up to 106 cycles. The material showed a fatigue limit at around 500MPa and exhibited run out 
samples below this stress levels [7]. The S-N curve of UNSM treated specimens showed 
significant improvement in the fatigue life. A higher fatigue life was observed for both feed rates. 
In comparison, the 0.004 mm/sec feed rate showed a higher fatigue life than the 0.007 mm/sec 
feed rate. The effect of UNSM treatment was not consistent in entire S-N curve. The increase in 
fatigue life was significantly higher up to 106 cycles. A weaker effect of UNSM at higher fatigue 
cycles may be attributed to the subsurface cracking beyond 107 cycles. 
 

 
 

Fig. 5.3. S–N curve for AISI 310 stainless steel before and after treatment at 
30N impact force 

 
Fig. 5.4 shows the S–N curve for Ti6Al4V before and after UNSM treatment. The untreated 
specimens showed fatigue limit at around 580MPa and run out samples were obtained below this 
stress level. It can be seen that data of fatigue life improvement was scattered. The improvement 
was random and at some places the treated specimens showed lower fatigue life as compared to 
the untreated specimens. This trend may be attributed to the insufficient impact force used in the 
treatment, relatively lower work hardening or compensatory tensile residual stresses in the 
subsurface of material. 
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Fig. 5.4: S–N curve for Ti6Al4V after UNSM treatment with 18.1 and 36.2 N impact force 
 
 

5.5 Fractography 
 

The fatigue crack initiation sites and fracture surfaces were investigated using Scanning 
Electron Microscope (SEM). Fig. 5.5 (a) and (b) show the fatigue crack initiation sites for AISI 310 
and Ti6Al4V specimen, before UNSM treatment. High density radial lines and markings were 
observed on the fracture surface of AISI 310 specimens. More details of the fracture surfaces of 
AISI 310 can be found in chapter 3. The TiAl64V showed cracks initiation from the subsurface of 
the material beyond 106 cycles. Fig 5.5(b) shows a typical subsurface crack initiation in the alloy. 
A rough fracture surface with transgranular fracture was observed. The subsurface crack initiation 
depth was 60~80 μm in the specimens. 
 

 
(a) 
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                             (b) 
 

Fig. 5.5. Fracture surface from sample failed at different fatigue cycles (a) AISI 310 
specimen (b) Titanium specimen showing subsurface crack initiation at ~65um depth 

 
Fig. 5.6 shows the fracture surface of AISI 310 and Ti6Al4V specimens after UNSM treatment. In 
AISI 310, the subsurface cracks initiated from a localized inclusion. Fig. 5.6 (a) shows crack 
initiation site of a sample treated with 30N impact force at 0.004mm/sec feed rate. The crack 
initiation depth was ~400 μm. In some specimens the crack initiation depth reached up to 600-

800 μm. Fig. 5.6 (b) shows the higher magnification image of the inclusion shown in Fig 5.6 (a). In 
Ti6Al4V, the subsurface crack initiation depth increased substantially as compared to the 
untreated UNSM specimens. Fig 5.6 (c) shows the fracture surface a specimen treated with 
18.1N force and failed at 600MPa. The subsurface crack initiation depth for 18.1N impact force 
was 200-220 μm. The higher crack initiation depth for specimens treated with 36.2N impact force 
may be attributed to the higher impact force used in the treatment. 
 

 
 

                                (a) 
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                               (b) 

 

 
(c) 

 
Fig. 5.6. Fracture surfaces (a) AISI 310 sample treated with 36.2 N impact force at 0.0004 

feed rate (b) Higher magnification image of the crack initiation region (c) Ti6Al4V specimen 
treated with 18.2 N impact force 

 
 
5.6  Hardness Analysis 
 

Fig. 5.7 (a) and (b) show the effect of UNSM treatment on the hardness of the materials 
cross-section. The dotted line shows the hardness of the materials before treatment. It can be 
seen that the hardness of material was higher at the surface. The surface hardness was 15% 
higher than the actual hardness of the materials. The higher hardness saturated with increase in 
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the subsurface distance. However, the effect of surface hardening was different in both materials. 
The hardening effect was observed up to 300 μm in the cross-section of AISI 310 specimen. In 

Ti6Al4V, the effect was up to only 170 μm. The lower depth of hardening in Ti6Al4V may be 
attributed to the insufficient impact force of the treatment as the strength of titanium alloy was 
higher than the steel alloy. 
 

 

(a) 
 

 

                                   (b) 
Fig. 5.7. Effect of surface treatment on the surface hardness of (a) AISI 310 (b) Ti6Al4V 
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The difference in the S-N curve, sub-surface crack initiation depth and hardening effect 
led to the conclusion that optimized UNSM process parameters are very important for the 
effective improvement in the fatigue life of materials. The fatigue life improvement through UNSM 
is a complex interaction of the UNSM process parameters, microstructure and elastic-plastic 
properties of the material, and residual stresses developed in the process. Hence, development 
of a comprehensive model is required for better understanding of the fatigue life improvement 
phenomenon.  
 
5.7 Conclusions 
 

Fatigue behaviour after UNSM treatment of AISI 310 and Ti6Al4V has been discussed. It 
can be said that the application of UNSM improves the fatigue life of the alloys. The effect of 
UNSM on fatigue life was higher up to 107 cycles. The subsurface crack initiation depth increased 
substantially in both alloys. The hardness of the materials increased to 15% after the treatment. It 
was concluded that UNSM impact force and feed rate plays an important role in the fatigue life 
improvement of the alloys.  
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CHAPTER – 6 
 
 

SUMMARY OF THE OVERALL STUDY AND RECOMMENDATIONS 
FOR FUTURE WORK 

 
6.1 Conclusions  
 

The application of VHCF is widespread in Mechanical, Materials, Aerospace Civil and 
Structural Engineering. Many mechanical, aerospace, automobile and wind energy structures 
under dynamic loading suffer fatigue fracture up to 1010 cycles. The concept and understanding of 
VHCF is very important for engineers and scientists. The VHCF field has recently termed as the 
highest contributing subject in the top 100 most cited papers in the field of fatigue [1]. Owing to 
economic concerns it is now desired that structures and alloys perform service up to at least 
gigacycles (109 cycles). Hence, it is very important to understand this critical deformation 
mechanism for engineering community.  
 

The monograph discussed the critical challenges involved in the deformation mechanism 
of high strength metallic materials up to very high cycles of fatigue. Fatigue crack initiation 
mechanisms before and beyond 107 cycles have been discussed. It can be said that there are 
several ultrasonic fatigue testing machines available for testing the materials but testing methods 
and standard procedures need to be consistent. Up to now the laboratories use their own 
ultrasonic fatigue testing machines and test procedures to investigate the very high cycle fatigue 
behaviour of materials. There is a requirement of developing a standard procedure for ultrasonic 
testing of the materials. 
 

The complexity of the deformation mechanism before and after 107 cycles makes it more 
challenging to understand. The progress in understanding of the phenomenon is entirely 
empirical up to now. It is essentially required to develop a mechanistic understanding of the 
process through a mathematical model capable of predicting the fatigue life of alloys up to very 
high cycles. 
 

The surface treatment based improvement of the fatigue life of metallic materials up to 
very high cycle regime is very attractive. The results showed that careful application of surface 
treatment may increase the fatigue life of structural components. However, significant 
improvements in life are not automatically achieved. In real components, sub-surface initiation 
can be enhanced due to compensatory tension. The location of the region for subsurface crack 
initiation and maximum tensile strength can be very different for thick, thin, and irregular 
geometries. It is learnt from this study that more efforts are required for better understanding of 
deformation mechanisms during the surface treatment of the metallic materials. Up to now it can 
be said that the fatigue crack initiation from surface and sub-surface of the material in surface 
treatment is a complex interaction of treatment parameters, microstructure of the material, the 
effect of treatment on any local plasticity, induced residual stresses and their behaviour during 
fatigue cycles. Hence further comprehensive approach and efforts are required to develop a 
model which incorporates all these parameters. The depth and strength of the compressive 
residual stresses due to the treatment need to be measured accurately. The measurement of 
such high gradient residual stress fields is considered a challenging engineering problem. 
Synchrotron radiation is considered an effective approach for measurement of surface or near 
surface fields however, access to synchrotron radiation facilities is always time consuming and 
competitive. With development of a new Synchrotron facility Synchrotron-Light for Experimental 
Science and Applications in the Middle East (SESAME) in Jordan, there are high hopes that 
engineers and scientists from the region would be able to measure critical residual stress fields in 
alloys. This will be an ideal situation for development of better understanding of this challenging 
problem.   



lvi 
 

Finite element based study is also required for better understanding of the deformation 
phenomenon during the surface treatment with 20kHz transducers for mechanical working. The 
simulation of UNSM process in finite element modelling will be of significant importance for better 
understanding of the mechanism. 
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