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ABSTRACT 

VHCF tests are often performed by a high frequency fatigue test system, such as ultrasonic 

fatigue test machine. In the article, simple VHCF tests and cumulative fatigue (LCF plus 

VHCF) tests are performed to investigate the fatigue behavior respectively for a low carbon 

manganese steel. The test results in Wöhler diagram show a large scatter in VHCF regime. 

Continuum Damage Mechanics model is extended to VHCF region to estimate the remaining 

fatigue life. A rapid fatigue failure probability prediction method is applied and extended to 

VHCF regime in order to evaluate the fatigue dispersion based on multi scales model and 

fatigue dissipation analysis. 

KEYWORDS: 

Very High Cycle Fatigue; Cumulative fatigue; Thermal dissipation; Fatigue dispersion 

1. Introduction

In PWR (Pressurized Water Reactor), high pressure water transfers energy via the primary 

loop into steam generator. The loop pipes connected to the steam generator were designed to 

withstand the internal pressure. But previous research [1] shows that the pipes are also 

sustained long time repeated stratified alternation loads due to the injection of cold water. 
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Fluctuations of the interface in the pipes between cold and hot fluids are due to series of 

activation of the emergency feed water lines connected to the main ones. Injection of 

emergency cold water induces cyclic stress and affects the fatigue life of the material. 

The long time repeated alternation loads due to cold water injection is thought as very high 

cycle fatigue (VHCF) damage. The thermo hydraulic load that appears suddenly during the 

injection of cold water (from the backup supply) into the feedwater lines is regarded as low 

cycle fatigue (LCF) load. In PWR, some pipes connected to the steam generator are made in 

Carbon Manganese steel. 

The component design needs test data and mechanical theory to ensure the reliability. The 

VHCF tests up to 109 cycles are necessary and often implemented on a high frequency 

fatigue machine like ultrasonic fatigue machine to accelerate the test process [2]. 

Continuum Damage Mechanics (CDM) theory, gives out a theoretical preparation to evaluate 

fatigue damage and to predict the remaining life, which is originally proposed by Kachanov [3] 

and Rabotnov [4], and improved by Lemaitre [5], Chaboche [6], Chow and Wang [7], 

Murakami [8]. The non linear cumulative damage rule based on the theory is successfully 

used to evaluate the prior fatigue damage effects on the subsequence fatigue life in the case 

of two level fatigue load [9]. 

Fatigue data is usually scattered, so probabilistic methods has been applied to describe it [10]. 

Identification of the model is normally based on the numerous experimental fatigue test 

results. Defects like inclusions, voids, etc. distributed in the material randomly turn into the 

crack initiation source under fatigue loads. The quantity, size and distribution of the defects 

are statistically investigated to evaluate the reliability of structure [11].  

Fatigue failure happens after 107 cycles in terms of the reports [2,9]. The dispersion of fatigue 

life is important and the crack initiation competition appears between the surface flaws and 

the subsurface defects in VHCF regime [2]. 

Ultrasonic fatigue test machine is often used to perform the VHCF and provides a high 

frequency (20kHz) to accelerate the fatigue test, but the fatigue thermal dissipation is also 
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significant through the observation of infrared camera [12]. Self heating phenomenon in 

fatigue is a complicated thermo – mechanical process. Intrinsic fatigue dissipation is closely 

associated with a set of sites which has micro plastic deformation activated by high frequency 

cyclic load. The local anelastic or inelastic deformation appears in the grains with certain 

orientations or the material defects surrounded by elastic matrix [13]. Fatigue dissipation test 

is used to estimate the number or the volume of the active sites [14]. Temperature increment 

after fatigue cyclic stabilization at different loads is applied to analysis the thermal dissipation. 

A correlation between the load level and temperature increasing for a material has been 

empirical proposed based on the self heating measurement. 

The present study focuses on developing a model to predict the VHCF dispersion by its 

intrinsic fatigue dissipation observation in high frequency fatigue test condition under the 

assumption that micro inelastic deformation randomly occurs at the grains or the defects 

obeying the well known Poisson Point Process. It is also applied to the case of cumulative 

fatigue for a low carbon manganese steel. 

2. Material and specimen

The investigated material is a kind of C - Mn steel A42 received as 40mm thick plates. The 

chemical compositions and mechanical characters of the material are given in table 1 and 

table 2. The plates were submitted to a prior normalization heat treatment at 870°C followed 

by air cooling. 

The material is a ferrite - pearlite dual phase steel. The structure takes the form of alternating 

bands of ferrite and pearlite (Fig.1) because of segregated minor inter-dendritic elements 

(mainly manganese). In the rich areas of manganese, the eutectoid reaction is slowed, and 

the pearlite is formed mainly in low manganese areas, where the micro structure appears 

alternating bands of pearlite and ferrite. 

In order to perform the tests up to 109 cycles in a reasonable time, the ultrasonic fatigue test 

machine is applied with 20kHz frequency. A axi symmetric form specimen in geometry is 
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designed as Fig.2 shown. 

3. Fatigue tests

The VHCF and cumulative fatigue tests have been performed in previous works [9]. A 

ultrasonic fatigue test machine was used to study the VHCF behavior with compressed air 

cooling. The process of cumulative fatigue is VHCF test following LCF test. For LCF load, the 

specimens were tested in uni-axial reversed strain load and controlled by transverse 

extensometer in a conventional hydraulic fatigue machine (Instron 8500). 

The test results of VHCF and cumulative fatigue (LCF+VHCF) are plotted in Fig 3 by square 

and round points respectively. In order to investigate the effect of LCF load on VHCF strength 

for the steel, the specimens (Fig.2), predamaged by LCF load (0.62% strain amplitude, 100 

cycles) (Fig 3) are used. The experimental results are shown in Fig 3 where the VHCF 

strength after LCF damaged presents a significant reducing. 

Infrared camera is applied to measure the surface temperature of specimen during the 

ultrasonic fatigue test. The spectral range of the camera is near the infrared domain (the 

wavelength is between 3.7µm and 4.8µm). Before the tests, the camera has been calibrated 

by a black body in a temperature range 20-200℃. A specimen has been coated with strong

emissive and high temperature resistance black paint (in this case, the emissivity coefficient 

can be regarded as 1). The ultrasonic fatigue temperature evolution at 160MPa stress 

amplitude (R=-1) for the steel is recorded by infrared camera (Fig.4), and the average 

incremental temperature at cyclic stable stage is identified as Fig.4 shown. The corresponding 

self heating temperature in the stage under certain loads in ultrasonic fatigue tests and plotted 

in Fig.5. 

4. VHCF model

The S-N curve of simple VHCF in uni axial test condition can be described by Basquin model 

[15] with a “pseudo-fatigue limit” [16]. The fatigue strength at 109 or 1010 cycles with certain 

probability could be substituted by the fatigue limit at PF (failure probability): 
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Where, )( FD PΣ is the fatigue strength at 109 cycles and parameter FP  is fatigue failure 

possibility. The parameter M and exponent γ  are both Basquin parameters depending on

material. 

4.1 Two Level cumulative damage model 

One of the differential forms of two level cumulative fatigue damage models is used here and 

is written as damage rate (by cycle) expression: 
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F is the function to describe the S-N curve when the stress amplitude is higher than ”fatigue 

limit”. G is the “hidden function” proposed by Chaboche [16] to estimate the damage when the 

load is lower than the “fatigue limit”. 

The scatter of fatigue strength is important from the observation of test results (Fig. 3) and the 

failure probability is necessary to be introduced into the model. In LCF, HCF, VHCF regime, F 

function could be expressed as follows: 
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Where, i=1, 2, 3 means LCF, HCF, VHCF regime respectively. In VHCF regime, the fatigue 

strength is below “fatigue limit” 1DΣ  because it continuously declines with the number of

cycles increasing, especially in the case of cumulative fatigue. 

And the G function can be expressed with probability as: 
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Where, i
*β = iiγθ , iθ (i=1,2,3) is the additional parameters. Subscript i=1, 2, 3 indicates LCF, 

HCF, VHCF domain respectively [9]. If the cumulative test is only in one regime with two 

different stress level, the S-N curve function and hidden function )(*

aifiN Σ  are both degraded 

to Chaboche’s accumulated fatigue damage model. Equality of both sides of equation (2), (3) 

the functionα  is obtained.

In the case of two level loads, the fatigue life can be predicted at second load level by 

following equation (6) under the VHCF cyclic loading. 
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Where, 1α  and 2α  are the values of the function α  at the two levels. The exponent is

determined by: 
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4.2 Self heating model in VHCF 

The active sites with micro inelastic deformation under fatigue load are supposed to be 

located at certain grains or defects of material in terms of fatigue failure mechanism [2]. The 

self heating is due to the dissipation of micro deformation energy at the sites and the number 

is variable according to the level of cyclic fatigue load. The active sites could be grains with 

certain orientations or material defects like non metallic inclusions, surrounded by elastic 

matrix randomly distributed in the material and aroused by cyclic load in macroscope. These 

sites are considered to follow a power law with stress amplitude aΣ  in a representative

Page 6 of 22

Fatigue and Fracture of Engineering Materials and Structures

Fatigue and Fracture of Engineering Materials and Structures



Review
 Copy

7 

volume element (RVE) [14] with an assumption that the microscopic yield stress is a 

probabilistic variable. 
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λ  is intensity of activated sites under load aΣ . Average volume of each site is denoted by

0V . Parameters 0S , m are parameters depending on the probability distribution of yield 

stress at the sites. 

The probability KP  of finding k activated sites follows the Poisson distribution [17] in a 

domain of volume ΩV  where the average number of the potential sites is an  at a given load: 
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Where, an is the number of average active sites and is given by: 

ΩΣ= Vn aa )(λ (10) 

Failure probability FP  is thought that at least one active site appearance in the studying 

volume leads to the failure of specimen. 
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Referring the equation (9), the equation (11) can be rewritten by: 
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The failure probability follows Weibull distribution [18] based on the research of RVE through 

integration the Poisson Point Process for the sites. 

The HCF life prediction is often characterized with the assumption of “fatigue limit”. But in the 

case of VHCF, since the fatigue strength decreasing continuously with the number of cycles 

increasing until 109 cycles, the “fatigue limit” is hard to be found in terms of the investigation of 

C.Bathias [2]. It could be replaced by the fatigue strength at 109 cycles with 50% failure 
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probability in this case. 

The fatigue strength at 109 cycles with different failure possibility can be deduced from the 

equation (12) and expressed explicitly as follows: 
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The predicted fatigue strength only depends on the shape parameter m of Weibull distribution 

if the mean fatigue strength has been determined with 50% probability from S-N curve up to 

109 cycles.  

In ultrasonic fatigue test, the 20kHz frequency causes pronounced heating dissipation due to 

micro anelastic and inelastic deformation at the activated sites. 

The fatigue thermal dissipation is significant from the observation of infrared camera even at 

the low stress amplitude (Fig.5). The curve of temperature versus macroscopic stress 

amplitude can be divided into 2 parts according to the rate of the temperature rise. The speed 

of temperature increasing at first part in Fig. 5 is lower relatively which is considered mainly 

due to the micro anelastic deformation energy dissipation. With the load rising, the quantity of 

the active sites is largely increased in the representative volume element (RVE) and the 

inelastic deformation dissipation at the sites seems to dominate the self heating process in the 

second part of the curve. 

The thermal dissipation caused by inelastic deformation for a unit of the RVE can be 

estimated in term of the reference [14,17]: 

)(
4

0 y

yv
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h

f
d σ

σ
−Σ= (14) 

Where, yσ  is local cyclic yield stress of an active site. h is hardening modulus and is

expressed as )1(3 βµ −+= Ch , where C is proportionality parameter of a linear kinematic
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hardening law; 
)1(15

)54(2

υ
υ
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= is constant from Eshelby tensor [19]. vf  is volume fraction for 

the total active sites. The number of incremental sites adN  is activated when the load is 

varying from Σ  to Σ+Σ d  in RVE with a volume ΩV .
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The total cyclic dissipation is considered to be equaled to the summation of associated 

dissipation with the different yield stress Σ  weighted by the number of sites in the

volume ΩV . 
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Integration the equation (16), the intensity of cyclic dissipation at the amplitude of stress 0Σ

is: 
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0V  is the total volume of the active sites. 

The local heat conduction equation is applied here [20]: 

c
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θ

θ =+& (18) 

The average temperature rising due to the inelastic deformation of the active sites is 

calculated with the help of two scales model of Eshelby [21] and the inelastic deformation 

dissipation estimation by: 
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rf  is the load frequency. eqτ  is the characteristic time depended on the thermal conductivity
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conditions during the fatigue tests. 

The equation (15) can be rewritten with a compact form from: 

2+Σ=∆ m

avfT δ (20) 

m is the shape parameter in Weibull distribution (Equ.12) which is determined by the test of 

fatigue dissipation. 

5 Identification and discussion 

In terms of the reference [9] and the test results shown in Fig 1, the parameters for the fatigue 

model (Equ.1) and cumulative fatigue damage model (Equ.2) has been determined as: 

a =0.14, B=200, β =3.5, )5.0(
0l

σ =200MPa, uσ =460MPa. In VHCF, the value of 3θ  is

taken as 0.5; but for LCF effect on VHCF, the parameter 1θ is identified as 0.1 in terms of the 

test results. 

The difficulty is to predict the scatter in VHCF. The temperature rising due to self heating in 

ultrasonic fatigue is observed by the infrared camera. In log-log plot (Fig.5), the relation 

between temperature and stress characters bilinear curves. In the first part of the fatigue 

dissipation curve, the temperature shows a low rising rate at low stress amplitude seems 

corresponding to the anelastic deformation dissipation in VHCF; however, the second stage of 

the curve with a higher increasing rate seems due to the inelastic deformation at the activated 

sites. The dispersion of VHCF depends on the exponent parameter m (Equ.12), which can be 

obtained from the slope of the curve (Equ.16). The parameter m is identified as 10.5 from the 

log-log curve in Fig.6. 

The equation 1 and 6 are applied respectively to describe the fatigue behavior of the VHCF 

test and the cumulative fatigue test (LCF+VHCF). The curves are also predicted with the 

failure probability 0.2 and 0.8 in Fig.7 and Fig.8. The Fig.7 shows that the VHCF scatter 

seems to be well predicted. The dispersion of VHCF strength after damaged by LCF is also 
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given out in failure probability 0.2 and 0.8 in Fig.8. The dispersion range of cumulative fatigue 

seems to be slightly overestimated because the fatigue dissipation is measured by a non 

damaged specimen in ultrasonic fatigue test. 

6 Conclusions 

The article investigates the dispersion of the simple VHCF and cumulative fatigue for the low 

carbon manganese steel. The method based on two scales model with the help of the fatigue 

thermal dissipation analysis seems to be capable to estimate the dispersion of VHCF and 

cumulative fatigue rapidly. 
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Figure 1 Microstructure of the steel A42 

Page 14 of 22

Fatigue and Fracture of Engineering Materials and Structures

Fatigue and Fracture of Engineering Materials and Structures



Review
 Copy

Figure 2 Specimen of VHCF 
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Figure 3 VHCF and Cumulative fatigue (LCF + VHCF) test results and estimation 

(Prior 0.62% strain amplitude, 100 cycles LCF damaged followed by VHCF ) 
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Figure 4 Self heating evolution in ultrasonic fatigue test (stress amplitude:160MPa, 

R=-1, 20kHz, A42) 
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Figure 5 Incremental temperature at different macroscopic stress amplitudes in 

Ultrasonic fatigue tests for A42 
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Figure 6 Bilinear relationships between incremental temperature and macro stress 

amplitude for low carbon steel in ultrasonic fatigue test 

m=10.5 
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Figure 7 Predictiion of VHCF scatter for A42 steel 

PF=0.8 

PF=0.2 
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Figure 8 Prediting VHCF scatter for the spceimens pre damage by LCF for low C – Mn 

steel (Points are for prior 0.62% strain amplitude, 100 cycles LCF damaged following 

VHCF test results) 

PF=0.8 

PF=0.2 
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Table 1 Chemical composition of A48 and A42 steels, wt-% (balance Fe) 

Steel C N S P Si Mn Al O 

A42 0.140 0.0082 0.0057 0.016 0.225 0.989 0.045 0.0049 

Table 2 Material character of A42 and A48 

Type of steel 

Elastic 

Modulus 

E(GPa)

Density 

)m/kg( 3ρ

UTS(MPa) 

(20°C) 

Poisson 

rate 

A42 209 7850 460MPa 0.3 
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