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Abstract

It is well‐known that the high cycle fatigue (HCF) strength of steel compo-

nents is influenced by a lot of factors depending on both material, loading

(including environment), specimen or component geometry (design), and

manufacturing process. Based on a literature review of a lot of experimental

data, a synthesis is proposed in this paper to discuss the effect of the structural

and operational factors on the very high cycle fatigue (VHCF) characteristics

of steels. HCF and VHCF regimes are distinguished in terms of failure mech-

anisms and S‐N curve shapes for high and low strength steels. Then, the effect

of the microstructural and mechanical features on the VHCF resistance is

debated as different parameters (microstructure, inclusion size type and depth,

hydrogen, environment, maximum tensile strength, and residual stresses).

Next, the influence of the loading conditions is addressed by taking into

account both the frequency effect, the highly stressed volume, the loading

type, and loading ratio. Finally, the influence of the testing techniques used

in VHCF experiments is discussed.
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1 | INTRODUCTION

In many industrial sectors such as automotive and aero-

nautics, the design of mechanical components against

fatigue crack initiation is based on fatigue strength data

in the high cycle fatigue (HCF) regime (ie, around

107 cycles). However, in the last 30 years, experimental

researches have shown that, despite stresses below the

conventional fatigue “limit” (ie, strength in HCF regime),

there are fatigue failures beyond 109 cycles or more.

Bathias et al1,2 found out that the fatigue strength

decreases approximately 50 to 200 MPa from 106 to

109 cycles depending on the material. To study the

gigacycle fatigue strength beyond 108 cycles with

reasonable testing times, new testing techniques based on

ultrasonic loading frequencies of 20 or 30 kHz have been

developed for the last 25 years.3,4 Nevertheless, the influ-

ence of the frequency on the fatigue strength of materials

is a complex subject and remains controversial in the liter-

ature.5-7 Indeed, a high frequency can lead to self‐heating

of the specimen that may induce instability of the micro-

structure and degradation or improvement of the mechan-

ical properties of the material, which in turn, depend both

on the loading type and on the operating environment.

The approach in this review paper has been chosen to

classify steels in low or high strength steels and stainless

steels, taking into account their different behaviors under

ultrasonic frequency. Furthermore, the experimental

results shown in this paper have been intentionally

selected from researches carried out since the nineties.

Indeed, the progress of computer and electronics control

has led to more reliable results.

DOI: 10.1111/ffe.12779

Fatigue Fract Eng Mater Struct. 2018



It is well known that both metallurgical characteristics

and loading conditions deeply influence the HCF strength

of metals and metallic alloys and components.8 Metallur-

gical parameters are inherent to thermo‐mechanical

operations (or history) needed to produce any component

with its final properties, namely surface roughness, hard-

ness, tensile strength, monotonic and cyclic behavior,

microstructure, and residual stresses. The loading condi-

tions include the type of loading (tension, compression,

plane or rotative bending, torsion and their combination,

biaxial tension), loading ratio, loading frequency, and

environment (temperature, humidity, gaseous environ-

ment, corrosive agent, etc.). Additionally, as it will be

shown in this paper, the testing device could influence

the gigacycle fatigue strength of steels because of both

the loading frequency and the specimen size. These are,

respectively, called the frequency effect and the size effect.

It will be shown hereafter that the VHCF strength of

steels includes all these parameters.

In this context, the investigation presented in this

paper is based on the discussion of the effect of the struc-

tural and operational factors on the VHCF characteristics

of steels. Firstly, high cycle fatigue (HCF) and VHCF

regimes are distinguished in terms of failure mechanisms

and S‐N curve shapes. Then, the effect of the microstruc-

tural and mechanical features on the VHCF resistance is

debated as different separable parameters. Next, the

influence of the loading conditions is addressed by taking

into account both the frequency effect, the loading type,

and loading ratio. Finally, the testing techniques used in

VHCF are discussed.

2 | FROM HIGH CYCLE FATIGUE
(HCF) TO VERY HIGH CYCLE
FATIGUE (VHCF) OF STEELS

2.1 | Mechanisms of fatigue failure in the
gigacycle fatigue regime

It is now well established that the fatigue failure is the

result of 2 mechanisms: the initiation and then propaga-

tion of cracks. Generally, engineers opt for surface treat-

ment(s) to improve the fatigue strength of materials

because crack initiation usually* occurs at the surface of

components in the HCF regime. Consequently, surface

layers are harder than the core to delay crack initiation,

and the ductile core resists to the propagation of cracks.

However, in the VHCF regime, most of the crack initia-

tions occur in the core of the components or specimens.

It seems that cyclic plastic deformations at the surface

(in the plane stress condition) become so small that cracks

initiate elsewhere. In this case, internal defects

(inclusions) or large grains play a key role, whereas the

surface plays a minor role especially if it is smooth1 and

without any aggressive environment. For instance, for

JIS SUJ2 high strength steel, fatigue fracture of untreated

and 2 shot‐peened specimens occurred in VHCF regime

by the internal fracture mode, and no difference in fatigue

life between them could be seen under tension‐

compression loading.9

For high strength steels, inclusions play a very impor-

tant role in gigacycle fatigue; they act as a “notch.”10,11

Murakami et al12 pointed out the presence of a particular

morphology called optically dark area (ODA) beside the

inclusion at the center of the fish‐eye mark as shown in

Figure 1. When an ODA is observed by SEM with the elec-

tron beam being normal to fracture surface, ODA surface

is observed as granular. This typical granular morphology

is also named fine granular area (FGA)13-15 or granular

bright facet (GBF).9,16,17 For simplicity, because ODA,

FGA, and GBF named the same typical area on the

fracture surface of a specimen tested in the VHCF

regime, such area is named FGA hereafter. It was

reported that in the VHCF regime, more than 90% of

the fatigue life is attributed to the creation of the

FGA.11,15,18 It has been demonstrated that the FGA for-

mation during the very long fatigue process controls the

internal fracture mode. FGA is assumed to play a crucial

role in the failure mechanism in the VHCF regime.16,19

According to Grad and Kerscher,20 the critical role of

internal inclusions in VHCF compared with the role of

surface ones is related to a change in the crack

*The case of high internal tensile residual stresses is not considered here

because industrial engineers usually avoid such a critical case on

components.

FIGURE 1 Optical micrograph of ODA (named FGA in the

following)12
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propagation rates at the surface compared with the core,

especially when the loading is small, close to the thresh-

old of the stress intensity factor range.

Several explanations have been proposed for explai-

ning the formation of this specific feature of the fracture

surface in the VHCF regime.19,21 These are hydrogen

embrittlement‐assisted cracking caused by hydrogen that

is trapped by the inclusions,22 fracture of boundaries

between spherical carbide particles and matrix,23 or the

formation of a fine granular layer by polygonisation and

debonding between inclusion and matrix.24,25 Recently,

Pineau and Forest26 have shown that cyclic plastic strain

localization around inclusions is very dependent on both

the elastic misfit properties of inclusions and metal

matrix and the residual stresses around inclusions due

to the difference of the thermal expansion coefficients

of matrix and inclusion. Such materials with defects are

named “Type II” by Mughrabi (ie, non pure metals and

industrial alloys), whereas pure materials and alloys are

name “Type I.”

At the microscopic level, and on defect free materials

(Type I), Mughrabi showed that the initiation of a fatigue

crack in the gigacycle fatigue regime can be described in

terms of the microstructurally irreversible portion of the

cumulative cyclic plastic strain.27 Indeed, after very many

cycles (>109), a surface roughness can develop very

slowly, due to very small remnant cyclic slip irreversibil-

ities of dislocation to‐and‐fro glide at the surface.28,29 So,

during the cyclic deformation, dislocation interactions

lead to the formation of irreversible plastic deformation.

This cyclic irreversible plastic deformation accumulates

during the fatigue loading and leads to localization of

plastic deformation and finally to crack initiation at the

sites of stress concentration.28

Very recently, Stanzl‐Tschegg30 showed that on “Type

I” material (high‐purity copper), internal fatigue crack

initiation can be observed in the VHCF regime, but

1010 cycles were needed to observe that. The reason of

such initiation is still unknown even if short cracks

(20 μm long) seem to play the role of newly existing

defects. For this copper, this characteristic length of

20 μm seems to be the threshold for arrested or growing

cracks. Because of the anisotropic elastic behavior of the

grains and the discrete nature of the slip systems, the

shape of the grains and their crystallographic orientation

with regard to the cyclic loading play a key role on the

microscopic plastic strain localization and short crack

propagation.

A few years ago, “non‐inclusion induced crack initia-

tion” has been observed in bainite/martensite25,31 or

ferrite/ martensite32 multiphase steels. The crack did not

initiate from inclusion but within the matrix (Figure 2).

For instance, Chai32 reported this phenomenon (termed

as subsurface non‐defect fatigue crack origins―SNDFCO)

in ferrite/martensite 2 phase steel. The initiation of

SNDFCO is a material damage process caused by cyclic

plastic deformation in the soft phase (such as ferrite and

austenite) due to deformation mismatch between 2

phases. On “Type II” and on multiphase materials, the

complexity of the microstructure in terms of elastic

FIGURE 2 Non‐inclusion induced fracture surface in VHCF of bainite/martensite multiphase steel, (Rm = 1320 MPa), in tension‐

compression (R = −1) under a loading frequency of 20 kHz, (A) optical image, (B) SEM image, (C) FGA, and (D) detailed observation of

FGA31 [Colour figure can be viewed at wileyonlinelibrary.com]
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anisotropy of the grains, different yield strength and cyclic

behavior of each phases, and grain morphologies will lead

to a strong interaction with the crack initiation mecha-

nism and then the propagation of microstructurally short

cracks. This has been illustrated for instance by Tofique

et al33 on a hot rolled stainless steel. Krupp et al34 have

also shown on a martensitic steel that the crack initiation

and early crack growth are strongly influenced by the ori-

entation of the martensite blocks.

For low strength steels, in VHCF regime, cracks would

not initiate at inclusions but at the surface.6,10,35,36

Further researches show that crack initiation in VHCF

regime depends on the loading type.15 For instance, under

cyclic axial loading, the VDSiCr spring steel displays crack

initiation at internal inclusion. However, under torsion

loading, the initial crack is produced by cyclic shear, in

the interior or at the surface.15 More details of the fatigue

failure mechanisms in VHCF regime are summarized in

Table 1 based on some examples collected from literature.

2.2 | S‐N curve characteristics of steels

Since, the 19th century, the fatigue limit has been defined

as the asymptotic tendency of the S‐N curve (Figure 3)

observed in HCF regime between 106 and 107 cycles for

steels.† It was presumed that beyond this fatigue “limit,”

there was no failure. It was established that the major part

of fatigue life is spent during crack propagation, whereas

the fraction of fatigue life spent during initiation is usually

much smaller. In the 30 recent years, the industrial tech-

nology development has led to some machine compo-

nents failures beyond 107cycles, and consequently, the

asymptote might not exist in some cases of S‐N curves of

steels.1,24,47 Bathias et al suggested to ban the fatigue limit

concept, and to replace it by fatigue strength for a consid-

ered number of cycles.1

In this section, the S‐N curves of steels are described in

connection with their “shape.” Thus, we distinguish

between very high strength steels (the tensile strength is

higher than 1100 MPa) and low strength steels. Indeed,

the S‐N curves of some low‐strength steels can show a

horizontal asymptote that could be named “fatigue

limit”36,40,41 up to the tested life (109 or 1010 cycles) at least.

Notwithstanding this, nobody can guarantee that testing a

specimen or component up to 1011 cycles will not break it.

However, the S‐N curves of high‐strength steels do not

have any clear horizontal asymptote. They will eventually

fail with increasing the number of cycles.17,48

2.2.1 | S‐N curve characteristics of high
strength steels

Many studies carried out on very high strength steels

show a step‐wise S‐N curve consisting of 2 parts, short

life regime up to around 105 cycles, and long life

regime for more than 107 cycles (Figure 4). Such S‐N

characteristic is attributed to different mechanisms on

smooth specimens: initiation at the surface or internal

one leading to a fish‐eye typical cracking in relation

with inclusions.48,49 The horizontal part of the S‐N

curve, ie, the transition stress amplitude for which the

crack initiation changes from surface to subsurface is

the conventional fatigue limit when fatigue tests are

censored at 107 cycles.49,50 Nevertheless, for notched

specimens or when roughness is high, a few specimens

failed between 107 and 1010 cycles. This is because the

surface roughness (especially the valleys of the rough-

ness profile) act as small notches2,50 (Figure 5). One

note, with a further increase of the surface roughness,

ie, much higher stress concentration, that cracks always

initiate at scratch marks on the specimen surface. This

means that fatigue strength would be decreased signifi-

cantly and step‐wise S‐N curve would not appear

anymore.50

Other studies show S‐N curve with a duplex shape

(Figure 6) corresponding to different fracture modes in

super‐long life range, beyond 106 cycles. In this case,

fish‐eye crack initiation was not observed in all the speci-

mens, and crack initiation also occurred at the

surface.13,17,47,51

It is also important to note that for the 42CrMo high

strength steels with different molybdenum contents pre-

pared by special technology leading to zero inclusion in

the material,10 the range of failure cycles is less than

2 × 106 cycles and a horizontal asymptote lies between

2 × 106 and 109 cycles.

Overall, for high strength steels under tension‐com-

pression loading at 20 kHz, the fatigue strength at

109 cycles, in terms of stress amplitude, varies from 600

to 1000 MPa. It depends on the specific treatment under-

gone to the material2,15,17,36,37,39,40,49,5142,52-54 (Table 2).

Furthermore, different studies show that for the high

strength steels, the difference between the fatigue

strength at 106 and 109 cycles is ranging from 50 to

200 MPa.1,2

2.2.2 | S‐N curve characteristics of low
strength steels

It was pointed out by different studies that in the case of

low strength steels (maximum tensile strength

≤1100 MPa), fatigue crack initiation mainly occurs at

†This is not the case for all the materials and alloys. For instance, it is

known for more than 50 years that there is no asymptotic tendency of

the SN curves in aluminium alloys, but this is out of the scope of this

paper.
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TABLE 1 VHCF crack mechanisms of steels

Ref Material

Microstructure/State
Fatigue Data

Fatigue Crack Mechanism

in Gigacyclic RegimeLoading Frequency Ratio R
15,37 VDSiCr spring steel Shot‐peened Torsion 20 kHz 0.1 A fish‐eye fracture surface is visible. The

crack is initiated in the material without any

apparent material inhomogeneity

(“matrix crack”). Other specimens show surface

crack initiation. The crack grows in shear

mode for 10 μm forming

a flat area on the fracture surface

perpendicular to the specimen's length direction.

Fractured grain boundaries

or inclusions act as crack starters of the VHCF

failures (for R = −1)

0.35

0.5–1

Tension 0.1

0.5

38 JIS G3561, spring steel Quenched and

tempered HV = 598

Axial pulse‐pause sequence 20 kHz −1 Cracks were initiated from the specimen

surface under tension‐compression as

well as torsion loading, and

no inclusions were found at the crack

initiation sites

Torsion pulse‐pause sequence

39 100Cr6 bearing steel Bainitic heat treatment

and grinded (aRmax

= 4.9 μm)

Tension‐compression 20 kHz −1 Interior cracks always started at Al2O3 or

TiN inclusions. Surface cracks are

initiated at surface

defects produced during machining

36 Ck60 Normalizing Tension‐compression

pulse‐pause sequence

20 kHz −1 Crack initiation is at the surface in

both materials, and no interior

crack initiation at inclusions was found

Ck15

40 42CrMoS4 Quenched and tempered Tension and rotating

bending

20 kHz −1 Crack initiation is at globular oxides at or close

to the surface. There are different crack growth

regions. Region 1 is very plane because of low

crack growth rate. Region 2 has a radial structure

with a higher crack growth rate as a comparison

of striations shows. In region 3, the surface gets

rougher. Region 4 results from

static fracture with a shearing surface

41 50CrMo4, bRm = 919 Quenched and tempered Tension‐compression 50–400 Hz or 20 kHz −1 Crack initiation at the surface and the

crack initiation site was independent of tensile

strength (Kt = 1.75 or 2.06 for Rm = 1726 MPa)

50CrMo4, bRm = 1726

42 JIS‐SCM440 AF1600 Ausformed and

tempered at 703 K

Tension compression 120 Hz and 20 kHz −1 Internal initiation and the fracture sites of the

fish‐eye fractures were Al203 inclusion, TiN

(Continues)
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TABLE 1 (Continued)

Ref Material

Microstructure/State
Fatigue Data

Fatigue Crack Mechanism

in Gigacyclic RegimeLoading Frequency Ratio R

inclusion and internal facets.

In the case of TiN inclusions (QT1600), in

one case, the inclusion itself was cracked;

in other case, the fatigue crack was

initiated at the top of the inclusion

because the inclusion was buried in

one side of the fracture surface and

the other side didn't have a hole

where the inclusion was embedded

QT1600 Quenched and tempered

AF2000 Ausformed and

tempered at 473 K

QT2000 Quenched and tempered

43 Medium carbon steel Quenched and tempered 52.5 Hz −1 Specimens failed from non‐metallic

inclusion in VHCF regime with

FGA morphology in crack initiation region

17 JIS SUJ2 bearing steel Tempered Rotating‐bending 52.5 Hz −1 The crack which initiated

at the inclusion

propagates in the GBF area and forms a

rough fracture surface. Thereafter the

crack propagates outside the GBF area,

forming a smooth fracture surface although

the fracture surface returns to a coarse

nature prior to final fracture

35 JIS‐SNCM439 Treated with Rm = 1010 Rotating‐bending 52.5 Hz −1 Surface initiation and no obvious

metallurgic defects can be

found in the initiation sites

32 Martensitic‐

ferritic low alloy steel

Rm = 1200–1400 Tension 150 Hz 0 Subsurface initiation. There

are transitions of fatigue

crack initiation from

surface defects,

subsurface inclusions to

SNDFCO with increasing fatigue life,

or by decreasing the

applied stress amplitude.

aRmax: roughness (μm).

bRm: tensile strength (MPa).

Abbreviation: SNDFCO, subsurface non‐defect fatigue crack origins.

JE
D
D
I
A
N
D

P
A
L
IN

‐L
U
C



the specimen surface, and the S‐N curves present a hori-

zontal asymptote.6,10,35,36,41,58 The difference between

the fatigue strengths at 106 and 109 cycles is less than

50 MPa,2,36 that is within the typical scatter band of the

experimental fatigue data. An example of such an S‐N

curve is shown in Figure 7.

3 | EFFECT OF
MICROSTRUCTURAL AND
MECHANICAL FEATURES ON THE
VHCF RESISTANCE OF STEELS

In this section, the influence of the microstructural char-

acteristics including metallurgical phases and inclusions

as well as mechanical properties, namely tensile strength

and residual stresses on the VHCF, are discussed

separately.

3.1 | Influence of the metallurgical
microstructure

It is generally agreed that metallurgical microstructure

greatly influences the fatigue strength of steels in the

HCF domain. In general, engineers seek for a hard surface

microstructure combined with a soft core to improve the

fatigue strength of components in steel without decreas-

ing their toughness. Indeed, due to the fact that crack ini-

tiation is at the surface in HCF regime, the surface

hardness allows a higher bearable loading for a given life

to crack initiation and the soft core decreases the crack

propagation rate. However, in VHCF regime, generally,

crack initiation on most of the structural steels occurs in

the core. For the ultrasonic laboratory tests, the high load-

ing frequency complicates this simple interpretation.

Actually, from the experimental observations, it appears

that specimens loaded at 20 kHz could exhibit a tempera-

ture rise, and consequently, this may influence the stabil-

ity of the different phases of the microstructure.5 For the

martensitic steels and carbon steels, the increase of

FIGURE 3 Traditional concept of S‐N curve according to ASTM

and AFNOR standards44-46

FIGURE 4 Step‐wise S‐N curve of quenched and tempered 0.46%

carbon steel in tension‐compression, R = −1 at a loading frequency

of 80 Hz48

FIGURE 5 Schematic illustration showing the effects of surface

roughness on S–N characteristics of high strength steel50

FIGURE 6 Duplex S‐N curve of JIS SUJ2 high strength steel

under fully reversed rotating bending, at a loading frequency of

52.5 Hz17
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temperature due to the frequency is negligible with an

engineering point of view (less than 80°C). Nevertheless,

in stainless steels, the temperature can reach 235°C due

to the austenite to martensite transformation.5 That is

why the case of stainless steels would not be treated here-

after; this paper focuses on non‐stainless steels only.

Many studies indicate that the microstructure has a

significant effect on the VHCF behavior of steels.6,51,58,59

TABLE 2 Influence of the maximum tensile strength, Rm, on the gigacycle fatigue strength amplitude of steels in tension‐compression

(R = −1) under a loading frequency of 20 kHz

Ref Material Microstructure/State Rm Kt

Runout

(Cycles)

Fatigue

Strength, MPa
15 VDSiCr spring steel Shot‐peened 1984 1 5 × 109 915

QT 1100 1 2 × 109 600b

55 JIS‐SUP7 spring steel QT 1730 1 1010 680

41 50CrMo4 QT 919 1 109 550b

919 1.75 350b

919 2.06 302a

1726 425b

39 100Cr6 bearing steel Bainitic heat treatment/grinding 2387 1 109 868

36 Ck60 Normalized 727 1 109 348 ± 19

Ck15 418 264 ± 16

16 G50CrV4 QT 1550 1 109 571

F50CrV4 Vacuum annealing + QT 1540 713

QT 1529 703

60Si2CrV QT 2365 764

SUP 12 QT 1815 771

GER Electroslag remelting + QT 1700 788

GVM Vacuum melting + QT 1785 746

G Vacuum melting + QT 1489 601

56 JIS SCM440 QT 200° 1975 1 109 625b

QT 550° 1164 640b

JIS SNM439 QT 1955 753b

2 SUJ2 2316 1 1010 680b

100C6 2300 809.82

42 JIS‐SCM440 AF1600 Ausformed and tempered at 703 K 1580 1 108 920

QT1600 QT 1520 840

AF2000 Ausformed and tempered at 473 K 2086 1010

QT2000 QT 1974 840

52 VDSiCr spring steel Shot peened 1984 1 1010 906

53 JIS SMn443 AF1400 Ausformed and tempered at 673 K 1382 1 109 770

QT1400 QT in water cool 1349

AF2000 Ausformed at 473 K 1982 1010 830

QT2000 QT in air cool 1925

QT2000W Quenched in water cool 2007 710

57 NHS spring steel B‐M1 Thinner bainite than M2 + tempered martensite 1975 109 715

B‐M2 Bainite + tempered martensite 2065 635

M Tempered martensite 2025 715

54 JIS‐SCM440 QT 1 5 × 109 770b

10 Z‐42CrMo‐1 QT 430°C/zero inclusion 1480 109 717 ± 14

Z‐42CrMo‐2 QT 500°C/zero inclusion 1197 653 ± 7

C‐42CrMo‐1 QT 430°C/commercial 1460 680 ± 21

C‐42CrMo‐2 QT 500°C/commercial 1014 592 ± 11

aCalculated with stair‐case method from articles data.

bThe maximum stress amplitude below which no specimens failed at the considered number of cycles.

Abbreviation: QT, quenched and tempered.
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For example, the quenched and tempered JIS SUJ2 steel

shows different S‐N curves corresponding to 2 types of

heat treatment in air and in vacuum atmosphere.51 It

can be seen in Figure 8 that decarburization which

occurred by the heat treatment processed in air influences

greatly the fatigue life.

For ferrite and pearlite microstructures, the ferrite as

bcc‐material exhibits pronounced strain rate sensitivity

at ambient temperatures.6 The investigations on 3 plain

steels C15E, C45E, and C60E by Bach et al59 with different

pearlite/ferrite ratios show that fatigue life diagrams are

shifted to higher lives with increasing pearlite content

(Figure 9).

Contrary to what has been proposed by Bathias,5 the

microstructure can be transformed under loading even if

the temperature does not exceed 60°C.60 Indeed, in bai-

nite/martensite multiphase steels for example, it was

reported in Gao et al31 that the blocky retained austenite

transforms easily to martensite due to local plastic defor-

mation under cyclic loading, which is apt to induce the

formation of micro‐cracks. Zhao et al25 pointed out that

large plastic deformation occurred within the bainite

laths, leading to “debonding” from the adjacent martens-

ite. Consequently, the crack initiated at grain boundaries

between large bainite laths and martensite. This means

that the microstructure instability under cyclic loading is

not only governed by temperature.

However, the reader has to keep in mind that the

temperature rise in gigacycle fatigue under ultrasonic

loading can be induced by many phenomena. Indeed,

dissipative sources in metallic alloys are numerous:

micro‐plastic deformations, dislocation movements,

internal friction, precipitates, plasticity‐induced phase

transformations, etc. An interesting paper has been pub-

lished by Mareau et al in 2012.61 These authors

assumed that 2 different mechanisms are responsible

for heat dissipation under cyclic loading: the oscillation

of pinned dislocations defined as an anelastic mecha-

nism and the viscoplastic slip of dislocations considered

as an inelastic mechanism. The dissipation is not grain

size sensitive in the anelastic regime but decreases with

decreasing grain size in the second regime, as expected

from experimental data. Predicted results demonstrate

the key role of dispersion of grain size and orientation.

Additional studies are needed to more deeply investigate

the relation between self‐heating and the gigacycle

fatigue strength of steels. Overall, the temperature rising

in ultrasonic fatigue has a large effect on the S‐N curve

shape and on the scatter.62

FIGURE 7 S‐N curve of Ck60 steel in tension‐compression

(R = −1) at a loading frequency of 20 kHz36

FIGURE 8 The S‐N curves for JIS SUJ2 which were heat treated

in vacuum (dark square and red circle marks) and in air (blue

triangle marks) under rotating bending fatigue at a loading

frequency of 52.5Hz51 [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 9 Effect of the increase of pearlite content from C15E to

C60E plain steels on the S–N diagrams in tension‐compression

(R = −1) at a loading frequency of 20 kHz59 [Colour figure can be

viewed at wileyonlinelibrary.com]
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3.2 | Influence of inclusions size, type, and
depth

In VHCF regime, high‐strength steels with a maximum

tensile strength typically exceeding 1100 MPa show an

internally originating fatigue failure, ie, fish‐eye feature.

Murakami et al63 found that the median fatigue strength

at 107 cycles under fully reversed loading in high strength

steels depends on the Vickers hardness of the matrix, HV,

and the inclusion size as follows:

σ′w ¼ 1:56 HV þ 120ð Þ
ffiffiffiffiffiffiffiffiffi

area
p 1=6

(1)

where HV is in kgf/mm2 and
ffiffiffiffiffiffiffiffiffi

area
p

(in μm) is the inclu-

sion size at the fracture origin measured on the plane per-

pendicular to the maximum principal stress. Murakami

shows that reducing the size and width of the distribution

of inclusions, defects, and in‐homogeneities is very impor-

tant to improve the VHCF strength of high strength

steels.64 Even though one thinks reinforcement mechani-

cal treatments which focus on the improvement of the

properties of the material (as shot peening do) could

enhance VHCF strength, they would be sometimes insig-

nificant in the case of high strength steels.9,64

Indeed, several researches show that the expected ser-

vice life depends more on the FGA size around inclusions,

when it exists (see Section 2.1) than the inclusion size

itself.22,65 Indeed, the FGA size increases with the fatigue

life. This should be due to the physical mechanism of

FGA formation. Even if there is not a unique mechanism

accepted in the VHCF community, all the authors agree

that FGA formation needs time because either disloca-

tions accumulation around inclusion66 to produce grain

refinement67 or severe plastic flow at the inclusion68

assisted69 or not by cyclic pressing needs many cycles

under very low stress or strain amplitudes. Then, when

the nano‐grain area around the inclusion is large enough,

the stress intensity factor range exceeds its threshold

value and the crack propagates.

Other researches display that when the diameter of

inclusion varies in rather small range, the fatigue life is

dependent on the inclusion depth from the surface.10,18,70

They show that the number of cycles to failure increases

with increasing the depth of inclusions. Yang et al10 show

that the VHCF strength of a material with zero inclusion

is raised and the reliability is improved (ie, no fatigue frac-

ture occurs for number of cycles between 2 × 106 and

109 cycles) in comparison with the commercial material.

However, the treatment needed to obtain an inclusion

free material is complex and expensive.71

Experimental fatigue data collected in Table 3 show

that generally, the smaller the inclusion size is, the greater

the VHCF strength is. That is known as the famous

Kitagawa‐Takahashi diagram linking the fatigue strength

versus the defect size in a log‐log diagram.73 Nevertheless,

according to researches by Furuya et al72 on steels with

inclusions, smaller than a certain size, 15 μm in this case,

the fatigue strength at 109 cycles depends also on the

inclusion type (ie, its chemical nature).

3.3 | Influence of hydrogen charging

The effect of hydrogen on surface fractures is an interest-

ing subject especially for steels used in hydrogen energy

system. Furthermore, we have seen in Section 2.1 that

for high strength steels, the formation of FGA from inclu-

sions is the origin of the internal fractures. One possible

explanation of the FGA formation in the VHCF regime

is attributed to the effects of hydrogen.74 Indeed, hydro-

gen trapped at the inclusion helps the slow crack growth

that has initiated around the inclusion and consequently

creates a rough fracture surface.56,74

Data collected in Table 4 display that the hydrogen‐

charged specimens show lower fatigue strength than the

uncharged ones. The degradation of the fatigue strength

is as large as the hydrogen content in the material is high.

3.4 | Influence of the environment

There are several studies in literature about the influence

of the environment on the VHCF strength of aluminum

and titanium alloys but only a few ones on steels.19 After

the pioneer work of Endo76 and Ebara77 who showed the

key role of corrosion pits that alter significantly the fatigue

strength in the gigacycle regime even at ultrasonic loading

frequency, Palin‐Luc et al,78 then Schönbauer et al,79 and

Mora et al80 have shown that corrosive aqueous environ-

ment drastically reduces the fatigue strength of steels.

Cracks initiate from corrosion pits located at the specimen

surface.77,78,80,81Consequently, pits are responsible for this

decrease, but this is not a pure mechanical effect. In‐situ

corrosion fatigue tests are significantly more aggressive

than ultrasonic fatigue ones on pre‐corroded specimens.78

There is a strong coupling between the environment and

the cyclic loading, even at very high frequency (20 kHz).

The number of reversals seems to play a key role but not

the physical time.80 A possible explanation is the coupling

between cyclic microplasticity present at the specimen

surface and its interaction with the corrosive media.

Knowing the effect of environment on the VHCF

strength is also very important to better understand inter-

nal crack initiation.19 It is well known that crack growth

rate is greater in humid air than in vacuum.30,82 This is

in agreement with the observation of a very long incuba-

tion period for crack initiation which is characteristic of
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the gigacycle regime. According to Grad et al,20 the shift

of the crack initiation location from surface to subsurface

when the loading amplitude decreases from HCF to

VHCF regime can be explained by a difference in crack

growth rates and threshold of the stress intensity factor

in air and in vacuum.

3.5 | Influence of the maximum tensile
strength

It's well known that there is a linear relationship between

the HCF strength and the ultimate tensile strength.73 In

VHCF, no such a relation is displayed in the literature.

However, if we divide the collected data on smooth spec-

imens for high strength steels and low strength steels,

respectively, and focus on the data under fully reversed

tension‐compression at 20 kHz (Table 2), Figure 10 corre-

sponding to the high strength steels can be drawn.

It is important to note that for the sake of achieving

comparable results, sometimes, we have needed to extract

data from articles to calculate the fatigue strength accord-

ing to the staircase method. When there is a large scatter

in the results from literature, so that the median value of

the fatigue strength could not be computed according to

the staircase method, it has been estimated as the maxi-

mum stress amplitude below which no specimens failed

at the considered number of cycles.

For high strength steels (Rm > 1100 MPa), an

empirical relationship (2) which links the median value

of the VHCF strength at 109 cycles to the maximum

tensile strength, Rm, can be brought out from the liter-

ature data as illustrated in Figure 10. However, consid-

ering the large scatter of experimental VHCF strength,

it has to be pointed out that such relation has to be con-

sidered with great precautions. Indeed, because of the

complexity of the mechanisms responsible for the

gigacycle fatigue strength of steels, a simple relation

cannot guaranty a reliable assessment of the VHCF

strength. Fatigue tests are needed for safe design against

gigacycle fatigue, especially when very high strength

steels are considered. Indeed, for a given steel depend-

ing of the quenched and tempered conditions, a critical

hardness value seems to exist above which the VHCF

strength decreases.83 This seems to be due to the key

role of defects (inclusions). However, Equation 2 is use-

ful for engineers to assess the magnitude order of the

VHCF resistance as proposed by Brand et al in HCF

regime.84 For low strength steel (Rm < 1100 MPa), such

relation was not established because there are not

enough experimental data.

log σað Þ ¼ 6:0461x10−5

Rm þ 2:77 for high strength steels Rm>1100 MPað Þ
(2)

TABLE 3 Influence of the inclusion size and type on the gigacycle fatigue strength at 109 cycles of steels in tension compression (R = −1)

under a loading frequency of 20 kHz

Ref Material Microstructure/State HV Inclusions

Average size
ffiffiffiffiffiffiffi

Ain

p
((μm)

Fatigue

Strength, MPa
72 SCM440‐1 Double melting 591 Al2O3 8.5 ≤830

SCM440‐2 Single melting 603 Al2O3 10.1 770

SCM440‐3 Single melting 591 Al2O3 8.2 740

SCM440‐4 Double melting 603 Al2O3 7.6 770

SCM440‐5 Single melting 588 Al2O3 8.5 800

SCM440‐6 Unknown 586 Al2O3 33.3 586

SUJ2‐1 Double melting 724 Al2O3 11.5 800

SUJ2‐2 Single melting 764 (Cr,Fe)3C 18.1 ≤620

SUJ2‐3 Single melting 815 (Cr,Fe)3C 20.4 680

SUJ2‐4 Double melting 795 Al2O3‐TiN 11.2‐8.5 800

SUJ2‐5 Single melting 753 (Cr,Fe)3C 22.6 620

16 G50CrV4 QT 450 30.6 571

F50CrV4 Vacuum annealing 440 CaO_Al2O3, CaO_Al2O3_

MgO and occasionally TiN

6 713

QT 6 703

60Si2CrV QT 565 16.4 764

SUP 12 QT 600 17.4 771

GER Electroslag remelting + QT 708 11.4 788

GVM Vacuum melting + QT 703 23.3 746

G Vacuum melting + QT 414 26.5 601

10 Z‐42CrMo‐1 QT430°C Zero inclusion ≤ 1 717 ± 14

C‐42CrMo‐1 QT430°C 17–36 680 ± 21
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3.6 | Influence of the residual stresses

In the HCF regime, residual stresses are seen as mean

stresses with the same global effect as described by the

Haigh diagram: a positive mean stress (tension) reduces

the fatigue strength whereas a negative (compressive)

one increases it. Because residual stresses are the conse-

quence of local strain incompatibilities, a good compro-

mise has to be found between compressive and tensile

residual stresses in volume (a local compressive stress is

balanced elsewhere in the specimen or component with

tensile residual stresses).85,86 Consequently, engineers try

usually to create compressive surface residual stresses

which mitigate the loading stress at the surface and delay

fatigue crack initiation or increase the bearable stress

amplitude. That is why, among others reasons, different

surface thermal or mechanical treatments are suggested

to improve the HCF strength of components.87 In VHCF

regime, the influence of residual stresses on the fatigue

strength is not obvious because crack initiation does not

usually occur at the surface, especially for high strength

steels under axial loading.9,14,88

Generally, residual stresses are unstable during cyclic

loading, one talk about relaxation of the residual

stresses.89,90 For instance, in the case of shot peened

spring steel VDSiCr under torsion loading, there is an

important drop of the compression residual stresses after

VHCF loading.37 One notes that for the same residual

stresses before loading, the decrease of the compressive

residual stresses after torsion loading is in descending

order, more significant for a loading ratio R = 0.5 than

for R = 0.35 or R = 0.1. Thereby, the VHCF strength is

the highest in the case of the minimum decrease of

TABLE 4 Influence of hydrogen charging on the gigacycle fatigue strength of steels in tension compression (R = −1) under a loading

frequency of 20 kHz

Ref Material

Microstructure/

State

Hydrogen

Content, ppm

Cr,

ppm

Ci,

ppm

Inclusion Average

Size
ffiffiffiffiffiffiffi

Ain

p
(μm)

Runout,

Cycles

σ

MPa
16 G50CrV4 QT 2 1.34 0.66 34.3 109 467

3 2.34 0.66 37.3 366

F50CrV4 QT 2.5 0 2.5 6 498

60Si2CrV QT 3 0 3 11.3 392

3.2 0.15 3.05 20.5 483

10 0.15 9.85 18.9 497

SUP 12 QT 1 0.73 0.27 18 628

QT 2 0 2 14.1 413

56 JIS SCM440 QT 200° 2.35 15–78 109 380a

1.6 380a

1.47 460a

0 600a

QT 550° 1.36 500a

75 100Cr6 bearing steel Bainite 0.6 2 × 109 783

3 406

Martensite 0.6 926

3 531

Cr: non‐diffusible hydrogen in the specimen.

Ci: hydrogen being charged into the specimen.
aThe maximum stress amplitude below which no specimens failed at the considered number of cycles.

FIGURE 10 Median value of the fatigue strength at 109 cycles

(stress amplitude) vs maximum tensile strength for high strength

steels, on smooth specimens under fully reversed tension‐

compression at 20 kHz. The thick line is the median value, and the 2

dashed lines correspond to the boundaries of the interval containing

68% of the experimental data
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residual stresses after loading. Nevertheless, in the case of

tension there is a slight rising of the compressive residual

stresses after fatigue loading.15

Overall, more thorough work needs to be done to con-

clude about the stability or instability of residual stresses

under loading with low amplitude and their influence

on the VHCF strength of steels. Furthermore, residual

stresses are not uniaxial but multiaxial and modify the

distribution of hydrostatic stress all over the compo-

nent.91,92 That is why HCF strength criteria consider the

hydrostatic stress to take into account the effect of resid-

ual stresses. But according to the authors' knowledge,

there is no study in VHCF regime considering both the

multiaxial nature of residual stresses and their heteroge-

neous distribution in all the specimen (or component),

including the presence of non‐metallic inclusion, if any.

Additional studies should be done in this way for a better

understanding of the effect of residual stresses in VHCF.

4 | EFFECT OF THE LOADING
CONDITIONS ON THE VHCF
RESISTANCE OF STEELS

Loading conditions for fatigue tests in HCF regime

include the loading type and the loading ratio. When deal-

ing with the VHCF regime, the discussion is enlarged

about the influence of the loading frequency and the test-

ing techniques. Indeed, there is a variety of testing tech-

niques in the literature in VHCF that could influence

the fatigue results as will be shown hereafter.

4.1 | Influence of the loading frequency
and risk volume (or highly stressed
volume)

Recent researches have suggested that the influence of the

loading frequency when there is “fish‐eye” formation

should be coupled with size effect. Actually, the size of

specimens that are used with ultrasonic testing devices

are different with those on conventional ones. Indeed,

the specimens usually used in ultrasonic fatigue testing

are smaller than in conventional fatigue testing. A typical

ultrasonic fatigue test specimen is hourglass‐shaped with

a diameter of 3 mm at its minimum cross section, while

conventional fatigue testing frequently uses specimens

with diameter between 6 and 12 mm.54 The size of the

region where the higher stress acts in a fatigue test speci-

men is what we called the “risk volume” or the “highly

stressed volume.” Different “risk volumes” can influence

the probability to have critical inclusions with regard to

the fatigue crack initiation. One can note that there is a

good match between ultrasonic and conventional data

when the risk volume is the same (Figure 11).41,54,93 Nev-

ertheless, Figure 12 depicts different fatigue strengths for

different risk volumes when ultrasonic frequency tests

are considered. Sun et al94 proposed a method based on

statistical analysis to estimate the fatigue life of large spec-

imens from the experimental data of small specimens.

It has been shown that the inclusion size at the fish‐

eye fracture origins increased in proportion to increased

risk volume, suggesting that this enlargement of inclusion

sizes is what causes the degradation of fatigue strength.74

For specimens with an hourglass shape and a mini-

mum diameter of 3 mm, the shape of the S‐N curves

depends only on the inclusion size.95 A modified S‐N dia-

gram where stress amplitudes are normalized by fatigue

strengths estimated according to Equation 1 is proposed

in this case (Figure 13). Hence, when the risk volume is

the same, there is no frequency effect on the fatigue

strength.2,41,42,55,56 That is why Paolino et al96 have pro-

posed a new specimen geometry (named Gaussian

FIGURE 11 Fatigue test results for specimens of JIS‐SCM440

with almost equal risk volumes in tension‐compression (R = −1)

at a loading frequency of 20 kHz (ultrasonic) and 20 Hz (servo‐

hydraulic)54

FIGURE 12 Ultrasonic fatigue test results for specimens of JIS‐

SCM440 with various risk volumes in tension‐compression

(R = −1) at a loading frequency of 20 kHz54
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specimen) with larger risk volume to study the effect of

the highly stressed volume in gigacycle fatigue regime

with ultrasonic fatigue testing machines.

As said before, in general, smooth specimens fre-

quently used for carrying out ultrasonic fatigue tests are

of the hourglass type with a diameter of 3 mm at the min-

imum section.

Therefore, in order to find a correlation between the

diameter of the specimen and the fatigue strength at dif-

ferent frequency tests, we consider the ultrasonic fatigue

strength and the diameter of 3 mm as reference. Many

studies display a difference between S‐N curves at

20 kHz and at conventional frequency (ie, between 20

and 400 Hz). Let us now suppose that there is a scale

effect in that case which can affect the curve. Indeed, it

is well established that when the specimen size increases,

the fatigue strength decreases. So, if we make the

assumption that the fatigue strength is inversely propor-

tional to the specimen diameter, we could determine

the correlation between the ultrasonic fatigue strength

and the conventional one. Such a coefficient can reduce

the gap between the 2 curves when tests are carried out

with different specimen diameters at different frequen-

cies, as follows:

σs;con Nð Þ
σs;ult Nð Þ ¼ a

d

� �

(3)

where, σs, con is the conventional fatigue strength ampli-

tude for a given number of cycles, N, under conventional

frequency on a classic testing machine and σs, ult is the

ultrasonic fatigue strength amplitude (at 20 kHz); “d” is

the specimen diameter and “a” is the correlation coeffi-

cient. For each number of cycles, the fatigue strength at

20 kHz can thus be assessed from fatigue tests carried

out a usual frequency.

This method has been applied to take into account the

effect of the highly stressed volume on the fatigue data

extracted from.55 Figure 14 shows that the various points

of the conventional S‐N curve move in the vertical direc-

tion to fit the ultrasonic fatigue curve. The fatigue test

specimens were of hourglass type with a diameter of 3

and 6 mm at the minimum cross section corresponding,

respectively, to tests at 20 kHz with an ultrasonic testing

machine and at 120 Hz with an electromagnetic one.

The same method applied to the fatigue data in Pyttel

et al40 gives the same conclusion (Figure 15). This shows

that the size effect has to be taken into account when

comparing fatigue tests results obtained under different

loading frequencies.

Data summarized in Table 5 show that generally, by

eliminating the other parameters that could affect the

VHCF strength of steels (such as: size effect, increase of

temperature, instability of microstructure, and environ-

ment), the loading frequency has no effect in the case of

high strength steels. Nevertheless, for low strength steels,

the fatigue “limit” increases with an increase of the

FIGURE 14 S‐N diagrams for JIS‐SUP7 spring steel in tension

compression loading (R = −1) from Furuya and Matsuoka55

[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 13 Modified S‐N diagram where stress amplitudes are

normalized by the fatigue limit estimated by Murakami's

Equation 1 for JIS SNCM439 in tension‐compression, R = −195

FIGURE 15 S‐N diagrams for 42CrMoS4 steel in tension

compression loading (R = −1) from Pyttel et al40 [Colour figure

can be viewed at wileyonlinelibrary.com]
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TABLE 5 Frequency, loading type, loading ratio, and risk volume effects on the gigacycle fatigue strength

Ref Material Microstructure/State Fatigue Data Fatigue Strength

Loading Frequency Risk volume (mm3) or

Φ (mm)

Kt R Runout

(cycles)

Stress amplitude

(MPa)

2 100C6 Martensitic with carbides

(Ramax = 3.21 μm)

Tension‐compression 35 Hz20 kHz–

30 kHz

Φ = 3 −1 1010 809

41 50CrMo4, Rm = 919 QT Tension‐comp.

Pulse‐pause sequence

5–400 Hz Φ = 3 1 −1 108 500b

20 kHz 1 109 550b

20 kHz Φ = 6 1.75 109 350b

5‐400 1.75 108 350b

50‐400 2.06 108 300b

20 kHz 2.06 109 302a

50CrMo4, Rm = 1726 QT 20 kHz 2.06 109 425b

50‐400 2.06 108 425b

40 42CrMoS4 Rm = 1100MPA QT Tension‐comp. 20 kHz Φ = 3 1 −1 2 × 109 600a

20 kHz 1.75 −1 387a

Rotating‐bending 60 Hz Φ = 6 1 −1 2 × 108 600b

Φ = 9 1.75 −1 330b

Tension 20 kHz Φ = 9 1.75 0 2 × 109 246a

Φ = 3 1 0 285a

Tension‐compression 140‐400 Hz Φ = 5 1 −1 2 × 108 550a

140‐400 Hz Φ = 9 1.75 −1 279a

Rm = 1350 MPa Tension‐comp. 150‐200 Hz Φ = 6 1 −1 490b

Tension 0 470b

56 JIS SNM439 QT Tension‐comp. 100 Hz Φ = 3 1 −1 753b

600 Hz

20 kHz

42 JIS‐SCM440 AF1600 Ausformed and

tempered at 703 K

Tension‐comp. 120 Hz and

20 kHz

Φ = 3 1 −1 108 920

QT1600 QT 840

AF2000 Ausformed and

tempered at 473 K

1010

QT2000 QT 840

55 JIS‐SUP7 spring steel QT 120 Hz 227 mm3 1 −1 108 580

Tension‐comp. 600 Hz 33 mm3 700

20 kHz 33 mm3 700

54 JIS‐SCM440 QT Tension‐comp. 20 kHz 33 mm3 1 −1 5 × 109 740

254 mm3 680b

781 mm3 560

(Continues)
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testing frequency6,41 for smooth specimens (Figure 16),

but no influence is observed for notched ones

(Figure 17).

A possible explanation can be found in Takeuchi

et al98: “considering that generally, dislocation velocities

are far slower than sonic speed99 and that initiation and

propagation of fatigue cracks are closely related to local

plastic deformations, it can be easily imagined that plastic

deformation cannot follow reacting to the loading at high

frequency and therefore results in fatigue property

changes. Indeed, Lee et al show that with increasing the

strain rate, the number of dislocations inside the cell walls

increases and the size of the individual dislocation cells

decreases. An increased dislocation density, which

increases the degree of dislocation tangling, reduces the

mobility of the dislocations and therefore enhances the

resistance of the material to cyclic plastic deformation100.”

A similar phenomenon has also been observed under

monotonic high‐speed tensile tests.6 When the tensile

speed is increased, the yield stress and tensile strength

tend to also be higher in this case. Secondly, the influence

of the frequency is small in the case of the notched

specimens because the plastic zone is limited to the stress

concentration zone and fracture is the result of stress

concentration at the notch root.

The effect of frequency is bound to the effect of strain

rate on the fatigue strength. In VHCF regime, the high

strain rate and the induced rise of temperature during

tests could conduct to dynamic strain aging phenomena

in sensitive steels. Indeed, Torabian et al101 showed that

for a ferritic‐martensitic steel, strain aging, which resulted

from the high temperature during ultrasonic tests,

strengthens the surrounding ferrite matrix. Therefore,

the plastic zone at the crack tip is smaller and requires
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FIGURE 16 S‐N diagram of JIS S15C steel, Rm = 441 MPa, under

several loading frequencies in tension compression with R = −1 (all

the specimens have a tested portion with a same diameter of 5 mm)6
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higher stresses to propagate leading to an increase in the

fatigue life for a given stress amplitude.

4.2 | Influence of load ratio and loading
type

Data summarized in Table 5 show that several investiga-

tions about the normal mean stress sensitivity in the

VHCF regime already exist for axial and rotational load-

ing types.15,93 Generally, the S‐N curves of steels are

shifted towards lower stress amplitudes with increasing

the load ratio independently of the loading type.102 An

example is depicted in Figure 18. This is described in the

Haigh diagram by the Goodman line or the Gerber parabola

like in HCF regime (Figure 19).

The influence of the loading type (tension, bending,

etc.) on the fatigue strength is connected to the stress

gradient effect; consequently, the highly stressed volume

is reduced when the stress state is not homogenous.103

Figure 20 shows a schematic illustration of the control

volume depending on the loading conditions.97 Specimens

with identical center sections, where stress amplitudes are

highest and fatigue cracks initiate, display different highly

stressed volumes under torsion and axial loading. Indeed,

torsion loading forms a gradient of shear stress over the

cross section with maximum stress at the surface and

vanishing stress in the center. The stress gradient yields a

much smaller highly stressed volume compared with

cyclic tension. Consequently, the probability to find a

defect is reduced with the control volume reduction.

This explains why Akiniwa et al38 reported larger

scatter for ultrasonic torsional fatigue tests of spring steel

than that of ultrasonic tension‐compression fatigue tests.

The same remark was mentioned in Shimamura et al58

for the carburized SCM420H steel. We can conclude that

the effects of load ratio and loading type in the VHCF

regime are the same as in HCF apart from all the other

involved parameters.

FIGURE 17 S‐N diagram of smooth

specimens (diameter of 3 mm) and

notched specimens (Kt = 1.75, diameter of

6 mm) with polished surface of 50CrMo4

steel, Rm = 919 MPa, in tension‐

compression, R = −141 [Colour figure can

be viewed at wileyonlinelibrary.com]

FIGURE 18 S‐N data of shot peened VDSiCr spring steel,15 (A) under torsion (R = −1), (B) under tension (R = −1) [Colour figure can be

viewed at wileyonlinelibrary.com]
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4.3 | Influence of the testing techniques

Testing devices are based on different operating princi-

ples, and the controlled parameters are not the same:

force for conventional techniques (in HCF regime) and

displacement with ultrasonic ones. In VHCF regime, one

single test in the range of 1010 cycles would take 17 years

with a conventional 20 Hz servohydraulic machine;

however, using a 20 kHz ultrasonic fatigue testing device

shortens this testing time to less than a week.104 Further-

more, with the ultrasonic fatigue testing technique, the

specimen is not just prone to a cyclic stressing cycles

obtained by displacement of the machine's horn, but the

specimen itself is placed into resonance.2,82,105

Relevant sum up of the progress of ultrasonic fatigue

testing machines and devices in the recent 30 years in

order to test specimens in VHCF regime is given in

Bathias.105 Exhaustive description of the different test

devices in VHCF under tension‐compression and rotating

bending loadings under constant or variable amplitudes

exists in many other articles.21,37,41,58,106,107

Except the test frequency, the main differences

between conventional and ultrasonic devices are the dif-

ferent specimens shape and the possibility of temperature

rise under ultrasonic loading. Indeed, the different

smooth specimen shapes corresponding to the different

test devices could lead to different test results. Actually,

as displayed previously, the size effect has a significant

influence on the fatigue test results (Section 4.1). The tests

with larger highly stressed volumes exhibit the lower

fatigue strength. This is in agreement with the statistics

of extreme: there is a higher probability to find a defect

(inclusion) in a larger volume.73

To avoid temperature rise during ultrasonic fatigue

tests, there are 2 different techniques in the literature:

either specimens are cooled by dry pressured air or any

other coolant (water, oil, etc.), or tests are carried out with

the pulse and pause technique. Thereby, pulse‐lengths are

typically between 25 and 100 ms (500–2000 cycles), and

pauses can vary between 25 and 1000 ms and depend on

the damping of the specimen material.82

To our knowledge, there is no study which compares

the influence of these 2 techniques on the VHCF strength

of the same steel. However, one can find in the litera-

ture2,5,53,98 that the temperature rise indicates the devel-

opment of plastic strains in some zones of the specimen

in quenched and tempered steels. Such plastic deforma-

tion appeared to be a necessary precursor of rapid ageing

in this case. If cyclic stressing was stopped just after a

temperature peak, ageing continued during the period

of resting.108 Thereby, for the sensitive materials to

dynamic strain aging, careful considerations are neces-

sary when the results are obtained by using an ultrasonic

FIGURE 20 Schematic illustration of

the control volume depending on loading

conditions, note that the control volume

for rotating bending is much smaller than

that for axial loading97

FIGURE 19 Influence of the loading ratio, R, in VHCF regime on

martensitic steel (X10CrNiMo12‐2‐2)93 [Colour figure can be viewed

at wileyonlinelibrary.com]
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testing machine even with pulse and pause technique.

The question of a possible sensitivity of the material to

cyclic creep should be studied too under positive mean

stress for the same reason.

5 | CONCLUSIONS AND
PROSPECTS

An overview of the parameters influencing the VHCF

resistance of smooth steel specimens has been proposed.

The following conclusions were displayed.

• For high strength steels, fatigue cracks initiate in the

core and more than 90% of the fatigue life is needed

to create an FGA. The presence of the FGA is not

depending on the loading frequency (conventional or

ultrasonic). The stepwise or duplex S‐N curve typical

shape depends on the loading type (tension or

torsion).

• For low strength steels, fatigue crack initiation mainly

occurs at the specimen surface, and the S‐N curves

present an horizontal asymptote

• For multiphase steels, “non‐inclusion induced crack

initiation” has been observed, and the crack does

not initiate from inclusions but within the matrix

microstructure (named as SNDFCO). This shows

that internal crack initiation is not only due to the

presence of inclusion. This is important when trying

to understand why crack initiation is shifted from

surface to the core when the stress amplitude is

reduced for having longer life (from HCF to VHCF

regime).

• The microstructure can be transformed under cyclic

loading at high frequency even if the temperature does

not exceed 60°C. This proves that microstructure

instability under cyclic loading is not only governed

by temperature.

• Based on the VHCF data collected in the literature, an

empirical relationship has been proposed to assess the

VHCF strength of high strength steels (Rm>1100MPa)

under tension (R = −1) at 109 cycles and their maxi-

mum tensile strength under quasi‐static monotonic

tension.

• Because residual stresses are unstable during fatigue

loading, more thorough work is needed to be done to

conclude about their influence on the VHCF strength

of steels.

• By eliminating the other parameters which could

affect the VHCF strength of steels such as size effect,

increase of temperature, instability of microstructure,

and environment, the loading frequency has no signif-

icant effect on the VHCF strength of high strength

steels. Nevertheless, for low strength steels, the fatigue

strength at 109 cycles increases with an increase of the

testing frequency.

• When comparing the VHCF strengths of high strength

steels obtained either with ultrasonic or conventional

loading frequency, the size effect has to be taken into

account.

• Under tension the influence of the load ratio on the

VHCF resistance of steels can be described by a Haigh

diagram like in HCF.

• Finally, special attention should be paid to the influ-

ence or not of the pulse and pause technique to avoid

temperature rising of tested specimens. There is no

study which compares the influence of this technique

with continuous tests on the VHCF strength of steels.

This is an interesting way for future researches.
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