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The influence of environmental media on crack propagation of a structural steel at high-cycle and very-
high-cycle fatigue (VHCF) regimes was investigated with the fatigue tests in air, water and 3.5% NaCl
aqueous solution. The fatigue strength in water and 3.5% NaCl solution is significantly decreased and
the cracking morphology due to different driving forces is presented. A model is proposed to explain
the influence of environmental media on fatigue life, which reflects the variation of fatigue life with
applied stress, grain size, inclusion size and material yield stress. The model prediction is in good agree-
ment with experimental observations.
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1. Introduction

Very-high-cycle fatigue (VHCF) [1], (also named ultra-high-cy-
cle fatigue [2], ultra-long-life fatigue [3], or gigacycle fatigue [4])
of metallic materials is generally regarded as fatigue failure at
stress levels below conventional fatigue limit and the correspond-
ing fatigue life beyond 107 loading cycles. Lots of modern engineer-
ing structures and components, such as airplanes, turbines, nuclear
structures, automobiles and high speed trains are expected to have
fatigue life in the range of 107 to 1010 load cycles.

One typical feature of VHCF for high strength steels is that the
S–N curve consists of two parts corresponding to subsurface and
surface crack initiation, resulting in a stepwise or duplex shape
[5–11]. Generally, the crack initiation in VHCF regime is observed
as fisheye pattern on fracture surface, which is located at specimen
subsurface region and originated from a nonmetallic inclusion for
high strength steels [3,5–16]. Since the pioneering work performed
by Naito et al. [17,18] and by Atrens et al. [19], there have been a
variety of studies on the VHCF behavior for different materials.
Among these studies, the crack initiation mechanism in VHCF at-
tracted most of the attention. Murakami et al. [3] attributed the
mechanism of subsurface crack initiation to the interaction of
hydrogen embrittlement with cyclic damage. Bathias and Paris
[4] found that subsurface crack initiation originated from either
nonmetallic inclusions or other microstructural inhomogeneities,
e.g. perlite colonies and long platelets. They [4] argued that the
probability of finding a sufficient stress concentration inhomoge-
neity is much higher in the interior of the material than at the sur-
face. Nishijima and Kanazawa [15] attributed the reason why the
fatigue life for internal failure is longer than that for surface failure
to the fact that the stress intensity factor for flaws with the same
size in the material interior is smaller than that at the surface.
The influence of some factors, such as loading frequency
[12,14,20,21], surface finishing condition [8,16,22], material micro-
structure state [23–25] and environmental media [10,11,26], on
the VHCF properties of high strength steels has been widely stud-
ied. Among them, the effect of ultrasonic frequency on the esti-
mated fatigue strength has been intensively studied in order to
make sure that the fatigue results obtained by using ultrasonic
testing and conventional fatigue equipment with a low frequency
are comparable. Stanzl-Tschegg and Mayer [20] showed that the
frequency influences might be divided into intrinsic and extrinsic.
The former one is related to strain rate, dislocation structures,
crack formation and propagation. Whereas, the latter influence in-
cludes the correlation of test frequency with environmental effect,
influence of creep, specimen heating during ultrasonic testing, etc.
However, Furuya et al. [14] found that the loading frequency does
not have significant impact on the VHCF behavior of a high
strength steel. Recently, Zhao et al. [12] showed that loading fre-
quencies do have effect on fatigue strength of materials, but for
materials with some specific microstructure the resultant of the ef-
fect may defer. Loading frequencies have little influence on speci-
mens with high strength, while for the specimens with low
tensile strength the fatigue resistance is markedly high in ultra-
sonic testing.
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Nomenclature

a crack depth
CIS critical inclusion size
E Young’s modulus
F geometrical factor for stress intensity factor calculation
HV Vickers hardness
k resistance of dislocation movement, corresponding to

material yield stress
kw wi/ws

KI stress intensity factor
KIC fracture toughness of material
l grain radius
Nf fatigue failure cycles
Ni fatigue cycles required for crack initiation at subsurface
Ns fatigue cycles required for crack initiation at surface
ni normalized fatigue cycles required for crack initiation at

subsurface
ns normalized fatigue cycles required for crack initiation at

surface
r inclusion radius
rp plastic zone size

DeU dimensionless unit increment of energy
DUi unit increment of energy for subsurface crack initiation
DUs unit increment of energy for surface crack initiation
wi surface energy related to subsurface crack initiation
ws surface energy related to surface crack initiation
a 0.813 for surface, 0.528 for subsurface and 0.969 for

interior inclusions
rmax maximum applied stress
rs yield stress
ra applied stress
rw

max applied maximum stress for the tests in fresh water
rs

max applied maximum stress for the tests in 3.5% NaCl aque-
ous solution

ra
max applied maximum stress for the tests in laboratory air

Dr stress amplitude
u 0.5Dr/k
w r/l
m Poisson’s ratio
l shear modulus
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Shiozawa and Lu [16] found that for surface shot-peened spec-
imens, due to the surface residual stress induced by shot peening
subsurface crack initiation dominated. We [8] studied the influ-
ence of surface notch on VHCF behavior of a structural steel, which
revealed that surface notch decreases the fatigue strength and the
possibility of subsurface crack initiation. Krupp et al. [25] studied
the effect of the microstructure of an austenitic–ferritic duplex
steel on the VHCF behavior and revealed that the formation of slip
bands caused by fatigue damage in VHCF regime leads to the initi-
ation and propagation of microstructurally short cracks in a very
localized manner. Lei et al. [5] found that the inclusion size and
location has a significant impact on VHCF behavior for high
strength steels. The degradation of VHCF strength caused by the in-
crease of inclusion size is ascribed to the decrease of the critical
stress of fine-granular-area (FGA) formation for large inclusions.
We [10] investigated the effect of environmental media on the fa-
tigue strength and crack initiation of a high strength steel in VHCF
regime and the decrease of fatigue strength in environmental med-
ia is reported. However, the crack initiation and propagation pro-
cess of high strength steels in environmental media in VHCF
regime is still not clear.

In addition to experimental investigations, theoretical or empir-
ical models for fatigue strength and life prediction in VHCF regime
are of significant importance for both scientific and engineering
applications. Murakami et al. [3] developed a model to predict fa-
tigue strength in VHCF regime based on crack initiation site, crack
area and material hardness. Hong et al. [6] demonstrated that the
formation of FGA is responsible for a majority part of total fatigue
life. It is shown in [27–29] that in VHCF regime the crack growth
constitutes insignificant portion of the total fatigue life. Instead,
the importance of fatigue crack initiation stage has been repeatedly
emphasized.

Chapetti et al. [30] showed a relation between the FGA size, the
inclusion size and the fatigue life by fitting the experimental data
of high strength steels. Liu et al. [31] proposed an expression in
the form of Basquin equation for predicting the S–N curves based
on the fatigue strengths at 106 cycles and at 109 cycles. Lai et al.
[32] presented a unified model, which provides the prediction of
fatigue behavior of hardened steels in different regimes, that is,
low cycle fatigue regime quantified by the tensile strength, high
cycle fatigue regime obeying Basquin’s law and VHCF regime
featured by the fisheye and FGA surrounding an initiating inclusion
on the fracture surface. A combination of the deterministic model
with a stochastic model describing the inclusion size distribution
allows prediction of fatigue strength and the associated reliability
of a steel component. Sun et al. [33] developed a model for estimat-
ing the fatigue life of high-strength steels in high cycle and VHCF
regimes with fisheye mode failure based on the cumulative fatigue
damage, which takes into account the inclusion size, FGA size and
tensile strength of materials. We [9,10] developed a model to
investigate the competition between surface and subsurface crack
initiation at VHCF regime, and showed that high strength steels
with fine grain size tend to initiate crack in the subsurface,
whereas surface notch and environmental medium will lead to
surface crack initiation. However, models to predict S–N curves
in VHCF regime in different environmental media are still lacking
due to the complicated crack initiation mechanisms. Recently,
new models have been further proposed to predict or estimate
the fatigue life for high cycle and VHCF regimes by taking into ac-
count the failure mechanism and cumulative damage characteris-
tics [34–37].

In this paper, the process of crack initiation and propagation for
a high strength steel in environmental media in VHCF regime is
investigated. The specimens of a structural steel were subjected
to rotary bending up to VHCF regime in the environments of labo-
ratory air, fresh water and 3.5% NaCl aqueous solution, respec-
tively. The influence of environmental media on the variation of
fatigue strength and cracking process is presented. Based on the
experimental observations, a model is proposed to study the S–N
curves of the material in high cycle and VHCF regimes in different
media.
2. Material and experimental method

In this paper, hour-glass type specimens (Fig. 1a) of a structural
steel 40Cr (main compositions: 0.4% C and 1% Cr) were tested with
a rotary bending machine operating at a frequency of 52.5 Hz and
the testing environments were of three types: laboratory air, fresh
water and 3.5% NaCl aqueous solution, respectively, so as to inves-
tigate the influence of environmental medium on the variation of
fatigue strength and cracking process. The average size of original



Fig. 1. (a) Schematic drawing of hour-glass shape specimen for rotary bending fatigue test and (b) schematic drawing of V-notch profile at reduced section of hour-glass
specimen shown in (a), with notch depth of 0.3 mm. (dimensions in mm).
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austenite grains is 11.2 lm and the average yield stress is
1501 MPa. Vickers microhardness indentation on the heat-treated
specimen gives the average value of 545 kgf/mm2 with the uniform
distribution over the specimen cross-section. The pH values of
fresh water and 3.5% NaCl aqueous solution are 7.70 and 7.47,
respectively. In addition, the hour-glass type specimens with V-
notch at the reduced section, as shown in Fig. 1(b), were also used
to investigate the process of fatigue crack propagation. Based on
the fatigue test data and scanning electron microscopy (SEM)
observations of fracture surfaces, the effect of environment on
the fatigue behavior at high cycle and VHCF regimes was exam-
ined. The mechanism of crack initiation and propagation under dif-
ferent environmental media was discussed.

3. S–N curves

For specimens tested in laboratory air (triangular symbols in
Fig. 2), single crack originated from the surface of the specimens
with fatigue life less than 107 loading cycles and the corresponding
stress levels are above 700 MPa, whereas the crack started from
subsurface for the specimens with fatigue life beyond 107 loading
cycles and the stress levels are below 700 MPa. SEM observations
showed that for the specimens cyclically fractured in laboratory
air, the crack origination is due to a single origin from either sur-
face or subsurface initiation.

For fatigue testing in fresh water, a similar stepwise S–N curve
is presented (square symbols in Fig. 2), but the stress of transition
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Fig. 2. S–N curves for specimens tested at three environments: laboratory air, fresh
water and 3.5% NaCl aqueous solution, showing fatigue strength substantially
reduced due to the presence of aqueous solutions, and showing relevant crack
origination mode, with hollow symbols representing surface mode crack origina-
tion, solid symbols representing subsurface mode crack origination and semi-solid
symbols representing mixed mode crack origination.
part in the S–N curve is dramatically decreased. The maximum
stress with respect to the failure cycles of 105 is 600 MPa, which
is about 70% of the value obtained in the laboratory air testing.
When failure cycles extends to 5 � 105, the corresponding maxi-
mum stress is 350 MPa for water medium testing, which is only
half of the value obtained in the laboratory air testing. In the tran-
sition part, the average value of the maximum stress (260 MPa) is
only 36% of that given in laboratory air testing case (720 MPa). In
the VHCF regime, the difference of the maximum stress between
the two cases is even large. The big difference of fatigue strength
presented by these two S–N curves implies that the environmental
effect of fresh water on the degradation of fatigue strength is
remarkable. In the case of fatigue testing in water medium, for fa-
tigue lives shorter than 5 � 105 loading cycles, the crack origina-
tion mode observed by SEM is surface related initiation, the same
as the case of laboratory air. For fatigue lives beyond 5 � 105 cy-
cles, namely high cycle fatigue and VHCF regimes, the crack origi-
nation observed is a mixed mode of surface related and subsurface
initiation.

For the fatigue tests in 3.5% NaCl aqueous solution, the S–N
curve (lower part of Fig. 2) displays a continuously descending
shape. The fatigue strength is even lower than that tested in water
medium from low cycle to VHCF regime, implying that the effect of
3.5% NaCl aqueous solution on the degradation of fatigue strength
for the structural steel is more remarkable than that of water med-
ium. For the case of fatigue testing in 3.5% NaCl aqueous solution
(circular symbols in Fig. 2), the crack origination observed by
SEM for all the specimens is the mixed mode of surface related
and subsurface initiation.

The fatigue strength in aqueous solution is substantially lower
than that in laboratory air and the reduction increases gradually
with decreasing stress level. It is also seen from Fig. 2 that the ratio
of the applied maximum stress for the case of tested in fresh water
to that in air for the failure life of 107 is about 34%. This ratio de-
creases to 21% in the vicinity of 108 failure cycles. For the case of
tested in 3.5% NaCl aqueous solution, the fatigue strength de-
creases even more dramatically. The ratio of the applied maximum
stress for the case of tested in 3.5% NaCl aqueous solution to that in
air is only 10% for 107 failure cycles, and is even lower of 5.8% in the
vicinity of 108 failure cycles. The above description is expressed as:

rw
max

ra
max

����
107
¼ 0:34

rw
max

ra
max

����
108
¼ 0:21; ð1Þ

and

rs
max

ra
max

����
107
¼ 0:10

rs
max

ra
max

����
108
¼ 0:058; ð2Þ

where rw
max is the applied maximum stress for the tests in fresh

water, rs
max is the applied maximum stress for the tests in 3.5% NaCl

aqueous solution, and ra
max is the applied maximum stress for the

tests in laboratory air.
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4. Fractography for specimens tested in air

For the specimens tested in laboratory air, all the fatigue frac-
ture surfaces of both surface initiation and subsurface initiation
modes present the morphology of three regions as shown in
Fig. 3(a). Region A [Fig. 3(b)] is crack initiation and early propaga-
tion zone, in which crack propagation velocity is very slow to pro-
duce a relatively smooth fracture surface with transgranular
cleavage-like morphology and fatigue striations. This region is
responsible for a substantially large part of total fatigue life. As
shown in Fig. 3(b), crack initiated at the subsurface of specimen
at VHCF regime, forming a fisheye pattern originated from a non-
metallic inclusion with main chemical compositions examined as
Al, Ca and O. The average size of the inclusion located inside the
fisheye and as a crack origin is 12 lm, obtained from 10 measure-
ments. Region B is crack steady and relatively fast growth zone and
Fig. 3(c) is a local micrograph of this zone showing quasi-cleavage
morphology. Region C is final fracture zone and the fracture surface
presents the ordinary morphology of dimple pattern [Fig. 3(d)].

Regarding the inner boundary as crack tip for Regions A and B,
one may calculate the stress intensity factor KI with the following
formula:
K I ¼ Fra
ffiffiffiffiffiffi
pa
p

: ð3Þ

In the calculation, Region A is regarded as elliptical shape and
Region B is regarded as circular shape [9]. The values of KI almost
keep constant at 16 MPa m1/2 from high cycle to VHCF regime for
Region A. The values of KI for Region B are between 35 and
B C A 
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Fig. 3. Fracture surface of a specimen tested in laboratory air, at ra
max ¼ 610 MPa and Nf =

as A, B, and C, (b) enlargement of Region A, crack early growth region from a nonmetallic
striations, (c) enlargement of Region B, crack steady and relatively fast growth region with
with dimple morphology.
60 MPa m1/2, which correspond to the material fracture toughness.
The values of KI for Region A and B are used to calculate the crack
tip plastic zone size based on the expression:
rp ¼
1

3p
DK
rs

� �2

ð4Þ

The plastic zone size for Region A is about 12.1 lm, which
approximately equals to one grain size. In the crack initiation
and early propagation stage (Region A), grain boundary serves as
microstructural obstacle. In Region B, the plastic zone size ranges
between 57.7 lm and 169.5 lm. As the increase of the plastic zone
size, the crack propagation rate increases significantly. In Region C,
as the increase of the crack driving force and decrease of the liga-
ment of the specimen, the specimen displays a plane stress state.
Thus, the fracture morphology shows a shear fracture with an an-
gle of 45� along the tensile direction. For the tested specimens, the
fracture is plane strain condition in the crack initiation stage and
the crack tip has a high constraint as a result of the small plastic
zone size and high stress triaxiality. With the decrease of ligament
in Region C, the crack tip has a constraint loss which causes large
plastic deformation.

It is noted that the fatigue life consumed by FGA within a fish-
eye for high strength steels constitutes a significant portion of rel-
evant total fatigue life, which is further confirmed by our recent
investigation [6]. For a high strength steel, the size of FGA ranges
from 40 to 100 lm and the size of fisheye is between 100 and
300 lm [6].

Normally, the size of fisheye comprises about 10 grains, and the
size of FGA comprises between 2 and 4 grains. It is proposed that
) 
20μm 
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100μm 
) 

3.27 � 108: (a) whole fracture surface showing crack origin (CO) and three Regions
inclusion and forming a fisheye pattern with cleavage-like morphology and fatigue
quasi-cleavage morphology, and (d) enlargement of Region C, final fracture portion
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Fig. 4. SEM observations of fracture surface for specimens tested in water and 3.5% NaCl solutions: (a) surface crack origin for specimen tested in water, at rw
max ¼ 286 MPa,

Nf = 2.52 � 107, (b) crack origins for specimen tested in 3.5% NaCl, at rs
max ¼ 137 MPa and Nf = 1.2 � 108, (c) enlargement of crack initiation zone in (b), arrows indicating

inclusions, and (d) magnification of crack initiation from an inclusion in (c).
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the size of FGA is the intrinsically characteristic dimension of crack
initiation for VHCF [6], with DKFGA = DKth [6,13]. The mechanism of
crack initiation and early propagation from subsurface for VHCF
due to fisheye (containing FGA) defers from that of surface short
cracks. The latter is attributed to the PSBs induced by localized
plastic deformation. For the case of VHCF with subsurface crack
initiation originated from inclusions, the nominal stress is below
the value of conventional fatigue limit and the localized surface
slip deformation becomes un-activated. Thus, the site of subsurface
inclusion becomes the weak point to act as a crack origin after a
large number of loading cycles. Therefore, there is a competition
process of crack initiation from surface or subsurface [9,10]. In-
deed, the micro mechanism of crack initiation from subsurface
due to nonmetallic inclusions is still not very clear, which needs
further in-depth investigations.

It is sure that the size of the inclusion responsible for crack ini-
tiation is vital with respect to the cracking mechanism and to the
fatigue life [5,33]. In most cases, the inclusion size is smaller than
the FGA size. Thus, the morphology of FGA appears and the smaller
inclusion leads to a longer fatigue life due to the larger capacity for
related cracking within FGA. For some other cases, the size of inclu-
sion responsible for crack initiation is larger than the intrinsic FGA
size. Thus, the condition for FGA formation is over, which leads to a
relatively smaller value of total fatigue life. Also, other factors of
inclusion propensity, interface cohesion between inclusion and
matrix, etc. are of influence on the behavior of crack initiation
and therefore on the total fatigue life.
5. Fractography for specimens tested in environmental media

The observations show that the crack initiation in aqueous solu-
tion is of multiple crack origins (Fig. 4b) with surface (Fig. 4a) and
subsurface (Fig. 4c) mixed mode. This indicates that the aqueous
solution promotes the surface crack initiation. As an example, sub-
surface crack initiation at nonmetallic inclusions is observed for
specimens tested in the aqueous solution in VHCF as shown in
Fig. 4(b–d), where the crack initiated at several small nonmetallic
inclusions. The diameter of the inclusions is about 3.5 lm, and
the initiated small cracks coalescenced to form an initial crack. This
implies that in environmental media, attention should be paid to
both small and large inclusions with regard to the increase of fati-
gue life, although the coalescence effect of the cracks on the fatigue
behavior still needs a further study. In addition, it is commonly be-
lieved that the maximum inclusion size exists, below which no
crack would initiate at inclusions. The maximum inclusion sizes
are 5 lm [38], 8 lm [39] and 15 lm [40] for different steels tested
in air. Yang et al. [41] proposed an empirical expression to calcu-
late the maximum size for high strength steel, i.e. the critical inclu-
sion size (CIS) by correlating the relation between fatigue strength
and Vickers hardness:

CIS ¼ a 1þ 120
HV

� �6

; ð5Þ

where a is 0.813 for surface, 0.528 for subsurface and 0.969 for inte-
rior inclusions. In this study, CIS for interior inclusions is calculated
to be 3.2 lm according to Eq. (5). This is in general agreement with
the experimental observations of previous ones.

For the case of fatigue tested in water and 3.5% NaCl aqueous
solution, the crack origination observed by SEM is mainly the sur-
face related initiation. Additionally, unlike the single crack origin
for specimens tested in air, multiple fatigue crack origins were ob-
served, and the fracture surface morphology for fatigue crack stea-
dy growth zone is predominantly intergranular, as shown in
Fig. 5(a). From the measurements on SEM micrographs, the ratio
of intergranular morphology is about 75% for the specimens tested
in water, indicating that in water medium, fatigue crack growth
along grain boundaries is a major mechanism. For the specimens
tested in 3.5% NaCl aqueous solution, the intergranular morphol-
ogy is about 90% in fatigue crack steady growth zone, indicating
that crack growth along grain boundaries is a dominant
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Fig. 5. Crack propagation morphology for specimen tested in water and 3.5% NaCl solutions: (a) crack propagation for the specimen tested in water solution, showing
intergranular morphology, at rw

max ¼ 156 MPa and Nf = 8 � 107 and (b) secondary cracking (SC) in the cross section of the specimen in 3.5% NaCl, at rs
max ¼ 41:3 MPa and

Nf = 9 � 107.
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mechanism. Fig. 5(a and b) also show secondary cracks along grain
boundaries and cross section of the specimen, which is the
phenomenon of grain boundary embrittlement due to the aqueous
environmental effect. The presence of widespread secondary
cracks is observed in the fatigue crack propagation period for the
cases tested in water and in 3.5% NaCl aqueous solution, which is
the damage evidence of environmental media on the material.
Fig. 6. SEM photograph of whole fracture surface for V-notch specimen Sf, showing
multiple crack origins and a large portion of cross section resulted from fatigue
cracking.
6. Crack propagation process for specimens tested in 3.5% NaCl
solution

In addition to the SEM observation on the fracture surface of the
broken specimens after fatigue testing, we designed a specific
method for further examination of fatigue crack propagation pro-
cess by taking advantage of low temperature breaking technique,
for which a group of 7 specimens were cyclic loaded in 3.5% NaCl
aqueous solution at the loading value of rs

max ¼ 22:3 MPa. The
specimens used for this examination are also hour-glass type but
with a V-notch at the reduced section as shown in Fig. 1(b). One
of the specimens was loaded to fatigue failure, and the other ones
were controlled to terminate at different loading cycles (in se-
quence) before failure. Then the unloaded specimens were broken
by means of low temperature fracture technique, i.e. the unloaded
specimen was broken immediately after immersed in the liquid
nitrogen for about 20 min, such that the morphology produced
during the process of fatigue crack propagation can be separated
by the morphology formed at low temperature fracture. The load-
ing cycles of the specimens, which are ready for the observation of
fatigue crack propagation, are listed in Table 1. Before the observa-
tion on fracture surface of fatigue unloaded specimens, we checked
and confirmed that the low temperature fractography of the spec-
imen without fatigue testing is normally cleavage and quasi-cleav-
age morphology. One important aspect is the observation on the
unloaded specimens, for which the failure cycles of specimen Sf

is 8 � 107 at rs
max ¼ 22:3 MPa. Fig. 6 is the SEM photograph of

whole fracture surface for specimen Sf. It is observed that the typ-
ical morphology of multiple crack origins prevails at specimen sur-
face or subsurface covering almost the circumference of the notch
root, and that a large portion of fracture surface resulted from cor-
rosion fatigue cracking, which is 65.2% obtained from image anal-
Table 1
Loading cycles and cracking area fraction of V-notch specimens tested in 3.5% NaCl aqueo

Specimena S1 S2 S3

Cycles 1 � 105 5 � 105 2 � 106

Cracking area fraction (%) 3.25 7.84 13.3

a Specimen Sf broke after cyclic loading, other specimens stopped loading at the given
ysis. The observations on unloaded specimens show clear evidence
of fatigue crack initiation and early growth at surface and subsur-
face in the circumference of V-notch specimen. The fraction of
fatigue cracking surface, as listed in Table 1, is small for the spec-
imen unloaded after 105 cycles of loading and it increases with
fatigue loading cycles until failure. Fig. 7(a and b) are two examples
of the specimens unloaded after fatigue cycling of 6 � 106 and
5 � 107, namely specimens S4 with cracking area fraction of
24.3% and S6 with that of 48%, respectively. The cracking area frac-
tion of 7 specimens measured by image analysis method increases
with the number of loading cycles.

The variation of crack area fraction in the environmental media
is attributed to the crack propagation mechanism in the solution.
Under aqueous environment, the failure mechanism of high
strength steel has been widely confirmed as hydrogen induced
embrittlement [42–45]. Hydrogen effect is superimposed by triax-
ial stress state or stress concentration due to the material hetero-
geneity to cause stress corrosion cracking or corrosion fatigue
us solution.

S4 S5 S6 Sf

6 � 106 1 � 107 5 � 107 8 � 107

24.3 41.1 48 65.2

loading cycle then broken in liquid nitrogen.



Fig. 7. SEM photographs of whole fracture surface of unloaded V-notch specimens, showing fatigue cracking before failure, the dark area being fatigue cracks prior to low
temperature fracture: (a) specimen S4 and (b) specimen S6.
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[44,45]. In the process of hydrogen induced failure, the diffusion
and concentration of hydrogen is critical to the fatigue damage.
It is obvious that a longer time period exposed to the aqueous envi-
ronment while cyclic loading will lead to deeper hydrogen diffu-
sion into the specimen and therefore more severe effect of the
test environment superimposed on the mechanical loading, which
is the qualitative explanation of the cracking area increase with
loading cycles and the difference of fatigue strength between the
cases tested in air and in aqueous solution is large at higher failure
lives, i.e. the maximum stress is inversely proportional to fatigue
failure cycles when introducing the aqueous environment as previ-
ously shown in Eqs. (1) and (2), and Fig. 2.

7. Model for S–N curve prediction in different environmental
media

It is known that the crack initiation related to inclusions is
attributed to the weak cohesive state between inclusion and ma-
trix. Under cyclic loading, a crack may easily form due to the inter-
face debonding and grow into the matrix. In such a case, the
subsurface crack initiation cycle Ni is [46]:

Ni ¼
4lwi

DUi
; ð6Þ

where wi is surface energy related to subsurface crack initiation, l is
grain radius and DUi is unit increment of energy for subsurface
crack initiation. wi and DUi are functions of grain radius l, inclusion
radius r (w = r/l), stress amplitude Dr and the resistance of disloca-
tion movement k (u = 0.5Dr/k). DUi is written as:

DUi ¼
DeUð2kÞ2r2

A
; ð7Þ

where

A ¼ l
2pð1� mÞ ; ð8Þ

and

DeU ¼ uD~cT
1 � D~cL

1 þu2

2
; ð9Þ

with

D~cT
1 ¼ buð2~c2 � 1Þ þ 1

p
3
ffiffiffiffiffiffiffiffiffiffiffiffiffi
~c2 � 1
p

� 2eI� �
� 1

4
; ð10Þ
D~cL
1 ¼

2bu
p

~c2 cos�1 1
~c

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
~c2 � 1
p

þ p
2
ð~c2 � 1Þ

� 	
þ 2

p2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
~c2 � 1
p

pþ cos�1 1
~c

� �� 	
þ 2 ln

1
~c

� �
� peI
 �

; ð11Þ

b ¼ 1� 1
2u
� 1

pu
cos�1 1

~c

� �
; ð12Þ

~c ¼ w
2ðwþ 2Þ 1þ 1þ 2

w

� �2
" #

; ð13Þ

and

eI ¼ 1
p

Z ~c

1

t2ffiffiffiffiffiffiffiffiffiffiffiffiffi
t2 � 1
p ln

t
ffiffiffiffiffiffiffiffiffiffiffiffiffi
~c2 � 1
p

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~c2 � t2
p

t
ffiffiffiffiffiffiffiffiffiffiffiffiffi
~c2 � 1
p

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~c2 � t2
p

�����
�����dt: ð14Þ

Thus,

Ni ¼
4lWi

DUi
¼ 4lAWi

DeUð2kÞ2a2
¼ 4AWi

w2DeUð2kÞ2l
; ð15Þ

For the normalization of Ni, eN is defined as

eN ¼ AWi

ð2kÞ2l
: ð16Þ

Thus,

ni ¼
NieN ¼ 4

w2DeU : ð17Þ

The variation of ni with u and w are demonstrated in Fig. 8 by
assuming u to be 1.1, 1.2, 1.4, 2 and 4, and w varying from 0 to 2. It
is shown that fatigue life ni increases with the decrease of u, i.e. the
decrease of fatigue loading Dr or the increase of the resistance of
dislocation movement k. For a given loading state (u in constant),
fatigue life generally decreases with the increase of w, namely the
increase of inclusion size r or the decrease of grain size l. The trends
are in agreement with the experimental observations. Yang et al.
[41,47] observed that the fatigue life decreases with the increase
of inclusion size for an alloy steel. It is widely observed that the fa-
tigue life increases with the decrease of applied loading. Zhao et al.
[12] found that the fatigue life increases with the resistance of dis-
location movement, i.e. the yield stress of material.

For fatigue crack initiation at surface, by considering the surface
crack factor and half cycling process [46], surface crack initiation
cycle Ns is
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Fig. 8. Predicted S–N curves of subsurface crack initiation for specimens tested in
air, for different loading levels and material properties.
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Ns ¼
2lws

DUs
; ð18Þ

where DUs is the unit increment of energy for surface crack initia-
tion, ws is surface energy related to surface crack initiation. ws

and DUs are functions of the grain radius l, the inclusion radius r,
the stress amplitude Dr and the resistance of dislocation move-
ment k. And DUs is approximated [10,46] as:

DUs �
1:25
8A
ðDr� 2kÞ2ð2lÞ2: ð19Þ

Thus,

Ns ¼
4Aws

1:25lðDr� 2kÞ2
: ð20Þ

Ns is also normalized by eN:

ns ¼
NseN ¼ 4

1:25ðu� 1Þ2kw

: ð21Þ

Note that both ns and ni are the functions of u and w. In short,
Eqs. (17) and (21) are derived for the calculation of the fatigue life
for crack initiation at surface or at subsurface in different
environmental media.
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Fig. 9. (a) Predicted S–N curves for surface and subsurface crack initiation in air and (b) p
For the case tested in air, kw is taken as 3 in the calculation [48].
For the case tested in 3.5 % NaCl solution, kw is taken as 25 times of
that in air, i.e. 75, from the relationship of KIC in air and the aque-
ous solution [10,49]. The fatigue life for surface crack initiation ns

and subsurface crack initiation ni in air as a function of u and w
is compared in Fig. 9(a). It is seen that the subsurface crack initia-
tion life is higher than the surface crack initiation life for the same
high value of u (high loading or low material yield stress). Thus,
surface crack initiation occurs much easier in this stage. With
decreasing u, the surface crack initiation life is higher than the
subsurface crack initiation life at the same u, which as a conse-
quence leads to the subsurface crack initiation. At points A, B and
C, the subsurface crack initiation life equals to the surface crack ini-
tiation. The three points correspond to the transition plateau in an
S–N curve from the subsurface to the surface crack initiation.

Fig. 9(b) compares the surface crack initiation life with subsur-
face crack initiation life in 3.5% NaCl solution. A similar trend as
that in air presents. However, the fatigue life for surface crack ini-
tiation ns in 3.5% NaCl solution is significantly decreased, which
interprets the observation in Section 5 that surface crack initiation
even occurs in VHCF regime. This is due to the fact that aqueous
media promote surface crack initiation in the competition of sur-
face versus subsurface crack initiation.

It is also seen from Fig. 9(a and b) that when subjected to the
same loading, the fatigue life in air is much longer than that in
aqueous media. This explains the characteristics of the S–N curve
for the fatigue behavior in Fig. 2. In addition, it is seen that in the
transition, there displays no pronounced stepwise tendency. If
the uncertainty of the fatigue life is considered, the S–N curves
for subsurface and surface fatigue fall into the same scatter band.
This is in agreement with the experiment results by Wang et al.
[50] obtained from push–pull fatigue test for tool steels, as shown
in Fig. 10. Also, the S–N curve in Lai et al. [32] agrees well with our
model. The stepwise S–N curve (Fig. 2 for air) obtained from the ro-
tary bending test is partly explained by the smaller ‘‘control vol-
ume’’ of the specimen due to the stress gradient along the
specimen section. The effect of control volume has a significant im-
pact on the crack initiation and fatigue life of the specimen accord-
ing to the weakest link concept. It is shown in Fig. 9(a and b) that
the loading curves at different u tend to be a plateau with the
increasing of fatigue life. This is the threshold for plastic deforma-
tion, below which the dislocation is assumed to be locked in this
model.
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Fig. 10. S–N curves of two tool steels in high cycle and VHCF regimes [50].
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In all, this model predicts that fatigue life decreases with the ap-
plied loading and inclusion size, whereas it increases with the
material yield stress. The plateau of S–N curve corresponding to
the transition from surface crack initiation to subsurface crack ini-
tiation is predicted. In 3.5% NaCl solution, the fatigue life decreases
significantly and surface crack initiation occurred even in VHCF re-
gime. The competition of crack initiation at surface and subsurface
in different environmental media is also predicted with the model.
Note that this model qualitatively predicts S–N curves for surface
and subsurface crack initiation in different environmental media.
A quantification prediction of S–N curves based on this method is
planned.

8. Conclusions

Based on this study, the following conclusions are drawn:

(1) During the crack propagation process for specimens tested
in air, fracture surface displays three regions with different
propagation mechanisms. The formation of different mor-
phologies in these regions is attributed to different crack
driving forces and plastic zone sizes (crack tip constraint)
ahead of the crack tip.

(2) The values of fatigue strength for specimens tested in water
and in 3.5% NaCl aqueous solution are significantly
decreased compared to that tested in air. The fractography
characteristics for specimens tested in aqueous solution
are multiple crack originations and intergranular cracking
mode with widespread secondary cracks in fatigue crack
steady propagation period.

(3) For fatigue testing in water and 3.5% NaCl aqueous
solution, subsurface crack initiation is observed at small
nonmetallic inclusions. They initiated and coalescenced
to larger crack.

(4) For fatigue testing in 3.5% NaCl aqueous solution, the crack-
ing area fraction of specimens increases with loading cycles,
which is attributed to the effect of mechanical cycling super-
imposed by the corrosive action of environment.

(5) A model is proposed to study the relationship between fati-
gue life, applied stress and material property in VHCF in dif-
ferent environmental media. This model predicts that
fatigue life decreases with the increase of loading and inclu-
sion size, whereas it increases with the material yield stress.
In 3.5% NaCl solution, the fatigue life decreases significantly
and surface crack initiation occurred even in VHCF regime.
The competition of crack initiation at surface and subsurface
in different environmental media is also predicted with the
model. The model prediction is in good agreement with
experimental observations.
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