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Abstract: The effects of environmental media on the corrosion fatigue fracture behavior of 25CrMo
steel were investigated. The media include air, and 3.5 wt % and 5.0 wt % NaCl solutions.
Experimental results indicate that the media induces the initiation of corrosion fatigue cracks at
multiple sites. The multi-cracking sites cause changes in the crack growth directions, the crack growth
rate during the coupling action of the media, and the stress amplitude. The coupling effects are
important for engineering applications and research. The probability and predictions of the corrosion
fatigue characteristic life can be estimated using the three-parameter Weibull distribution function.
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1. Introduction

CrMo steels, including low- and high-alloy chromium steels, are structural steels that are used
in key components and parts of critical engineering structures such as gears and axles. In particular,
25CrMo steel has been used for high-speed axles because low-alloy chromium steels have the high
strength and good ductility suitable for the high speed gears and axle components in engineering
or transport applications. The mechanical requirements for components such as railway speeds
axles are stricter because of their high-speed rotations and long service lives [1–4]. The literature has
reported on the corrosion-fatigue [2], super-long life regime of railway axle steel [3,4] and fatigue
properties of railway axles so far in the context of results of full-scale specimens [5]. The traditional
fatigue strength design is based on a fatigue limit of materials of approximately 107 cycles or more for
samples that do not fracture [6–8]. However, many engineering components (such as railway axles and
vehicle wheels) are subjected to both environmental media and stress levels [2,9,10]. Therefore, there
is always a discrepancy between traditional design and practical application. Accidents involving
engineering components are not completely understood. In the past decades, a number of researchers
studied the fatigue crack initiation and failure mechanisms [11,12] for very-high-cycle fatigue (VHCF)
using fatigue life prediction methods [7,13] to avoid such accidents. For example, Li and Akid
proposed a corrosion fatigue model including the stages of pitting and the pit-to-crack transition
in order to predict the fatigue life of a structural material and the model showed good agreement
with the experimental data at lower stress levels but predicted more conservative lifetimes as the
stress increases [14]. Then, Beretta et al. modified Murtaza and Akid’s model in order to obtain the
description of corrosion–fatigue crack growth data thus allowing us to obtain a conservative prediction
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of the S-N diagram subjected to artificial rainwater. These works confirmed or verified that the present
study is very important, especially the reliability analysis of corrosion fatigue data of high speed
railway axle [2]. Pyttel et al. [15] determined that the surface fatigue strength during high cycle
fatigue (105–107) (HCF) and the volume fatigue strength during VHCF (>107) should be studied in
detail and presented a design or prediction processes for the entire fatigue life of metals. However,
Pyttel et al. [15] also discussed the existence of a fatigue limit for metals. Miller et al. [6] also discussed
the fatigue limit and methods for overcoming it. Therefore, some high strength CrMo steels with
both good HCF performance and good corrosion fatigue performance [8,16,17] have been reported
recently. Sakai et al. [18] and Huang et al. [19] previously reported on the HCF or VHCF issues of
high carbon chromium bearing steel and low alloy chromium steel, respectively. Akita et al. [20]
determined the effects of sensitization on the corrosion fatigue behavior of type 304 stainless steel
annealed in nitrogen gas. The interest in the application of low-alloy CrMo steels to railways [1] along
with other modified methods and effect factors [21,22] have led to substantial research efforts focused
on the fatigue, corrosive fatigue, high-temperature fatigue and enhanced fatigue resistance in the
past decade. Nevertheless, these results indicated that the fatigue behavior of some low-alloy CrMo
steels in different environmental media was not sufficient for the intended applications. Additionally,
some corrosive fatigue fracture mechanisms are unclear. For example, the probabilistic fatigue S-N
curves for different media are based on the quantification of scattered fatigue data which require
a certain number of specimens tested at various stress amplitudes [23]. The two-parameter (2-P)
Weibull distribution-based modeling was preferred for the statistical analysis [24]. In this paper, we
investigate the corrosion fatigue behavior of 25CrMo steel over 5 × 105–5 × 107 cycles in air and
over 105–2 × 106 cycles in 3.5 wt % NaCl and 5.0 wt % NaCl aqueous solutions. For some of the
scatter corrosion fatigue data, we use three-parameter (3-P) Weibull plots and the characteristic life of
corrosion fatigue is predicted using detail fatigue rating (DFR). In addition, the microscopic fracture
behavior is determined based on observations of the cross-sections of the fracture surfaces.

2. Materials and Experimental Method

2.1. Material or Specimen

25CrMo railway axle steel was prepared by vacuum inductive melting an ingot with a chemical
composition (wt %) of 1.130 Cr, 0.600 Mn, 0.260 C, 0.240 Si, 0.210 Mo, 0.160 Cu, 0.150 Ni, 0.041 V, 0.007 P,
and a balance of Fe. The room temperature mechanical properties of the 25CrMo steel used in this
study are listed in Table 1.

Table 1. Mechanical properties of 25CrMo steel at room temperature.

Material Ultimate Tensile Strength Offset Yield Strength Elongation Young’s Modulus

25CrMo steel 678 MPa 520 MPa 21.2% 205 GPa

The sample for the rotating bending fatigue tests in the environmental media shown in Figure 1
was designed with a circular center notch to control the stress concentration factor. The radius of the
notch is 7 mm, and the minimum diameter is 4 mm [25–27]. All environmental fatigue test samples
were machined from the surface layer of the railway axle by turning and grinding to the required
dimensions and then abraded using abrasive paper to achieve a surface roughness of approximately
Ra = 0.6 to 0.8 µm prior to the environmental fatigue testing.
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Figure 1. Sketch of the specimens indicating shape and size. The dimensions are in mm. 
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corrosion media (air, the 3.5 wt % and 5.0 wt % NaCl aqueous solutions). To estimate the effective 
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where d is the diameter of the gauge section (i.e., 4 mm), g is the acceleration due to gravity (9.8 
m/s2), α is the stress concentration factor (1.08), L is the distance from the gauge section end at which 
the load is applied (40.5 mm for a standard sample) and W is the applied load (kgf). All rotation 
bending fatigue tests were controlled by the load at a stress ratio R= −1. All rotation bending fatigue 
tests were controlled by the load at a stress ratio R = −1 and a rotating rate of about 3300 r/min 
(rotating frequency 55 Hz) according to ASTM E468-90.24 [28]. The fatigue test was stopped 
manually when the number of cycles exceeded 5 × 107 in air or the number of cycles exceeded 2 × 
106 in 3.5 wt % NaCl and 5.0 wt % NaCl aqueous solutions. The corrosive liquid is dispensed by the 
corrosive fatigue system at a rate of 1.6 mL/min [26]. The pH values of the 3.5 wt % and 5.0 wt % 
NaCl aqueous solutions are 7.47 and 7.24, respectively. 
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Figure 1. Sketch of the specimens indicating shape and size. The dimensions are in mm.

2.2. Mechanical Testing

The rotation bending environmental fatigue testing system used to investigate the high-cycle
corrosion fatigue behavior of 25CrMo steel is shown in Figure 2a–c. Figure 2c shows the different
corrosion media (air, the 3.5 wt % and 5.0 wt % NaCl aqueous solutions). To estimate the effective
corrosive fatigue life 3–10 samples were tested at every stress level in the S-N curves. The applied
stress amplitude is estimated as follows:

σa =
32gαLW

πd3 (MPa) (1)

where d is the diameter of the gauge section (i.e., 4 mm), g is the acceleration due to gravity (9.8 m/s2),
α is the stress concentration factor (1.08), L is the distance from the gauge section end at which the
load is applied (40.5 mm for a standard sample) and W is the applied load (kgf). All rotation bending
fatigue tests were controlled by the load at a stress ratio R= −1. All rotation bending fatigue tests were
controlled by the load at a stress ratio R =−1 and a rotating rate of about 3300 r/min (rotating frequency
55 Hz) according to ASTM E468-90.24 [28]. The fatigue test was stopped manually when the number of
cycles exceeded 5 × 107 in air or the number of cycles exceeded 2 × 106 in 3.5 wt % NaCl and 5.0 wt %
NaCl aqueous solutions. The corrosive liquid is dispensed by the corrosive fatigue system at a rate of
1.6 mL/min [26]. The pH values of the 3.5 wt % and 5.0 wt % NaCl aqueous solutions are 7.47 and
7.24, respectively.
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2.3. Three-Parameter Weibull Distribution Function

Weibull analysis is a statistical method [21,24]. To further confirm the reliability of the corrosion
fatigue data for the aforementioned testing conditions, a probabilistic analysis method was proposed
using the 3-P Weibull distribution model, in which the failure probability function is expressed
as follows:

F(x) =

{
1− e−(

x−c
b )

m
x ≥ c

0 x < c
(2)

where m, b, and c are the shape, scale, and location parameters, respectively, in this model and F is the
failure probability of the corrosion fatigue data for 25CrMo steel up to a given value of x, the number
of cycles to failure.

When the number of test specimens, n, is less than 20 (n = 10 for stress levels of 233.3 MPa and
273.0 MPa) the function F can be estimated as follows [29]:

F(xi) =
i− 0.3
n + 0.4

(3)

The values of m, b and c in Equation (2) can be estimated using Equation (3).

The equation Q =
n
∑

i=1
(Xi − X̂)

2, in which Xi, X̂ are the number of cycles to failure and the

expected value of the number of cycles to failure under the same applied load and corrosive media,
respectively, should be a minimum. Thus:

X− c− b m
√
− ln(1− F(x)) = 0,

Xi − c− b m
√
− ln(1− Fi) = 0, i = 1, 2, 3, ...n

(4)

Q =
n

∑
i=1

[Xi − c− b m
√
− ln(1− Fi)]

2
→ min{Q}

and the estimated location parameter, ĉ, in the 3-P Weibull distribution model can be determined.
The following is assumed:

1
m ln ln [1− F(x)]−1 = ln(x− ĉ)− ln(b− ĉ)
X = ln ln [1− F(x)]−1

Y = ln(x− ĉ)
ξ = 1/m, n = ln(b− ĉ)

(5)

Therefore, a linear equation can be obtained as follows:

Y = ξX + n (6)

The corresponding correlation coefficient (ρ′) for the linear regression is as follows:

ρ′ =

[
n
∑

i=1
XiYi − (

n
∑

i=1
Xi

n
∑

i=1
Yi)/n]2

[
n
∑

i=1
X2

i − (
n
∑

i=1
Xi)2/n]·[

n
∑

i=1
Y2

i − (
n
∑

i=1
Yi)2/n]

(7)

In this statistical analysis, the mean value or expected value, E(x), (or X̂) and the standard
deviation, S(x), can also be expressed as follows [23,30]:

E(x) = X̂ = (b− ĉ)Γ(1 +
1
ξ
), Γ(a) =

∞∫
0

xm−1e−xdx (8)
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S(x) =
√

D(x) =

√
(b− ĉ)2[Γ(1 +

2
m
)− Γ2(1 +

1
m
)] (9)

In addition, to estimate the reliability level of the statistical distribution function for these
experimental data, the reliability index, β (β = E(x)

S(x) ), of the probability distribution function was used.
In general, the higher the β = E(x)/S(x) value is, the smaller the degree of scatter for fatigue data is.

All of the aforementioned parameters in the Weibull distribution model were estimated using
in-house procedure, which is developed by our team using Microsoft visual C++. In addition,
to compare the reliability level of the number of cycles to failure at stress levels of 233.3 MPa and
273.0 MPa, all of the estimated parameters in the 3-P Weibull distribution function are listed in Table 2,
in which the number of samples to failure is n = 10.

Table 2. Reliability parameters of fatigue fracture life under different environmental conditions.

Condition m b (×105) b̂ (×105) c (×105) P′ E(x) (×105) S(x) (×105) β

273.0 MPa
3.5 wt % NaCl 3.44 5.47 5.10 1.81 0.96 4.92 1.58 3.11

233.3 MPa
5.0 wt % NaCl 2.08 6.51 6.00 2.42 0.84 5.77 2.91 1.98

β: Reliability index (β = E(x)/S(x)). A higher value of β indicates a higher reliability.

3. Results

All fatigue data for the different environmental media are plotted in Figure 3. The S-N curves
indicate that the effects of the environmental media on the fatigue fracture of 25CrMo steel are
different. Based on the S-N curves, a fatigue limit of 25CrMo steel in the corrosive media was not
reached. The differences in the corrosion fatigue behavior for the different test conditions are evident
in the decreased gradient of the S-N curves. The S-N curves of 25CrMo steel in the corrosive media
can be fitted using the following flow functions (the S-N curve for the 25CrMo in air is difficult to fit):

σ3.5wt%NaclN0.21
f = 4230.18 (10)

σ5.0wt%NaclN0.42
f = 61083.68 (11)

The scope of Nf of the S-N curve for the samples tested in the 5.0 wt % NaCl aqueous solution
changes from 105 to 106, which is lower than that of S-N curves for the samples tested in air or a
3.5 wt % NaCl aqueous solution. For this range of number of cycles to failure, the difference between
the number of cycles to failure for the two solutions is not significant (1.09 × 10−4 vs. 1.32 × 10−4)
considering the variability of the fatigue data. Thus, the corrosion fatigue mechanisms for 25CrMo
steel in a 3.5 wt % and a 5.0 wt % NaCl aqueous solutions should be similar. However, when the
number of cycles to failure is greater than 5 × 105, the corrosion fatigue life of 25CrMo steel in a
5.0 wt % NaCl aqueous solution decreased. That is, the environmental effect on the HCF fracture of
this steel becomes increasingly important. Therefore, the environmental fatigue fracture of 25CrMo
steel for 5 × 105 to 5 × 106 cycles warrants further investigation. The environmental effect on the
fatigue fracture of 25CrMo axle steel not only depends on the formation of corrosive pits and solution
exposure time but also depends on the local deformation of the metal (stress level). The former
involves the transformation of corrosion pits to stress corrosion cracks and the latter involves a
electrochemical process (anodic dissolution) and hydrogen embrittlement due to the cyclic deformation
on the surface [26,31–33]. In addition, there is some scatter in the corrosive fatigue data, including the
fatigue data for the samples tested in air, as shown in Figure 3. The scatter characteristics of the fatigue
fracture data for the samples tested in air are more apparent, especially for Nf > 107. Therefore, for
the complex environmental fatigue fracture mechanism of 25CrMo steel in aqueous solutions with
varying concentrations of NaCl, reliability analysis of the S-N curves is necessary. Multiple samples
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were tested in the 3.5 wt % NaCl and 5.0 wt % NaCl aqueous solutions at the average stress levels
shown in Table 3. Even if the stress ratio (R = −1) in the rotating fatigue test is different from the
stress ratio (R = 0.06) in a push-pull electro-hydraulic servo, the estimated corrosion fatigue life at any
stress level based on the typical environmental fatigue data can be determined for the region between
104 and 106 cycles to failure with the aid of detail fatigue rating (DFR) [34]. Although the fatigue
fracture data have different decentralizations, the scatter of corrosion fatigue data (from 3.942 × 105

to 9.386 × 105) in the 5.0 wt % NaCl aqueous solution is greater than the scatter (from 3.588 × 105

to 6.911 × 105) for the 3.5 wt % NaCl aqueous solution. This may be because the stress level of the
former (233.3 MPa) is lower than that of the latter (273.0 MPa). The reasons for this scatter and the
mechanisms for environmental fatigue under the same testing condition are also validated by the
microscopic analysis discussed in the next section.
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Table 3. Repeated fatigue testing data for 25CrMo steel under different environmental conditions.

Testing
Conditions

No. 1
×105

No. 2
×105

No. 3
×105

No. 4
×105

No. 5
×105

No. 6
×105

No. 7
×105

No. 8
×105

No. 9
×105

No. 10
×105

273.0 MPa
3.5 wt % NaCl 3.588 4.351 4.676 4.819 4.830 5.068 5.310 5.690 5.711 6.911

233.3 MPa
5.0 wt % NaCl 3.942 3.987 5.440 5.779 5.799 5.811 6.200 6.446 6.590 9.386

4. Discussion

4.1. Fractography Analysis

In addition to the statistical analysis described above, observations of the fracture surfaces can
also be used to characterize the scatter of the corrosion fatigue fracture for the same loading condition.
For example, the fatigue fracture analyses use the scatter case under a stress level of 233.3 MPa as
shown in Figure 3. The cross-sections of the fracture surfaces after different numbers of cycles are
shown in Figures 4–6. Since the scatter in the data exists at other stress levels, the corrosion fatigue
fracture characteristics are similar to those for the case mentioned above.

Figure 4 shows the corrosion fatigue fracture characteristics of 25CrMo steel in a 5.0 wt % NaCl
aqueous solution (Nf = 3.942 × 105). The two different fracture regions (regions A and C) can be
divided into a corrosion fatigue crack initiation and propagation region (A) and a static fracture or
instantaneous fracture region (C), as shown in Figure 4a. The former (A) is a relatively smooth region
and the latter (C) is a relatively rough region at the macroscopic scale, as shown in Figure 4a. Region B,
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shown in Figure 4a, is the closest interface region between the corrosion fatigue crack propagation
region and the static fracture region. The fatigue fracture morphology of region A includes many more
fatigue crack propagation vestiges that have the typical concave-convex fatigue behavior shown in
Figure 4b. This is because the 25CrMo steel has good ductility (the elongation is approximately 21.2%,
as shown in Table 1) so that the concave-convex vestiges are visible in the fatigue crack propagation
region. Additionally, the surface crack propagation length (the circumference is approximately 3a) is
approximately three times the inside fatigue crack propagation length (a) in region A, as shown in
Figure 4a. The ratio between the inside fatigue crack propagation length and the surface fatigue crack
propagation is approximately 0.3–0.5 for steels with good ductility. At the closest interface between the
fatigue crack propagation region and the static fracture region, the concave-convex vestiges gradually
disappear and the multi-secondary-cracks form, as shown in Figure 4c. Some plastic dimples are
present at the closest interface between the fatigue crack propagation region and the static fracture
region as shown in Figure 4c,d. The plastic dimples formed at the closest crack tips due to the higher
stress concentrations. The maximum open displacement of these secondary cracks is approximately
3–4 µm as shown in Figure 4e,f. This suggests that the fracture toughness (KIC) is relatively higher,
but the corrosion fatigue strength of this steel in a 5.0 wt % NaCl aqueous solution is relatively low,
as shown in Figure 3. This is because the secondary cracks rarely appear in the regions affected
by corrosion in which the corrosive solution accelerates the hydrogen embrittlement at the fatigue
crack tip.

Figures 5 and 6 show the other fracture characteristics for samples with Nf = 6.590 × 105 and
Nf = 9.386 × 105 under the testing conditions of σ = 233.3 MPa in a 5.0 wt % NaCl aqueous solution,
respectively. There are two different fatigue fracture characteristics due to the differences in the
number of cycles to failure. That is, there are the different corrosion fatigue crack initiation sites and
relationships between the corrosion fatigue crack propagation directions and paths. This is because
there are different multi-cracking sites at the free surfaces of the round samples. The different crack
growth directions from the surface to the inside of a circle cause the slip sidesteps and the different
crack propagation paths, as shown in Figures 5a–d and 6a. The fatigue secondary cracks are present in
the regions close to the fatigue crack propagation areas (A and B), as shown in Figure 6b,c. At the same
time, the multi-cracks and the plastic dimples are also present in the static fracture region, as shown in
Figure 6d.

To further describe the reason for the differences in the corrosion fatigue life for the 25CrMo steel
samples tested under the same conditions, the proportional differences between the corrosion fatigue
crack propagation area and the static fracture area are illustrated in Figure 7. These area fractions
are 37.36% (Figure 7a), 38.12% (Figure 7b), and 55.22% (Figure 7c). Thus, a larger crack propagation
area results in a longer fatigue life. Due to the multi-crack initiation sites on the free surface of the
round samples, the fatigue crack propagation length (a) for multi-crack initiation sites is less than
that for single fatigue crack initiation sites. This is because the fatigue fracture life depends primarily
on the inside crack propagation length (a) in the environmental fatigue condition. A greater inside
crack propagation length indicates a stronger stress-corrosion coupling effect [26,31–33,35]. Therefore,
the probability of the corrosion solution acting on the surface crack at the multi-crack initiation sites
is lower than it acting on the single crack initiation sites. Thus, the inside crack propagation length
(a) after Nf = 6.590 × 105 or Nf = 9.386 × 105 (Figure 7b or Figure 7c) is much smaller than that
after Nf = 3.942 × 105 (Figure 7a). This is because the hydrogen atoms formed by the cathode partial
reaction embrittle the material when the surface fatigue crack length is much greater, which results in
a shorter fatigue life. Wittke et al. [33] described the interaction between strain and corrosive media,
suggesting that the active straining at the crack tip during fatigue crack propagation can enhance the
corrosion reactivity at the metal surface by increasing the area fraction and electrochemical reactivity
of the fresh metal surfaces. This suggests that the effect of corrosion on fatigue damage inside the crack
tip is greater than that at the crack tip surface after the corrosion liquid infiltrates into the inside of the
newly-fractured metal surface. Therefore, the corrosion fatigue life is not completely dependent on the



Metals 2017, 7, 134 8 of 14

corrosion time, but depends primarily on the coupling effects of the electrochemical reaction and the
plastic deformation. Subsequently, considering the effects of a stress gradient on the fatigue fracture
process, if the inside crack length is greater for the rotating bending fatigue tests, the bending fracture
of the sample occurs more easily, as shown in Figure 7a. Therefore, the reasons discussed above will
result in the differences in the corrosion fatigue life for the same testing condition. Improving the
surface quality of the sample and avoiding stress concentrations or heterogeneous defects on the
surface can help decrease these differences.
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(c) Nf = 9.386 × 105.

4.2. Fatigue Life Prediction and Reliability Analysis

Since the corrosion fatigue data have a degree of scattering, the Weibull distribution is the most
appropriate statistical analysis tool. Based on the statistical distribution parameters in Table 2, can the
fatigue lives for the same material be predicted for other stress levels? To answer this question, we
carefully analyzed each parameter in Table 2. The values of the shape parameter (m) and reliability
index, β, at 273.0 MPa in a 3.5 wt % NaCl aqueous solution are greater than the values at 233.3 MPa in
a 5.0 wt % NaCl aqueous solution. This means that the scatter of the former (m = 3.44, β = 3.11) is lower
than that of the latter (m = 2.08, β = 1.98). Another important parameter in this reliability analysis is
the scale parameter, b, which reflects the characteristic corrosion fatigue life. The two distributions
of the characteristic lives are Nf = 5.47 × 105 and Nf = 6.51 × 105, which are slightly greater than the
average values (Nf = 5.095 × 105 and Nf = 5.938 × 105, respectively). When n is less than ten, the
difference becomes greater between the characteristic life and the arithmetic mean values of the fatigue
lives. Therefore, using the characteristic life value (b̂) of corrosion fatigue data is better than using
the arithmetic mean value in the statistical analysis of the small sample number. Most S-N curves for
the samples were tested under the same environmental condition but at different stress levels have
approximately the same shape parameter (m). Therefore, other characteristic lives (b̂) at additional
stress levels for small sample numbers (such as n = 3) in the same S-N curve can be estimated based
on the m parameter for the large sample numbers (such as n = 10). The estimation method is as
follows [34,36]:

b̂ = (
1
n

n

∑
i=1

Nm
f i)

1/m (12)

where n is the sample number, Nfi is the number of cycle to failure in the ith fatigue test, and m is
the shape parameter in the Weibull distribution function. For example, the relationship between the
experimental data and all characteristic lives (b̂) at different stress levels determined using Equation (12)
is shown in Figure 8. According to the aforementioned estimation method (Equation (12)) [36], the
predication of additional characteristic fatigue lives (b̂) at different stresses is possible if the shape
parameter (m) is known. In Figure 8, the characteristic corrosion fatigue data (labeled with ) is in
good agreement with the experimental data (labeled with #). Therefore, this estimation method based
on the statistical distribution is simple and effective. That is, we can estimate the characteristic life by
using the shape parameter (m) for the experimental data with the same testing condition to eliminate
the invalid data. In addition, as a key parameter in reliability design, Sakin [37] obtained the fatigue
life distribution diagrams for glass-fiber reinforced polyester composites by using a two-parameter
Weibull distribution function, from which the reliability percentage (%) corresponding to any life (cycle)
or stress amplitude could be found easily. At the same time, Sivapragash et al. [38] systematically
analyzed the fatigue life prediction of ZE41A magnesium alloys using the Weibull distribution and
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obtained a probability distribution based on the failure of the material. However, reports of corrosion
fatigue data of 25CrMo steel based on the 3-P Weibull distribution analysis are rare.
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Figure 9 gives the failure probability for corrosion fatigue of 25CrMo axle steel for two typical
corrosion cases. The estimated curves shown in Figure 9 indicate that the relationship between
the failure probability value of the corrosion fatigue fracture and Nf suggests that the service life
of 25CrMo axle steel can be calculated for the different environmental conditions. This will assist
with the design of safe structures or materials. For example, when the number of cycles to failure is
5 × 105, the probability values for corrosion fatigue fracture are 55% at 273.0 MPa, in a 3.5 wt % NaCl
aqueous solution and 25% at 233.3 MPa, in a 5.0 wt % NaCl aqueous solution. Additionally, the failure
probability of 25CrMo axle steel is not sensitive to the change in the number of cycles to failure in
either the low or the high failure probability region, as shown in Figure 9. The critical value of the
cyclic number is different for the changes in both the environmental condition and the stress level
because the plateau values are different for each curve.
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Figure 9. F(x) vs. Nf for 25CrMo steel under different testing conditions. The circles represent the
failure probability at 233.3 MPa in a 5.0 wt % NaCl solution, and the squares represent the failure
probability at 273.0 MPa in a 3.5 wt % NaCl solution.

5. Conclusions

Through detailed corrosion fatigue tests, the fatigue fracture characteristics, reliability analysis,
and characteristic life cycle predictions for a typical 25CrMo axle steel in three different environmental
media were determined. The main conclusions are as follows:
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1. The experimental results indicate that, the higher the number of cycles to failure, the stronger the
effect of the corrosive media on the fatigue damage. In this HCF regime, the corrosion fatigue
behavior of 25CrMo steel is not completely dependent on the corrosion time (exposure time). It is
also dependent on the coupling action of the electrochemical reaction and the plastic deformation.
When the number of cycles to failure is greater than 106, the corrosion fatigue data must be
analyzed using a statistical analysis, such as the Weibull distribution model.

2. For the same environmental media and applied load, the amount of scatter in the corrosion
fatigue data is caused primarily by the number of fatigue crack initiation sites and the direction of
the fatigue crack propagation in the early stage. A lower number of fatigue crack initiation sites
indicates a shorter fatigue crack initiation life, and a faster corrosion fatigue crack growth rate
indicates that the total life of the sample is shorter. Improving the surface quality of the sample
by reducing the surface defects or the stress concentration sites helps reduce the dispersion in the
corrosion fatigue data.

3. The corrosion fatigue fracture characteristics indicate that there are fatigue crack propagation
vestiges in the crack propagation regions, the second cracks, the plastic dimples, and the slip
sidesteps near the interface region between the fatigue crack propagation region and the static
fracture region.

4. The results of the 3-P Weibull distribution analysis indicate that the corrosion fatigue data are
more reliable as the value of the shape parameter (m) increases. At the same time, the characteristic
corrosion fatigue life at any stress level for a small sample tested under the same environmental
condition can be estimated simply and effectively using Equation (12).
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Nomenclature

a crack length
b scale parameter in Weibull distribution function
b̂ predication value of characteristic life
c location parameter in Weibull distribution function
α the stress concentration factor (1.08)
d, L the geometry size, respectively
g the acceleration of gravity (9.8 m/s2)
F(x) Weibull distribution function
m shape parameter in Weibull distribution function
n experimental number of corrosion fatigue life
P′ corresponding correlation coefficient
E(x) expected value of statistics
S(x) standard deviation value
β reliability index
Nf number of cycles to failure
σ stress amplitude (MPa)
R stress ratio
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