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Abstract: The effect of pre-corrosion pits on residual fatigue life for the 42CrMo steel (American grade:
AISI 4140) is investigated using the accelerated pre-corrosion specimen in the saline environment.
Different pre-corroded times are used for the specimens, and fatigue tests with different loads are then
carried out on specimens. The pre-corrosion fatigue life is studied, and the fatigue fracture surfaces are
examined by a surface profiler and a scanning electron microscope (SEM) to identify the crack nucleation
sites and to determine the size and geometry of corrosion pits. Moreover, the stress intensity factor
varying with corrosion pits in different size parameters is analyzed based on finite element (FE) software
ABAQUS to derive the regression formula of the stress intensity factor. Subsequently, by integrating
the regression formula with the Paris formula, the residual fatigue life is predicted and compared with
experimental results, and the relationship of the stress intensity factor, pit depth, and residual fatigue life
are given under different corrosion degrees. The fatigue life predicted by the coupled formula agrees
well with experiment results. It is observed from the SEM images that higher stress amplitude and
longer pre-corroded time can significantly decrease the residual fatigue life of the steel. Additionally,
the research work has brought about the discovery that the rate of crack extension accelerates when the
crack length increases. The research in this paper also demonstrates that the corrosion pit size can be
used as a damage index to assess the residual fatigue life.

Keywords: pre-corrosion pits; residual fatigue life; 42CrMo steel; stress intensity factor

1. Introduction

Most engineering materials are subject to corrosion, and corrosion research has received much
attention from different perspectives [1-7]. The 42CrMo (American grade: AISI 4140) is a commonly used
ultrahigh-strength steel. Due to its high strength, toughness, and hardenability, 42CrMo steel is widely
used in quenched and tempered heavy forgings to build components such as pressure vessels, gears,
vehicle axles, and deep oil drilling rod subs [8,9]. However, their corrosion resistance is relatively poor and
this material is prone to corrosion. Corrosion pits can weaken the strength of the structure and decrease
its fatigue life [10,11], since the fatigue cracks are easy to nucleate at corrosion pits and propagate rapidly
under dynamic loads [12]. Thus, to further understand corrosion effects on the strength and residual
fatigue life of 42CrMo material, the stress state around corrosion pits should be reasonably estimated.

In recent years, fatigue performance of pre-corroded metallic alloys has been studied extensively.
For example, recent works [13-18] have reported the description of the stress concentration arising
from corrosion pits based on the finite element (FE) method. Sharland [13] developed a mechanistic
model of the propagation stage of an established pit or crevice to simulate the evolution of pit geometry
and to describe the corrosion process. However, Wang [14] indicated that a detailed description of both
the chemical reactions and the ionic transport was not included in it [13]. Through the use of interaction
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function to simulate the effect of the corrosion potential and corrosion current density on the corrosion
process, Xu [15] developed an FE model for the simulation of the mechanoelectrochemical effect of
pipeline corrosion. Because the fatigue strength of the metallic alloys decreases differently under the
different corrosion depths and stress amplitudes [16], Pidaparti [17] established a new FE model to
investigate the stress state around corrosion pits. However, the proposed FE model in [17] cannot be
used to depict the growth process of corrosion pits with time. Through the use of the damage tolerance
method to predict the corrosion fatigue life for 7075-T6 stainless steel, Huang [18] indicted that the
nucleation time of pits and the material constant of crack propagation can affect the residual fatigue
life of stainless steel significantly. On the basis of [16-18], Zheng [19] proposed that the decrease of
fatigue life depends on the pre-corroded time and the size of pre-corrosion pits. Most recent studies
on the fatigue life of steel in corrosion environments only consider the factors such as mass loss rate
and corrosion pit depth, and rarely involve the stress intensity factor varying with corrosion pits in
different size parameters. The stress concentration caused by corrosion pits can dramatically influence
the basic macroscopic mechanical properties of a steel [20]. Despite the extensive research on the
corrosion of metallic alloys [21-24], there are few detailed studies of the effect of pre-corrosion pits on
residual fatigue life for 42CrMo steel.

In this study, the effect of stress distribution around corrosion pits on the stress intensity factor
is firstly investigated. The crack nucleation sites and the geometry of corrosion pits are examined
by a surface profiler and a scanning electron microscope (SEM), and then the relationship between
the fatigue life and the maximum applied stress is obtained by fatigue tests of different pre-corroded
specimens. Based on experiment results, an FE model is conducted to investigate stress distribution
around corrosion pits, and regression formula of the stress intensity factor varying with corrosion pits
in different size parameters is then derived. Subsequently, by coupling the regression formula with the
Paris formula [25], the fatigue performance is predicted by the FE method and then compared with
experimental tests. Under the different stress amplitudes and pre-corroded times, the FE predictions
are finally validated by comparison with the experiment results.

2. Materials and Methods

2.1. Material and Specimen Preparation

To better understand the stress intensity factor varying with corrosion pits in different size
parameters and to accurately depict the residual fatigue life of 42CrMo steel subject to corrosion, it is
necessary to quantitatively investigate the effects of pre-corrosion levels on the fatigue behavior of
42CrMo steel. Experimental specimens were fabricated using the 42CrMo steel (American grade: AISI
4140), which was provided by Baowu Steel Company (Wuhan, China). Specimens were manufactured
in the form of flat bare sheets with a thickness of 6 mm by wire cutting machine, the sizes of
specimens are provided in Figure 1. The chemical composition was measured using an FLS980-stm
Edinburgh fluorescence spectrometer (Edinburgh Instruments Ltd., Livingston, UK). A comparison
of the measured chemical composition of 42CrMo specimens and the standard of GB/T3077-2015
(the national standard of the People’s Republic of China for alloy structural steel) for 42CrMo steel is
presented in Table 1. It can be seen from Table 1 that the chemical composition of the specimens used
in this study meets the requirement of the national standard.

Figure 1. Schematic diagram of specimen sizes (mm).
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Table 1. A comparison of the measured chemical composition of 42CrMo specimens and the standard
of GB/T3077-2015 for 42CrMo steel (wt.%).

wt.% C S P Cr Ni Mn Si Cu Mo
42CrMo 0.42 0.002 0.022 1.08 0.02 0.69 0.28 0.02 0.18
GB/T3077-2015 0.38-0.45 <0.035 0.90-1.20 <0.30 0.50-0.80 0.17-0.37 <0.25 0.15-0.25

Twelve smooth samples were numbered and divided into four groups. The accelerated neutral
salt spray corrosion experiment was established to achieve the pre-corroded steel plates based on the
standard of JIS H 8502.5 [26]. A schematic drawing of the sample preparation and the pre-corroded
experiment procedure is shown in Figure 2. The sample preparation was carried out in five steps:
(1) samples were manufactured in the form of flat bare sheets with the dimensions in Figure 1 by
wire cutting machine; (2) the surface of each sample was burnished by the 1000 grit abrasive paper to
dispel burrs; (3) samples were rinsed in distilled water; (4) samples were degreased through the use of
acetone solvent; (5) all surfaces of samples were rinsed with deionized water and dried by a blower for
the pre-corroded experiment.

Sample preparation Pre-corroded experiment

5% NaCl solution preparation
(50g NaCl + 1 liter of
deionized water)

I

Numbered specimens immersed
—=(in solution at temperature of 25°C]
for different time periods

l

Removing corrosion products by
membrane removal solution

l

Rinsing and drying for pit depth
measurement

Sample manufacturing
by wire cutting machine

Burnishing by abrasive
paper

|Rjnsing by distilled water

| Degreasing by acetone

L

| Rinsing and drying l:_

Figure 2. Schematic drawing of the sample preparation and the pre-corroded experiment procedure.

In this study, the pre-corroded experiment procedure can be devised as four main steps: (1) the
pure NaCl crystals of 50 g were weighed by an electronic balance and poured into one liter of deionized
water and stirred with glass rod at an ambient temperature of (25 + 1 °C) for 5 min; (2) four groups
of numbered samples were alternately immersed in 5% NaCl solution at an ambient temperature
of 25+1°C) for 0 h, 24 h, 48 h, and 96 h, respectively; (3) the corrosion products were removed
by membrane removal solution (prepared with 100 mL HCI, 100 mL deionized water and 0.6 g
C6H12N4); (4) all surfaces of samples were rinsed with deionized water and dried by a blower for pit
depth measurement.

2.2. Pre-Corrosion Pit Measurements and Fatigue Test

To achieve the morphology of the corrosion surface and to determine the size and geometry of
pre-corrosion pits, a non-contact Dektak150 surface profiler (Veeco Instruments Shanghai Co., Ltd.,
Shanghai, China) and an 5-4800 scanning electron microscope (Hitachi, Tokyo, Japan) were used in this
study. A region of 30 mm x 20 mm (along the directions of longitude and transverse, respectively) for
each specimen was approximately arranged at the area of pre-estimated fatigue fracture. It is noted that
the rate of corrosion changes steadily with the increase of pre-corroded time [27], thus the relationship
between the corrosion time and the depth of pre-corroded pits can be expressed by an exponential
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function. Based on reference [28], the coefficient of exponential function can be determined by fitting
the measured data, and exponential function expression can be described as:

@ = 123577 (1)

where @ is the depth of a pre-corroded pit (um) and ¢ is the pre-corroded time (h).

Based on the standard of ASTM E468-90 [29], the fatigue performance of corroded specimens
(24 h, 48 h, and 96 h) were evaluated by a hydraulic universal testing machine (Instron-8803, Norwood,
MA, USA) under a cyclic load amplitude with a frequency of 10 Hz. The loading operation was force
controlled with a proportional error of +£1%. A group of un-corroded specimens were also tested as
a control for fatigue studies. The stress ratio was taken as 0.1, and the maximum applied stresses were
100 MPa, 200 MPa, and 300 MPa, respectively. After testing, the fractured specimens were processed
by cutting machine and the morphology of the corrosion surface was observed by surface profiler and
scanning electron microscope.

The pre-corrosion pit reduced the fatigue life substantially, particularly the interacting pits and
sharp pits [30]. In this study, the Paris theory [25] was applied to analyze the relationship between the
morphology of fatigue cracks and the stress state around corrosion pits. According to Paris theory [25],
the stress intensity factor of cracks can be described as:

Ki = o Vraf(p) @
B=7 )

where Kj is the stress intensity factor of the crack, o is the external stress under the plane stress state,
and a is the crack length and b is the specimen width.

2.3. FE Model

The FE analysis model of the 42CrMo steel in the form of a corroded flat sheet with a thickness of
6 mm was created using the HyperWorks software (HyperWorks 11.0, Altair Corp., Troy, MI, USA).
On the basis of the experiment test, a single semi-elliptical pit model was conducted, and the symmetry
plane of the flat sheet and refined mesh around the pit are shown in Figure 3.

L Load displacement

Crack length a

Figure 3. The FE analysis model.

The CPS8 quadrilateral element type was adopted in the FE model and cracks were prefabricated
on the surface through the use of an assigned seam function that was provided by HyperWorks.
The sweeping method [31] was used to generate the mesh in the integral region and the singularity of the
mesh was controlled by the mesh regeneration technique [32]. The use of the above techniques [31,32]
with local refinement and appropriate local mesh density can improve the precision of the calculation.
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Subsequently, the FE analysis model with a preset corrosion pit was imported into the ABAQUS
software (ABAQUS 6.10, Dassault Systemes Simulia Corp., Johnston, RI, USA) to analyze the stress
and fatigue performance of the specimens.

3. Results and Discussion

3.1. Corrosion Surface Characterization

When the 42CrMo specimens were immersed in NaCl solution, the Cl element in the solution
adhered to the surface of specimens and reacted with the Fe?* in the metal to form a soluble clathrate,
which resulted in the anodic dissolution of the metal surface and the formation of corrosion pits.
With the increase of pre-corroded time, more metal dissolved in the anode and the size of corrosion pit
became larger and larger [33]. The specimens pre-corroded for 0 h, 24 h, 48 h, and 96 h were examined
by an S-4800 scanning electron microscope and the morphologies of corrosion surface characterization
are shown in Figure 4.

(0) (d)

Figure 4. Corrosion surface characterization: (a) pre-corroded for 0 h; (b) pre-corroded for 24 h;
(c) pre-corroded for 48 h; and (d) pre-corroded for 96 h.

According to Figure 4, corrosion surface characterization can be clearly observed and the obvious
corrosion pits after pre-corrosion can be found within the crack source area in each diagram. As shown
in Figure 4a, there was no corrosion pit on the surface of specimens without pre-corrosion. With the
pre-corrosion treatment, Figure 4b shows that there were local micro-pits and pits distributed densely.
With the increase of pre-corroded time, Figure 4c,d shows that corrosion pits became larger since the
small pits were interconnected to form larger corrosion pits. A series of electrochemical corrosion
processes occurred when the specimen was immersed in the NaCl solution. In this study, the corrosion
process can be generally divided into two stages: 1) the initiation of the pits stage and 2) the pit
development stage. In the first stage, adsorption and agglomeration of chloride ions took place at
certain weak sites and the corrosion pits formed. In the second stage, the pits developed as a result of
the anodic dissolution of the metal [34-36]. Thus, the small pits were interconnected to form larger
corrosion pits.

To obtain the effect of the stress distribution around corrosion pits on the stress intensity factor and
the residual fatigue life of corroded steel, the size of pre-corroded pits should be accurately assessed
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and the depth of pre-corroded pits can be measured by a surface profiler. The schematic diagram of
pre-corrosion pits under the pre-corroded times 24 h, 48 h, and 96 h is shown in Figure 5. From Figure 5,
one can see that the depth of the maximum corrosion pit can be regarded as the radius of a semi-circular
surface crack. The depth of the maximum corrosion pit was measured by a surface profiler and an SEM.

Corrosion for 24 hours

Base line of specimen

0 500 1000 1500 2000 2500 3000

Corrosion for 48 hours

¥/ pm

0 500 1000 1500 2000 2500 3000
x/um

(b)
400
350

Corrosion for 96 hours
Base line of specimen
1 g et i e e e e e
250

200

v/ um

150

55.46 um

o)

100
50

)/

L L L L L
0 500 1000 1500 2000 2500 3000
x/um

(c)

Figure 5. The schematic diagram of pre-corrosion pits under the different pre-corroded times:
(a) pre-corroded for 24 h; (b) pre-corroded for 48 h; and (c) pre-corroded for 96 h.

3.2. Fatigue Test Results and Discussion

Pre-corrosion not only reduces residual fatigue life, but also leads to the change of the stress
intensity factor. Under the cyclic load with a frequency of 10 Hz, the local stress concentration around
the corrosion pits accelerated the process of fatigue damage and resulted in the reduced fatigue life
of the specimen. Three constant stress levels (100 MPa, 200 MPa, and 300 MPa) were carried out to
pre-corroded specimens for O h, 24 h, 48 h, and 96 h. The fatigue testing results of specimens with
different exposure times are shown in Table 2.

Table 2 shows that the fatigue life decreased obviously with the increase of pre-corroded time under
the same constant stress level. Furthermore, the fatigue life decreased approximately by more than 12%
when the pre-corroded time was doubled, and the fatigue life decreased approximately by more than
11% when the applied stress level was doubled, indicating that both pre-corroded time and applied
stress level can significantly affect the fatigue life of specimens, which shows a good agreement with
the previous works [37,38]. Although the external load is normally invariant in practical engineering
structures and residual fatigue life usually depends on corrosion surface condition and the nominal
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stress level, the raised nominal stress caused by the reduction of the cross-sectional area of components
due to corrosion still decreases the fatigue life of steel [39]. After fatigue testing, the fracture surface of
the corroded specimens under 100 MPa was observed by SEM, and the results are shown in Figure 6.

Table 2. The fatigue testing results of specimens with different exposure times.

Fatigue Life (x10° Cycles)
Pre-Corroded Time (h)

100 MPa 200 MPa 300 MPa
0 11.26 9.95 7.29
24 9.81 791 547
48 7.52 6.21 4.09
96 5.03 391 2.61

(c) (d)

Figure 6. The fracture surface of the corroded specimens under 100 MPa: (a) pre-corroded for 0 h;
(b) pre-corroded for 24 h; (c) pre-corroded for 48 h; and (d) pre-corroded for 96 h.

Figure 6a shows the fracture surface of the non-corroded specimen under the constant stress of
100 MPa, and it can be seen that the crack propagated along grain boundaries. Figure 6b—d reveal
that the crack originated at the tip of the corrosion pit and propagated along the grain boundaries,
and the white highlight area phenomena was caused by the deposition of corrosive elements. Due to
the existence of corrosion defects, stress concentration occurred around the sharp intrusion at the pit
bottom and accelerated the process of fatigue damage.

3.3. FE Investigations

Based on Equations (1)-(3), ABAQUS was applied to compute the stress intensity factor
corresponding to different corrosion pit morphology characteristics, which were depicted in the
previous section. The same material properties and loading conditions in Section 2.2 were applied to
the FE models, and the computed stress distributions around the crack tip are shown in Figure 7.

The ashy area in Figure 7 represents the yielding zone in specimens. The numbers 1, 2, and 3
in Figure 7 denomination represent the constant stress level of 100 MPa, 200 MPa, and 300 MPa,
respectively. From Figure 7, it can be seen that, under the same pre-corroded time, the yielding
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zone increased with the increase of applied loads through the transverse comparison. Under the
same applied loads, it can be seen that the yielding zone increased with the increase of the size
of pre-corrosion pits. Moreover, the FEM investigations revealed that the rate of crack extension

accelerated when the crack length increased.
‘ 0 h, 300 MPa

0h, 100 MPa 0h, 200 MPa

(a3)
24 h, 300 MPa

24 h, 100 MPa 24 h, 200 MPa
=

48 h, 200 MPa

48 h, 300 MPa

(c2) (c3)

96 h, 100 MPa 96 h, 200 MPa

96 h, 300 MPa

(d1) (d2) (d3)

Figure 7. The stress distributions around the crack tip. (al), (a2), and (a3): non-corroded specimen
under the different constant stress levels; (b1), (b2), and (b3): 24 h pre-corroded specimen under the
different constant stress levels; (c1), (c2), and (c3): 48 h pre-corroded specimen under the different
constant stress levels; and (d1), (d2), and (d3): 96 h pre-corroded specimen under the different constant
stress levels.

3.4. Regression Formula of the Stress Intensity Factor

By the adoption of Equations (2) and (3), the stress intensity factor around the crack tip in the
process of crack propagation for non-corroded specimens can be calculated and compared with the
stress intensity factor that was computed by ABAQUS software to validate the accuracy of the FE
simulation results. A comparison of the stress intensity factor by theoretical Paris formula and FE
simulation is shown in Figure 8.
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Figure 8. Comparison of the stress intensity factor by theoretical Paris formula and FE simulation.

The maximum percentage error of the calculated stress intensity factor between the theoretical
Paris formula and the FEM is 4.7%, which indicates that the theoretical calculation agreed well with the
simulated results. Through the integration of the ashy area around the crack tip in Figure 7, the stress
intensity factor of the crack tip for pre-corroded specimens can be obtained and the relationship between
the stress intensity factor at the crack tip and the depth of the pre-corrosion pits can be established.

Figure 9 shows the relationship between the stress intensity factor at the crack tip and the size
of pre-corrosion pits. By using the numerical fitting method, the regression formula to represent the
relationship between the stress intensity factor and the depth of the pre-corrosion pits is derived as:

Kis _ 0273633780 1 0.731 (4)
Kio
where Kjg is the pre-corroded stress intensity factor, Ky is the non-corroded stress intensity factor, and
@ is the depth of corrosion pits. The fatigue life can be estimated according to the Paris formula [25].
The Paris formula is shown as follows:

:Tf] = CAK™ (5)

where da/dN is the fatigue crack propagation, AK is the stress intensity factor at the tip of cracks, and C
and m are the equation coefficients, respectively. For the 42CrMo steel, the coefficients of C and m are
taken as 4.349 x 10712 and 3.07, respectively [40]. Through the integration of Equation (5), the fatigue
life of 42CrMo steel can be estimated as:

da
_ [ 4 6
N f C(AK)>Y ©)

By combining Equations (4) and (6), the relationship between the fatigue life of pre-corroded and
non-corroded specimens can be written as:

-3.07
Nc = (0.273e3-378¢ + 0.731) No @)

where N¢ is the fatigue life of pre-corroded specimens and Ny is the fatigue life of
non-corroded specimens.
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Figure 9. The relationship between the stress intensity factor and the depth of pre-corrosion pits.

Under different stress ranges and corrosion degrees, the residual fatigue life of pre-corrosion
specimens is predicted through the use of Equation (7). The comparison of predicted fatigue life and
experimental fatigue life is summarized in Table 3.

Table 3. Comparison of predicted fatigue life and experimental fatigue life.

Corrosion Pit Size Load Experimental Values Predicted Values Errors (%)

(um) (Stress/MPa) (x10° Cycles) (x10° Cycles) ’
100 9.82 10.13 3.15
62 200 7.53 7.85 4.08
300 5.02 5.31 5.46
100 8.24 8.73 5.61
147 200 6.32 6.75 6.37
300 421 4.53 7.06
100 5.62 6.61 8.17
255 200 4.43 5.24 8.85
300 2.95 3.25 9.23

Table 2 shows that the fatigue life predicted by the coupled formula agreed well with experiment
results, and the percentage errors between predicted values and experimental values were less than
10%. In the case of low corrosion degrees and low stress levels, the percentage errors were less than
5%. With the increase of pre-corroded time and stress levels, the percentage error was increased to
approximately 9.3%. The stress intensity factor at the tip of cracks was calculated on the basis of the
linear elastic model and the morphology of the pre-corrosion pits simulated by FEM took pre-set
defects in the middle of the specimen, while the practical corrosion pits had the characteristics of the
uneven distribution and size of the specimen. Thus, the percentage errors between the predicted
values and the experimental values were slightly increased with the increase of pre-corroded time and
stress levels.

4. Recommendation for Future Research

In this research, the effect of pre-corrosion pits on the residual fatigue life of the 42CrMo steel was
experimentally and numerically studied. It was demonstrated in this paper that the corrosion pit size
can be used as a damage index to assess the residual fatigue life. Therefore, the monitoring of corrosion
pit size is important not only to know the corrosion status, but also to predict the residual fatigue
life of the steel. With the recent development of structural health monitoring technology [41-44],
especially the piezoceramic-based active sensing method [45-47], electromechanical impedance (EMI)
approach [48-50], and imaging technology [51,52], it is now possible to monitor corrosion pit number
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and size [10]. Future work should include the real-time monitoring of the onset and growth of the
corrosion pit and the prediction of the residual fatigue life of the 42CrMo steel specimens. Future works
should also focus on the quantitative analysis of corrosion pits to improve the predicted accuracy of
the residual fatigue life for the corroded 42CrMo steel.

5. Conclusions

In summary, this study investigated the effect of pre-corrosion pits on the residual fatigue
life of the 42CrMo steel. It was found that higher stress amplitude and longer pre-corroded time
significantly decreased the residual fatigue life of the steel. The investigation of the residual fatigue life
of pre-corrosion specimens was conducted through the use the regression formula and experimental
measures, and the fatigue life predicted by the regression formula agreed well with experiment results.
Moreover, it was found that the rate of crack extension accelerated when the crack length increased.
It is also demonstrated in this paper that the corrosion pit size can be used as a damage variable to
assess the residual fatigue life. The recommendation for future research is to monitor corrosion pit
characteristics and to predict the residual fatigue life of the 42CrMo steel.

Author Contributions: Conceptualization, D.L.; methodology, D.L. and J.Z.; software, D.L. and Y.L.; validation,
Y.L.; formal analysis, X.X.; writing—original draft preparation, D.L.; writing—review and editing, X.X.;
visualization, Y.L.; supervision, X.X.; project administration, D.L.

Funding: This research was funded by Hubei Superior and Distinctive Discipline Group of “Mechatronics and
Automobiles” (No. XKQ2019009).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. El-Bagoury, N.; Ahmed, S.I.; Ahmed Abu Ali, O.; El-Hadad, S.; Fallatah, A.M.; Mersal, G.A.M.; Ibrahim, M.M.;
Wysocka, J.; Ryl, J.; Boukherroub, R.; et al. The Influence of Microstructure on the Passive Layer Chemistry
and Corrosion Resistance for Some Titanium-Based Alloys. Materials 2019, 12, 1233. [CrossRef]

2. Orlikowski, J.; Ryl, J.; Jarzynka, M.; Krakowiak, S.; Darowicki, K. Instantaneous Impedance Monitoring of
Aluminum Alloy 7075 Corrosion in Borate Buffer with Admixed Chloride Ions. Corrosion 2015, 71, 828-838.
[CrossRef]

3. Figueira, R. Electrochemical Sensors for Monitoring the Corrosion Conditions of Reinforced Concrete
Structures: A Review. Appl. Sci. 2017, 7, 1157. [CrossRef]

4. Li, W,; Xu, C,; Ho, S.C.M.; Wang, B.; Song, G. Monitoring concrete deterioration due to reinforcement
corrosion by integrating acoustic emission and FBG strain measurements. Sensors 2017, 17, 657. [CrossRef]
[PubMed]

5. Ryl, J.; Arutunow, A.; Tobiszewski, M.T.; Wysocka, J. Aspects of intergranular corrosion of AISI 321 stainless
steel in high-carbon-containing environments. Anti-Corros. Method. Mater. 2014, 61, 328-333. [CrossRef]

6. Huang, Y,; Gang, T.; Chen, L. Interacting effects induced by two neighboring pits considering relative position
parameters and pit depth. Materials 2017, 10, 398. [CrossRef] [PubMed]

7. Zhao,W.; Zhang, T.; Wang, Y.; Qiao, ].; Wang, Z. Corrosion Failure Mechanism of Associated Gas Transmission
Pipeline. Materials 2018, 11, 1935. [CrossRef] [PubMed]

8. Zhu, Z.; Lu, Y; Xie, Q.; Li, D.; Gao, N. Mechanical properties and dynamic constitutive model of 42CrMo
steel. Mater. Des. 2017, 119, 171-179. [CrossRef]

9. Sola, R;; Poli, G.; Veronesi, P.; Giovanardi, R. Effects of Surface Morphology on the Wear and Corrosion
Resistance of Post-Treated Nitrided and Nitrocarburized 42CrMo4 Steel. Metall. Mater. Trans. A 2014, 45,
2827-2833. [CrossRef]

10. Du, G.; Kong, Q.; Wu, E; Ruan, J.; Song, G. An experimental feasibility study of pipeline corrosion pit
detection using a piezoceramic time reversal mirror. Smart Mater. Struct. 2016, 25, 037002. [CrossRef]

11.  Ryl, J.; Wysocka, J.; Cieslik, M.; Gerengi, H.; Ossowski, T.; Krakowiak, S.; Niedzialkowski, P. Understanding
the origin of high corrosion inhibition efficiency of bee products towards aluminium alloys in alkaline
environments. Electrochim. Acta 2019, 304, 263-274. [CrossRef]


http://dx.doi.org/10.3390/ma12081233
http://dx.doi.org/10.5006/1546
http://dx.doi.org/10.3390/app7111157
http://dx.doi.org/10.3390/s17030657
http://www.ncbi.nlm.nih.gov/pubmed/28327510
http://dx.doi.org/10.1108/ACMM-04-2013-1260
http://dx.doi.org/10.3390/ma10040398
http://www.ncbi.nlm.nih.gov/pubmed/28772758
http://dx.doi.org/10.3390/ma11101935
http://www.ncbi.nlm.nih.gov/pubmed/30314277
http://dx.doi.org/10.1016/j.matdes.2017.01.066
http://dx.doi.org/10.1007/s11661-014-2219-z
http://dx.doi.org/10.1088/0964-1726/25/3/037002
http://dx.doi.org/10.1016/j.electacta.2019.03.012

Materials 2019, 12, 2130 12 of 13

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Fang, B.; Eadie, R.; Chen, W.; Elboujdaini, M. Passivation/immersion method to grow pits in pipeline steel and
a study of pit nucleation and growth resulting from the method. Brit. Corros. . 2013, 44, 32-42. [CrossRef]
Sharland, S.M.; Jackson, C.P.; Diver, A.J. A finite-element model of the propagation of corrosion crevices and
pits. Corros. Sci. 1989, 29, 1149-1166. [CrossRef]

Wang, W.; Sun, H.; Sun, L.; Song, Z.; Zang, B. Numerical simulation for crevice corrosion of 304 stainless
steel in sodium chloride solution. Chem. Res. Chin. Univ. 2010, 26, 822-828.

Xu, L.; Cheng, Y.; Xu, L. Development of a finite element model for simulation and prediction of
mechanoelectrochemical effect of pipeline corrosion. Corros. Sci. 2013, 73, 150-160. [CrossRef]

Ishihara, S.; Saka, S.; Nan, Z.Y.; Goshima, T.; Sunada, S. Prediction of corrosion fatigue lives of aluminium
alloy on the basis of corrosion pit growth law. Fatigue Fract. Eng. Mater. 2006, 29, 472-480. [CrossRef]
Pidaparti, RM.; Koombua, K.; Rao, A.S. Corrosion pit induced stresses prediction from SEM and finite
element analysis. Int. J. Comput. Meth. Eng. Sci. Mech. 2009, 10, 117-123. [CrossRef]

Huang, Y.; Ye, X.; Hu, B.; Chen, L. Equivalent crack size model for pre-corrosion fatigue life prediction of
aluminum alloy 7075-T6. Int. ]. Fatigue 2016, 88, 217-226. [CrossRef]

Zheng, X,; Xie, X.; Li, X. Estimation model for steel wire crack propagation and its application in calculation
of pre-corrosion fatigue life. Chin. Civil. Eng. ]. 2017, 50, 101-107.

Apostolopoulos, C.A. The influence of corrosion and cross-section diameter on the mechanical properties of
b500 c steel. J. Mater. Eng. Perform 2009, 18, 190-195. [CrossRef]

Li, W,; Ho, S.C.M.; Song, G. Corrosion detection of steel reinforced concrete using combined carbon fiber and
fiber Bragg grating active thermal probe. Smart Mater. Struct. 2016, 25, 045017. [CrossRef]

Huo, L, Li, C,; Jiang, T.; Li, H. Feasibility study of steel bar corrosion monitoring using a piezoceramic
transducer enabled time reversal method. Appl. Sci. 2018, 8, 2304. [CrossRef]

Zhang, Y,; Tan, G.; Wang, S.; Cheng, Y.; Yang, S.; Sun, X. Flexural characteristics evaluation for reinforced
concrete affected by steel corrosion based on an acoustic emission technique. Appl. Sci. 2019, 9, 1640.
[CrossRef]

Tang, M,; Li, J.; Li, Z; Fu, L.; Zeng, B.; Lv, J. Mannich Base as Corrosion Inhibitors for N80 Steel in a CO,
Saturated Solution Containing 3 wt % NaCl. Materials 2019, 12, 449. [CrossRef]

Paris, P.C.; Gomez, M.P,; Anderson, W.P. A rational analytic theory of fatigue. Trends Eng. 1961, 13, 9-14.
Japanese Industrial Standard. Methods of corrosion resistance test for metallic coatings. In JIS H 8502;
Japanese Standards Association: Tokyo, Japan, 1999.

Venkatraman, M.S.; Cole, 1.S.; Emmanuel, B. Model for corrosion of metals covered with thin electrolyte
layers: Pseudo-steady state diffusion of oxygen. Electrochim. Acta 2011, 56, 7171-7179. [CrossRef]
Nagarajan, S.; Karthega, M.; Rajendran, N. Pitting corrosion studies of super austenitic stainless steels in
natural sea water using dynamic electrochemical impedance spectroscopy. J. Appl. Electrochem. 2007, 37,
195-201. [CrossRef]

ASTM E468-90. Standard Practice for Presentation of Constant Amplitude Fatigue Tests Results for Metallic
Materials; American Society for Testing and Materials: West Conshohocken, PA, USA, 2004.

Xu, S.; Wang, Y. Estimating the effects of corrosion pits on the fatigue life of steel plate based on the 3D
profile. Int. |. Fatigue 2015, 72, 27-41. [CrossRef]

Qian, J.; Zhang, Y.; Zhao, H. A fast sweeping method for static convex hamilton—jacobi equations.
J. Sci. Comput. 2007, 31, 237-271. [CrossRef]

Min, C.K,; Kim, K.Y.; Lee, K.J. Electrical impedance imaging of phase boundary in two-phase systems with
adaptive mesh regeneration technique. Int. Commun. Heat. Mass. 2005, 32, 954-963.

Wang, J.; Wang, J.; Shao, H. The corrosion and electrochemical behavior of pure aluminum in
additive-containing alkaline methanol-water mixed solutions. Mater. Corros. 2015, 60, 269-273. [CrossRef]
Li, X,; Fan, C.; Wu, Q.; Dong, L.; Yin, Y.; Wang, C. Effect of solution pH, CI~ concentration and temperature
on electrochemical behavior of ph13-8mo steel in acidic environments. J. Iron. Steel. Res. Int. 2017, 24,
1238-1247. [CrossRef]

Wen, Z.; Lan, W.; Zhao, S.; Cao, X.; Deng, H. Corrosion Behavior of 42CrMo Steel in Chloride Solution.
Surf. Technol. 2017, 42, 216-220.

Duddu, R. Numerical modeling of corrosion pit propagation using the combined extended finite element
and level set method. Comput. Mech. 2014, 54, 613-627. [CrossRef]


http://dx.doi.org/10.1179/174327808X286239
http://dx.doi.org/10.1016/0010-938X(89)90051-6
http://dx.doi.org/10.1016/j.corsci.2013.04.004
http://dx.doi.org/10.1111/j.1460-2695.2006.01018.x
http://dx.doi.org/10.1080/15502280802654920
http://dx.doi.org/10.1016/j.ijfatigue.2016.03.035
http://dx.doi.org/10.1007/s11665-008-9281-x
http://dx.doi.org/10.1088/0964-1726/25/4/045017
http://dx.doi.org/10.3390/app8112304
http://dx.doi.org/10.3390/app9081640
http://dx.doi.org/10.3390/ma12030449
http://dx.doi.org/10.1016/j.electacta.2011.05.009
http://dx.doi.org/10.1007/s10800-006-9231-y
http://dx.doi.org/10.1016/j.ijfatigue.2014.11.003
http://dx.doi.org/10.1007/s10915-006-9124-6
http://dx.doi.org/10.1002/maco.200805074
http://dx.doi.org/10.1016/S1006-706X(18)30023-2
http://dx.doi.org/10.1007/s00466-014-1010-8

Materials 2019, 12, 2130 13 of 13

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Lin, H.; Zhao, Y.; OZbolt, J. The bond behavior between concrete and corroded steel bar under repeated
loading. Eng. Struct. 2017, 140, 390-405. [CrossRef]

Perez, M.R.; Dominguez, A.G.; Palin, T.; Bathias, C. Very high cycle fatigue analysis of high strength steel
with corrosion pitting. Key Eng. Mat. 2010, 449, 104-113. [CrossRef]

Gamboa, E.; Atrens, A. Material influence on the stress corrosion cracking of rock bolts. Eng. Fail. Anal. 2005,
12,201-235. [CrossRef]

Jang, C. Approximation method for the calculation of stress intensity factors for the semi-elliptical surface
flaws on thin-walled cylinder. J. Mech. Sci. Technol. 2006, 20, 319-328. [CrossRef]

Soh, C.K.; Annamdas, V.G.M.; Bhalla, S. Applications of structural health monitoring technology in Asia.
Struct. Struct. Health Monit. 2015, 16, 324-346.

Song, G.; Li, W.; Wang, B.; Ho, S.C.M. A review of rock bolt monitoring using smart sensors. Sensors 2017,
17,776. [CrossRef]

Annamdas, V.G.; Radhika, M. A. Electromechanical impedance of piezoelectric transducers for monitoring
metallic and non-metallic structures: a review of wired, wireless and energy-harvesting methods. J. Intel.
Mater. Syst. Str. 2013, 24, 1021-1042. [CrossRef]

Song, G.; Wang, C.; Wang, B. Structural health monitoring (SHM) of civil structures. Appl. Sci. 2017, 7, 789.
[CrossRef]

Kong, Q.; Robert, R.H.; Silva, P.; Mo, Y.L. Cyclic crack monitoring of a reinforced concrete column under
simulated pseudo-dynamic loading using piezoceramic-based smart aggregates. Appl. Sci. 2016, 6, 341.
[CrossRef]

Jiang, T.; Zhang, Y.; Wang, L.; Zhang, L.; Song, G. Monitoring fatigue damage of modular bridge expansion
joints using piezoceramic transducers. Sensors 2018, 18, 3973. [CrossRef] [PubMed]

Wang, F.; Huo, L.; Song, G. A piezoelectric active sensing method for quantitative monitoring of bolt
loosening using energy dissipation caused by tangential damping based on the fractal contact theory. Smart
Mater. Struct. 2017, 27, 015023. [CrossRef]

Zhang, J.; Zhang, C.; Xiao, J.; Jiang, ]. A PZT-based electromechanical impedance method for monitoring the
soil freeze-thaw process. Sensors 2019, 19, 1107. [CrossRef] [PubMed]

Wang, E; Ho, S.C.M.; Huo, L.; Song, G. A novel fractal contact-electromechanical impedance model for
quantitative monitoring of bolted joint looseness. IEEE Access 2018, 6, 40212-40220. [CrossRef]

Annamdas, V.G.M.; Yang, Y. Practical implementation of piezo-impedance sensors in monitoring of excavation
support structures. Struct. Control. Health Monit. 2012, 19, 231-245. [CrossRef]

Lu, G; Li, Y,; Song, G. A delay-and-Boolean-ADD imaging algorithm for damage detection with a small
number of piezoceramic transducers. Smart Mater. Struct. 2016, 25, 095030. [CrossRef]

Lu, G,; Li, Y;; Zhou, M.; Feng, Q.; Song, G. Detecting damage size and shape in a plate structure using PZT
transducer array. J. Aerosp. Eng. 2018, 31, 04018075. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.engstruct.2017.02.067
http://dx.doi.org/10.4028/www.scientific.net/KEM.449.104
http://dx.doi.org/10.1016/j.engfailanal.2004.07.002
http://dx.doi.org/10.1007/BF02917514
http://dx.doi.org/10.3390/s17040776
http://dx.doi.org/10.1177/1045389X13481254
http://dx.doi.org/10.3390/app7080789
http://dx.doi.org/10.3390/app6110341
http://dx.doi.org/10.3390/s18113973
http://www.ncbi.nlm.nih.gov/pubmed/30445787
http://dx.doi.org/10.1088/1361-665X/aa9a65
http://dx.doi.org/10.3390/s19051107
http://www.ncbi.nlm.nih.gov/pubmed/30841530
http://dx.doi.org/10.1109/ACCESS.2018.2855693
http://dx.doi.org/10.1002/stc.418
http://dx.doi.org/10.1088/0964-1726/25/9/095030
http://dx.doi.org/10.1061/(ASCE)AS.1943-5525.0000904
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Material and Specimen Preparation 
	Pre-Corrosion Pit Measurements and Fatigue Test 
	FE Model 

	Results and Discussion 
	Corrosion Surface Characterization 
	Fatigue Test Results and Discussion 
	FE Investigations 
	Regression Formula of the Stress Intensity Factor 

	Recommendation for Future Research 
	Conclusions 
	References

