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Abstract: As a typical steel, the fatigue of marine high-strength steels has been emphasized by scholars. In
this paper, the fatigue performance and crack growth mechanism of a high-strength steel for ships are
investigated by experimental methods. First, the fatigue threshold test and fatigue crack growth rate test of
this high-strength steel under different stress ratios were carried out. The influence of stress ratio on the
fatigue properties of this steel was analyzed. Secondly, scanning electron microscope was used to analyze the
crack growth specimen section of this steel. The crack growth and failure mechanism of this steel were
revealed. Finally, based on the above research results, the stress ratio effect of high-strength steel was
investigated from the perspectives of crack closure and driving force. Considering the fatigue behavior in the
near-threshold stage and the destabilization stage, a fatigue crack growth behavior prediction model of high-
strength steel was established. The accuracy of the model was verified by test data. Moreover, the
applicability of the modified model to various materials and its excellent predictive ability were verified
through comparison with literature data and existing models.
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0 Introduction

With the development of modern engineering technology, the application of high-strength steel has
become more and more widespread. Compared with ordinary steel, high-strength steel has significant
advantages in terms of stress performance, processing and economic benefits. The increase in yield strength
leads to an insignificant strain-strengthening effect during loading, which makes the fatigue performance of
high-strength steel poor[]]. Fatigue damage is particularly prominent on ships, accounting for 80%—90% of its
damage forms', causing great harm to the safe use of ships. Therefore, it is very important to conduct fatigue
tests on high-strength steel and predict its fatigue performance in conjunction with the fracture of specimens.

The application of high-strength steel in the field of marine has been mainly reflected in the construction
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of offshore platforms and ships. Liu et al”! conducted an experimental study on the fatigue performance of
DH36 steel, an offshore steel. It was found that an increase in the load ratio would lead to an elevation of the
crack growth rate, while the fatigue threshold value would decrease accordingly. Wang et al' found the
existence of significant differences in the crack growth behavior of EH36 under different load ratios. Not
coincidentally, Zhong et al also found that the load ratio has a remarkable effect on the fatigue behavior of
EH36. Most scholars attribute this difference to crack closure during crack growth. Wang[6] investigated the
crack closure behavior of 10Ni5CrMoV and found that the level of crack closure was enhanced with the
increase of R, which led to the difference in crack growth behavior. However, on the other hand, some
scholars believed that crack closure was not the main reason for the differences in crack growth behavior of
steels. They began to ignore crack closure and turned to explain the fatigue behavior of steels from a
completely new perspective. Kujawski'' proposed the dual-parameter-driving force. He believed that both

K. and AK drive crack growth. Martelo et al™

found that the dual-parameter-driving force could better
explain the crack growth behavior of AISI 301 LN. The same conclusion was obtained by Wei”. Up to now,
no scholar has given definite evidence to prove which of the two, crack closure theory or dual-parameter
driving force, can better explain the crack growth behavior of steels, Some scholars have also modified the
Paris model according to the loading conditions and material properties as a way to predict the crack growth
behavior of metals™'*""). The types and properties of steels used in different offshore structures vary greatly.
As a typical steel for ships, the high-strength steel still has unclear fatigue crack growth and failure
mechanism. So the study of the fatigue properties should not be delayed.

In this paper, the fatigue properties of a high-strength steel for ships were studied. Firstly, the basic
mechanical properties tests were carried out at room temperature to obtain the fatigue thresholds of this steel.
Secondly, the fatigue crack growth rate was obtained by the experiments under different stress ratios. Based
on the crack closure and the driving force perspectives, the crack growth rate curves were processed to
analyze the stress ratio effect. Scanning electron microscope (SEM) was used to analyze the crack growth and
failure mechanism. A modified model was proposed considering the fatigue behavior in the near-threshold
stage and unstable stage, based on the dual-parameter-driving model. The reliability of the modified model
was verified by comparison with the experimental results. Moreover, by comparing with other prediction

models, the universality and prediction ability of the modified model were verified.

1 Material and methods

The experimental material presented in this paper was a high-strength steel for ships. The yield strength
of this steel was 653 MPa, while the tensile strength was 785 MPa. The chemical composition (wt.%) was
0.12 C, 0.33 Si, 0.37 Mn, 2.72 Ni, 1.05 Cr, 0.24 Mo, 0.08 V, 0.04 S, 0.08 P and balanced by Fe.

Based on ASTM E647, the fatigue threshold test and crack growth rate test were performed on Instron
8802 fatigue testing machine. Single-edge notch bend (SENB) specimen was used in all tests, with a width of
134.4 mm and a thickness of 15 mm. The detailed dimensions of the specimen were shown in Fig. 1.

Pre-cracking of the specimens was required before all tests started in order to eliminate the influence of
notch effects and ensure that the crack tip was sufficiently sharp. The initial crack length was 6.8 mm. The
fatigue threshold test was conducted by the descending load method, with the percentage of graded load
reduction at 10%. During the load reduction, it was ensured that the crack growth at each load level should be

4~6 times the size of plastic region under previous load level. The crack growth rate test was performed at



954 fE AR 127 529 5 6 0

five stress ratios, namely R = 0.1, 0.3, 0.4, 0.5 and 0.7. A constant amplitude load of 9000 N in sine wave
with 10 Hz frequency were applied in the crack growth rate test. The load spectrum used in the fatigue test

was shown in Fig. 2.
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Fig.1 Size of SENB specimen (Unit: mm) Fig.2 Load spectrum

2 Experimental results and discussion

2.1 Fatigue threshold test
The 5-10 sets of data with 1x 10”7 mm/cycle < da/dN < 1x 10™° mm/cycle in the threshold test results
were selected. These data were fitted by Eq. (1) to obtain the relevant parameters . The experimental and

fitting results for R=0.1, 0.3 and 0.5 are shown in Fig. 3.

da/dN = A(AK)" (1)
where A and m are fitting parameters.
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Fig.3 Threshold test and fitting results of a high-strength steel at different stress ratios

Then the crack growth rate da/dN = 1x 10”7 mm/cycle was substituted into Eq. (1) to obtain the fatigue
threshold value for different stress ratios!”. According to the results of the threshold test, the fatigue
thresholds of high-strength steel were 4.70, 4.10 and 3.05 MPa-m"’ for the stress ratios of 0.1, 0.3 and 0.5,
respectively. The fatigue threshold of this high-strength steel decreased with the increase of R.

2.2 Fatigue crack growth rate test

The fatigue test results were processed using the seven-point incremental polynomial method to obtain

the fatigue life a— N curve. The slope of the a— N curve was taken as the crack growth rate. The crack

growth rate curve was derived by relating to the stress intensity factor range, which was calculated using
Eq. (2) to Eq. (4).

F
AK = BW]/zg(a) (2)
0.5
gla)= ba —-[1.99-a(1-5)-(2.15-3.93+2.7a°)] 3)

(1-2a)-(1-a)
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a= “)

where B is the thickness of the specimen (mm), W is the width of the specimen (mm), and AF is the load
amplitude of the test (N).

The fatigue life curves of the high-strength steel, i.e. a— N curves, were shown in Fig. 4. As could be
seen from the figure, the initial length of cracks was the same for five load ratios (R = 0.1, 0.3, 0.4, 0.5, 0.7),
which was about 6.8 mm. With the increase of the cycles, the crack length increased exponentially until the
fatigue failure occurred. The crack lengths at the moment of fracture were 23.34, 21.89, 20.82, 19.83 and
16.06 mm for R = 0.1, 0.3, 0.4, 0.5 and 0.7, and the fatigue life were 184 041, 161 918, 146 996, 132 756 and
122 541 cycles, respectively. In other words, the fatigue crack growth life of this steel was reduced by
12.02%, 20.19%, 27.87% and 33.42% for stress ratios of 0.3, 0.4, 0.5 and 0.7, compared to R=0.1. The
fatigue life became shorter with the increase of load ratio R. The increase in R led to a larger average load,
which made the damage more severe. As a result, the fatigue life decreases.

Fig. 5 shows the experimental results of the fatigue crack growth rates of the high-strength steel under
R =0.1,0.3, 0.4, 0.5 and 0.7. From the figure, it can be seen that the fatigue crack growth rate of this steel at
different load ratios was significantly accelerated with the increase of load intensity factor range. When the
maximum stress intensity factor reaches the fracture toughness of the material, the specimen fractures. The
load ratio has a significant effect on the fatigue crack growth behavior. With the increase of stress ratio, the
fatigue crack growth rate of this steel tends to increase. The Paris region is shortened, and the material enters

the rapid growth phase at a lower stress intensity factor range.
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Fig.4 Fatigue crack growth life curves of high-strength Fig.5 Fatigue crack growth rate curves of high-strength
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At present, scholars mainly explain the effect of stress ratio on crack growth behavior of steels from two

1571 and the other is the driving force'™. The crack closure suggests that there

aspects, one is the crack closure
exists a critical load (also called open load) at the crack tip during crack growth. When the load is less than
this critical load, the crack face is in a closed state. Only when the load is greater than this open load, the
crack will develop. Therefore, it has been argued[16] that the real factor controlling crack growth is the
effective stress intensity factor range, as shown in Eq. (5).

AK.r = Knox — Kop (%)
where AK.; is the effective stress intensity factor range (MPa-m®’), K,,is the crack tension stress intensity
factor (MPa-m®).

When the load ratio is small, the stress level at the crack tip is low and the crack closure is severe.

This will result in a smaller effective stress intensity factor, which in turn leads to a lesser crack growth rate.
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With the increase of the load ratio, this phenomenon weakens or even disappears. Two well-known crack

closure models have been used to explain the stress ratio effect on metals: the Elber's model"” shown as
Eq. (6), and the Schijve's model"” shown as Eq. (7).

Kop/ Kinax = 0.5+0.1R +0.4R’ (6)

Kop/ Ko = 0.45+0.22R+0.21R* +0.12R° @)

The test results were processed based on the Elber's model (Eq. (6)) and the Schijve's model (Eq. (7)), as

shown in Fig. 6. The crack growth rate for different stress ratios were scattered, which means the stress ratio

effect was not eliminated. It was not appropriate to consider AK  as the fatigue crack growth control factor

for high-strength steel.
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Fig.6 Results of crack growth rate for different crack closure models

Donald et al''", for the fatigue behavior of aluminum alloys at stress ratios of 0.1 and 0.7, found that the
fatigue crack growth rate did not depend entirely on AK.;, but was also related to K. In addition, so far
there is a lack of measurement methods that can truly reflect the crack closure parameters of metals. In view
of these problems, some researchers have neglected crack closure and described the crack growth behavior by
substituting the basic fracture mechanics parameters of AK and K. A dual-parameter-driving model was
proposed[gl. This model suggested that both AK and K,,,, would cause crack growth for different stress ratios.
When the stress ratio was low, the driving factor of crack growth was mainly K., while AK accounted for a
higher percentage at a high stress ratio. The dual-parameter-driving model was shown in Eq. (8).

K' = (Knw) (AK)"™ ®)
where K* is a new crack growth driver, MPa-m®®; A is the material parameter that indicates the sensitivity of
K* to K., which could be obtained by fitting the experimental data; if R>0, AK* = AK; if R<O0,
AK* = K-

Based on the dual-parameter-driving model, the fatigue crack growth rates with driving factor K* are
shown in Fig. 7. The crack growth rates test data at each stress ratio (R= 0.1, 0.3, 0.4, 0.5, 0.7) tend to
overlap. This indicates that it is reasonable to use K* as the crack growth driving factor for high-strength
steel. The dual-parameter-driving model can better explain the stress ratio effect of high-strength steel during
the Paris stage.

2.3 Fracture morphology

The specimens were cut for macroscopic analysis, and the fracture surface was analyzed by SEM for

microscopic morphology. Fig. 8 is a diagram of the specimen before cutting. As can be seen from the figure,

the fatigue crack grew forward along the width direction of the specimen. In the whole crack growth process,
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the crack growth path is relatively straight, without O high-strength steel for ships -
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the Surfaces made the fatlgue Sectlon Of high_ F1g7 Results of crack grOWth rate based on dual-

strength steel very flat. However, as the crack parameter-driving model

length increased, the open displacement of the crack became larger and the interaction between the crack
surfaces weakened. The fracture surface became rougher and rougher, and even clearly visible micro-voids

appeared in the unstable fracture region.
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Fig.8 Fatigue crack growth specimen Fig.9 Macroscopic appearance of the fracture

Fig. 10 shows the microscopic morphology of different stages of crack growth. In the crack initiation
stage, a large number of river-like patterns as well as tiny secondary cracks appeared in the section of high-
strength steel. The appearance of river-like patterns was the result of localized small plastic deformation of
the section. The direction of the secondary cracks was more disorganized.

In order to further analyze the crack growth mechanism of high-strength steel, the local typical
characteristic areas in the Paris stage and the destabilized growth stage were taken for high magnification
microscope observation, as shown in Fig. 10(b)—(c). The fatigue characteristics of the section in Paris stage
were more obvious, and a large number of fatigue glow lines appeared, whose direction was perpendicular to
the crack growth direction. Compared with the crack initiation stage, the depth of secondary cracks in the
Paris stage increased significantly and the section began to become uneven, which indicated that the fatigue
damage was more serious in this stage.

The section in the destabilization stage of crack growth became more uneven, and a large number of
spherical steel matrix debris and micro-porous pits appeared on the section in Fig. 10(c). This was due to the
high stress level at this stage and non-negligible plastic deformation of the material. Under fatigue loading,
strong grain slippage and dislocation buildup occurred within the high-strength steel, leading to the
appearance of micro-porous pits in some places. From the viewpoint of fracture mechanism, this high-

strength steel belongs to micro-hole aggregation fracture.
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(b) Localized microscopic (¢ ) Localized microscopic morphology
morphology of paris stage of the destabilization stage

Fig.10 Microscopic fracture morphology of high-strength steel at different crack growth stages

3 Fatigue crack growth rate prediction

3.1 Prediction model and parameter determination
Wang et al" developed an improved crack growth model as shown in Eq. (9). The model can describe
the three stages of crack growth and has a more ideal forecasting ability.
E _ C[Kmax : (1 - fop) - AKeff—th]m (9)
dN 1= (Koa/ Ke)'
where C and m are parameters describing the slope and intercept of the crack growth rate curve in double

logarithmic coordinates; K., is the maximum stress intensity factor at the tip of the crack (MPa-m"?®),
fop = Kop/ Kunax» 18 the crack opening function; AK.; , is the range of the effective stress intensity factor at the
threshold (MPa-m®®), K. is the fracture toughness of the material (MPa-m®®), and n is the parameter
describing the unstable fracture.

The improved crack growth model represents the crack closure behavior by f;,, which in turn describes
the crack growth under different stress ratios. However, the experimental results in this paper prove that the
dual-parameter-driving model can better describe the stress ratio effect of marine high-strength steels than the
crack closure model. Therefore, with the combination of Eq. (9), a dual-parameter-driving crack growth

prediction model was established based on the experimental results, as shown in Eq. (10).

da C(K'-K;)"
AN 1=K/ Ko o
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where K* is dual-parameter driving factor (MPa-m®®), and K, is the fatigue threshold considering a dual-
parameter drive (MPa-m®?).
The crack growth behavior in the near-threshold region is more sensitive to the stress ratios”™”. A stress
ratio modification parameter f (R) was introduced, as Eq. (11).
K, = Kpma' - AKy' ™ f(R) (11)
f(R)=1+aR+pR’ (12)
where AK,, denotes the long crack growth threshold (MPa-m®?), Ky, m. denotes the maximum stress intensity
factor corresponding to the threshold (MPa-m®®), K is the fatigue threshold considering a dual-parameter
drive (MPa-m®®), a and 3 are parameters related to the stress ratio.

The relationship between the stress ratio and the fatigue threshold value K, before and after

modification, is shown in Fig. 11. It can be seen 60 A high-strength steel for ships
i ) . Fatigue threshold test

that K of high-strength steel before modification 550 Kyrmodify=(K,, n ) (AK,)f(R)

decreased with the increase of stress ratio, while ~sol f (R):1+“R+/’)}?2 .

the trend was basically the same after il .

modification. This indicates that the introduction %4'5 .

of f(R) well eliminated the stress ratio effect in a0

the near-threshold stage. 35l f , . '

Based on the dual-parameter-driving . K::*_modify

modified model, Eq. (10), the crack growth rates 305 01 02 03 04 05 06

R

of high-strength steel were predicted at different
stress ratios. The values of each parameter in the Fig.11 Original and modified fatigue thresholds K,

. versus stress ratio R
model are shown in Tab. 1.

Tab.1 Model parameters of Eq. (10) for high-strength steel crack prediction

R C/(MPa™ -m'™"/?) m n Pl Kc/(MPa-m®3) a B
0.1,0.3,0.4,0.5,0.7 1.59x10 " 2.05 6 0.212 107.1 0.409 0.544

3.2 Prediction results and discussion
The comparison between the predicted and experimental results of fatigue crack growth rates of high-
strength steel are shown in Fig. 12. Five stress ratios were considered, which were 0.1, 0.3, 0.4, 0.5 and 0.7.

As can be seen from Fig. 12(a)—(e), the results of the fatigue crack growth rate predicted by Eq. (10) were in

1
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Fig.12 Comparison of fatigue crack growth rate between predicted and experimental results

good agreement with the experimental results. Between the predicted results and the test results, the
coefficients of determination were 0.979, 0.972, 0.961, 0.953, and 0.953 for stress ratios of 0.1, 0.3, 0.4, 0.5,
and 0.7, respectively.

From Fig. 12(f), the fatigue thresholds of this steel at five stress ratios converge to the same value
K; =5.03 MPa-m"*. In the near-threshold and Paris region, the modified model eliminated the effect of
stress ratio, and the crack growth rate curves (da/dN—K*) were consistent for different stress ratios. These
curves separated only in the unstable phase. This was because the fracture of the specimen was controlled by
K... and K-. The larger R was, the larger AK was, and the sooner the specimen would fracture. In
conclusion, the modified model Eq. (10) has a strong prediction ability for the near-threshold stage, Paris
stage and unstable stage of crack growth on high-strength steel.

To validate the prediction ability of Eq. (10) for other materials and demonstrate the advantages of the
model, the fatigue crack growth behavior of titanium alloys in the literature™" was predicted by both the
improved crack growth model (Eq. (9)) and the dual-parameter-driving crack growth prediction model
(Eq. (10)), and the prediction results were compared with the tests as shown in Fig. 13. For the experimental
results, the crack growth rate curves of the Paris stage at different R basically overlap when K* is the driving
force. On the other hand, Eq. (10) described the crack growth behavior of titanium alloys more accurately and
eliminated the stress ratio effect of the near-threshold stage and the Paris stage perfectly. This proved that the
dual-parameter- driving crack growth prediction model developed in this paper can be applied to a wide range

of materials and has a more desirable prediction capability.
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Fig.13 Comparison of the fatigue crack growth prediction results with experimental ones for titanium alloysm]

4 Conclusions

In this paper, the fatigue performance of a high-strength steel for ships was investigated. Firstly, the
fatigue threshold test of this steel was conducted under three stress ratios of 0.1, 0.3 and 0.5. The basic
mechanical parameters were obtained. Secondly, the fatigue crack growth rate test of this high-strength steel
was conducted under different stress ratios. The stress ratio effect was analyzed based on crack closure and
driving force. The fracture characteristics of high-strength steel were obtained by SEM. Finally, the dual-
parameter-driving model was modified based on the fatigue properties of the metal in the near-threshold stage
and unstable stage. The fatigue crack growth behavior of high-strength steel was predicted using the modified
model. The feasibility of the modified model was verified by comparing the prediction with the experimental
results. The following conclusions were obtained.

(1) The fatigue crack growth behavior of high-strength steel has an obvious stress ratio effect. The ship
steel exhibited the phenomenon that the increase of stress ratio can promote fatigue crack growth rates and
lead to a decrease in fatigue life. The test data were processed by the crack closure model and the dual-
parameter-driving model, and it was found that the dual-parameter-driving model could better explain the
stress ratio effect of high-strength steel.

(2) A large number of secondary cracks, fatigue glow and river-like striations appeared in the fatigue
section of high-strength steel. The fatigue glow was basically perpendicular to the crack growth direction.
With crack growth, the section gradually became rough and the depth of secondary cracks increased. Clear
micro-pores appeared in the section at the destabilized fracture stage. According to the fracture mechanism,
the damage of high-strength steel belongs to micro-cavity aggregation fracture.

(3) The fatigue thresholds predicted by the modified dual-parameter-driving model were essentially
the same for different stress ratios. The crack growth rate curves separated only in the unstable phase,
which indicated that the fatigue stress ratio effect was eliminated by the modified model. Determination
coefficients of the crack growth rates between the predicted results and the corresponding test results were
all greater than 0.95. The modified model has a strong prediction ability for the fatigue crack growth
behavior of high-strength steel under different stress ratios. The prediction results of titanium alloy
crack growth behavior show that the modified model can be applied to various metallic materials with

high accuracy.



962 AT WA 5529 555 6 11

References

[1] Zhai Y, Guo X B, et al. Analysis of fatigue fracture behavior of low-alloy high-strength steels with different strength
grades[J]. Journal of Plasticity Engineering, 2023, 30(7): 145—150. (in Chinese)
[2] Riahi H, Bressolette P, et al. Random fatigue crack growth in mixed mode by stochastic collocation method[J]. Engineering
Fracture Mechanics, 2010, 77(16): 3292—-33009.
[3] Liu D, Liu J, et al. Corrosion fatigue crack propagation performance of DH36 steel in simulated service conditions for
offshore engineering structures[J]. Journal of Chinese Society Corrosion and Protection, 2022, 42(6): 959-965. (in Chinese)
[4] Wang K, Wu L, et al. Experimental study on low temperature fatigue performance of polar icebreaking ship steel[J]. Ocean
Engineering, 2020, 216: 107789.
[5] Zhong Y, Shao Y B, et al. Effect of stress ratio on fatigue crack growth rate of EH36 steel in the marine corrosive
environment[J]. Materials Reports, 2023, 37(19): 192—198. (in Chinese)
[6] Wang Q. Fatigue crack growth behavior of 10Ni5CrMoV high-strength steelwelded joints[D]. Harbin: Harbin Institute of
Technology, 2019. (in Chinese)
[7] Kujawski D. A fatigue crack driving force parameter with load ratio effects[J]. International Journal of Fatigue, 2001,
23(S1): 239-246.
[8] Martelo D, Mateo A, et al. Fatigue crack growth of a metastable austenitic stainless steel[J]. International Journal of Fatigue,
2015, 80: 406—416.
[9] Wei H T. Fatigue crack growth behavior of SA508Gr. 3CI. 2 under different stress ratios and effect of fatigue damage on
fracture toughness[D]. Hangzhou: Zhejiang University of Technology, 2020. (in Chinese)
[10] Wang K, Sun Z Y, et al. Prediction method of dwell-fatigue crack growth behavior of new titanium alloy[J]. Journal of Ship
Mechanics, 2023, 27(6): 877-887.
[11] Wang K, Wu L, et al. Study on the overload and dwell-fatigue property of titanium alloy in manned deep submersible[J].
China Ocean Engineering, 2020, 34(5): 738-745.
[12] Li Y Z, Xie X B, et al. Prediction method of the dwell-fatigue crack growth for titanium alloys and its validation on IMI834
at room temperature[J]. Journal of Ship Mechanics, 2019, 23(3): 317-331.
[13] Wu L, Bian C, et al. A simplified prediction model of dwell-fatigue crack growth behaviour for titanium alloy[J]. Ships and
Offshore Structures, 2022, 17(11): 2408-2415.
[14] GB/T 6398-2017, Technical Committee 183 on Steel of Standardization Administration of China. Metallic materials.
Fatigue testing. Fatigue crack growth method[S]. Beijing: Beijing Standard Press, 2017.
[15] Elber W. Fatigue crack closure under cyclic tension[J]. Engineering Fracture Mechanics, 1970, 2(1): 37-45.
[16] Elber W. The significance of fatigue crack closure[J]. AstmStp, 1971, 486: 230-242.
[17] Schijve J. Some formulas for the crack opening stress level[J]. Engineering Fracture Mechanics, 1980, 14(3): 461-465.
[18] Donald K, Paris P C. An evaluation of AK, estimation procedures on 6061-T6 and 2024-T3 aluminum alloys[J].
International Journal of Fatigue, 1999, 21(S1): S47—-S57.
[19] Wang F, Chen F L, et al. Applicability of the improved crack growth rate model and its parameters estimation method[J].
Journal of Ship Mechanics, 2010, 14(3): 252-262.
[20] Larissa D, Arthur J S, et al. Recent developments in the determination of fatigue crack propagation thresholds[J].
International Journal of Fatigue, 2022, 164: 107131.
[21] Bian C C. Research on fatigue life assessment method of titanium alloy welded parts based on crack propansion[D].

Zhenjiang: Jiangsu University of Science and Technology, 2021. (in Chinese)


https://doi.org/10.1016/j.engfracmech.2010.07.015
https://doi.org/10.1016/j.engfracmech.2010.07.015
https://doi.org/10.1016/j.oceaneng.2020.107789
https://doi.org/10.1016/j.oceaneng.2020.107789
https://doi.org/10.1016/j.ijfatigue.2015.06.029
https://doi.org/10.1007/s13344-020-0067-8
https://doi.org/10.1080/17445302.2021.1998853
https://doi.org/10.1080/17445302.2021.1998853
https://doi.org/10.1016/0013-7944(70)90028-7
https://doi.org/10.1016/j.ijfatigue.2022.107131

5% 6 1 LEI Yin-hui et al: Fatigue Crack Growth Behavior of High-strength Steel for Ships 963

BABRAES LAY BT AR

FHRE, X #, KkEm, 2AE, & H', FHLY
(LTI R R AN 561 TR B, VL35 SHYT 212003; 2. Fp A AARL A BF 58 b0, TE95 B8
214082; 3. WRMGH AR A WS40 =, V1958 JoB) 214082)

TEE: W SRR VE h — b AL P A, L9 55 0] — B2 B2 B TR B . A SOR FIRG 7 TR o S =
SN B9 5 PR RE AN S R HLEL, 1 T R TR 7 O i A 9 o7 | A s 00 A o7 a0 T i e, 43
TR 7 FET A FHARIRE 55 R R s i s VR, R R v A8 T s A 2 B0 iR W T, 388 7 v o
P e TR AU 5, ST LRI 25 5L, ISP & gk 3 1 AN A B 5 e sk N ) 1 D RO, I 5%
JEE VR AEL I B AN SRR o BE A 55 A7 R, ST HH R N 57 248 R AT M TR RAR Y, A 1 A S AR AR 1Y)
WERGPE . BeAb, 8 5 5 SR K A R A E, B8 UE A8 IE AR X 2 Al bR A3 FH T € O T
KR SR TR BT AN S ER S F1; TR A
RESES: TGI11.8 XERFRIRD: A
ESTH: FRAARRAEERIIE (52071161); F5E S 0T & %15 H (2022YFB3404800)
EE BT THHRE(1999-), 1, Wi Hmfge A

T #(1979-), Lo, ILHEHE R 2E B,

TR (1995-), 5, i EAEIARLARIFFE e TR,

ZR7K I (1980-), 3, VT IR K247,

% 18(1993-), 5, VLo RHE R 2= B B S 56 I,

F4(1982-), 5, P E ARl =B 5T 5T 5L



