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ARTICLE INFO ABSTRACT
Keywords: This study investigated the retardation mechanisms and modeling methodology for the fatigue crack growth
Fatigue crack growth (FCG) of a high-strength Q500qE steel after a single overload. Different stress ratios (R = 0.1, 0.3, and 0.5) and
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Steel
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Plastic zone

overload ratios (OLR = 1.5, 2.0, and 2.5) were considered as key parameters. The digital image correlation (DIC)
testing technique was used to capture the deformation at the crack tip during the tests. The crack closure
response in the crack wake region was investigated using a virtual extensometer. The results show that, under an
identical stress ratio, the fatigue life was increased as the OLR increased. The FCG was completely arrested when
OLR reached 2.5 when R >0.3. Under an identical stress ratio, the residual strain before the crack tip and the
residual deformation in the crack wake region increased with the rise of the overload ratio after a single over-
load. It’s found that the FCG was retarded or completely arrested due to the constraint of the crack tip plastic
zone caused by single overload. Finally, a modified Wheeler model was proposed to predict the FCG rate based
on the measured plastic zone size at the crack tip, and the predicted results agree well with the experimental
findings.

et al. [11] found that cast iron materials have no instantaneous accel-
1. Introduction eration stage after a single overload while showing a gradual decrease in
fatigue crack growth rate (FCGR) after applying overload. Wang et al.
[12] obtained similar experimental results in the single overload test on
bridges due to its high tensile strength and fracture toughness. Fatigue aluminum alloy 7050-T7451. In addition, Ren et al. [13] found that
problem is a key factor affecting the long-term performance of steel superalloy 625 did not acquire FCGR data for the delayed retardation
bridges [1-3], which may be attributed to the increasing traffic loads stage after a single overload. Similarly, Albedah et al. [14] did not ac-
[4-7]. In particular, bridge steel structures often suffer from variable quire FCGR data for the delayed retardation stage in the testing for
amplitude fatigue loading under traffic loads. Therefore, it’s of great aluminum alloys 2024-T3 and 7075-T6. It can be seen that different
significance to provide theoretical guidance for designing, evaluating, metal materials may behave differently in FCG after single overload.
and maintaining high-strength steel bridges by through knowledge of Therefore, it is necessary to carry out FCG tests incorporating a single

High-strength steel, such as Q500qE, is favored for constructing steel

the fatigue crack growth (FCG) behavior under variable amplitude overload to unveil the FCG mechanisms of high-strength steel.
loading. Up to now, researchers have conducted a series of theoretical and
Single overload is a common variable-amplitude fatigue load during experimental studies on the FCG behavior after a single overload and

proposed various retardation mechanisms to explain the FCG retarda-
tion behavior. For example, residual stress theory [15-18], crack closure

stable growth stage before overload, the instantaneous acceleration theory [19-21], craclf deﬂecti({n theory [22,23], crack tip blunting
stage, the delayed retardation stage, the retardation stage, and the stable theory [24], and strain hardening theory [25]. The commonly used

growth stage after retardation completion, as shown in Fig. 1. However, theories include residual stress theory (crack tip plasticity theory), crack
closure theory, and so on. He et al. [26] found that the size of the

compressive residual stress field ahead of the crack tip increased with

the service of steel bridges. Generally, the FCG response of steel material
after a single overload can be divided into five stages [8], including the

previous studies [9,10] have shown that some materials do not fully
comply with the five-stage retardation response. For example, Correia
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Nomenclature

FCG fatigue crack growth

FCGR fatigue crack growth rate

TMCP  thermomechanical control process

CT compact tension

DIC digital image correlation

COD crack opening displacement

EDM electro discharge machining

R stress ratio

OLR overload ratio

da/dN  fatigue crack growth rate

K stress intensity factor

AK stress intensity factor amplitude

a crack length

N number of load cycles

E elastic modulus

Oys yield strength

Por, single overload force

Prax upper limit of fatigue load

Pin lower limit of fatigue load

AP load range

w width of CT specimens

B thickness of CT specimens

R? coefficient of determination

aoL, crack length when applying single overload

(da/dN)pe,max maximum fatigue crack growth rate before applying
the overload

(da/dN)min minimum fatigue crack growth rate after applying single
overload

n retardation coefficient

£yy strain in Y direction

Eres residual strain

™ plastic zone size

a plastic factor of the retardation stage

p plastic factor of the delayed retardation stage

PR retardation parameter

Tp,i plastic zone size at the current crack length in retardation
stage

Tp,OL plastic size applied the overload

Morg dimensionless shape parameter

K; stress intensity factor at current crack length

KoL stress intensity factor applied overload

K, maximum stress intensity factor at the retardation stage

a, crack length of the retardation stage

¢p delayed retardation parameter

T4,0L plastic zone size of delayed retardation stage

T4, plastic zone size at current crack length in delayed
retardation stage

Mmod modified shape parameter

aq crack length of the delayed retardation stage

K4 maximum stress intensity factor at delayed retardation
stage

PR modified Modified retardation parameter

Gmin(dasdny crack length corresponding to the minimum fatigue crack
growth rate after a single overload

Accelerated Delay retardation 9
crack growth region °

Retardation
region

Applied
overload

Fatigue crack growth rate, da//dN

Stress intensity factor amplitude, AK

Fig. 1. Fatigue crack growth stage incorporating a single overload [8].

the overload ratio, and the larger the compressive residual stress value,
the stronger the retardation effect. Francisco et al. [27] found that
plastic deformation at the crack tip was the primary damage mechanism
of Grade 2 titanium after a single overload. Cai et al. [28] found that the
retardation degree of crack growth in 2024-T3, 7075-T6, and 6061-T6
aluminum alloys after applying a single overload was mainly
controlled by the residual stress and plastic deformation ahead of the
crack tip. Chen et al. [29] found that the compressive residual stress was
leading in retarding FCG after a single overload in AZ31, while crack

closure was secondary. In addition, Geng et al. [30] experimentally
studied the FCG behavior of steel AH32 after a single overload and found
that new residual plastic deformation was formed at the tensile overload
position, and the larger the overload ratio, the greater the contribution
of plastic-induced crack closure to the retardation effect. Su et al. [31]
carried out the fatigue short crack growth tests of steel EH36 and found
that the reduction in FCGR in the retardation stage was mainly attrib-
uted to crack closure and residual strain effects. In conclusion, the
retardation mechanisms of different materials after a single overload are
not wholly consistent and are usually intertwined by various retardation
mechanisms. Therefore, it is necessary to conduct further research to
reveal the FCG retardation mechanisms of high-strength steel and to
establish a more general model.

A series of mathematical models were proposed for predicting the
FCGR accurately after applying a single overload. The Wheeler model
was widely used due to its simple form and ease of calculation [32].
However, this model can only calculate the FCGR in the retardation
stage but not calculate the FCGR in the delayed retardation and the
instantaneous acceleration stages. Therefore, Yuen and Taheri [8]
introduced a delayed retardation parameter into the original Wheeler
model to modify it. The results showed that the modified model could
reasonably predict the FCGR of steel 350 WT in the entire retardation
stage (including the delayed retardation stage). In addition, the modi-
fied model has been effectively verified on various materials since its
proposal [33,34]. With the improvement of computational methods and
measurement techniques, researchers have continuously modified the
original Wheeler model, and a model that can consider both plastic zone
and crack closure effects has been established. For example, Jiang et al.
[35] established a complex FCGR prediction model that did not contain
any dimensionless retardation parameters and comprehensively
considered the effects of crack closure, plastic zone, and the Bauschinger
effect after a single overload. Lu et al. [36] introduced the Alpha model
that characterized the degree of contribution of the crack closure effect
to the overload effect and established the Wheeler-Alpha model. This
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Fig. 2. Schematic of a Q500qE steel annealing heat treatment.

model had a high degree of agreement between the predicted and the
experimental results for steel QSTE340TM, steel DP780, and 6082-T6
aluminum alloy. However, there is little research on the FCG retarda-
tion model of Q500qE steel applying a single overload in the published
literature. Therefore, it has great significance for designing fatigue
performance and evaluating the fatigue life of Q500qE steel to propose
an accurate FCGR prediction retardation model.

In this study, the retardation mechanisms for the FCG of a high-
strength Q500qE steel after a single overload was experimentally
investigated. The effects of different stress ratios (R = 0.1, 0.3, and 0.5)
and overload ratios (OLR = 1.5, 2.0, and 2.5) were carefully examined.
The plastic zone size at the crack tip was measured using digital image
correlation (DIC) technique, and the distribution of the strain field
ahead of the crack tip was clarified. The crack opening and closure
behavior in the crack wake region was analyzed using the virtual
extensometer technique. The FCG retardation mechanisms after a single
overload were revealed. Finally, a modified Wheeler model based on the
experimental plastic zone size was proposed to predict the FCGR in the
whole retardation stages. The outcomes of this study may shed some
more light on the unveiling of the retardation behavior of FCG of high-
strength steel and therefore advance the fatigue life prediction of high-
strength steel structures under complex fatigue loading.

2. Experimental program
2.1. Material and specimen preparation

The material used in the present investigation was a Q500qE high-
strength bridge steel with a thickness of 33 mm. In addition, Q500qE
steel was subject to a tempering heat treatment based on a conventional
thermomechanical control process (TMCP), as shown in Fig. 2. The
chemical composition of the Q500qE steel is shown in Table 1.

The ferrite and bainite exhibited bright and dark colors after being
corroded by nitric acid alcohol solution under optical microscope,
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The static tensile tests of Q500qE steel were conducted at room
temperature, and two replicate tests were performed. The static tensile
specimens were machined into a dog-bone shape with the length parallel
to the rolling direction of the steel plate according to ASTM E8/E8M
[38], and tensile tests were carried out on a universal material testing
machine at a tensile rate of 3 mm/min. Fig. 4 shows the dimension and
engineering stress-strain relationship of tensile specimens, respectively.
It can be seen that the Q500qE steel showed a significant increase in
strain after yielding, while the stress increased slightly, indicating that

Fig. 3. Microstructure of Q500qE steel after magnifying 1000X. L and T
respectively represent the longitudinal and transverse direction of hot rolling.
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Fig. 4. Engineering stress—strain relationship for Q500qE steel.

respectively, as shown in Fig. 3. The average equivalent grain size d can Table 2
be obtained according to the equation as d = 2(S/1)'/?, where S is the  The tensile properties of Q500gE steel at room temperature.
area of grains [4,37], which was calculated by an image processing Steel E (GPa) 0y (MPa) 0 (MPa) 5 (%)
software Image-Pro Plus. The results show that the average equivalent . N s )
grain size of bainite was 2.96 pm and standard deviation was 0.02. Q5004 05.6 6758 692. 84
Table 1
Chemical composition of Q500gE steel provided by the material supplier (% weight).
Steel C Si Mn P S Cr Ni Nb Ti
Q500qE 0.057 0.223 1.493 0.010 0.002 0.280 0.206 0.046 0.012
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Fig. 5. Geometry and dimensions of the base metal and CT specimens for Q500qE steel: (a) base metal, (b) CT specimens (units in mm).

Table 3
Load conditions of single overload tests.

Specimen Stress Prax Piin Overload Ratio Por
number ratio R (kN) (kN) OLR (kN)
RO.1 0.1 4.00 0.40 - -
RO.1E1.5 0.1 4.00 0.40 1.5 6.00
RO.1E2.0 0.1 4.00 0.40 2.0 8.00
RO.1E2.5 0.1 4.00 0.40 2.5 10.00
RO.3E1.5 0.3 5.14 1.54 1.5 7.71
RO.3E2.0 0.3 5.14 1.54 2.0 10.28
RO.3E2.5 0.3 5.14 1.54 2.5 12.85
RO.5E1.5 0.5 7.20 3.60 1.5 10.80
RO.5E2.0 0.5 7.20 3.60 2.0 14.40
RO.5E2.5 0.5 7.20 3.60 2.5 18.00

the Q500qE steel exhibited low hardening capacity. The tensile prop-
erties of Q500qE steel were listed in Table 2.

Fig. 5 illustrates the geometry of the base metal and fatigue speci-
mens for Q500qE steel. According to the ASTM E647 [39], the FCG tests
were carried out using compact tensile (CT) specimens, which were
machined by an electro discharge machining (EDM) process. In addition,
the notch direction (crack growth direction) of the CT specimen was
consistent with the rolling direction of the steel plate.

2.2. Test methodologies

2.2.1. Fatigue crack growth (FCG) tests

The FCG tests were conducted via an Instron 8801 electro-hydraulic
servo testing machine. Prior to the crack growth tests, all CT specimens
were pre-cracked with a crack length of 1.4 mm - 1.5 mm. Three sets of
FCG tests were performed with different stress ratios R = 0.1, 0.3, 0.5,
and single overload ratios OLR = 1.5, 2.0, 2.5. The detailed loading
conditions are shown in Table 3, where the overload ratio is defined as
the ratio of the single overload force Pgy, to the upper limit of fatigue
load Ppax of the constant amplitude cyclic loading. Moreover, the
specimen labels were denoted by RXEY, where RX and EY represented
the stress and overload ratios, respectively. For instance, R0.1E1.5 in-
dicates the specimen tested with a stress ratio of 0.1 and an overload
ratio of 1.5.

Load

Constant amplitude
loading

LA
LTIV

min 20,000 cycles
f=10Hz

. Single overload

f=10Hz

Cycle

Fig. 6. Schematic of the load spectrum of single overload tests.

The schematic loading spectrum of the single overload test is shown
in Fig. 6. The frequency f of the constant amplitude cyclic loading was in
a 10 Hz sine waveform. After 20,000 constant amplitude cyclic loading
(the FCG was in a stable growth stage), an overload cycle was applied to
the CT specimen starting from lower limit of fatigue load Ppn. Then, the
loading frequency was restored to the constant amplitude cyclic loading
stage, and the test was continued until the crack length reached 15 mm —
18 mm, and the test was stopped.

A crack opening displacement (COD) gauge was adopted to record
the opening displacement of CT specimens during the tests. Then, the
crack lengths at the corresponding number of loading cycles were
calculated using the opening displacement data according to the
compliance method recommended by ASTM E647 [39]. Further, the
stress intensity factor (SIF) amplitude was calculated by Eq. (1).

AK = AP (2+n)

=B (L —n) (0.886 +4.64n — 13.32n° + 14.720° — 5.6n") (1)
—n

where AP = Ppax — Prin, n = a/W. B and W are the thickness and width of
the CT specimens, respectively.
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2.2.2. Digital image correlation (DIC) measurements

Digital image correlation (DIC) technique plays an important role in
testing the surface deformation of materials and components. The
deformation field at the crack tip during FCG was measured using the
ARAMIS system of the German GOM company in the current study. Prior
to conducting the DIC measurement, the surface of the CT specimen
should be sprayed with a qualified speckle, as shown in Fig. 7. The GOM
correlated 2020 commercialized software was used to identify feature
points on the surface. Then, the displacements were obtained by
comparing the positions of feature points in the two images before and
after deformation. Finally, the strain information of each feature point
based on the algorithm embedded in the software was acquired.

The experimental configuration of FCG and DIC tests are shown in
Fig. 8. The DIC measurement system provided 4096 x 3068 pixels digital
images via a set of high magnification camera lenses covering an area of

Camera

Fig. 9. Virtual extensometer arrangement behind crack tip.
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Fig. 10. FCG lives: (a) a-N curves for R = 0.1; (b) a-N curves for R =

25 mm x 18 mm on the interested zone. The acquisition frequency for
DIC measurements was set to 20 Hz, and the corresponding fatigue
loading frequency was set to 0.5 Hz.

2.2.3. Virtual extensometer technology

The crack opening and closure behavior behind the crack tip was
examined by a virtual extensometer technology, and it was calculated
from the digital images obtained by a DIC measurement [40,41]. For this
purpose, four virtual extensometers with a gauge length of 0.4 mm were
arranged at 0.2 mm intervals starting at the crack tip along the crack
propagation path, as shown in Fig. 9. These virtual extensometers were
denoted as VO, V1, V2, and V3, respectively. The digital image corre-
sponding to the minimum load Py, during a single overload was taken
as the reference image to calculate the extension of each virtual exten-
someter; thereby the force and displacement relationships at the four
virtual extensometers can be obtained.

3. Experimental results and discussion
3.1. Fatigue crack growth

3.1.1. A vs. N curves

The FCG life (a-N) curves for all CT specimens are shown in Fig. 10(a
—c). The Fig. 10 (d) shows that the average FCG life were increased by
27.49 %, 77.92 % and 219.93 %, corresponding to R0.1E1.5, R0.1E2.0
and RO.1E2.5, respectively, compared to RO.1. It indicates that the fa-
tigue lives of cracked high-strength steel can be effectively enhanced by
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Fig. 11. FCGR curves for R = 0.1 conditions.

single overloading. Therefore, the higher the overload ratio, the higher
the number of load cycles under the identical stress ratios, indicating
that a high overload ratio has an outstanding contribution to the
extension of the service life of the material. The opposite result was
obtained, i.e., the FCG life increased with the stress ratio under the
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identical overload ratio. It is worth mentioning that the crack arrest
behavior occurred for cases R0.3E2.5 and R0.5E2.5. In other words, the
fatigue cracks no longer propagate when the number of load cycles
reaches more than one million under these two load conditions.

3.1.2. da/dN vs. AK curves

The FCGR (da/dN) at the corresponding crack length was obtained
by processing the a-N curves through the incremental polynomial fitting
method recommended by ASTM E647. The FCGR and SIF amplitude for
R = 0.1 were plotted on a log-log coordinate system, as shown in Fig. 11.
The results show that the FCGR decreased after a single overload, and
the greater the overload ratio, the more pronounced the decreased in
FCGR under the identical stress ratio. Moreover, the FCGR before a
single overload and after the completion of the retardation stage was
almost identical to that in the stable growth stage under constant
amplitude loading.

The test results indicate that the FCG retardation behavior occurred
for the CT specimens of all testing conditions after a single overload, as
shown in Fig. 12. The accelerated propagation stage did not occur but
decreased slowly to the minimum FCGR value after applying a single
overload to the Q500qE steel. Simultaneously, the minimum FCGR
decreased with the increased overload ratio applied to a single overload
under the identical stress ratio. Furthermore, the FCGR could be
considered zero since the fatigue crack was no longer propagated due to
the single overload application for the two cases of R0.3E2.5 and

Table 4
Fitting parameters in the crack stable growth region.

Fitting parameters Stress ratios R

0.1 0.3 0.5
m 2.58 2.50 2.60
log C -7.72 —7.53 —7.66
R? 0.964 0.966 0.926

RO.5E2.5. The FCGR was approximated as a curve in the log-log coor-
dinate system when the FCGR gradually recovered from the lowest point
to the stable growth stage. The FCGR eventually returned to the stable
growth stage with the increase of the SIF amplitude and continued to
grow until the fatigue test was completed.

The Paris formula is commonly used to describe the growth behavior
of the fatigue crack stable growth stage in materials, as expressed in Eq.
(2). The C and m values of Q500qE steel were obtained using the least
squares method in the log-log coordinate system based on the tested data
of the stable growth stage before and after applying a single overload, as
shown in Table 4. However, the Paris formula was no longer applicable
for calculating the FCGR during the entire retardation stage. Therefore,
the overload retardation model should be modified based on the Paris
formula.
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Table 5
Retardation parameters of single overload tests.
Specimen number aor(mm) N (cycle) (da/dN)pe,max (mm/cycle) (da/dN)in (mm/cycle) n (da/dN),. (mm/cycle)
RO.1E1.5-1 7.858 89,000 3.05x107° 2.74x107° 0.8984 5.61x107°
RO.1E1.5-2 7.880 83,892 3.17x107° 2.51x107° 0.7917 6.92x107°
RO.1E2.0-1 7.743 116,962 3.07x107° 8.08x10°° 0.2632 1.08x107*
RO.1E2.0-2 7.868 124,318 5.60x107° 4.42x10°° 0.0789 1.11x107*
RO.1E2.5-1 8.330 236,204 4.28x107° 1.90x107° 0.0444 1.43x107*
RO.1E2.5-2 7.607 197,645 9.30x107° 1.98x107° 0.0213 1.32x107*
R0.3E1.5-1 8.019 74,299 6.64x107° 2.97x107° 0.4473 1.01x107*
RO.3E1.5-2 8.157 68,996 5.35x107° 2.10x10.5 0.3925 1.01x107*
RO.3E2.0-1 7.929 129,055 6.14x107° 4.39x107° 0.0715 1.83x107*
R0.3E2.0-2 8.106 117,593 9.00x107° 7.91x10°° 0.0879 1.90x10~*
RO.3E2.5-1 7.983 >1,000,000 2.48x107° - - -
R0.3E2.5-2 8.240 >1,000,000 3.80x10°° - - -
RO.5E1.5-1 7.809 82,781 5.38x107° 1.47x107° 0.2732 1.19x10°*
RO.5E1.5-2 8.225 69,038 1.05x107* 1.79%x107° 0.1705 1.23x107*
RO.5E2.0-1 7.827 533,233 6.91x107° 4.76x107° 0.0689 1.70x107*
RO.5E2.0-2 8.374 410,850 1.02x107* 2.84x107° 0.0278 2.23x107*
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Fig. 13. Strain distribution in the y direction at the crack tip for R0.1E2.0-1: (a) Ppax = 4 kN corresponding to a = 7.743 mm; (b) Po;, = 8 kN corresponding to a =

7.969 mm; (c) P = 4 kN after a single overload corresponding to a = 7.998 mm.

da

— = C(AK)" 2
= ClaK) @
where C and m represent the material constants.

The important FCG parameters during the retardation stage after a
single overload are summarized in Table 5. Furthermore, a dimension-
less constant n was defined to characterize the retardation effect in-
tensity and degree of retardation, as expressed in Eq. (3).

(da/dN)

n= (da/dN) min (3)

be,max

where (da/dN) i, and (da/dN)pe,max represent the minimum FCGR after
and before single overloads, respectively. The results of Fig. 12 and

Table 5 show that the smaller the retardation coefficient 7 is, the
stronger the retardation effect is under the identical stress ratio, i.e., the
smaller the minimum value of the FCGR that can be achieved after
applying a single overload. In addition, the smaller the retardation co-
efficient 7 is, the greater the delay of the FCGR is under the identical
overload ratio, i.e., the higher the number of load cycles in the delayed
retardation stage after applying a single overload.

3.2. Deformation fields at crack tip

Fig. 13 shows the crack tip strain distributions for the specimen
RO.1E2.0-1 calculated by the DIC measurement, corresponding to the
maximum load Pp,.x before the applied single overload, the overload
Por, and the load P after applying single overload during constant
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Fig. 14. Crack line in front of crack tip.

amplitude loading, respectively. The results show that the strain near
the crack tip was about 2.80 % for the maximum load Pp.x = 4 kN before
applying single overload. When the load increased to an overload value
PoL = 8 kN, the strain near the crack tip was about 7.00 %. It can be seen
that the plastic deformation of the crack tip due to the single overload
was more than two times that during constant amplitude loading. The
crack tip strain, which did not return to the strain level before applying
single overload, was about 4.50 % when the overload was unloaded to P
= 4 kN, indicating that the residual strain (i.e., residual plastic defor-
mation) near the crack tip was caused by the overload.

To further investigate the deformation field before the crack tip of
Q500¢E steel after a single overload, one specimen was selected from
each work condition using a DIC measurement system to capture the
strain field images around the crack tip, as shown in Fig. 14. Subse-
quently, a rectangular region that contained the crack tip was selected
from the collected images for strain calculation. Next, a crack line was
constructed directly ahead of the crack tip to extract the numerical
values of longitudinal strain &yy at different positions along the crack

a
( ) —RO0.1E1.5
%0 B
4 — RO.1E2.0 Por beeeeeeee
[ — RO.IE25
S 5l
.E: Pmin L--/ A ), fe
= 7
£ 2t Reference point
7]
Residual
i strain
0 x ’ I
0 5 10 15 20 25
Time (s)

International Journal of Fatigue 183 (2024) 108267

growth path.

Fig. 15(a) shows the strain distribution measured by DIC during a
single overload for R = 0.1 and OLR = 1.5, 2.0, and 2.5. The digital
image obtained during the stable growth stage before the application of
overloading was taken as the reference image (i.e., point A). Then, the
strain values during a single overload cycle (A-B-C) were calculated
based on point A, and strain evolution throughout the process was
analyzed. The results indicate that the crack tip exhibited the maximum
strain when the maximum overload was applied (i.e., point B), and the
strain at this location increased with increasing overload ratio under the
identical stress ratio. When the force was unloaded to the minimum
value (i.e., point C) after a single overload, the strain values at the crack
tip for OLR = 1.5, 2.0, and 2.5 were 0.01 %, 0.09 %, and 1.46 %,
respectively. It indicated that the strain at the crack tip did not fully
recover to the pre-overloading level after the single overload was
completed, but instead generated a certain amount of residual strain.
The variation of residual strain with time and distance during a single
overload ahead of the cracked tip was further analyzed using R0.1E2.5
as an example. Then, strain data were extracted along the crack line to
plot a three-dimensional strain distribution, as shown in Fig. 15(b). The
results show that there was a high level of strain near point B. In addi-
tion, the further the distance from the crack line to the crack tip, the
lower the residual strain values, and there was hardly any residual strain
beyond a certain distance.

Previous studies [15,42] have shown a close relationship between
the strain distribution ahead of the crack tip and the mechanism of re-
sidual stress (plastic deformation). Therefore, the digital image of the
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Fig. 15. Strain distribution at crack tip in the y direction during single overload: (a) crack tip strain evolution at R = 0.1; (b) evolution of crack tip strain with time

and distance for R0.1E2.5.
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strain parameters.

Ppin (i.e., point C) after the completion of a single overload obtained by a
DIC was processed. The strain values eyy of the Y direction were
extracted by setting a calculation point with every 0.3 mm along the
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crack line (i.e., negative X direction) starting from the crack tip, as
shown in Fig. 16.

Fig. 17(a — c) shows the strain distribution ahead of the crack tip in
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Fig. 18. Crack closure behavior of the crack wake region under constant amplitude loading: (a) crack opening distance and P/P,.x relationship; (b) COD variation

corresponds to a specific distance.
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the y direction under R = 0.1, 0.3, and 0.5 after unloading the single
overload. The test results indicated that the residual strain first exhibited
a gradient decrease trend along the crack propagation direction. Sub-
sequently, it showed a trend of increasing, then decreasing, and grad-
ually stabilizing. However, the case R0.1E1.5 did not exhibit a gradient
decrease. Furthermore, the residual strain increased and then exhibited
fluctuating changes before decreasing for case R0.5E2.0. Previous
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studies [40] have shown that plastic deformation at the crack tip was
caused by a single overload and resulted in the residual strain being
generated in a particular region ahead of the crack tip. Therefore, the
plastic zone size generated by a single overload was defined as the dis-
tance ranges from the crack tip to the point where the residual strain was
closed to the 0 % line in this study [39,40]. For example, the residual
strain of case R0.1E2.0 at a distance of 3.3 mm from the crack tip was
monotonically decreased to 0.02 %; thus, the plastic zone size r, was 3.3
mm. To quantitatively analyze the deformation field at the crack tip
under different stress and overload ratios, the residual strain e, and
plastic size r}, at the crack tip after a single overload were counted, as
shown in Fig. 17(d). It is worth noting that the cases of R0.3E2.5 and
RO.5E2.5 were not counted. The residual strain decreased to the 0.90 %
point that the distance from the crack tip was 8.4 mm for case R0.3E2.5,
exceeding the crack propagation length (a = 8.106 mm). Similarly, there
was still 0.40 % residual strain present at a distance of 9 mm from the
crack tip for the case RO.5E2.5. These results of the two cases indicate
that a larger plastic deformation at the crack tip was generated by a
tensile overload, resulting in the driving force generated by subsequent
fatigue loading being insufficient to cause the crack to pass through this
plastic zone, leading to the crack arrest behavior. In addition, the re-
sidual strain and plastic zone size increased with increasing overload
ratios for all other stress ratios under identical stress ratios.

3.3. Crack closure response at crack tip wake region

Fig. 18(a) presents the crack opening displacement (COD) variation
at specific locations in the crack tip and crack wake region of R0.1E2.5
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Fig. 20. Crack closure behavior during a single overload: (a) R = 0.1; (b) R = 0.3; (c) R = 0.5; (d) R0.5E2.5.
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Fig. 21. Schematic of retardation parameters: (a) the crack length at a;, (b) the crack length at a; = aor. + a;.

during the constant amplitude loading stage before applying a single
overload. The results show that the COD increased slowly with load ratio
P/Pp,ax before 0.35P/Py,«, while it showed a linear growth trend after
exceeding 0.35 P/Pp,.x, indicating that there is a closure effect to resist
crack opening during the crack opening process. Furthermore, it was
found that the COD at the crack tip (VO) was greater than that V1 under
the identical P/Py,,y, indicating that the COD variation at the crack tip
was more sensitive to force changes. Fig. 18(b) shows the COD varia-
tions at a specific distance in the crack wake region. It can be seen that
the COD variation exhibited a more significant variation with increasing
distance after exceeding 0.35 P/Pp.x, indicating that the crack was fully
open at this time, further demonstrating the existence of crack closure
effect in the constant amplitude loading stage of Q500qE steel.

To further clarify the crack opening force values and the crack
closure response at different locations in the crack wake region during
the constant amplitude loading stage, the strain offset method [43,44]
was employed to process the COD and P/Pp, data of Fig. 18(a). The
strain offset was calculated by Eq. (4).

strain offset = [COD|pyp - [COD]pyp ©)]
where [COD]tyg and [COD]gxp are the theoretical and experimental
strains, respectively. For this purpose, a force-strain data segment with a
span of about 25 % of the cyclic load range starting from the maximum
force was selected, and a least squares method was used for fitting. Then,
the [COD]tyg corresponding to each load value was calculated based on
the fitting formula.

The relationship between the load and crack opening offset at
different locations in the crack wake region was obtained, as shown in
Fig. 19. The x-axis represented the strain offset, and the crack was fully
opened when the strain offset beyond zero, indicating that the crack
closure effect was no longer practical. Therefore, the load corresponding
to a slightly higher than zero strain offset value was defined as the crack
opening load. The crack opening loads were 2686.3 N, 2336.4 N, 2457.5
N, and 2570.7 N, respectively, corresponding to VO, V1, V2, and V3
when a = 7.66 mm. The results show a close relationship between the
crack opening load and the arrangement of virtual extensometers in the
crack wake region, and the strain offset increased as the distance from
the crack tip increased. However, the calculated crack opening load was
2686.3 N based on the virtual extensometer arranged at the crack tip
higher than the calculated crack opening load of others. Previous studies
[40,44] have shown that virtual extensometers closer to the crack tip
were more effective in reflecting the local crack closure effect in the
crack wake region. However, it was unsatisfactory to place them at the
crack tip, causing significant calculation errors. Therefore, a virtual

12

extensometer located 0.2 mm behind the crack tip was selected to
calculate the COD (i.e., CODy;) corresponding to the load value based on
tested errors and computational accuracy in this study. This is because it
could better reflect the crack closure response in the crack wake region.

Fig. 20 shows the relationship between CODy; and P/Pp,,x in the
crack wake region during a single overload under the stress ratio R =
0.1, 0.3, and 0.5. The results show that the CODy; variation exhibited a
relatively gentle trend with the P/Pp,,x when the OLR was small. This is
attributed to the new plastic zone generated during the overload loading
stage (P > Ppay) changed relatively minor compared to the constant
amplitude loading stage, resulting in lower resistance when the material
at the crack tip undergoes elastic recovery. Therefore, the shielding ef-
fect at the crack tip hardly increased, leading to weaker crack closure
exhibited under low overload levels. The CODy; increased slowly with
the P/Ppax when P < Ppo for the OLR = 2.5 and showed a linear growth
trend when P > Pp,,«. However, the CODy; increased linearly with the P/
Pax When P < Py, for the OLR = 1.5 and 2.0, indicating that the crack
tip was weakly affected by crack closure at this condition. Therefore, it
can be concluded that the larger the overload ratio, the stronger the
retardation effect under the identical stress ratio.

Additionally, the residual deformation in the crack wake region
increased with the overload ratios under the identical stress ratio after a
single overload unloading. This is because a new sizeable plastic
deformation region was generated near the crack tip when the load
value reached Pgy, leading to a lower degree of linear elastic recovery of
the surrounding material during crack closure. Thus, a large residual
deformation in the wake region was generated after a single overload. It
took sufficient load cycles to eliminate the shielding effect generated at
the crack tip returning to the constant amplitude loading stage. The
shielding effect refers to the plastic deformation or deformation model
change occurring locally at the crack tip to reduce stress concentration
and FCGR [40]. The large residual deformation suppressed the closure of
the crack surface in the region, decreasing the sharpness of the crack tip
and stress concentration. Therefore, this further demonstrated that the
larger the overload force, the stronger the shielding effect at the crack
tip and the greater the ability to retard crack growth. In particular, the
crack wake region was no longer closed due to the sizeable residual
plastic deformation for the R0.3E2.5 case. Furthermore, the opening
displacement behind the crack was insignificant when the load
increased to Pgy, for the RO.5E2.5 case, but the opening displacement
hardly changed during the unloading stage. The maximum residual
deformation was 0.012 mm, also lower than 0.030 mm under the
RO.3E2.5 condition. This may be due to the blunting effect at the crack
tip, as shown in Fig. 20 (d). It depicted the crack tip shape corresponding
to Poy, during a single overload and P, after overload unloading. The
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singularity of the stress field at the crack tip disappeared due to the
blunting effect, resulting in a reduction of the local stress concentration
effect at the crack tip during the constant amplitude loading stage after a
single overload. This behavior significantly reduced the driving force of
crack propagation and even led to crack arrest phenomenon generation
during the fatigue crack propagation.

4. FCGR retardation model
4.1. Modified Wheeler model

Wheeler [32] introduced a retardation parameter ¢y to describe the
retardation behavior after overloading based on the Paris model, as
expressed in Eq. (5).

da

o= helCAR))

)
where C and m represent material constants fitted by the Paris equation.
The retardation coefficient ¢y is a function of the plastic zone size, as
expressed in Eq. (6).

o Morg
p.i

_ when a; +r,; < aoL + rpoL

aoL + IpoL - @i

1 when a; + rp;2aoL + ryoL

¢R = (6)

where q; is the current crack length, agy, is the crack length applied the
overload, rp; is the plastic zone size at the current crack length, r, or, is
the plastic size applied the overload, and mqy is a dimensionless shape
parameter acquired by fitting tested data. The schematic diagram of
retardation parameters of the plastic zone at the crack tip is shown in
Fig. 21(a).

Sheu et al. [45] considered that the retardation effect occurred
within the effective plastic zone generated by a single overload, thus the
Eq. (7) was proposed for calculating the plastic zone size.

K\’
rpi =al —
P ays
where a is the plastic factor of the retardation region, K; is the SIF at the

current crack length, and oy; is the yield strength of the material. The a
could be calculated by Eq. (8).

(%) - ()]
al (222) — (2o

Oy Oys
where Koy, is the maximum SIF applied overload, K; is the maximum SIF
corresponding to the crack length at the end of the retardation stage, a,
is the crack length from the application of the overload to the end of the
retardation stage, which was obtained by the fatigue test. The schematic
diagram of retardation parameters at the end of the retardation stage, as
shown in Fig. 21(b).

Generally, the Wheeler model was only suitable for predicting the
FCGR during the retardation stage, while it had limitations in predicting
the FCGR during the delayed retardation stage. Therefore, Yuen and
Taheri [8] proposed a modified model based on the Wheeler model and
the theory of crack tip plasticity to predict the FCGR during the whole
retardation stage simultaneously, as shown in Eq. (9).

(7)

(8

a, =

da

iy = Podr(C(AK)"] ©

where the delayed retardation parameter ¢, could be calculated by Eq.
(10).

doL + FaoL — m mod
X i
_ when a; + ry; < aoL + raoL

rai

1 when a; + rq;2ao. + raoL
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where rq o1, is the plastic zone size of the delayed retardation stage, rq; is
the plastic zone size at the current crack length in the delayed retarda-
tion stage, mmoq is the shape parameter of the modified model. The ry;
was calculated by Eq. (11).

K\’
rai=p <O_TS>
where, /3 is the plastic zone of the delayed retardation stage, which could
be calculated by Eq. (12).

Koo\’ Ko\’
() - )
where, aq is the crack length of the delayed retardation stage, which is
the interval from the crack length when overload is applied to the crack
length when FCGR reaches the lowest.

It is necessary to fit a high-precision shape parameter mqy through
tested data and to calculate the a accurately when using the FCGR
prediction model after a single overload. However, there are currently
no unified formulas suitable for calculating the plastic zone parameters
for all materials due to the significant differences in mechanical
behavior among different materials. Therefore, the actual plastic zone
size obtained by the DIC measurement was used to calculate the plastic
zone parameters based on the modified Wheeler model proposed by
Yuen and Taheri [8] in this study. Then, a high-precision prediction
model that can calculate the FCGR during both the delayed retardation
stage and the retardation stage was proposed.

1D

ag = p 12

4.2. Validation of modified Wheeler model

It is worth noting that some loading conditions (such as R0.1E2.0)
were able to acquire the FCFR data in the delayed retardation stage,
while some loading conditions (such as R0.1E2.5-2, R0.3E2.0-1 and
R0.5E2.5) were not acquired. Therefore, this study will focus on the two
representative situations of R0.1E2.0 and R0.1E2.5 for calculation based
on the modified Wheeler model. Firstly, the plastic zone factors a for
R0.1E2.0 and R0O.1E2.5 were calculated by Eq. (7), respectively, using
the plastic zone size obtained from the tests when the overload was
applied. Then, the Eq. (13) was obtained by taking the logarithms on
both sides of Eq. (5) and Eq. (6).

da da
18R modifies = 18 <*> —lg <*>
K dified dN EXP.R dN CAL,R

where, ¢ modified 1S the modified retardation parameter; Ig (ST‘\I,) exp g and

13

lg(gT‘\‘,) caLg are tested and calculated FCGR values in the retardation
stage, respectively.

The shape index a was obtained by fitting the data acquired by Eq.
(6) and Eq. (13). However, the FCGR variation in the retardation stage
exhibited a curved pattern. The variation trend was relatively smooth, as
shown in Fig. 12. A similar experimental phenomenon was observed by
Lu et al. [36] in the investigation of the FCG behavior after a single
overload for steel QSTE340TM. They introduced a logistic sigmoid
function to characterize the variation smooth process of FCGR curves
when establishing a retardation mode. Therefore, to modify the retar-
dation coefficient of this study, the logistic sigmoid function, as
expressed in Eq. (14), was introduced to calculate the theoretical FCGR
during the retardation stage.

1

= 14
1 +e—/1m ( )

¢

where 1 is the coefficient to describe the excessive smoothness of the
FCGR curve during the retardation stage, usually defined as 50 — 100,
is a dimension constant that characterizes the crack length variation
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Table 6
Calculation parameters during the retardation stage.
Specimen number aoy, (mm) Ko (N/mm®?) Tp,or, (mm)
RO.1E2.0-1 8.330 2110.78 5.4
RO.1E2.5-1 7.743 1598.60 3.6
after applying a single overload, as expressed in Eq. (15).
a; —a
=2 OL (15)
doL

where g; and agy, are the current crack length after applying the overload
and the crack length when applied to the overload, respectively. In
conclusion, the FCGR during the retardation stage was calculated by Eq.
(16).

da

(16)

N f'¢R.modiﬁed'C(AK)m

The key parameters of calculating the retardation stage for R0.1E2.0
and R0O.1E2.5 cases are summarized in Table 6.

The plastic zone factors a and shape index mqy for R0.1E2.0 and
RO.1E2.5 were 0.64, 0.88, and 0.55, 0.63, respectively. Furthermore, the
material constants were acquired by fitting the tested data (as shown in
Fig. 12) of the constant amplitude stable growth stage when the stress
ratio R = 0.1, and the values of C and m were 1.91x10~® and 2.58,
respectively. Fig. 22 shows FCGR prediction curves estimated by the
modified Wheeler model on Q500qE steel. The results indicate that the
FCGR during the retardation stage was predicted by the modified
Wheeler model effectively. However, there was a deviation in calcu-
lating the minimum FCGR after a single overload. Therefore, the FCGR
of the R0O.1E2.0 specimen was calculated by a modified Wheeler model
to further investigate the minimum FCGR and the FCGR during the
delayed retardation stage.

Firstly, the delayed retardation parameters ¢, and the plastic zone
factor g during the delayed retardation stage were calculated by Eq. (10)
and Eq. (12), respectively. The key parameters of calculating for
R0.1E2.0 are summarized in Table 7.

The value of  was calculated to be 0.05. Subsequently, the fitting
equation for calculating the shape index mpy,q during the delayed
retardation stage was obtained by taking the logarithm of both side of
Eq. (9) and Eq. (10), as expressed in Eq. (17).

da da doL +TaoL — 4i
(%) b()  —pem(Em) o
dN EXP,D dN CAL,D 8 T,

where 1g(§¢) pxpp and 1g(§%) ca, p are the tested and calculated FCGR

during the delayed retardation stage. Here, lg¢pz was actually replaced
by Eq. (13). Therefore, the FCGR during the delayed retardation stage
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could be calculated by Eq. (18).

da

W (18)

= §'¢D'¢R.modified'[C(AK)m }
In conclusion, the equation that calculated the FCGR of the whole
cyclic loading stage, including stable growth stage, delayed retardation
stage, and retardation stage, was obtained, as expressed in Eq. (19).

C(AK)"ai<aor, dor + rpor — i < 4
EDpBr. mod inea’|C(AK)" JaoL, < ai<aoL + raoL — rai
E DR, moa iﬁed‘[C(AK)m laor + raor — rai < ai<aor + rpor — 1y,
(19)

da

yri

The FCGR prediction curve and tested values for R0.1E2.0 are shown
in Fig. 23. The results show that the minimum FCGR calculated was
7.85x10~% mm/cycle after introducing the delayed retardation coeffi-
cient ¢, into the modified Wheeler model, while the minimum FCGR
from the tested data was 8.08x10~® mm/cycle. The error between the
calculated value and the tested value was 2.85 %. Furthermore, the
modified Wheeler model has a nonnegligible errors in predicting the

Table 7
Calculation parameters during the delayed retardation stage.
Specimen number Gmin(da/dny (Mm) ag (mm) Ky (N/mm®?) r4,or (mm)
RO.1E2.0-1 8.239 0.632 837.22 0.31
1E-3 -
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Fig. 23. FCGR prediction curve by the modified Wheeler model.
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Fig. 22. FCGR prediction curves of the retardation stage calculated by the Wheeler model: (a) R0.1E2.0, (b) RO.1E2.5.
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Fig. 24. Application effect of Modified Wheeler model: (a) 6082T6 aluminum, (b) AH36 high-strength steel.

later stages of the retardation region, but it can reliably estimate the
minimum FCGR. In addition, the proposed retardation model was based
on the theory of plastic zone at the crack tip, without considering the
parameters of crack closure theory. The primary reason for this is that
the crack closure behavior in the retardation stage was influenced by
residual stresses, resulting in an increase in the crack opening stress oop
[15,36,40]. Unfortunately, it’s not able to quantitatively obtain the
crack closure parameters in our laboratory test condition. Therefore, it is
anticipated that further optimization of this FCG retardation model can
be achieved in the future research.

To examine the applicability of the modified Wheeler model on
different materials, the test results after a single overload conducted on
6082T6 aluminum and AH36 high-strength steel were collected, thereby
verifying its validity. Nowell et al. [46] carried out FCG tests on 6082T6
aluminum after a single overload under loading condition of R = 0.125,
OLR = 2.0, and Pp,x = 2 kN. Utilizing the calculation method described
in the previous section, the values of a and p were 0.97 and 1.39,
respectively. The estimated performance of the modified Wheeler model
for this material is illustrated in Fig. 24(a). Similarly, Tu et al. [34]
investigated the FCG behavior of AH36 high-strength steel after a single
overload under loading conditions of R = 0.1, OLR = 2.5, and Ppax = 6
kN. The key parameters « and  were 0.17 and 0.11, respectively. The
estimated performance of the modified Wheeler model for this material
is shown in Fig. 24(b). The results indicated that the entire retardation
stage of the FCGR was adequately characterized by the modified
Wheeler model.

5. Conclusions

The fatigue crack growth retardation behavior of high-strength
Q500qE steel after a single overload were investigated under different
stress ratios and overload ratios. The influence mechanism of a single
overload on FCG behavior was revealed. A modified model was estab-
lished to predict the FCGR of the whole FCG stages. Moreover, the model
is worth further modification in the future to predict the retardation
FCGR in other materials. The following conclusions can be obtained:

1. The FCG retardation behavior of Q500qE steel was observed after a
single overload. Under an identical stress ratio, the fatigue life was
increased as the overload ratio increased. That is, the retardation
effect was enhanced by increasing overload ratios.

2. Under an identical stress ratio, the residual strain and plastic zone
size at the crack tip were increased as overload ratio increased. In
particular, for cases R = 0.3 and 0.5, a large residual strain was
produced under OLR = 2.5, resulting in insufficient driving force for
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the crack growth after tensile overload unloading, and the fatigue
cracks were completely arrested.

3. Crack closure was observed during the constant amplitude fatigue
loading and overloading stages. Furthermore, under the identical
stress ratio, the residual deformation in the crack wake region was
increased with the rise in overload ratios. The large residual defor-
mation suppressed the closure of the crack surface in the wake re-
gion, leading to the reduction of FCGR.

4. A modified Wheeler model was proposed for predicting the FCGR
after a single overload based on the measured plastic zone size.
Despite the predicted values in the later stages of the retardation
region were slightly smaller than tested values, it can reliably esti-
mate the minimum FCGR. In addition, the model also gave reliable
estimates of 6082T6 aluminum and AH 36 high-strength steel.
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