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Shot peening (SP) is a relatively traditional but highly effective mechanical surface treatment that produces
a compressive residual stress field in a shot-peened (SPed) surface, which can effectively delay fatigue crack
propagation (FCP) and prolong the service life of engineering materials and structures. A multistep analysis
method was developed by combining a numerical simulation of the SP process and the LEFM-based (linear
elastic fracture mechanics) superposition principle to study FCP behavior in an SP-induced residual stress
field. The SP-induced residual stresses were first simulated by a symmetric cell model and then introduced
into a finite element model of the CT specimen. The total stress intensity factors and stress ratios with
respect to different crack lengths were calculated according to the LEFM-based superposition principle.
The influences of external applied load ratios and SP conditions, including one-sided and double-sided SP,
on the FCP behavior of the SPed CT specimen were investigated in detail.

Keywords fatigue crack propagation, LEFM-based superposition
principle, residual stress, shot peening, symmetric cell
model

1. Introduction

Engineering materials and structures that are subjected to
variable amplitude loading during service often experience
fatigue failure (Ref 1, 2), which consists of three phases: fatigue
crack initiation, propagation and fracture. Considering that
fatigue cracks mostly initiate on material surfaces, many
surface enhancement treatment techniques have emerged to
improve the fatigue performance and prolong the service life of
engineering components (Ref 3), including SP (Ref 4), deep
rolling (DR) (Ref 5) and laser shock processing (LSP) (Ref 6).

SP is a relatively traditional but highly effective mechanical
surface enhancement treatment technique that is widely used in
the aerospace, automotive and power generation industries (Ref
7, 8). As shown in Fig. 1, during the SP process, a large
number of small spherical shots are fired at a metal surface, and
the resultant impacts produce inhomogeneous elastic–plastic
deformation in the SPed materials. As a result, beneficial
compressive residual stresses are produced in the surface layer
of metallic materials. A large number of experiments have
confirmed that SP-induced compressive residual stresses can
considerably improve the surface integrity and fatigue resis-
tance of metallic materials (Ref 9, 10).

Numerical simulations with the finite element method
(FEM) are inexpensive and easy to perform; moreover, this
approach can provide insight into the compressive residual
stress strengthening mechanism of SP. For numerical simula-
tions of the SP process, many finite element models have been
developed, such as the single-shot impact model (Ref 11),
multiple-shot random-impact model (Ref 12, 13), DEM-FEM
coupled model (Ref 14), SPH-FEM coupled model (Ref 15)
and symmetric cell model (Ref 16, 17). The residual stresses
predicted by these SP models are in good agreement with the
experimental results.

Additionally, FCP behavior in a residual stress field has
been studied by researchers based on finite element simulations
(Ref 18-20), and there are two main methods widely used to
compute the FCP rate. The first approach, as proposed by Elber
(Ref 21), is based on plasticity-induced crack closure and
requires a calculation of the crack opening stress intensity
factor (Kop) by using elastic–plastic finite element analyses (Ref
22, 23) or empirical formulas (Ref 24, 25). The effective stress
intensity factor range (DKeff ), which is used to describe FCP
behavior in the combined stress field of external applied loads
and residual stresses, can be calculated by
DKeff ¼ Kmax;tot � Kop. The other approach is the (modified)
superposition based on the principle of LEFM (Ref 26).
According to the LEFM-based superposition principle, pro-
vided that the material behavior is linear elastic, the total stress
intensity factor (Ktot), which is used to describe the stress state
next to the crack tip, is the sum of two separate stress intensity
factors, associated with the external applied loads and residual
stresses. The second approach generally consists of the
following four steps:

1. Calculation or measurement of the residual stresses in-
duced by material processing technology, such as SP.

2. Calculation of Ktot, which is related to the external ap-
plied loads and residual stresses, by using the modified
virtual crack closure technique (MVCCT) (Ref 27).

3. Calculation of DKtot and the total stress ratio (Rtot).
4. Calculation of the FCP rate (da/dN) by using DKtot and

Rtot in the empirical crack growth laws, such as Paris�
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law (Ref 28), Walker�s equation (Ref 29) and Nasgro�s
equation (Ref 30).

The LEFM-based superposition principle has been widely
used in recent years. Keller et al. (Ref 31) proposed a
multistep simulation strategy to predict the FCP rate in LSP-
induced residual stress fields, and the predictions were
validated through a comparison with the results of FCP tests.
A linear elastic finite element crack growth prediction model
was developed by Pavan el at. (Ref 32) to simulate FCP
behavior in an LSP-induced residual stress field, and the
predicted results are in excellent agreement with experimental
data. Zhao et al. (Ref 33) used a numerical method combining
FEM and residual stress intensity factor analysis to investigate
the influence of the LSP pattern on the FCP behavior of
compact tension (CT) samples. Schnubel et al. (Ref 34) used a
quantitative numerical approach that was similar to the
multistep analysis method to predict the delay in FCP of
AA2198-T8 specimens containing one line of laser heating.
Jacob et al. (Ref 35) and Servetti et al. (Ref 36) employed the
MVCCT incorporating FEM to study the FCP behavior in a
welding-induced residual stress field.

SP-induced compressive residual stresses are very benefi-
cial for improving fatigue performance. Although a large
number of experiments have been conducted to investigate
FCP behavior in SP-induced residual stress fields, the
influence mechanism of SP-induced residual stress on FCP
has not yet been comprehensively and quantitatively studied,
as this task is difficult to complete using experiments alone.
Therefore, in this work, by combining the LEFM-based
superposition principle and finite element simulation of the SP
process, a multistep analysis method was developed and used
to investigate FCP behavior in an SP-induced residual stress
field. The CT specimens in this study were composed of AISI
304 stainless steel, which is widely used in industrial
applications due to its excellent corrosion resistance, good
strength and high toughness. The influences of the external
applied load ratios and SP conditions, including one-sided and
double-sided SP, on the FCP behavior of the SPed CT
specimens were investigated in detail.

2. Numerical Modeling and Prediction
Methodology

The AISI 304 stainless steel CT specimen was used to
numerically investigate FCP behavior in an SP-induced resid-
ual stress field. The CT specimen geometry and the multistep
simulation strategy are shown in Fig. 2. The length, width and
height of the CT specimen were 125, 120 and 4.5 mm,
respectively. The center area with dimensions of 15 mm 9 60
mm on the top (or bottom) surface of the CT specimen was
impacted by multiple shots, which produced beneficial com-
pressive residual stresses in the local region of the surface layer.

To minimize the computational cost, a symmetric cell model
taken from the local region to be peening was created to
simulate the SP process. Both the length and width of the
symmetric cell model were equal to the shot radius,
R ¼ 0:3 mm, and the height of the symmetric cell model was
equal to the height of the CT specimen. The residual stresses
resulting from the symmetric cell model were transferred to the
finite element model of CT specimen by means of the analytical
stress field.

Considering the symmetry of CT specimen model, a 1/2
symmetric finite element model of CT specimen was created to
simulate FCP behavior according to the LEFM-based super-
position principle, as shown in Fig. 2. The external loads were
applied over an area in the loading hole by a distributed force of
Fmax ¼ 8 and Fmin ¼ 0:8 and 0.08 kN, which correspond to the
external applied load ratios of Rload ¼ 0:1 and 0.01, respec-
tively. FCP behavior was simulated by progressively releasing
the symmetric boundary conditions applied on the nodes ahead
of the crack tip. Depending on the crack length, the symmetric
boundary conditions were replaced by the contact conditions of
a rigid plate with no friction in the x–z plane. The contact with
the rigid plate simulates fatigue crack closure behavior and
prevents the crack faces from exhibiting negative displacement.
The crack tip was assumed to be a straight line perpendicular to
the specimen surface, and the crack uniformly extended during
its propagation process. Note that SP-induced residual stresses
were assumed to be constant during the FCP process. Hence,
the dynamic redistribution of residual stresses during the FCP
process was not taken into consideration, this phenomenon is
related to elastic–plastic deformation and is a subject for further
investigation in the future.

2.1 Symmetric Cell Model

The symmetric cell model is widely used to predict SP-
induced residual stresses due to the lower computational cost.
The symmetric cell model can be theoretically regarded as a
representative volume element (RVE) model for the numerical
simulation of the SP process, which assumes that multiple shots
impact the target surface with a symmetric layout, row by row
at normal incidence (Ref 16). As shown in Fig. 3, four shots
were used to impact four corresponding corner regions of the
symmetric cell model in an anti-clockwise direction, which can
be regarded as one peening series, and eight shots constitute
two peening series. Symmetric boundary conditions were
imposed on the four side surfaces of the symmetric cell model,
and a normal displacement constraint was imposed on the
bottom (or top) surface. For the interaction between the shots
and the target surface, when compared with the target material,
the shots sustained very little plastic deformation and were

Fig. 1 Schematic of the SP process
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therefore treated as the rigid spherical bodies. An initial shot
velocity of 50 m/s was applied to the reference point of the
rigid body, which is located at the center of the spherical shot.

The penalty method with a Coulomb friction coefficient of 0.3
was used to calculate the contact between the shots and the
target surface.

Three-dimensional eight-node linear brick elements with
reduced integration and hourglass control (C3D8R elements in
ABAQUS/Explicit codes) were used to mesh the target and
shot models. To obtain more accurate gradient distributions of
residual stresses in the thickness direction of the SPed target
model, the element size close to the contact surface was set to
be increasingly refined, wherein the finest element size was
20 lm, as shown in Fig. 3.

The Johnson–Cook (JC) model was employed to character-
ize the dynamic mechanical responses under shot impact,
wherein this model can be expressed as,

�r ¼ Aþ B�enp
h i

� 1þ C ln
_�ep
_�ep;0

� �� �
� 1� T � Tr

Tm � Tr

� �m� �

ðEq 1Þ

where A is the initial yield strength of the material at room
temperature of Tr; B is the strain hardening coefficient; C
represents the strain rate sensitivity; �ep, _�ep and _�ep;0 represent the
equivalent plastic strain, equivalent plastic strain rate and

Fig. 2 CT specimen geometry and the multistep simulation strategy

Fig. 3 Symmetric cell model used to simulate the SP process

Table 1 JC model parameters of AISI304 stainless steel
(Ref 37)

A, MPa B, MPa C n m Tr, K Tm, K _�ep;0

310 1000 0.07 0.65 1.0 300 1673 1.0
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reference plastic strain rate, respectively; T represents the
temperature; Tm is the melting temperature; and n and m are
related to the strain hardening and thermal softening effects,
respectively. The JC model parameters of AISI304 stainless
steel are listed in Table 1 (Ref 37).

To validate the symmetric cell model, the experimental
conditions of SP taken from the literature (Ref 38) were
resimulated, and the resultant in-depth residual stresses are
shown in Fig. 4, where S11 and S22 represent the in-plane
stress components of rx and ry, respectively. The in-depth
residual stresses were calculated by using the ‘‘area-averaged’’
method (Ref 17, 39), which could eliminate the influences of
the shot impacting sequence for one peening series (i.e., each
four shot impacts). Figure 4 shows that for the different
peening series, the area-averaged values of the two in-plane
residual stress components are approximately equal, rx � ry.
The in-depth residual stresses in the SPed surface and
subsurface are in good agreement with the experimental data
(Ref 38) in the cases of two and three peening series, although
there are some differences in the maximum compressive
residual stresses, which may be related to the material
constitutive model or the dispersion of experimental data.
The experimentally measured values of SP-induced residual
stresses correspond to 100% coverage (Ref 38), and according
to the calculation method of 100% coverage used for the
symmetric cell model (Ref 17), two or more peening series are
needed to predict the residual stresses corresponding to 100%
coverage. Figure 4 demonstrates that the symmetric cell model
has the capability of predicting SP-induced residual stresses.
For simplicity, the SP coverage was not taken into consider-
ation in this work, and one peening series was used to
investigate FCP behavior in an SP-induced residual stress field.

2.2 Simulation of Residual Stresses

Numerical simulations of one-sided and double-sided SP
processes were carried out to investigate FCP behavior in an
SP-induced residual stress field. In the case of one-sided SP,
four shots (one SP series) were used to impact the bottom
surface of the symmetric cell model, which is the surface at
z ¼ 0:0 mm. For double-sided SP, two peening series were
used: the first four shots (the first peening series) were used to
impact the bottom surface of the symmetric cell model
(z ¼ 0:0 mm), and the other four shots (the second peening

series) were used to subsequently impact the top surface of the
symmetric cell model (z ¼ 4:5 mm).

The residual stress distributions resulting from the symmet-
ric cell model are shown in Fig. 5. For one-sided SP, the
resultant compressive residual stresses are located in the SPed
surface layer, and the larger compressive residual stresses are
close to the indentations produced by the shot impacts. For
double-sided SP, both the top and the bottom surfaces of the
symmetric cell model were strengthened with compressive
residual stresses, as shown in Fig. 5(b). In the case of double-
sided SP, significant residual stress relaxation occurred in the
surface layer impacted by the first four shots after the second
peening series was carried out; this phenomenon is likely
related to the propagation and attenuation of elastic waves
induced by the second peening series (Ref 40).

As seen in Fig. 5, in the SPed symmetric cell model, some
local regions on the target surface are impinged by the shots,
while some local regions are never impinged. The larger
elastic–plastic deformation would be produced in the impacted
region, which results in the larger compressive residual stresses.
The un-uniform residual stresses in Fig. 5 are not consistent
with the experimental measured results, an ‘‘area-averaged’’
method (Ref 17, 39) was therefore used to calculate the
averaged value of the residual tresses, as shown in Fig. 6, and
the area-averaged values of the residual stresses agree well with
the experimental measured results (Ref 17, 39). The in-depth
residual stresses in Fig. 6 are the results of the area-averaged
the residual stresses in Fig. 5, and the function proposed by
Robertson (Ref 41) was used to fit the area-averaged values of
the in-depth residual stresses.

For one-sided SP [shown in Fig. 5(a)],

�r zð Þ ¼ �452:23 exp � 2 z� 0:09ð Þ2

0:252

 !
þ 24:08 ðEq 2Þ

whereas for double-sided SP [shown in Fig. 5(b)],

�r zð Þ ¼
�1849:5 exp � 2 zþ1:59ð Þ2

1:472

� �
þ 25:42 0 � z < 2:25

�464:88 exp � 2 4:4�zð Þ2
0:262

� �
þ 25:54 2:25 � z � 4:5

8<
:

ðEq 3Þ

where �r zð Þ represents the area-averaged values of in-depth
residual stresses and z represents the z-axis coordinates. Note

Fig. 4 Validation of the symmetric cell model

Fig. 5 SP-induced residual stresses: (a) one-sided SP and (b)
double-sided SP
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that the origin of the Cartesian coordinate system is located on
the bottom surface of CT specimen and the z-axis is along the
thickness direction.

2.3 CT Specimen Model

The 1/2 symmetric finite element model of the CT specimen
is shown in Fig. 7. The model was meshed with a total of
402600 C3D8R elements with the following linear elastic
material mechanical parameters: Young�s modulus E ¼
200 GPa and Poisson�s ratio t ¼ 0:3. To account for the

gradient distributions of SP-induced in-depth residual stresses,
the element size was increasingly refined close to the SPed
surface in the thickness direction of the CT specimen, which is
consistent with the element size of the symmetric cell model in
Fig. 3.

The in-depth residual stresses outputted from the symmetric
cell model were introduced into the 1/2 symmetric finite
element model of CT specimen through the ABAQUS user
subroutine SIGINI, wherein the values are associated with the
fitting equations for the in-depth residual stresses, i.e., Eq 2 and

Fig. 6 Area-averaged in-depth residual stresses: (a) one-sided SP and (b) double-sided SP

Fig. 7 1/2 symmetric finite element model of CT specimen

Fig. 8 Residual stress fields of CT specimen: (a) one-sided SP and (b) double-sided SP
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3. After the in-depth residual stresses were introduced, the
initial residual stress states of CT specimen were obtained by a
self-balancing calculation and are shown in Fig. 8, which are in
good agreement with the residual stress distributions in Fig. 6.
A comparison of Fig. 6 and 8 reveals that some differences in
the maximum compressive residual stresses, which are mainly
attributed to the self-balancing calculation, and the differences
were not taken into consideration in this work.

3. Results and Discussion

3.1 Distributions of Von Mises Stress

The distributions of von Mises stress were used to describe
the stress state next to the crack tip in the FCP process. Under
the maximum external applied load of Fmax ¼ 8 kN, with
respect to a crack length of 40 mm, the distributions of von
Mises stress without SP are shown in Fig. 9 associated with
Kmax ¼ 37:24 MPa

ffiffiffiffi
m

p
, which were used as a reference. The

distributions of von Mises stress in Fig. 10 and 11, associated

Fig. 9 Distributions of von Mises stress in the x–y plane with regard to different z-axis coordinates without SP: (a) z = 0 mm, (b) z = 2.0 mm,
(c) z = 4.1 mm and (d) z = 4.5 mm

Fig. 10 Distributions of von Mises stress in the x–y plane with regard to different z-axis coordinates for one-sided SP: (a) z = 0 mm, (b)
z = 0.63 mm, (c) z = 2.5 mm and (d) z = 4.5 mm
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with Kmax ¼ 37:73 and 37:75 MPa
ffiffiffiffi
m

p
, respectively, corre-

spond to the cases of one-sided and double-sided SP, which
were used to investigate the influences of SP-induced residual
stresses on the stress state next to the crack tip.

Figure 9 shows that without introducing residual stresses,
next to the crack tip, a relatively uniform distribution of von
Mises stress can be observed in the thickness direction of CT
specimen. The slight differences in the von Mises stresses in the
x–y plane with regard to different z-axis coordinates are focused
on the crack tip, the relatively larger von Mises stresses are on
the top/bottom surfaces, and the relatively smaller von Mises
stresses are located in the middle region along the thickness
direction of CT specimen.

Different from the results shown in Fig. 9, for one-sided SP,
the larger von Mises stresses are close to the SPed surface, as
seen in Fig. 10. In Fig. 10, the x–y plane at z ¼ 0:0 mm is the
SPed surface, the relatively larger von Mises stresses are in the
x–y plane at z ¼ 0:63 mm, the von Mises stresses in the middle
region are shown in the x–y plane at z ¼ 2:5 mm, and the x–y
plane at z ¼ 4:5 mm is the unpeened surface. By careful
observation, the following conclusions can be obtained: (1) the
von Mises stresses are obviously smaller on the SPed surface,
which is attributed to SP-induced compressive residual stresses;
(2) the maximum von Mises stress is in the subsurface close to
the SPed surface; and (3) the distributions of von Mises stress
in the x–y plane become increasingly similar to Fig. 9 with
increases in the z-axis coordinates. Therefore, these results
reveal that SP is capable of improving the stress state of
material surface and causing fatigue crack initiation and
propagation to occur in the subsurface instead of the surface.

For double-sided SP, as shown in Fig. 11, the bottom
surface (z ¼ 0:0 mm) and top surface (z ¼ 4:5 mm) were
successively peened by two peening series, wherein the first
peening series was applied on the bottom surface, and the
second peening series was applied on the top surface. As a
result, the distributions of von Mises stress in the x–y planes
with respect to z ¼ 0:0 mm and z ¼ 4:5 mm are significantly
different from Fig. 9 due to the introduction of double-sided

SP-induced compressive residual stresses. Distributions of von
Mises stress similar to Fig. 9 can be observed in the x–y plane
at z ¼ 2:0 mm, which corresponds to the middle region in the
thickness direction and is only slightly affected by SP-induced
residual stresses. The relatively larger von Mises stresses are
close to the top surface, as shown in Fig. 11(c), which presents
the distribution of von Mises stress in the x–y plane at
z ¼ 3:87 mm. Therefore, the introduction of SP-induced com-
pressive residual stresses can effectively improve the surface
properties and fatigue performance of metallic materials.

3.2 Predictions of FCP Behavior

Regarding DKtot as a crack-driving quantity, the FCP rate
can be calculated by Paris� law

da=dN ¼ CPDK
mP
tot ðEq 4Þ

where a is the crack length, N is the number of loading cycles,
CP and mP are two material constants and DKtot is the total
stress intensity factor range, which is calculated by

DKtot ¼ Kmax;tot � Kmin;tot ðEq 5Þ

The total stress ratio, which is based on the linear elastic
superposition principle, is defined as

Rtot ¼ Kmin;tot
	
Kmax;tot ðEq 6Þ

In Eq 5 and 6, Kmax;tot and Kmin;tot are the maximum and
minimum crack-driving stress intensity factors, respectively,
which are determined by the MVCCT. Considering that the
thickness of the CT specimen is 4.5 mm, which is significantly
smaller than the length (125 mm) and width (120 mm),
therefore, the subjected stresses of the CT specimens in the
process of fatigue crack propagation can be reasonably
regarded as the plane stress state, and the value of Ktot can be
calculated as

Ktot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gtot � E

p
ðEq 7Þ

Fig. 11 Distributions of von Mises stress in the x–y plane with regard to different z-axis coordinates for double-sided SP: (a) z = 0 mm, (b)
z = 2.0 mm, (c) z = 3.87 mm and (d) z = 4.5 mm
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where Gtot is the total energy release rate for a certain crack
length and is approximately calculated by finite element
computation and finite crack extension Da

Gtot ¼ � 1
bDa

X
Fyuy ðEq 8Þ

where b is the specimen thickness, Fy are the reaction forces of
the crack tip nodes and uy are the nodal displacements of the
nodes located on the crack faces at a distance Da behind the
crack tip. Further details about the approach of the MVCCT can
be found in the literature (Ref 27, 31-36). In Eq 8, if Fi

yu
i
y � 0,

then Gi ¼ 0, which means that the crack closure would lead to
a delay in FCP, and the superscript (i) represents the number of
nodes at the one-dimensional crack tip.

To validate the multistep analysis method combining the
LEFM-based superposition principle and finite element simu-
lation, the FCP in an LSP-induced residual stress field taken
from literature (Ref 32) was simulated herein, and the
prediction results are shown in Fig. 12. Figure 12(a) presents
the finite element model of the LSPed specimen, for which a
detailed introduction can be found in the literature (Ref 32).
Figure 12(b) shows the distribution of von Mises stress with
respect to a crack length of 52 mm in the combined stress filed
resulting from a maximum external applied load of 113 MPa
and LSP-induced residual stresses. Figure 12(c) and (d)
compares the prediction results with computational data from
the literature (Ref 32) in terms of the maximum (minimum)
stress intensity factors and effective stress intensity factor
ranges. The effective stress intensity factor range was calcu-

lated by Walker�s equation DKeff ¼ DKtot

.
1� Rtotð Þ1�c, where

c is a fitting parameter that is experimentally determined.
Figure 12(c) and (d) shows that the prediction results are in
good agreement with the computational data from the literature
(Ref 32), which validated the multistep analysis method used
for predicting FCP in a residual stress field.

3.2.1 Effects of External Applied Load Ratio. To
investigate the effects of the external applied load ratio
(Rload ¼ Fmin=Fmax), in the case of one-sided SP, the maximum
external applied load remained constant at Fmax ¼ 8 kN and the
minimum external applied loads were set to Fmin ¼ 0:8 kN and
0.08 kN, which correspond to external applied load ratios of
Rload ¼ 0:1 and 0.01, respectively.

According to Eqs 5, 6, 7 and 8, DKtot is proportional to

D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

Fyuy
p

since b, Da and E are constants. Figure 13 shows
the calculation results of D

ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q
and R1

tot

(R1
tot ¼

ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q� �
Fmin


 ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q� �
Fmax

) with respect to different

crack lengths on the SPed surface. Note that Fy and uy were
outputted from the first element layer on the SPed surface and
represented by the superscript ‘‘1’’. In Fig. 13(a), the values of

D
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q
within the SPed region are obviously smaller than that

in the reference cases without SP, which indicates that SP-
induced surface compressive residual stresses can effectively
delay surface FCP. As shown in Fig. 13(a), the external applied

load ratios have no influence on the values of D
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q
within

the SPed region. This phenomenon can be explained by the fact

that the crack is closed and
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q� �
Fmin

¼ 0 (i.e., Kmin ¼ 0)

under the combined effects of SP-induced residual stresses and

Fig. 12 Simulation of FCP in an LSP-induced residual stress field: (a) finite element model of the LSPed specimen, (b) distribution of von
Mises stress with regard to a crack length of 52 mm, (c) Kmax and Kmin and (d) DKeff
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the minimum external applied loads (Fmin ¼ 0:8 or 0.08 kN).

Moreover, the values of
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q� �
Fmax

are the same due to the

same maximum external applied load (Fmax ¼ 8 kN). As a

result, the values of D
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q
within the SPed region are the

same for different Rload. Figure 13(b) shows R1
tot with respect to

different crack lengths on the SPed surface. Within the SPed

region, R1
tot ¼ 0 can be observed, which is consistent withffiffiffiffiffiffiffiffiffiffi

F1
y u

1
y

q� �
Fmin

¼ 0 in Fig. 13(a).

Figure 14 shows the calculated values of Kmax, Kmin, DKtot,
Rtot, DKeff and da/dN with respect to different crack lengths,
and the Fi

y and uiy used for calculation were outputted from all
elements at the one-dimensional crack tip along the thickness
direction of CT specimen, where i represents the number of
nodes at the crack tip. In Fig. 14(a), under different Rload, there
is no difference in Kmax for the SPed (or unpeened) CT
specimens due to the same Fmax. However, the influences of
SP-induced residual stresses on Kmin are relatively significant,
particularly for the case of Rload ¼ 0:01, as shown in Fig. 14(b).
The larger values of Kmin are produced within the SPed region
due to the tensile residual stresses in the middle region of CT
specimen along the thickness direction, which are different
from the values of Kmin on the SPed surface in Fig. 13. With
the known Kmax and Kmin, DKtot can be calculated, as shown in
Fig. 14(c), which has a good consistency with Kmin in
Fig. 14(b), i.e., a larger Kmin corresponds to a smaller DKtot,
particularly for the case of Rload ¼ 0:01. Figure 14(d) presents
Rtot with respect to different crack lengths. The results show
that Rtot ¼ 0:1 and 0.01 correspond to Rload ¼ 0:1 and 0.01 for
the reference cases without SP, whereas Rtot >Rload within the
SPed region and the increase in Rtot is more obvious in the case
of Rload ¼ 0:01. The increase in Rtot for the SPed CT specimen
is related to the tensile residual stresses in the middle region of
CT specimen along the thickness direction, which could cause
the fatigue crack to initiate in the middle of the CT specimen
thickness instead of the material surface, and that have been
validated by many experimental investigations. For the smaller
external applied load, the tensile residual stresses result in a
larger increase of Kmin;tot, when compared with the case of the
larger external applied load which corresponds to Kmax;tot; as a
result, the value of Rtot is increased by SP. Therefore, these
results reveal that the total stress ratio effects of FCP would be
produced by SP, and the total stress ratio effects would become
more obvious for smaller Rload.

With the known Kmax and DKtot (or Rtot), the effective stress
intensity factor range can be calculated as DKeff ¼ Ka

max �
DK1�a

tot (Ref 42, 43), where a is a material constant and a ¼
0:36 for AISI 304 stainless steel (Ref 43). Figure 14(e) shows
DKeff with respect to different crack lengths, wherein the values
are consistent with those of DKtot in Fig. 14(c). By using the
Paris type power law, the FCP rate can be calculated as
da=dN ¼ C1 DKeffð Þn1 , where C1 and n1 are both material
constants: C1 ¼ 1:25� 10�10 and n1 ¼ 3:97 for AISI 304
stainless steel (Ref 43). Figure 14(f) compares the predicted da/
dN values with experimental data in the case of Rload ¼ 0:1
without SP, and a good agreement is found between them.
Under different Rload, the FCP rates accounting for SP are
shown in Fig. 14(g), which indicates that SP-induced residual
stresses are beneficial to delaying FCP, and the delaying effect
would be more effective in the case of a smaller Rload, which is
in agreement with the experimental results and conclusions
(Ref 44-46).

By comparing Fig. 13(b) and 14(d), it is observed that Rtot

on the SPed surface decreases and even equals zero, whereas
Rtot accounting for the whole stress field at the crack tip
increases and becomes larger than the corresponding Rload

within the SPed region. The difference between Fig. 13(b) and
14(d) is attributed to the distribution of Fi

yu
i
y along the thickness

direction of CT specimen. Figure 15 shows the distributions of
Fi
yu

i
y and Ri

tot along the thickness direction with respect to a
crack length of 40 mm. In Fig. 15(a), under Fmax ¼ 8 kN, the
maximum value of Fi

yu
i
y is in the middle region, and Fi

yu
i
y

decreases closer to the top (or bottom) surface. In contrast to the
reference cases without SP, the values of Fi

yu
i
y are smaller close

to the SPed surface, whereas the values of Fi
yu

i
y are larger in the

middle region. This phenomenon becomes much more signif-
icant under Fmin ¼ 0:8 or 0.08 kN, as shown in Fig. 15(b),
where Fi

yu
i
y ¼ 0 close to the SPed surface. With the known Fi

yu
i
y

associated with Fmax and Fmin, the distribution of D
ffiffiffiffiffiffiffiffiffi
Fi
yu

i
y

q
at

the crack tip along the thickness direction of CT specimen is
shown in Fig. 15(c). There are almost no differences in the
D

ffiffiffiffiffiffiffiffiffi
Fi
yu

i
y

q
close to the SPed (or unpeened) surface, whereas

larger differences can be observed in the middle region for
different Rload, which is responsible for the distributions of
DKtot in Fig. 14(c). Figure 15(d) shows the distributions of Ri

tot
at the crack tip along the thickness direction of CT specimen,
Ri
tot ¼ Ri

load for the reference cases without SP, whereas Ri
tot ¼

0 close to the SPed surface and Ri
tot >Ri

load close to unpeened
surface, Ri

tot increases to the maximum first and then decreases
to zero from the unpeened surface to the SPed surface, and

Fig. 13 Calculated values of D
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q
and R1

tot with different crack lengths on the SPed surface under different Rload: (a) D
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q
and (b) R1

tot
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more significant changes can be observed in the case of
Rload ¼ 0:01. Therefore, these results reveal that SP-induced
residual stresses have a larger influence on DKtot and Rtot in the
case of Rload ¼ 0:01 than Rload ¼ 0:1, when Fmax remains a
constant.

3.2.2 Effects of Different SP Conditions. With
Rload ¼ 0:1, the effects of different SP conditions, including
one-sided and double-sided SP, on D

ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q
and R1

tot with
respect to different crack lengths on the SPed surface are shown
in Fig. 16. From Fig. 16(a), when compared with the reference

Fig. 14 Influences of Rload on FCP in a SP-induced residual stress field: (a) Kmax, (b) Kmin, (c) DKtot, (d) Rtot, (e) DKeff , (f) da/dN without SP
and (g) da/dN with SP
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case without SP, D
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q
becomes significantly smaller due to

SP. In the two cases of one-sided and double-sided SP,

D
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q
on the top surface, which was peened by the second

peening series in the case of double-sided SP, are equal to

D
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q
on the one-sided SPed surface becauseffiffiffiffiffiffiffiffiffiffi

F1
y u

1
y

q� �
Fmin

¼ 0 (i.e., Kmin ¼ 0) and D
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q
¼ffiffiffiffiffiffiffiffiffiffi

F1
y u

1
y

q� �
Fmax

�
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q� �
Fmin

; whereas D
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q
on the bottom

surface, which was peened by the first peening series in the case

of double-sided SP, is much larger than D
ffiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q
on the top

surface due to the relaxation of residual stresses induced by the
first peening series. Figure 16(b) presents R1

tot with respect to

different crack lengths on the SPed surface, and R1
tot ¼ 0 can be

observed in the SPed region, which is a result offfiffiffiffiffiffiffiffiffiffi
F1
y u

1
y

q� �
Fmin

¼ 0.
Taking into account the whole stress field at the crack tip

along the thickness direction of CT specimen, the computation
results of Kmax, Kmin, DKtot, Rtot, DKeff and da/dN with respect
to different crack lengths are shown in Fig. 17. In Fig. 17(a),
with regard to the same crack length in the SPed region, there is
almost no difference in Kmax resulting from one-sided and
double-sided SP, whereas the Kmax without SP is slightly
smaller. However, as shown in Fig. 17(b), the Kmin values
resulting from one-sided and double-sided SP are larger than
the Kmin without SP, and the Kmin resulting from double-sided
SP is larger than that in the case of one-sided SP. As a result,
the DKtot in the case of double-sided SP is smallest, followed
by that in one-sided SP, and both of them are smaller than the

Fig. 15 Distributions of Fi
yu

i
y and Ri

tot at the crack tip along the thickness direction of CT specimen with respect to the crack length of 40 mm
under different Rload: (a) Fi

yu
i
y

� �
Fmax

, (b) Fi
yu

i
y

� �
Fmin

, (c) D Fi
yu

i
y

� �
and (d) Ri

tot

Fig. 16 Calculation results of and with different crack lengths on the SPed surface under different SP conditions: (a) and (b)
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DKtot without SP, as shown in Fig. 17(c). Figure 14(d)
compares the Rtot resulting from the three simulation cases.
The SPed Rtot values are larger than the unpeened Rtot values,
and the Rtot values resulting from double-sided SP are largest.

With the known DKtot and Kmax, DKeff was calculated as
shown in Fig. 17(e), and then da/dN was obtained, as shown in
Fig. 17(f). The distributions of DKeff and da/dN are highly
similar, and the double-sided SP results in the smaller DKeff and

Fig. 17 Influences of SP conditions on FCP in an SP-induced residual stress field: (a) Kmax, (b) Kmin, (c) DKtot, (d) Rtot, (e) DKeff , (f) da/dN
and (g) differences of da/dN between SPed and unpeened conditions
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da/dN than that in the case of one-sided SP. Figure 17(g)
presents the differences in da/dN within the SPed region
between the SPed and unpeened conditions. The SPed condi-
tions include one-sided and double-sided SP, and larger
differences can be observed in the case of double-sided SP.
Therefore, these results reveal that double-sided SP would be
more beneficial to delaying FCP than one-sided SP.

The computation results in Fig. 17 are dependent on the
distributions of Fi

yu
i
y and R

i
tot at the crack tip along the thickness

direction of CT specimen, as shown in Fig. 18, which
corresponds to a crack length of 40 mm. In Fig. 18(a), under
Fmax ¼ 8 kN, compared with the reference case without SP, the
Fi
yu

i
y values close to the SPed surface are smaller. However,

Fi
yu

i
y is larger in the middle region, and the maximum value of

Fi
yu

i
y is largest in the case of double-sided SP, followed by that

in the case of one-sided SP, and this value is smallest in the
reference case without SP. The differences in Fi

yu
i
y are more

significant under Fmin ¼ 0:8 kN, as shown in Fig. 18(b),
wherein Fi

yu
i
y ¼ 0 close to the SPed surface. With the known

distributions of Fi
yu

i
y under Fmax and Fmin, the distributions of

D
ffiffiffiffiffiffiffiffiffi
Fi
yu

i
y

q
at the crack tip along the thickness direction of CT

specimen are shown in Fig. 18(c). There are almost no
differences in D

ffiffiffiffiffiffiffiffiffi
Fi
yu

i
y

q
in the middle region, whereas the

larger differences can be observed close to the SPed surface for
different SP conditions, which is responsible for the distribu-
tions of DKtot in Fig. 17(c). For the distributions of Ri

tot in
Fig. 18(d), Ri

tot ¼ 0 close to the SPed surface, and the
maximum value of Ri

tot is largest in the case of double-sided
SP, followed by that in the case of one-sided SP, and the value
is smallest in the reference case without SP, which is consistent
with the distributions of Fi

yu
i
y under Fmin.

4. Conclusions

To investigate FCP behavior in an SP-induced residual
stress field, a multistep analysis method was developed by
combining a finite element simulation of the SP process and
LEFM-based superposition principle. The SP-induced residual
stress field was predicted by the symmetric cell model and
validated through a comparison with experimental results. Two
SP conditions, including one-sided and double-sided SP, were
simulated, and the resultant residual stress fields outputted from
the symmetric cell model were introduced into the finite
element model of CT specimen through the user subroutine
SIGINI. Then, the total stress intensity factors and stress ratios
with respect to different crack lengths were calculated accord-
ing to the LEFM-based principle. The following conclusions
can be drawn from this study:

1. The SP-induced residual stresses are capable of improv-
ing the stress state of the SPed surface next to the crack
tip and transferring the larger von Mises stress to the
material subsurface.

2. The SP-induced residual stresses can contribute to delay-
ing FCP, and the delaying effect is more obvious in the
double-sided SP-induced residual stress field.

3. The external applied load ratio has an impact on FCP
behavior in an SP-induced residual stress field, and a
smaller external applied load ratio results in a smaller
FCP rate.

Fig. 18 Distributions of Fi
yu

i
y and Ri

tot at the crack tip along the thickness direction of CT specimen with respect to the crack length of 40 mm
under different SP conditions: (a) Fi

yu
i
y

� �
Fmax

, (b) Fi
yu

i
y

� �
Fmin

, (c) D Fi
yu

i
y

� �
and (d) Ri

tot
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