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In this study, a continuum damage mechanics based method is proposed to calculate the fatigue life of a
specimen with an impact pit. The impact process is simulated by a quasi-static analysis. The residual
stress and the impact damage are calculated. Then, the elastic-plastic fatigue damage of the material is
considered as the specimen experiences cyclic loading. The residual stress relaxation is investigated
via a coupled analysis of the residual stress and elastic-plastic damage evolution. The calculated results
agree well with the experimental results. The effects of the impact depth and radius that the impact
object has on the fatigue failure are also discussed.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In the process of manufacturing, assembling or servicing engi-
neering structures, defects, such as impact pits, tend to be gener-
ated on the surfaces of structures due to an accidental bump or a
drop of a foreign object [1,2]. An impact pit has a non-negligible
negative effect on the fatigue life of structures. However, if all
structures containing impact damage are considered unfit for ser-
vice, a great deal of waste will be generated, as some damaged
structures are still able to sustain cyclic loading and even meet
the fatigue life requirements [3]. A reasonable and effective
method is necessary to quantitatively evaluate the influence
caused by impact damage and to accurately predict the fatigue life
of a structure containing an impact defect.

Fatigue life prediction of components is an important issue in
engineering applications. Some methods have been proposed and
practically used. The local stress strain method [4], based on the
stress-strain course at the notch root in combination with the
material fatigue characteristic curve, is convenient to use. How-
ever, this method is confined to some simple cases. The critical
plane method [5] has been applied more widely due to its board
applicability and good accuracy by presenting a semi-empirical
formulation expressed with the maximum fatigue damage param-
eter over a number of different planes. However, the parameter
lacks explicit physical significance. These several methods utilized
for plain fatigue problems cannot be directly used for failure anal-
yses of structures with impact damage due to the complex effects
induced by the impact. The impact damage [6–8] can influence the
subsequent fatigue life of components by three main factors: (i)
impact-induced residual stresses, (ii) impact damage associated
with local plastic deformation, and (iii) local stress concentrations
around the impact pit. The continuum damage mechanics based
method [9–11], which is a relatively new method developed in
recent decades, also has the capability of analyzing fatigue failure
in structures. This method describes the damage evolution process
using damage variables and has been widely used to address a
number of practical problems. Better yet, the continuum damage
mechanics method can reasonably analyze the three effects
induced by impact damage and present quantitative results and
the process of damage evolution.

In the previous work [12], fatigue life calculations for defected
structure were conducted, which considered the effects of the ini-
tial impact damage associated with the local plastic deformation
and the local stress concentrations around the impact pit. How-
ever, the initial residual stress was assumed to remain unchanged
and its effect was measured by simply superposing the cyclic stress
due to the total stress on the specimen being less than the yield
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stress. Thus, the residual stress relaxation and plastic damage were
not taken into account. In the material around the impact pit, it is
easy to incur plastic deformation because of the effect of the stress
concentration as cyclic loading increases. Therefore, on one hand, it
is necessary to consider the elastic-plastic fatigue damage in the
fatigue life calculation. Meanwhile, the residual stress field will
vary when the specimen experiences inelastic deformation. Thus,
the effect of residual stress relaxation also needs to be considered.
The effect of residual stresses on the fatigue life of structures has
been extensively studied for years and is reasonably well under-
stood [13–15]. In particular, near surface tensile residual stresses
tend to accelerate the initiation and growth phases of the fatigue
process, whereas compressive residual stresses close to a surface
may prolong the fatigue life. However, the residual stress state
induced by the impact of a projectile onto a metallic surface can
be significantly altered during subsequent fatigue loading. Studies
[16–22] have shown that the relaxation of residual stress occurs
during cyclic loading and the rate of residual stress relaxation
can be significant in the early stages of cyclic loading. In some
cases, residual stress can be entirely relaxed in the first few load
cycles. Such mechanical cycle-dependent redistribution of residual
stresses is often termed cyclic relaxation [23,24]. Therefore, it is
difficult to accurately predict the residual stress relaxation effect.
Through experiments, Mattson and Coleman [25] observed cyclic
residual stress relaxation many years ago and found that their pre-
dicted fatigue lives were shorter than the experimental results if
residual stress relaxation was not taken into consideration. A the-
oretical method to describe this phenomenon is still required.

This study examines the issues of elastic-plastic fatigue damage
and the corresponding effect that it has on residual stress relax-
ation. Specimens fabricated from TC4 are investigated in this work.
The calculated results based on the proposed model are validated
by the experimental results obtained by Peters [8]. First, to address
the impact damage, impact-induced residual stress, and interac-
tions between inelastic fatigue damage and residual stress relation,
a quasi-static numerical simulation of the impact process is con-
ducted. From this, the initial residual stress field and plastic strain
field around the impact pit is obtained. Then, the initial impact
damage can be calculated according to Lemaitre’s ductile damage
model. Second, the damage coupled elastic-plastic constitutive
equations are adopted as the material model, and the inelastic
damage evolution equations are used to evaluate the extent of
the damage of material after a certain number of loading cycles.
By virtue of the FE implementation used in ABAQUS, the effects
of impact damage and residual stress are considered, and the inter-
actions between inelastic damage evolution and residual stress
relaxation are presented as well. The calculated fatigue life and
residual stress relaxation effect are found to be in accordance with
the experimental results. Additionally, some factors influencing
elastic-plastic damage and fatigue life are also discussed.

2. Theoretical models

2.1. Impact stress analysis and initial impact damage analysis model

2.1.1. Initial stress analysis
In this study, a quasi-static numerical method is applied to sim-

ulate the foreign object impact process. This is based on two
aspects. On one hand, the dynamic simulation of the impact pro-
cess is time-consuming and the computational results are some-
times instable. On the other hand, it is easier to continually
implement subsequent fatigue damage analysis using a quasi-
static simulation than follow a dynamic simulation. To obtain
equivalent results between the quasi-static simulations and
dynamic simulations, the energy equivalence method [26] and
experimental measurements of dynamic impact [27] need to be
adopted, which guarantee that the static indentation and initial
residual stress state of the quasi-static analysis are equivalent to
the dynamic impact damage [23].

In the quasi-static simulation, considering the stiffness of the
foreign object is much higher than that of the structure material,
it is reasonable to regard the foreign object as a rigid body and
the structure as an elastoplastic body. The elastic-plastic constitu-
tive model proposed by Lemaitre and Chaboche [28] is used to
describe the constitutive relationship of the structure material.
During impact, large strains first form at the contact surface, and
then, the strain diffuses in the vicinity of the contact surface. Once
the impact process is completed, residual stresses and plastic
strains exist in the zone around the impact pit.

2.1.2. Initial impact damage analysis model
Deterioration of material induced by an impact can be repre-

sented by the damage variable in the framework of continuum
damage mechanics. Lemaitre and Chaboche [29] have presented
the fundamental concepts of continuum damage mechanics. For
the case of isotropic damage of isotropic materials, the damage
variable D can be represented by the deterioration ratio of the stiff-
ness of RVE (Representative Volume Element), which is expressed
by:

D ¼ E� ED

E
; ð1Þ

where E is the Young’s Modulus of the material and ED is the effec-
tive Young’s Modulus of the RVE with damage. The value of ED
ranges from E to 0, and the value of D varies between 0 and 1.

After completion of the residual stress analysis, the initial dam-
age induced by plastic deformation can be calculated according to
Lemaitre’s ductile damage model [30]:

_D ¼ r2
eqRm

2ESð1� DÞ2
 !s

_p; ð2Þ

where req is the equivalent stress, _p is the rate of accumulated plas-
tic strain, S and s are material parameters, Rm is the triaxiality func-

tion: Rm ¼ 2
3 ð1þ lÞ þ 3ð1� 2lÞ rH

req

� �2
, and rH is the hydrostatic

stress.
This formula can be integrated over time to calculate the initial

damage induced by the impact as follows:

D0 ¼ r2
eqmaxRm
2ES

 !s

Dp; ð3Þ

where Dp is the accumulated plastic strain over this period.

2.2. Fatigue damage analysis model

2.2.1. Damage-coupled elastic-plastic constitutive model
In the framework of a small deformation, the total strain eij can

be decomposed into:

eij ¼ eeij þ epij; ð4Þ

where eeij and epij are the elastic and plastic strains, respectively. In
the damage-coupled constitutive model, the damage is coupled
with elasticity or plasticity using the effective stress instead of
the stress in the elasticity law and the von Mises yield criterion.
Based on the hypothesis of strain equivalence, the elastic strain
takes the form of:

eeij ¼
1þ t
E

rij

1� D

� �
� t
E

rkkdij
1� D

� �
; ð5Þ
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where E, v and rij are the Young’s Modulus, Poisson’s ratio and
stress components, respectively, and dij is the Kronecker delta:

dij ¼ 0; if i – j
1; if i ¼ j

�
. The subscripts i and j have values of 1, 2, or 3.

The evolution of plastic strain is defined as:

_ep ¼ _k
@f
@rij

; ð6Þ

where _k is the plastic multiplier. The nonlinear kinematic hardening
model proposed by Chaboche [31] is used to represent the kine-
matic hardening behavior. The von Mises yield function fwith dam-
age is expressed as:

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
2

Sij
1� D

� aij

� �
Sij

1� D
� aij

� �s
� Q ; where aij ¼

XM
k¼1

aðkÞ
ij ;

ð7Þ
Sij is the deviatoric part of the stress, aij is the deviatoric part of the
back stress, and Q is the radius of the yield surface, and its evolution
is defined as:

_Q ¼ _kbðQ1 � QÞ; ð8Þ
where the parameters b and Q1 are material constants. The variable
_k can be determined by the plastic flow consistency condition:

f ¼ _f ¼ 0. The evolution of plastic strain components [28] can be
obtained as:

_ep ¼ 3
2

_k
1� D

Sij=ð1� DÞ � aij

ðSij=ð1� DÞ � aijÞeq
; ð9Þ
_p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
_epij _e

p
ij

r
¼

_k
1� D

; ð10Þ
_aðkÞ
ij ¼ ð1� DÞ 2

3
Ck _epij � cka

ðkÞ
ij

_p
� �

; ð11Þ
Table 1
Chemical composition of the TC4 titanium alloy (in weight percent).

Al Fe V C

5.50 0.30 3.50 0.10

Fig. 1. Stress-strain curve for
where _p is the accumulated plastic strain rate and Ck and ck are
material constants determined from experimental tests.

2.2.2. Fatigue damage evolution model
After the impact is completed, fatigue loading is applied. In view

of the fact that the superposition of the applied cyclic stress and
residual stress may be greater than the yield stress, the elastic
and inelastic damage evolution models both need to be employed
to calculate the extent of damage of the material. According to the
analysis performed by Kang [32], total damage of the material can
be decomposed into two parts: elastic damage and plastic damage.
The elastic damage is dependent on the state of cyclic stress, and
the plastic damage is governed by the accumulated plastic strain
over each fatigue cycle. The expression is:

D ¼ De þ Dp: ð12Þ
For multi-axial cyclic loading, the elastic damage evolution

equation [33,34] for the non-linear continuous damage model
can be written as:

_De ¼ dDe

dN
¼ ½1� ð1� DÞbþ1�a � AII

M0ð1� 3b2rH;mÞð1� DÞ
� 	b

; ð13Þ

where N is the number of cycles until failure; a, b, M0 and b2 are
material constants determined by fatigue tests; and AII is the ampli-
tude of the octahedral shear stress, which is defined by:

AII ¼ 1
2

3
2

Sij;max � Sij;min

 � � Sij;max � Sij;min


 �� 	1=2
; ð14Þ

where Sij,max and Sij,min are themaximumand theminimumvalues of
the deviatoric stress tensor ij components during one loading cycle.
The variable rH,m is the mean hydrostatic stress and is defined by:

rH;m ¼ 1
6

maxðtrðrÞÞ þminðtrðrÞÞ½ �; ð15Þ

where trðrÞ ¼ r11 þ r22 þ r33.
N H O Ti

0.05 0.02 0.15 90.38

the TC4 titanium alloy.



Table 2
Static mechanical and material parameters for the TC4 titanium alloy.

E/MPa m ry/MPa C1/MPa C2/MPa C3/MPa c1 c2 c3

110,000 0.33 940 110,840 10,891 1829 1446 163 18

Fig. 2. A schematic illustration of the impact angle [8].
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The parameter a is defined by:

a ¼ 1� a
AII � A�

II

ru � re;max

� 
; ð16Þ

where re,max is the maximum equivalent stress over a loading cycle.
The Sines fatigue limit criterion A�

II in this model is determined
from:

A�
II ¼ rl0 1� 3b1rH;mð Þ: ð17Þ
By integrating Eq. (13) from D = 0 to D = 1 for the case of a cyclic

stress with a constant amplitude, the number of cycles to failure NF

is obtained as:

NF ¼ 1
1þ b

� 1
aM�b

0

ru � re;max
� �

AII � A�
II

� � � AII

1� b2rH;m

� ��b

: ð18Þ

The plastic damage evolution equation can be written as:

_Dp ¼
r2

eqRm

2ESð1� DÞ2
 !s

_p: ð19Þ

The variables in Eq. (19) are explained in Section 2.1.2.

3. Material parameters calibration for TC4

The material TC4 titanium alloy is studied in this paper. The
chemical composition of this material is presented in Table 1.
Three types of material parameters need to be calibrated: (i) mate-
rial parameters for the elastic–plastic constitutive model, (ii) mate-
rial parameters for the elastic damage evolution model, and (iii)
material parameters for the plastic damage evolution model.

3.1. Calibration of parameters in the elastic-plastic constitutive model

The stress-strain curve obtained from the uniaxial tensile test
shown in Fig. 1 is used to determine the parameters in the consti-
tutive equations. In this study, the isotropic hardening is neglected
and three components of back stress are adopted to represent the
nonlinear kinematic hardening behavior, which can be expressed
as an exponential saturation equation:

r ¼ ry þ
Xn
k¼1

Ck

ck
ð1� e�ckep Þ; ð20Þ
Table 3
Material parameters in the elastic damage model for TC4 titanium alloy.

b M0 b1 b2 a

1.95 114,339 0.0015 0.00045 0.72

Table 4
Material parameters in the plastic damage
evolution model for TC4 titanium alloy.

S/MPa m

14,429 0.2976
where ry and ep are the initial yield stress and the plastic strain,
respectively. The least squares method is adopted to calibrate
parameters. The result of the calibration is presented in Table 2.
3.2. Calibration of parameters in the elastic damage evolution model

There are five parameters, b, a, M0, b1 and b2, in the elastic dam-
age evolution equation. First, four material parameters, b,
1=ðð1þ bÞaM�b

0 Þ, b1 and b2, are determined from the fatigue exper-
imental data for smooth specimens. In the case of smooth speci-
mens subjected to uniaxial fatigue loading, a closed form
expression of fatigue life can be derived, which is similar to that
Fig. 3. The geometry of the specimen (all dimensions are in mm) [8].
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in Eq. (18). Therefore, parameters b and 1=ðð1þ bÞaM�b
0 Þ are readily

identified from the fatigue test data for a stress ratio of R = �1.
Then, using the least squares method, parameters b1 and b2 are
obtained from the fatigue tests data at other stress ratios.

Finally, the independent parameters a and M0 are identified
numerically using the damage mechanics–finite element method
[35–37]. The fatigue test data for the TC4 titanium alloy is taken
from the literature [38]. The calibrated parameters for the elastic
damage evolution model are listed in Table 3.

3.3. Calibration of the parameters in the plastic damage evolution
model

There are two parameters, m and S, in the plastic damage evo-
lution model, which can be calibrated from strain-controlled
low-cycle fatigue test data. For the uniaxial case, the number of
cycles to failure can be obtained by integrating Eq. (19) from
D = 0 to D = 1:
Table 5
The fatigue experiment results [8] and calculated results.

The depth of
impact/mm

rmax/MPa Dr/MPa Experiment
results/Cycle

Calculated
results/Cycle

0.43 500 450 75,000 133,150
0.43 500 450 140,000

0.54 500 450 80,000 76,250
0.54 500 450 78,000
0.54 500 450 82,000

0.67 500 450 46,000 62,050
0.67 500 450 34,000
0.67 500 450 65,000

Fig. 4. The flowchart for the FE c
Nf ¼ 1
2ð2mþ 1ÞDep

2ES

ðrmaxÞ2
 !m

; ð21Þ

using the cyclic stress–strain curve described as:

rmax ¼ K 0 Dep
2

� �n0

; ð22Þ

where K0 and n0 are parameters obtained from experiments. Then,
Eq. (21) can be expressed as:

Nf ¼ 1
2ð2mþ 1Þ

21þ2n0ES

ðK 0Þ2
 !

ðDepÞ�ð1þ2mn0 Þ
: ð23Þ

The values of e0f , c, K0 and n0 are obtained from low-cycle fatigue
tests data [39].

According to the Coffin-Manson law, the strain-life curve can be
expressed as:

Dep
2

¼ e0f ð2Nf Þc; ð24Þ

where e0f and c are material parameters.
Comparing Eq. (23) with Eq. (24), the parameters in the plastic

damage evolution model can be determined, as listed in Table 4.

4. Experiments and numerical simulation

4.1. Experiments

The foreign object impact experiments and subsequent fatigue
experiments on TC4 specimens were performed by Peters [8]. A
brief overview of the experiments is presented here.

Foreign object impact damage was introduced by firing 3.2 mm
diameter chrome-hardened steel spheres onto the surfaces of flat
omputational methodology.
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tensile fatigue specimens at an angel of 90� (normal impact) at
velocities of 200, 250 and 300 m/s using a compressed-gas gun
facility. These velocities represent typical in-service impact veloc-
ities on aircraft engine fan blades. After the impact was completed,
the impact depth was measured, with the corresponding impact
depths of 0.43 mm, 0.54 mm and 0.67 mm. A schematic illustration
of the impact angle is shown in Fig. 2 [8], and the geometry of the
specimen is shown in Fig. 3.

After impact, the specimens were subsequently loaded on an
automated MTS servo-hydraulic testing machine using a loading
Table 6
The maximum values of longitudinal residual stress from impact simulation correspondin

Mesh size 1# Me

Minimum element size 0.095 mm � 0.095 mm � 0.132 mm 0.0
Stress/MPa 510.6 51
Relative Error 0.90% 0.5

Fig. 5. The established finite element model: (

Fig. 6. The distribution of the longitudinal res
of the frequency of 20 Hz and a stress ratio of R = 0.1 with a nom-
inal maximum stress of 500 MPa. The experimental results are
shown in Table 5.

4.2. Computational methodology

The entire numerical computation of the fatigue life of a speci-
men with an impact pit includes simulation of the impact process,
calculation of the residual stress, computation of the initial impact
damage, and calculation of the elastic-plastic fatigue damage. The
g to the different mesh sizes.

sh size 2# Mesh size 3#

86 mm � 0.086 mm � 0.106 mm 0.075 mm � 0.075 mm � 0.095 mm
5.2 518.1
6%

a) the global view and (b) the local view.

idual stress around the impact pit (MPa).
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user subroutines UMAT in ABAQUS are used to implement the
damage-coupled elastic–plastic constitutive model and fatigue
damage evolution models.

As the flowchart in Fig. 4 illustrates, the detailed steps of the
calculation are:

(1) Initialize all of the parameters and set the initial value of the
damage extent D to zero.

(2) Conduct a quasi-static simulation analysis of the impact pro-
cess to obtain the plastic strain and residual stress fields.

(3) Calculate the initial damage field associated with the plastic
deformation during the impact process using Lemaitre’s
ductile damage model.
Fig. 7. The distribution of the longitudinal residual stress

Fig. 8. The distribution of the initial impac
(4) Modify the material properties for each element according
to the initial damage extent D0. Then, calculate the cyclic
stress and accumulated plastic strain for one loading cycle
using ABAQUS considering the residual stress field induced
by the impact.

(5) Since it is very time-consuming to calculate the fatigue
damage cycle by cycle, the jump-in-cycle procedure is
adopted in the numerical implementation, which
assumes that the cyclic stresses and damage remain
unchanged for each cycle during a block of DN cycles.
The increment of fatigue damage is calculated based on
Eqs. (13) and (19) after experiencing DN cycles, which
is given as:
along the distance from the bottom of the impact pit.

t damage field around the impact pit.
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(

DDðiþ1Þ ¼ DN � _Dðiþ1Þ

e ; only elastic damage occurs
_Dðiþ1Þ
e þ _Dðiþ1Þ

p ; elastic � plastic damage occurs
:

ð25Þ

Then, the total extent of damage corresponding to the num-

ber of cycles N is obtained as:
Dðiþ1Þ ¼ DðiÞ þ DDðiþ1Þ: ð26Þ

(6) If the accumulation of damage at any element reaches 1, a

fatigue crack is assumed to initiate at this element and the
corresponding number of cycles is the fatigue crack initia-
tion life. Otherwise, a recalculation of the material proper-
ties of each element is conducted using the equation:
Eðiþ1Þ ¼ EðiÞð1� Dðiþ1ÞÞ: ð27Þ
Fig. 9. Extent of the damage ve

Fig. 10. Comparison between the calcul
Then, analyses of the stress field and the damage field are
repeated until the accumulation of damage at any element
reaches 1.

4.3. Numerical simulation

4.3.1. Quasi-static simulation analysis of the impact process
In this section, the finite element analysis software ABAQUS is

used to simulate the impact process in a quasi-static way. The
geometry of specimen for the simulated foreign object damage
studies is shown in Fig. 3. A quarter symmetry model is built and
symmetry boundary conditions are applied at the plane of symme-
try. The foreign object is set as rigid, and the structure is set as
elastoplastic. A 3-D 8-node solid element is used, which is defined
by eight nodes, with three degrees of freedom per node. The
rsus the number of cycles.

ated results and experimental data.
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verification of stress convergence has been conducted to obtain an
appropriate mesh size for the FEM simulation. The maximum val-
ues of longitudinal residual stress corresponding to the different
mesh sizes are listed in Table 6. A minimum element size of
0.086 mm � 0.086 mm � 0.106 mm was finally adopted with the
consideration of the computational accuracy and efficiency. In
total, 54,372 elements and 50,800 nodes are created. The estab-
lished finite element model is shown in Fig. 5.

In accordance with the experiment [8], the depth of impact is
controlled to be 0.43 mm by exerting the corresponding displace-
ment on the indenter. Subsequently, the residual stress and plastic
strain fields can be obtained. The distribution of the longitudinal
residual stress around the impact pit is shown in Fig. 6. The longi-
tudinal residual stress along the depth direction away from the
bottom of the impact pit is shown in Fig. 7. It is clear that the max-
imum longitudinal compressive stress is approximately 1.2 times
the yield stress and is located 0.4 mm from the bottom of the
impact pit. Then, the residual stress gradually decreases as the
Fig. 11. The relaxation response of the longitudinal resi

Fig. 12. Stress concentration factor and initial impact damage versus impa
distance from the bottom of the impact pit increases and becomes
a tensile stress at 1.2 mm from the bottom of the impact pit.
Finally, the residual stress decreases to zero far away from the bot-
tom of the impact pit. According to the plasticity damage model,
the initial impact damage field around the impact pit can be calcu-
lated, with the distribution shown in Fig. 8. The initial impact dam-
age is mainly focused on the surface layer of the impact pit, and the
maximum initial damage is approximately 0.1.

4.3.2. Fatigue life calculation
Cyclic loading is applied in the longitudinal direction with a

maximum applied stress of 500 MPa and a stress ratio of 0.1. The
calculated fatigue life of the specimen considering the impact dam-
age and residual stress relaxation effect is 133,150 cycles. The
extent of the damage versus the number of cycles for the critical
element is shown in Fig. 9. The fatigue damage accumulates from
an initial damage value, which is induced by the impact. The elastic
damage is relatively small, and the plastic damage plays a decisive
dual stress corresponding to the number of cycles.

ct depth: (a) stress concentration factor and (b) initial impact damage.
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role until the accumulation of damage at the critical element
reaches 1, corresponding to fatigue crack initiation.

Based on the aforementioned computational method, the fati-
gue lives of specimens with different impact depths are also calcu-
lated. All of the experimental and calculated results are listed in
Table 5. The calculated results are plotted versus the experimental
mean life in Fig. 10. The experimental mean life is calculated

according to the following formula: Nmean ¼ 10^ 1
n

Pi¼n
i¼1 lgNFi

� �
.

Where NFi represents the experimental life of the ith specimen, n
is the total number of specimens and Nmean represents the experi-
mental mean life. It is clear that the calculated results agree well
with the experimental data and all of the data are located within
the twice error band.
Fig. 13. The distribution of longitudinal residual str

Fig. 14. The relaxation response of the longitudinal residu
4.3.3. Residual stress relaxation analysis
As we know, the residual stress induced by an impact can

change the mean applied stress and stress ratio during the subse-
quent cyclic loading, which influences the fatigue life of the com-
ponent. If the compressive residual stress around the impact pit
shown in Fig. 6 is unchanged, this will likely greatly prolong the
fatigue life. The residual stress field will vary when plastic defor-
mation occurs around the impact pit during cyclic loading. There-
fore, it is necessary to investigate changing the residual stress to
evaluate the benefit of residual stress induced by impact. After
the quasi-static simulation of impact process, the distribution of
the residual stress around the impact pit can be obtained. Then
the specimen with residual stresses was loaded by the cyclic load-
ing. The stress field and damage field were calculated under each
ess with respect to the different impact depths.

al stress with respect to the different impact depths.
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loading cycle, and the variation of the residual stress was then
obtained. It should be noted that the result of residual stress relax-
ation was not calculated directly, but attributed to the damage of
material causing the reduction of material stiffness. Fig. 11 shows
the relaxation response for the longitudinal residual stress corre-
sponding to the number of cycles. The different lines represent
the different distances from the bottom of the impact pit. The
relaxation of the residual stress mainly occurs in the first cycle. It
is clear that the maximum reduction of residual compressive stress
is approximately 60%. After the first cycle, there is almost no relax-
ation of the residual stress. This response of residual stress relax-
ation is consistent with the measured results of the experiment
[23]. Additionally, one may also notice that the residual stress is
still compressive, despite the occurrence of relaxation. Thus, the
benefit from residual stress is consistent during the entire process
of cyclic loading.

5. Discussions

In this section, the influencing factors of impact depth and
radius of impact object are discussed respectively. Three aspects
Fig. 15. Damage versus the number of cycles with respect to differ

Fig. 16. Fatigue life ver
of the effects of the influencing factors are presented in detail:
(1) effects on the local stress concentration, initial impact damage
and residual stress distribution; (2) effects on the residual stress
relaxation and elastic-plastic damage evolution; and (3) effects
on the fatigue life.

5.1. Effects of the impact depth

The impact depths discussed in this section are 0.43 mm,
0.54 mm and 0.67 mm, respectively. The radius of the impact
object is 1.0 mm for all three cases.

5.1.1. Effects on the local stress concentration, initial impact damage
and residual stress distribution

The impact depth has direct effects on the local stress concentra-
tion, initial impact damage and residual stress distribution. For
depths of 0.43 mm, 0.54 mmand 0.67 mm, the corresponding stress
concentration factors are 1.59, 1.72 and 1.79, respectively. The dif-
ferences among these values are insignificant. After the quasi-
static simulation of the impact process, the initial impact damages
are calculated, which are 0.093, 0.128 and 0.167, respectively. The
ent impact depths: (a) elastic damage and (b) plastic damage.

sus impact depth.
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relationships between the stress concentration factors and initial
impact damages versus the impact depth are shown in Fig. 12. It
is clear that the deeper the impact depth, the larger the initial
impact damage and themore severe the stress concentration caused
by the impact. Thus, from this point of view, the fatigue life of the
specimen will decrease as the impact depth increases.

The distributions of the longitudinal residual stress along the
distance from the bottom of the impact pit with respect to the dif-
ferent depths of impact are shown in Fig. 13. The changing trends
for residual stress are similar, and the maximum longitudinal
residual stress slightly increases with the impact depth. The longi-
tudinal compressive residual stress close to the surface is desirable
when trying to increase fatigue life.

5.1.2. Effects on the residual stress relaxation and elastic-plastic
damage evolution

When the specimen undergoes fatigue loading at a relatively
high stress, inelastic strain occurs. Correspondingly, elastic-plastic
Fig. 17. Total damage versus the number

Fig. 18. Stress concentration factors and initial impact damage versus impa
damage is induced as a change in the residual stress state observed.
The relaxation response of the maximum longitudinal residual
stress with respect to the different depths of the impact pits are
shown in Fig. 14 for specimens with impact pits of different depths
that are subjected to the same far field stress. For all cases, the
relaxation responses of the maximum longitudinal residual stress
mainly occur in the first cycle, and the magnitudes of the decrease
in the residual stress are almost the same, evenwhen themaximum
values of the residual stress are different.

The elastic and plastic damage in the critical element versus the
number of cycles are shown in Fig. 15. The increasing trend of the
elastic-damage damage is similar and increases slowly in the
beginning before accelerating. The subsequent plastic damage then
starts to dominate compared to the elastic damage. The damage
evolution rate increases with the depth of the impact pits, which
is mainly attributed to the increase in the stress concentration.
The differences among the three cases examined here are insignif-
icant, whereas the fatigue life is sensitive to the stress level.
of cycles for different impact depths.

ct radius: (a) stress concentration factor and (b) initial impact damage.
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5.1.3. Effects on the fatigue life
The fatigue lives of specimens with different impact depths

were calculated. The fatigue life versus impact depth is plotted in
Fig. 16, and the relationship between the total damage versus the
number of cycles corresponding to the dangerous element is plot-
ted in Fig. 17. The fatigue life decreases with the increase in the
impact depth. In conclusion, the fatigue life depends on the com-
petitive mechanisms of the initial impact damage, local stress con-
centration, and compressive residual stress. The longitudinal
compressive residual stress close to the surface can benefit the fati-
gue life. However, the initial impact damage and local stress con-
centrations have negative effects on the fatigue life.

5.2. Effects of the radius of the impact object

The radius of the impact object is another important factor
influencing elastic-plastic damage and fatigue life. The radii of
Fig. 19. The distribution of the longitudinal residual str

Fig. 20. The relaxation response of the longitudinal residua
the impact objects discussed in this section are 0.7 mm, 1.0 mm
and 1.5 mm, respectively. The depth of impact is 0.43 mm.
5.2.1. Effects on the local stress concentration, initial impact damage
and residual stress distribution

For radii of 0.7 mm, 1.0 mm and 1.5 mm, the corresponding
stress concentration factors are 1.64, 1.59 and 1.52, respectively,
which are slightly different from each other. The corresponding
initial impact damages are 0.156, 0.094 and 0.056, respectively.
The stress concentration factors and initial impact damages versus
the radius of the impact object are plotted in Fig. 18. The smaller
the radius, the larger the initial impact damage and the more sev-
ere the stress concentration caused by the impact. This leads to a
decrease in fatigue life as the radii of impact object decreases.

The distributions of the longitudinal residual stress along the
distance from the bottom of the impact pit with respect to the
radius of the impact object are shown in Fig. 19. The absolute value
ess with respect to the radius of the impact object.

l stress with respect to the radius of the impact object.



Fig. 21. Damage versus the number of cycles with respective to the different impact radii: (a) elastic damage and (b) plastic damage.

Fig. 22. Fatigue life versus radius of the impact object.
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of the maximum longitudinal residual stress increases slightly as
the radius of the impact object decreases, whereas the range of
the compressive residual stress becomes wider when the radius
of the impact object is bigger.

5.2.2. Effects on the residual stress relaxation and elastic-plastic
damage evolution

The relaxation response of the maximum longitudinal residual
stress corresponding to the number of cycles is shown in Fig. 20.
It is clear that the relaxation responses mainly occur in the first
cycle. The compressive residual stress increases as the radius of
the impact object decreases, whereas the magnitudes of the reduc-
tions are almost the same for the three cases.

Relationships between the elastic and plastic damage of the
critical element versus number of cycles are shown in Fig. 21.
The final elastic damage increases with the radius and the final
plastic damage decreases as the radius increases. For all of the
impact radii, plastic damage dominates in the final total damage
compared with elastic damage.
5.2.3. Effects on the fatigue life
For impact radii of 0.7 mm, 1.0 mm and 1.5 mm, the calculated

fatigue lives are 66,150, 133,150 and 196,150 cycles, respectively.
The fatigue life versus the radius of the impact object is shown in
Fig. 22, and the total damage versus the number of cycles of the
critical element are shown in Fig. 23. The fatigue life decreases
with the impact radius. The fatigue life depends on the competitive
mechanisms behind the initial impact damage, local stress concen-
tration and the compressive residual stress.

6. Conclusions

In this study, a new approach to fatigue life calculation that
considers impact damage, residual stress relaxation and elastic-
plastic fatigue damage is proposed based on the continuum dam-
age mechanics theory. The following conclusions can be made:

(1) A quasi-static simulation analysis of the impact process is
conducted, and the residual stress and plastic strain fields



Fig. 23. Total damage versus the number of cycles for different impact radii.
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are obtained. Then, the initial impact damage around the
impact pit is calculated according to Lemaitre’s ductile dam-
age model.

(2) The damage-coupled elastic-plastic constitutive equations
and fatigue damage evolution equations are derived to cal-
culate the stress and strain in the material, the degradation
of the material and the elastic-plastic damage to the mate-
rial during cyclic loading.

(3) The finite element implementation corresponding to the
theoretical models is presented, and the fatigue life is calcu-
lated taking into account the coupling effect of the stress
field, residual stress relaxation and damage field. The calcu-
lated results are in accordance with the experimental data
available in the literature.

(4) Two factors influencing the elastic-plastic damage and fati-
gue life are discussed. The increase in the impact depth
and decrease in the radius of the impact object both lead
to decreases in fatigue life, but have little influence on the
residual stress relaxation trend. The residual stress relax-
ation mainly occurs during the first cycle of loading. After
approximately 1000 cycles, there is almost no relaxation of
the residual stress.
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