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In this paper a multiscale damage criterion for fatigue crack initial stage prediction is introduced. A damage
evolution rule based on strain energy density is modified to incorporate crystal plasticity at the microscale
(local). A damage tensor that indicates the local damage state is derived using optimization theory. Damage
information is passed from local to grain level, bridging microscale and mesoscale in the form of a damage
vector via averaging techniques. Finally, the damage evolution rule for a meso representative volume
element (RVE), which contains several grains, is calculated through the Kreisselmeier–Steinhauser (KS)
function, which can produce an envelope function for multiobjective optimization. The weighted averaging
method is also used to obtain the corresponding damage evolution direction for the meso RVE. A critical
damage value is derived in this paper to complete the damage criterion for fatigue life prediction.
Simulation results and comparison with experimental data are presented.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Damage detection and condition monitoring for current aero-
space vehicles requires significant labor and costs. Research in this
area has primarily been based on empirical models, Nondestruc-
tive Evaluation (NDE) techniques and observations, rather than
on fundamental understanding of failure and detection mecha-
nisms [1,2]. In recent years, structural health monitoring (SHM)
technologies [3] have emerged as a new tool to specifically address
these challenges. The objective of SHM is to develop a framework
for damage identification and state awareness of aerospace, civil,
and mechanical engineering infrastructures, which can ultimately
enhance their reliability and sustainability.

As a fundamental component of SHM, modeling can provide
material behavior for sensing and detection as well as provide data
for learning algorithms. Cyclic loading is an important common
loading condition for aerospace vehicles [4]. From a physics point
of view, the associated phenomenon of fatigue inherently involves
multiple length scales due to the presence of microcracks (initia-
tion and growth at microscale) or inclusions that are small com-
pared to the large size of structural components (macroscale).
Hence, it is necessary to develop a scale dependent physics-based
model for accurate simulation to understand material perfor-
mance/degradation in various operational environments and ulti-
mately to assess the survivability of current aerospace vehicles
[5]. A critical challenge in damage detection is the fact that damage
at the microscale cannot be detected by off-the-shelf sensors.
ll rights reserved.
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Therefore, it is necessary to fuse data from real sensors and model-
ing for diagnosis and prognosis. A physics-based model must incor-
porate multiscale damage criteria in order to accurately track crack
nucleation and growth. During more than 170 years of study, bet-
ter fatigue damage models have been achieved with improved
understanding of metal fatigue mechanisms [6–9]. Different stages
of fatigue have been suggested by researchers according to their
understanding of fatigue life. From experimental observations,
fatigue cracks usually start at the surface of a structural compo-
nent. It starts from shear cracks on crystallographic slip planes
and gradually grows approximately perpendicular to the external
applied load. This two-stage fatigue life was first concluded by For-
syth [10]. To investigate fatigue life in more detail, Schijve [11]
divided fatigue into four periods including crack nucleation, micro-
crack growth, macrocrack growth and failure. Shang et al. [12] sug-
gested similar divisions which includes five stages: early cyclic
formation and damage, microcrack nucleation, short crack propa-
gation, macrocrack propagation and final fracture. Based on differ-
ent mechanisms for different length of cracks, Miller [13,14]
introduced three types of cracks: microstructurally small cracks,
physically small cracks and long cracks. After that, Ritchie and
Lankford [15] proposed a slight change in classification of small
cracks from Miller’s definition and also provided the corresponding
length scales for the different cracks: microstructurally small
cracks of critical microstructural dimensions (grain size), physi-
cally small cracks (less than 1 mm), mechanically small cracks
(several mm) and chemically small cracks (10 mm). In this paper,
the first stage of fatigue life, which is dominated by shear
crystallographic slip planes, is investigated by numerical simula-
tion. Relevant lengths are chosen considering the crack categories
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Nomenclature

F deformation gradient
Fp plastic component of the deformation gradient
Fe elastic component of the deformation gradient
L velocity gradient
Le elastic component of the velocity gradient
Lp plastic component of the velocity gradient
a the ath slip system
b the bth slip system
c(a) resolved slip rate
s(a) slip direction
m(a) normal to the slip plane
s(a) resolved shear stress
r Cauchy stress tensor
cðaÞ0 reference strain rate on slip system a
n strain rate exponent
g(a) current strength of slip system a
v(a) backstress
h0 initial hardening modulus
ss stage I stress
s0 initial yield stress

dD(a) damage parameter increment onslip system a
rmr memory stress
r0 endurance limit
rf true fracture stress
hi MacCauley bracket
dY(a) plastic strain energy increment on slip system a
rðaÞn normal stress on slip system r
dep plastic strain increment corresponding to rðaÞn

rðaÞs shear stress on slip system a
dcp plastic strain increment corresponding to rðaÞs

dD damage tensor increment at microscale
~D damage vector for each grain
h weight
Dmeso damage parameter for meso RVE
Dc critical damage value
l average grain size
LHS critical damage value
RHS average grain size
x surface energy density
A meso RVE size
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defined by Ritchie, e.g. the characteristic crack length for critical
damage value is taken as average grain size and meso RVE used
is a 1 mm � 1 mm square which is close to physically small crack
size. The methodology for fatigue damage estimation consists of
two major parts. First part is to calculate the stress–strain distribu-
tion based on a multiscale model. Second part is to apply a
developed multiscale fatigue damage criterion based on the
stress–strain distribution obtained from the first step to estimate
the failure of a meso RVE as well as the potential crack directions
in the RVE. It should be aware that most existing damage criteria
are applied at the macroscale and in these approaches crack
growth and propagation direction are addressed separately using
different criteria. In this paper, the developed multiscale fatigue
damage criterion can predict crack growth and propagation direc-
tion simultaneously.
Fig. 1. Multiplicative decomposition of the deformation gradient.
2. Constitutive model

For crystalline materials it is important to incorporate micro-
structure, crystallinity and micromechanics into the continuum
description of finite strain plasticity. The work of Taylor [16,17]
shows that crystal dislocation provides a clear atomistic interpre-
tation of the slip process and strain hardening. They were also able
to show how micromechanics could be incorporated into macro-
scopic analysis of plastic flow. The pioneering work of Taylor was
continued by many other researchers including Hill, Rice, Asaro
and Bassani [18–24]. Their work illustrated that crystal plasticity
is indeed necessary to incorporate important micromechanical fea-
tures of plastic flow into macroscopic analysis. Single crystal plas-
ticity theory offers several advantages over other techniques and is
used in this research to describe the material behavior in the hot-
spot of an aluminum structure.

A brief introduction of single crystal plasticity is presented in
this section for convenience of the reader. Using the standard mul-
tiplicative decomposition assumption, the deformation gradient
F ¼ @x=@X can be decomposed into elastic and plastic components
as shown in Fig. 1.

F ¼ Fe � FP ð1Þ

Fig. 1 shows that the lattice orientation and spacing remain the
same for the plastic deformation of the material while the elastic
component of the deformation gradient shows stretching and rota-
tion of the lattice compared to the reference configuration. The
velocity gradient, L ¼ @v

@x, in the current configuration is related to
the deformation gradient by:

L ¼ _FF�1 ¼ Le þ Lp ð2Þ

where Le = _FeFe�1 and Lp = Fe _FpFp�1Fe�1. Assuming that the inelastic
deformation of a single crystal arises only from crystalline slip,
the plastic velocity gradient can be rewritten in terms of the re-
solved slip rate, the slip direction and the normal to the slip plane
as shown below:

Lp ¼
X

a

_cðaÞsðaÞ �mðaÞ ð3Þ

The resolved shear stress, which plays a vital role in promoting
slip, has been derived from the Cauchy stress tensor, by the stan-
dard relationship:

sðaÞ ¼ r : ðsðaÞ �mðaÞÞsym ð4Þ
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It should be clarified that the slip direction and the vector nor-
mal to the slip plane used above are defined after deformation, that
is, in the ‘‘current” configuration. The relationship between the slip
systems in the deformed configuration and the ones in the refer-
ence configuration can be expressed as follows:

sðaÞ ¼ FesðaÞ0 and mðaÞ ¼ mðaÞ0 Fe�1 ð5Þ

A power-law is used in the flow rule to calculate the slip incre-
ments as follows [25,26]:

_cðaÞ ¼ _cðaÞ0
sðaÞ � vðaÞ

gðaÞ

����
����
n

signðsðaÞ � vðaÞÞ ð6Þ

where g(a) and v(a) represent the isotropic and kinematic hardening,
respectively. The hardening law for g(a) and v(a) is presented below:

_gðaÞ ¼
X

b

hab _cb ð7Þ

_vðaÞ ¼ b _cðaÞ � rvðaÞj _cðaÞj ð8Þ

where hðcÞ ¼ h0sech2j h0c
ss�s0
j; a ¼ b

qhðcÞ; a–b

(
are called self and latent

hardening moduli, respectively. b, r and q are material constants.
The cumulative shear strain on all slip systems can be obtained by:

c ¼
X

a

Z t

0
j _cðaÞjdt ð9Þ

For the numerical simulation, a widely used commercial finite
element software ABAQUS [27] is used and a user-defined material
subroutine (UMAT) that implements single crystal plasticity is
developed based on Huang’s work [28]. All the slip systems are
treated as potentially active. Since negative _cðaÞ is allowed, slip sys-
tem (s(a), m(a)) and slip system (�s(a), m(a)) are considered as one
slip system. The same rule is applied when calculating the damage
parameters within each slip system. The results showed in our pre-
vious publications [29,30] indicate that the modified UMAT code
can capture fatigue hardening and saturation. The most important
feature of the model is that single crystal plasticity has the capabil-
ity to capture local material anisotropic behavior due to different
grain orientations.

3. Multiscale damage criterion

3.1. Damage criterion incorporating single crystal plasticity

The work of Jiang et al. [31–33] shows that the fatigue damage
criterion they developed has the capability for multiaxial and non-
proportional loading. In this model, accumulated fatigue damage is
calculated along all directions in three dimensional (3D) space. The
critical material plane is determined by checking the plane in
which the maximum accumulated fatigue damage reaches a criti-
cal value and the direction of crack propagation is along the critical
material plane. However, this method is computationally expen-
sive and time inefficient to implement in 3D. Luo et al. extended
this energy based damage evolution rule based on the fact that fa-
tigue cracks in metals tend to nucleate and propagate initially
along slip planes [29]. In this work, single crystal plasticity is incor-
porated to the damage evolution rule so that instead of calculating
accumulated fatigue damage along all directions in 3D space, cal-
culation was carried out only among potential active slip systems.
The corresponding criteria are rewritten as:

dDðaÞ ¼ rmr

r0
� 1

� �m

1þ rðaÞn

rf

 !
dY ðaÞ ð10Þ
dY ðaÞ ¼ drðaÞn ðdepÞðaÞ þ 1� d
2

rðaÞs ðdcpÞðaÞ ð11Þ

where m and d are material constants. It should be noted that the
direction of the maximum material plane is a unit vector along
the critical plane rather than a normal vector to the plane. This will
be further clarified in the results section. In this paper, all the sim-
ulations are focused on face centered cubic (FCC) crystal structures,
like copper and aluminum. A single FCC crystal has 12 slip systems,
comprised of four slip planes, each with three slip directions. The
damage parameter evolution of a single grain of aluminum inside
the meso RVE for 12 potential active slip systems under uniaxial
cyclic loading was presented in our previous work [29]. The grain
was oriented for single slip and the results showed that the critical
slip plane is approximately 45� to the loading direction.

3.2. Microscale damage tensor

Using Eqs. (10) and (11), the damage parameter D(a) of each slip
system can be calculated. In order to incorporate damage informa-
tion from the 12 slip systems, a damage tensor is developed to
indicate the damage status at a particular point. In Eq. (10), the
damage parameters in all 12 slip systems are in a strain energy
density form. This makes it reasonable to assume that the damage
tensor, which is also associated with strain energy density, is a
symmetric tensor. On the other hand, it should reflect the direc-
tional effects for different slip systems. Thus, the relation between
the damage tensor increment and the damage parameter incre-
ment in each slip system is developed as follows:

dDðaÞ ¼ mðaÞdDsðaÞ;a ¼ 1;2; . . . ;12 ð12Þ

A symmetric tensor has six independent components, but the
resulting 12 conditions obtained from Eq. (12) over constrain the
problem and a unique tensor that satisfies all of them simulta-
neously could not be found. Therefore, an averaged damage tensor
is computed using an optimization technique. The objective func-
tion in incremental form is shown below:

E2 ¼
X12

a¼1

dDðaÞ �mðaÞdDsðaÞ
h i2

ð13Þ

To minimize the objective function, the necessary condition of
optimality (in index notation) is:

@E2

@Dij
¼ 2

X12

a¼1

mðaÞm dDm1sðaÞ1 mðaÞi sðaÞj � dDðaÞmðaÞi sðaÞj

h i
¼ 0 ð14Þ

with the constraint misi = 0. The linear equations reduce to a set of
five equations. A sixth equation need to be found in order to deter-
mine the six components of the damage tensor. As previously men-
tioned, Eq. (12) is over constrained for all slip systems, thus a
constraint is imposed where the sum of the RHS in Eq. (12) equals
to the sum of the LHS for all the potential slip systems. The addi-
tional equation is as follows:

X12

a¼1

mðaÞ1 sðaÞ1

" #
dD11 þ

X12

a¼1

ðmðaÞ1 sðaÞ2 þmðaÞ2 sðaÞÞ1 Þ
" #

dD12

þ
X12

a¼1

ðmðaÞ1 sðaÞ3 þmðaÞ3 sðaÞ1 Þ
" #

dD13 þ
X12

a¼1

ðmðaÞ2 sðaÞ2 Þ
" #

dD22

þ
X12

a¼1

ðmðaÞ2 sðaÞ3 þmðaÞ3 sðaÞ2

" #
dD23 þ

X12

a¼1

mðaÞ3 sðaÞ3

" #
dD33 ¼

X12

a¼1

dDðaÞ

ð15Þ

The developed procedure is expected to yield a damage tensor
capable of predicting damage growth rate and direction of damage
evolution simultaneously by computing the maximum eigenvalue



Fig. 2. Simulation for simple tension on a pre-cracked single crystal plate. (a) Mesh of the plate; (b) Mises stress distribution in the plate; (c) Enlrged area at the crack tip.

Table 1
Material properties used for Al2024.

Elastic moduli (GPa) D1111 = 112, D1122 = 59.5, D2222 = 114, D1133 = 59, D2233 = 57.5, D3333 = 114, D1112 = 1.67, D2212 = �0.574, D3312 = �1.09,
D1212 = 26.7, D1113 = 1.25, D2213 = �0.125, D3313 = �1.12, D1213 = �1.92, D1313 = 26.2, D1123 = �1.92, D2223 = 1.86,
D3323 = 0.068, D1223 = �0.125, D1323 = �1.09, D2323 = 24.7

Material constants in power law n = 10 _c0 = 0.001 s�1

Material constants in self and latent hardening h0 = 8.9 s0 ss = 1.8 s0 s0 = 76 MPa q = 1.0

Table 2
Eigenvector corresponding to the maximum eigenvalue of deviatoric part.

Time(s) X Y Z

7.95E�02 9.20E�01 �1.47E�01 2.22E�01
9.95E�02 8.68E�01 �1.73E�01 3.69E�01
1.10E�01 8.71E�01 �1.88E�01 3.58E�01
1.30E�01 8.27E�01 �3.70E�01 3.63E�01
1.40E�01 8.27E�01 �3.96E�01 3.24E�01
1.90E�01 8.27E�01 �5.02E�01 2.25E�01
2.00E�01 8.23E�01 �5.12E�01 2.27E�01
2.20E�01 8.07E�01 �5.15E�01 2.55E�01
2.30E�01 7.94E�01 �5.10E�01 2.75E�01
2.60E�01 7.59E�01 �4.90E�01 3.27E�01
2.70E�01 7.49E�01 �5.37E�01 �6.77E�03
2.80E�01 7.56E�01 �5.38E�01 8.31E�03

Table 3
Twelve slip systems.

Normal to slip plane Slip directions

0.577, 0, 0.816 0.707, 0.5, �0.5
�0.707, 0.5, 0.5
0, �1, 0

0.577, �0.816, 0 0.707, 0.5, 0.5
0, 0, 1
0.707, 0.5, �0.5

0.577, 0.816, 0 0.707, �0.5, 0.5
0, 0, 1
�0.707, 0.5, 0.5
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and the corresponding eigenvector. A simulation for a simple test
case is illustrated in Fig. 2. All the material properties for Al2024
used in the model which can be found in authors’ previous work
[29] are represented in Table 1. The results were slightly counter-
intuitive. At some points, the maximum eigenvalue becomes neg-
ative, which has no physical meaning. Consequently, the damage
tensor is decomposed into deviatoric part and hydrostatic part.
Since damage is driven by plasticity and the damage tensor is
developed to reflect the slip effect, the deviatoric part of the dam-
age tensor should also contain the necessary information. The
maximum eigenvalue and the corresponding eigenvector of the
deviatoric part appear to provide reasonable results in the context
of damage accumulation.

The corresponding eigenvectors shown in Table 2 for element A
which is in front of the crack tip are very close to the experimental
results.

Table 2 shows that the damage accumulates almost in the X–Y
plane for most of the time and slowly changes its direction from
approximately [1 0 0] to [0.756 �5.38 0.00831]. This direction al-
most lies in the X–Y plane and in the slip plane whose normal is
[0.577 0.816 0] as shown in Table 3. It should be noted that all
the directions presented in Table 3 are based on global Cartesian
coordinates system. By checking element B which lies at the right
side of the crack tip, the direction of the corresponding eigenvector
and the one on the LHS are symmetric with respect to the [1 1 0]
direction. This is in accordance with experimental results observed
in Refs. [34,35], with the two potential slip planes being [0.577
0.816 0] and [0.577 �0.816 0].
�0.577, 0, 0.816 0.707, �0.5, 0.5
0.707, 0.5, 0.5
0, �1, 0
3.3. Mesoscale damage vector

3.3.1. Kreisselmeier–Steinhauser (KS) function
Damage is believed driven by plastic deformation. Thus, in this

paper, the coupling between damage and elasticity was not consid-
ered. Besides, the idea of this paper is to bring up a multiscale con-
cept and build up a quantity for a RVE based on current stress–
strain distribution which can represent the damage status of the
RVE considering some of the microstructure features. Therefore,
several optimization methods and averaging techniques are used
in this paper to pack the local damage information and transfer it
into a global damage variable. For this purpose, a Kreisselmeier–
Steinhauser (KS) function based approach is used to account for
the contribution from all grains to the total damage accumulation
at mesoscale. This makes current multiscale model a statistical
model rather than a progressive damage model. The KS function
based approach incorporates criteria that allow contribution from
the more critical grains to be reflected in the damage calculation.
Traditionally, KS function is used in optimization applications
involving multiple objective functions and/or constraints [36].
From a mathematical point of view, the KS function represents



Fig. 3. KS function [36].

Fig. 4. Meso RVE containing different oriented grains.
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an envelope function (for a set of functions), as shown in Fig. 3 and
is defined as:

KS½giðxÞ� ¼ �
1
q

ln
X

i

e�qhiðxÞ

" #
ð16Þ

where q is a parameter which determines the closeness of the KS
function to the boundary of the multiple objective functions hi(x).
In current work, the multiple objective functions are the damage
growths of all the grains in a meso RVE as functions of the time.
When q is positive, the KS function is close to the lower bound of
hi(x), and when q is negative, the KS function is close to the upper
bound of hi(x). However, Eq. (16) cannot be used directly for calcu-
lation because of the exponential term. The simplified KS function
form for calculation purposes is derived as:

KS½hiðxÞ� ¼
MaxðhiðxÞÞ þ 1

q ln
P

i
eqðhiðxÞ�MaxðhiðxÞÞ

� �
; upper bound

MinðhiðxÞÞ � 1
q ln

P
i

e�qðhiðxÞ�MinðhiðxÞÞ
� �

; lower bound

8>>><
>>>:

ð17Þ
3.4. Damage parameter and direction at the mesoscale

As mentioned in the introduction, a 1 mm � 1 mm square is
chosen as a meso RVE (Fig. 4) according to the length definition
of physically small crack by Ritchie. The procedures to create meso
RVE mesh comprise two steps. First, an Electron Backscattering
Diffraction (EBSD) scan is used to get the microstructure of the
material including grain orientations, grain shapes and sizes. Sec-
ond, a software package OOF (Object-Oriented Finite element anal-
ysis from NIST) is used to graphically assign the material properties
to a microstructure image and mesh it. It should be pointed out
that all the meso RVEs are generated directly from the EBSD scans
of the material so that all the grain information used in the FE sim-
ulation is kept the same as real microstructure. The grain sizes and
shapes can affect the stress–strain distribution in the RVE; conse-
quently can affect the damage prediction to some extent. However,
grain size and shape effects are not explicitly considered in the
constitutive model. Meanwhile, traditional single crystal plasticity
is used to describe the material behavior at the hotspot area of the
structural components. Stress/strain gradient effect, which can
take account of the size effect in the constitutive model such as
the mechanism based strain gradient crystal plasticity (MSG-CP)
or other strain gradient theory, is not considered in current work.
In order to get the damage parameter and direction at the meso-
scale, each grain in the meso RVE (Fig. 4) is treated as a single unit.
The output of each grain is a damage vector ~D obtained by using an
averaging technique. Three simple steps are carried out to calculate
this damage vector of each grain. First, the deviatoric part of the
damage tensor is calculated for each element within a grain. Next,
the deviatoric damage tensors of all the elements in the grain are
averaged to get one averaged damage tensor in which each compo-
nent of this damage tensor comes from the mean value of the cor-
responding components of all the elements’ deviatoric damage
tensor. Finally, the damage vector of each grain is calculated where
the magnitude of the damage vector, D, is set equal to the maxi-
mum eigenvalue of the averaged damage tensor. The damage vec-
tor lies along the corresponding eigenvector.

The magnitude of the damage vector, D, in each grain is a func-
tion of time. The upper and lower bound for D of all the grains
within a meso RVE can be obtained by applying the KS function.
Then the damage index for the meso RVE can be defined as:

Dmeso ¼ ðhKSu þ ð1� hÞKSlÞ=Dc ð18Þ

where h is related to the critical damage value which is defined in
Eq. (19), total grain damage and the total number of grains within
a meso RVE. It measures the number of grains that reaches the crit-
ical damage value, Dc. The critical damage value is also used to
determine crack initiation in the meso RVE. The damage direction
in the meso RVE can be obtained by normalizing the sum of all dam-
age vectors for all grains. For prediction of fatigue crack initiation,
the criteria should be related to the local damage parameter, i.e.
the damage parameter D of each grain. When the maximum dam-
age parameter of each grain within a meso RVE reaches the critical
damage threshold, the corresponding number of fatigue cycles is
treated as fatigue crack initiation and the corresponding grain with
the maximum damage parameter is regarded as the crack initiation
spot. The goal of using a damage index for meso RVE, Dmeso, is to
determine the failure of the RVE by checking whether Dmeso reaches
1 or not. In this paper, for convenience of experimental validation,
the failure crack length of the meso RVE is taken as 1 mm consider-
ing the size of the meso RVE and the resolution of the digital image
acquisition system used in the experiments. The meso RVE size is
about 1 mm � 1 mm and only the failure of the meso RVE is vali-
dated considering our current experimental capabilities.

3.5. Critical damage value for crack nucleation

For aluminum, the surface energy density [37] x, which corre-
sponds to the energy variation per unit area due to the creation of
surface at room temperature, is 865.18 MJ/m2. In order to initiate a
crack, the minimum energy required should be 2 � 865.18 � l � t,
where 2 indicates there are two free surfaces for a crack. Parame-
ters l and t are the characteristic length and width of the crack
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Fig. 5. Lab setup for fatigue tests of structural components with digital image acquisition system monitoring the crack length: (A) lug joint sample; (B) hydraulic frame; (C)
CCD camera; (D) digital image acquisition system.

Table 4
No. of cycles to get 1 mm crack for different lug joint samples in fatigue tests.

Lug joint specimens No. of cycles to obtain 1 mm crack

Sample 1 213 k
Sample 2 220 k
Sample 3 223 k
Sample 4 125 k

Fig. 6. Finite element

Fig. 7. Mises stress distr
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surface, respectively. In the simulation, l is chosen to be the aver-
age grain size obtained from an EBSD scan. In order to determine
the critical damage value, an assumption is made that the cumula-
tive damage due to plastic deformation in the meso RVE should be
greater than the minimum energy for creating two free surfaces of
a crack. The width of the meso RVE is chosen to be the same as the
crack width so that the critical damage value is only a function of
the average grain size l, the meso RVE size A and the surface energy
mesh of lug joint.

ibution of lug joint.



Fig. 8. (a) Damage evolution in each grain for 20 cycles, and (b) an example shows that damage grows linearly after 10 cycles in each individual grain.

#9

(a)

(b)

Fig. 9. (a) Damage distribution in RVE for all grains, and (b) location of critical grain.
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density x. The equation to determine a critical damage value is
presented below:

Dc ¼
2�x� l

A
ð19Þ
4. Results and validation

4.1. Lug joint fatigue tests

The lug joint is one of the several ‘hotspots’ in aerospace struc-
tures that experience fatigue damage. The fatigue tests were per-
formed on lug joint samples prepared from an Al 2024 T351
plate. An Instron 1331 hydraulic load frame was used to apply load
to the samples. Fig. 5 shows the experimental setup of the test. A
digital image acquisition system was used to collect pictures from
a CCD camera to monitor potential locations of crack initiation and
measuring crack length. A cyclic loading of 490 N (110 lbs) to
4900 N (1100 lbs) with a frequency of 20 Hz in sinusoidal wave-
form was applied to the lug joint sample through the bottom cle-
vis. From those images taken from the digital image acquisition
system, a crack length vs. number of cycles curve can be plotted.
Then the number of cycles to get a 1 mm crack in the sample can
be interpolated from this curve. Table 4 shows the number of
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Fig. 10. Microstructure and grain size distribution of the meso RVE.

Fig. 11. Normalized damage index for meso RVE vs. no. of cycles.
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cycles to obtain a 1 mm crack for different lug specimens. The
experiment results for 1 mm crack will be compared with the
estimations of the 1 mm � 1 mm meso RVE failure from the
simulations. Also the images can be measured to get the initial
crack direction on the lug joint specimen and subsequently com-
pared with the potential crack directions obtained from the
simulations.

4.2. Numerical simulations

For efficient multiscale analysis of structural components such
as a lug joint, a two-scale mesh is needed. The meso RVE mesh gen-
erated using the software OOF was used at the hotspot of the lug
joint. Detailed procedures are presented in our previous work
[29]. The rest of the lug joint is described as a homogenous mate-
rial. The constitutive relation of this homogeneous material was
obtained by homogenizing the meso RVE stress–strain response.
First, a force was applied at the right edge of the meso RVE where
plane stress elements were used. The UMAT based on single crystal
plasticity was used to describe material behavior for each grain
within the meso RVE. Then, the displacement of each node at the
edge was calculated. The corresponding homogenized meso RVE
stress–strain response can be plotted according to the applied load
and the displacement of each node. This curve was used to perform
the plane stress simulations [29]. The two-scale mesh was gener-
ated using the commercial software Altair Hypermesh. Fig. 6 shows
the two-scale mesh of the lug joint. CPS3 and CPS4 elements are
used for the FE simulations of the lug joint to investigate the sur-
face of the specimen. Symmetric boundary conditions were used
for simulation so that only half of the lug joint was analyzed in
the ABAQUS. The load condition is the same as the fatigue test from
490 N (110 lbs) to 4900 N (1100 lbs) with a frequency of 20 Hz in
sinusoidal waveform at the pin hole of the lug. Fig. 7 shows the
von Mises stress distribution in the lug joint under simple tension
and the non-uniform distribution within the hotspot due to differ-
ent grain orientations.

The previously described damage tensor was implemented in
the UMAT and a data processing code was also developed in Mat-
lab. Using the finite element analysis results, damage evolution for
all grains in the meso RVE is plotted in Fig. 8 for 20 cycles. Fig. 8
shows that after 10 cycles, the damage evolution in each grain be-
comes stable which provides a basis to use a linear fit to extrapo-
late the damage evolution in individual grains. It should be noted
that, the purpose of this paper is to propose a new methodology
for fatigue damage prediction considering microstructure features.
All simulations here are under constant cyclic loading. Thus, the
damage evolution in each grain becomes approximately linearly
after 10 cycles. For random load condition, future work will be ad-
dressed on building the relationship between the apply load and
the damage growth in each individual grain. Fig. 9a shows the
damage parameter of all the grains within the RVE at the time
t = 1.2667 s and Fig. 9b presents the enlarged area of the RVE and
highlight the crack initiation area where the damage parameter
was maximum. This critical grain is labeled as grain No. 9 shown
in Fig. 9a. The results confirm that the critical grain in the RVE is
located close to the free surface at the shoulder of the lug joint.

A Matlab program was built in for post-processing of finite ele-
ment results. Fig. 10 shows the microstructure and the grain size
distribution of the meso RVE being used. Fig. 11 shows the normal-
ized damage parameter for the meso RVE vs. the number of cycles.
The simulation data fit a quadratic polynomial well, which is intu-
itive given that as more grains reach the critical damage value, the
accumulation of damage in the meso RVE accelerates. The
estimated number of cycles until failure in the meso RVE, i.e. when
the normalized damage index of the meso RVE reaches 1, is 208 k
cycles. Result of simulation matches well with the experimental
results of sample 1–3 shown in Table 4. At the same time, the
corresponding eigenvector, an indicator of the potential
damage direction, is calculated by the weighted average method
from all the grains. For this work, all the simulations were carried
out in a 2D surface. A histogram showing the appearance
frequency of the corresponding eigenvector angle with respect to



Fig. 12. (a) Histogram of damage direction in RVE, and (b) cracking directions from fatigue tests.

Fig. 13. Finite element meshes of different lug joints.

Table 5
Average grain size and estimation of failure for different meso RVEs.

Lug joint simulations Simulation 1 Simulation 2 Simulation 3 Simulation 4 Simulation 5

Average grain size (lm) 208.591 191.866 190.266 242.684 191.082
Estimate failure of RVE (k cycles) 208 184 298 177 116
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the horizontal direction is shown in Fig. 12a to determine the
most potential damage for the meso RVE. The figure indicates
that the directions of maximum damage in the RVE, obtained from
simulation, are approximately �30� and 52�. The experimental
crack directions from lug joint fatigue tests are shown in
Fig. 12b.



Fig. 14. (a) EBSD scan directly from the shoulder of lug joint sample, and (b) finite element meshes created from OOF.

Fig. 15. Crack reaches 1.5 mm.

Fig. 16. Histogram for pot
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Further simulations were conducted to verify the developed
model and consider uncertainty of the meso RVE shown in
Fig. 13. The same lug joint with only one meso RVE located at
the shoulder was used. However, the meso RVEs contain different
oriented grains and different number of grains. As mentioned be-
fore, all meso RVEs’ sizes are approximated to 1 mm � 1 mm. The
average grain size and the estimated failure of meso RVEs are
shown in Table 5.

It should be noted that the estimation of RVE failure in simula-
tion 5 is close to the fatigue test in sample 4. Variability in the sim-
ulation results indicates that the fewer number of cycles required
in sample 4 to obtain a 1 mm crack could be because of different
oriented grains. Further validations will be performed to investi-
gate these results.

The five simulations suggested that grain orientation will affect
the estimation of RVE failure. The common feature for all five sim-
ulations is that, the RVEs are taken from the same Al alloy plate
from which the lug joint samples were made. However, RVEs ob-
tained from the scans are not directly from the lug joint samples
which results in the variability of the input data for the model.
To prevent the variability of the input data, a RVE directly scanned
from the lug joint shoulder was created (shown in Fig. 14). The pro-
cedure is to obtain four scans from both shoulders of the lug joint
on both sides and to conduct fatigue test on the same lug joint
sample to determine which scan should be used in the simulation
for validation. For this fatigue test, the loading was changed from
ential crack direction.
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150 lbs to 1500 lbs. Because of the high loading condition and high
frequency, the number of cycles to obtain a 1 mm crack in the lug
joint was not recorded. The lowest number of cycles recorded was
33 k cycles for a 1.5 mm crack (shown in Fig. 15).

The simulation result of RVE failure is found to be 12.4 k cycles.
Considering the number of cycles required for short crack propaga-
tion up to 1.5 mm obtained experimentally, the authors believe the
simulation result is acceptable. The direction of crack propagation
at the early stage of fatigue test is around �53� with respect to the
horizontal direction as shown in Fig. 15. The histogram of the sim-
ulation for potential crack direction is presented in Fig. 16. Results
show two major potential crack direction bands. One is from
around �58� to �43� and the other one is from 60� to 85�. The
experiment result showed that the crack propagated along one of
the potential crack direction range obtained from the simulation,
indicating that the model can predict potential crack directions.

5. Conclusion

A multiscale damage criterion that captures damage initiation
at the microscale has been developed. This criterion focuses on
the crack initiation in fatigue life. Experimental observation of fa-
tigue test on lug joint shows that the fatigue life is significant prior
to crack initiation that can be detectable by available sensors and
SHM techniques. Once the initiation happens, crack growth rate
is very high. This makes damage initiation very important for esti-
mating structural fatigue life. This paper shows the authors’ cur-
rent effort on estimation of fatigue life up to the physically small
crack (1 mm). The results show that the estimation of RVE failure
at a structural hotspot under cyclic loading obtained from the mul-
tiscale damage criterion match the number of cycles needed to get
a 1 mm crack in the structural component from the experiment. In
addition, the damage criterion has the capability to provide the po-
tential directions for crack growth. Future work will focus on
extension of the damage criterion for short and long crack propa-
gation and the application of the damage information obtained to
structural health monitoring and prognosis.
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