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Abstract: In this paper, a low-cycle-fatigue (LCF) crack initiation life prediction approach that explic-
itly distinguishes nucleation and small crack propagation regimes is presented for ultrafine-grained
(UFG) aluminum alloy by introducing two fatigue indicator parameters (FIPs) at the grain level.
These two characterization parameters, the deformation inhomogeneity measured by the standard de-
viation of the dot product of normal stress and longitudinal strain and the microscale multiaxial strain
considering the non-proportional cyclic additional hardening and mean strain effect, were proposed
and respectively regarded as the driving forces for fatigue nucleation and small crack propagation.
Then, the nucleation and small crack propagation lives were predicted by correlating these FIPs with
statistical variables and cyclic J-integrals, respectively. By constructing a microstructure-based 3D
polycrystalline finite element model with a free surface, a crystal plasticity finite element-based nu-
merical simulation was carried out to quantify FIPs and clarify the role of crystallographic anisotropy
in fatigue crack initiation. The numerical results reveal the following: (1) Nucleation is prone to
occur on the surface of a material as a result of it having a higher inhomogeneous deformation than
the interior of the material. (2) Compared with the experimental data, the LCF initiation life of
UFG 6061 aluminum alloy could be predicted using the new parameters as FIPs. (3) The predicted
results confirm the importance of considering the fatigue behavior of nucleation and small crack
propagation with different deformation mechanisms for improving the fatigue crack initiation life
prediction accuracy.

Keywords: ultrafine-grained aluminum alloy; fatigue initiation life prediction; fatigue indicator
parameter; crystal plasticity

1. Introduction

Aluminum alloy (AA), as a lightweight alloy, has been extensively used in structural
and machine components due to its excellent mechanical properties [1]. However, with
the development of industry, higher mechanical performance, such as improved hardness
and strength, is required of AAs in different situations [2]. Recently, many investigations
have focused on improving the mechanical properties of AAs by refining their grain size
to nanoscale or UFG through severe plastic deformation techniques, among which equal
channel angular pressing has become a popular strategy due to its high strength/weight
ratio and promising industrial application prospects. In practice, UFG AA has been used in
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some key structural components of transport systems, which often endure cyclic loads [3,4].
Therefore, a thorough theoretical investigation of the fatigue properties of UFG AA is
crucial in order to promote the application of such materials.

Numerous attempts have been made to identify a rational methodology for fatigue
life prediction. The empirical Coffin–Manson law and its modification have been widely
used by researchers to characterize the LCF of metallic materials for several decades.
The Coffin–Manson law has been experimentally verified but cannot be related to the
microstructure features. In order to overcome these limitations, some researchers have
tried to interpret the fatigue crack initiation behavior in connection with crystal plasticity
theory with the help of FIPs. Chen et al. [5] investigated the accuracy by regarding local
slip accumulation and dissipated energy as FIPs to assess fatigue failure; both of these were
found to correlate with the crack locations observed in experiments. The investigations
conducted by Manonukul and Dunne [6] were the first to point out that the potential
crack initiation location experiences the most intense accumulated plastic slip. Later,
Cruzado et al. [7] argued that calculating energy dissipation in each particular slip plane
is a better approach due to its clear physical background. The same conclusion was also
made by Sweeney et al. [8] because the energy dissipation criterion designed in their
investigations considered the working hardening induced by dislocation motion. These
microstructure-sensitive FIPs identify the “hotspots” of fatigue crack initiation by judging
the maximum value of the averaged FIPs, and fatigue failure is deemed to occur when
the FIP computed for each cycle reaches a threshold value [7,9]. However, most of these
FIPs are applied to coarse grains, which are not fully appropriate for use in UFG metals.
In order to overcome these limitations, Zhang et al. [10–12] tried to predict the fatigue
crack initiation life using a novel statistics-based criterion, providing new insights into the
occurrence of fatigue failure. This research used statistical variables as FIPs to describe
the inhomogeneous deformation of the representative volume element (RVE), and the
fatigue life could be determined when the statistical variables reached their corresponding
critical values. However, inhomogeneous plastic deformation occurring on surfaces has
been overlooked in previous investigations. This topic deserves more attention [13,14], as
fatigue cracks generally nucleate on the surface of UFG material.

Conventionally, local stress-based criteria for HCF and plastic strain-based criteria for
LCF have been applied to estimate fatigue life by dividing the cracks into two stages, i.e.,
crack initiation and crack propagation [15,16]. Over the last few years, some researchers
have further divided total fatigue life into three physical regimes: nucleation (10−7–10−5 m),
small crack propagation (10−5–10−4 m), and long crack propagation (LC > 10−3 m) [17].
Additionally, the LCF fatigue crack initiation life of materials can be defined by the number
of cycles required to incubate a small crack and propagate it to a macrocrack. These two
stages are closely related to the microstructure topology and grain crystal anisotropy, and
micromechanics-based modeling is required to accurately predict the fatigue initiation
life of materials. In fact, microstructure has a dominant influence in the early stages of
fatigue crack formation and growth under HCF conditions [18], while the microstructure
morphology of grains/phases influences the mean (50% probability) fatigue response under
LCF conditions [19]. However, most of the studies listed above do not explicitly distinguish
between the nucleation and small crack propagation phases and predict the fatigue crack
initiation life based solely on one FIP, which may introduce errors to the fatigue crack
initiation life prediction of UFG AA.

Recently, some efforts have been made to correlate microstructural features with the
early stage of fatigue crack behavior based on crystal plasticity theory. For instance, Castel-
luccio and Mcdowell proposed an FIP based on a modified version of the Fatemi and Socie
(F–S) criterion in a high-cycle-fatigue regime [20–22]. In this research, the F–S criterion
served as the driving force for small crack propagation. More recently, Yang et al. [23]
utilized the F–S model to predict the LCF crack initiation life of GH4169 superalloy. A good
prediction accuracy was achieved by assuming the small crack propagation life to account
for half of the fatigue crack initiation life. In order to clarify the role of FIP in small crack
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propagation, a corresponding theoretical analysis and CPFEM simulations were performed
by Reddy and Fatemi [18]. Their results showed that FIPs play a similar role to that of ∆K or
∆J. However, the normal strain on the slip plane, which has been reported to not only accel-
erate small crack propagation [24,25] but also to lead to non-proportional cyclic additional
hardening (NPCAH) [26,27], has been overlooked in previous FIP models. Meanwhile, for
a crystal grain under multiaxial cyclic straining loading, the mean strain effect may play a
non-negligible role in small crack propagation, as extensive macroscopic multiaxial fatigue
experiments have indicated that errors could be made in small crack propagation life if the
mean strain effect is not considered [28,29]. Therefore, it might be necessary to search for
an FIP that is able to reflect the variation in microscale multiaxial strain, which can help us
to characterize the fundamental small crack propagation mechanism.

Recently, some researchers have attempted to assess the fracture toughness of UFG
metallic alloys using J-integrals. Additionally, the small crack propagation life can be pre-
dicted by associating the cyclic J-integral with the range of crack tip opening displacement.
For instance, Ding and Mughrabi [30] proposed an LCF life prediction model for UFG ma-
terials based on cyclic J-integrals. In their research, the macroscale indicator parameter, i.e.,
the plastic strain range, is responsible for the fatigue crack growth. However, the proposed
model assumes a very small initial radius of the fatigue crack, without any reference being
made to the microstructure information. Similar computational models can also be applied
to different kinds of UFG metals [31–33], but they are limited in their rendering of the het-
erogeneous microstructure and anisotropic mechanical behavior of materials. As outlined
in [17], the assessment and prediction of early fatigue behavior (i.e., nucleation and small
crack propagation ranging from 10−7 to 10−5 m) require micromechanics-based models.

In this paper, an LCF fatigue crack initiation life approach that explicitly distinguishes
between the nucleation and small crack propagation regime is proposed based on experi-
ments and crystal plasticity modeling. Choosing the UFG 6061AA as a model material, we
carried out the following studies: (1) A synthetic polycrystal finite element model with a free
surface was constructed and regarded as an analytical model with which to clarify the contri-
bution of the inhomogeneous plastic deformation to the fatigue crack initiation. (2) Though
conducting CPFEM simulations, the cycles required for nucleation were assessed based
on the inhomogeneity of the material. (3) By introducing the FIP related to the microscale
multiaxial strain field into the cyclic J-integral, the small crack propagation rate equation was
obtained by associating the cyclic J-integral with the range of crack tip opening displacement.
After this, the small crack propagation life was predicted based on a newly deduced Coffin–
Manson model for UFG metallic alloys. (4) Comparative studies were conducted between
the methods based on only one FIP and the proposed combined approach. (5) The validation
of the proposed LCF crack initiation life model was carried out with respect to the errors
between the predicted results and the experimental data. Finally, a technical diagram was
plotted with an algorithm of all calculation steps (shown in Figure 1).
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2. Material and Strain Fatigue Experiments

The material used in ECAP is AA 6061; its chemical composition is presented in
Table 1. The process of ECAP was carried out using a wa-600b electro-hydraulic servo
universal testing machine at room temperature. After eight extrusions of ECAP, the samples
were machined into cylindrical specimens with a gauge diameter size of 6.25 mm and
gauge length of 18 mm, as shown in Figure 2a. Meanwhile, electron backscatter diffraction
(EBSD) tests were conducted to obtain the crystallographic orientation and polycrystalline
geometry information prior to the LCF tests. The TSL OIM software package was employed
to analyze the EBSD data. As shown in Figure 2b, the different colors in the EBSD map
represent the orientations of separate grains, and the average grain size is 1.08 µm.

Table 1. Chemical composition of 6061 aluminum alloy (% in weight).

Si Fe Cu Mn Mg Cr Zn Ti

0.586 0.241 0.264 0.095 0.945 0.07 0.024 0.005
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Figure 2. (a) Geometric dimensions of the cylindrical specimen (unit: mm); (b) EBSD map of
UFG AA6061.

The fatigue test was carried out according to the American Society of Testing Materials
(ASTM) E606 (Standard Practice for Strain-Controlled Fatigue Test). A Guanteng PA-20
microcomputer-controlled fatigue testing machine was used, and the gauge distance of
the extensometer was 12.5 mm. Meanwhile, all the test specimens were carefully ground
and polished using various grit emery papers before fatigue testing, aiming to reduce the
influence of surface roughness. The LCF tests were conducted with a sinusoidal loading
waveform with a frequency of 0.05 Hz at ambient temperature and carried out on three
samples for reproducibility. The ECAP specimens were subjected to cyclic symmetrical
tension–compression loading with a constant strain amplitude. The strain amplitudes used
in the test were 0.005, 0.006, and 0.007. Finally, the stable hysteresis loops (solid lines) under
different strain amplitudes were compared with the simulation results obtained from the
CPFEM simulation.

3. Proposed Fatigue Crack Initiation Life Prediction Approach for UFG AA

As discussed in the introduction, the LCF crack initiation life can be estimated by
the superposition of fatigue nucleation life (NN) and small crack propagation life (NMSC),
which can be written as [17]:

N f = NN + NMSC (1)
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These two physically based regimes are closely related to the microstructure of poly-
crystalline materials. From a microstructural and physical point of view, the microscopic
behavior of material influences the mean (50% probability) fatigue response in low cycle
regimes [19]. Following the experimental observation of UFG AA [34–36], we assume
that dislocation glide is still the most important deformation mechanism for UFG AA.
This assumption allows us to utilize crystal plasticity theory to develop micromechanics-
based fatigue criteria that relate FIPs to the phase of nucleation and transgranular small
crack propagation.

3.1. Indicator Parameter of Inhomogeneity Considering the Influence of Normal Stress

Previous studies have demonstrated that the meso-inhomogeneous deformation of
a material can be described by the standard deviation of the longitudinal strain [11,12].
For materials under LCF loading, it has been reported that a stress-assisted plastic slip-
based FIP provides better predictions than one without stress terms [37]. Based on this,
we proposed the FIPN for the nucleation regime by calculating the standard deviation of
the dot product of normal stress and mesoscopic longitudinal strain (MLS) for the whole
RVE, namely:

FIPN = f̂ (2)

with

f̂ =

√√√√nRVE

∑
k=1

( f )2
k pk − ( f )2, f =

nRVE

∑
k=1

( f )k pk

f = σn · ε ll

σn =
[

nx ny nz
] σx τxy τxz

τxy σy τyz
τxz τyz σz

 nx
ny
nz


Here, f̂ and f represent the standard deviation and mean value of the dot product

of normal stress and MLS; nRVE denotes the total number of finite elements; σn is the
normal stress with respect to the α slip plane, where the maximum plastic shear strain
range (MSSR) occurs; and pk can be calculated by the volume of the kth element divided by
the total volume of the RVE.

Furthermore, the FIPSur f
N representing the inhomogeneity on the free surface is pro-

posed as follows:
FIPSur f

N = f̂ Sur f (3)

with

f̂ Sur f =

√√√√nRVEsur f

∑
k=1

( f Sur f )
2
k pk − ( f

Sur f
)

2
, f

Sur f
=

nRVEsur f

∑
k=1

( f Sur f )k pk

f Sur f = σ
Sur f
n · εSur f

ll

It is noteworthy that all the variables calculated in Equation (3) are defined with
respect to the surface layer of the RVE.

3.2. Modeling of Small Crack Propagation Life Based on the Indicator of Microscale
Multiaxial Strain

For UFG AA, it has been observed that the micro deformation band is formed from the
crack tip and moves along a close-packed plane of atoms [38]. This situation indicates that
the physical modeling of small crack propagation in UFG AA should take the microscale
slip mechanism into consideration. As shown in Figure 3, there exists a cyclic plastic region
(CPR) on the slip plane, within which a fatigue damage region (FDR) is formed ahead of the
small crack. Considering the unique deformation mechanism of UFG AA, it is not difficult
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to extrapolate that dynamic grain coarsening and large-scale shear-dominated deformation
are supposed to occur in the FDR due to the complex dislocation interaction. In this work,
the microscale control parameter used to correlate small crack propagation with the local
field is characterized by FIP utilizing crystal plasticity theory.
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As stated above, the local stress–strain field in the FDR evolves in a multiaxial and
non-proportional manner, giving rise to NPCAH behavior in the realistic microstructure.
Previous macroscale experiments have proven [39] that NPCAH behavior can be described
by establishing a multiaxial fatigue damage parameter with respect to the normal strain
and maximum shear strain based on the critical plane method. Therefore, based on the
assumption that only active slip planes can be potentially considered as critical planes [20],
a multiaxial fatigue damage parameter, defined on the specific crystallographic plane, is
proposed to reflect the NPCAH effect at the grain level, which can be deduced according to
the von Mises yield criterion:

∆εeq,N

2
=

[
(ε∗n)

2 +
1
3

(
∆γmax

2

)2
] 1

2

(4)

where ∆γmax is the MSSR in the α slip system and ε∗n denotes the normal strain on the
crystallographic plane where the MSSR occurs; it can be calculated as ε∗n = max

tA<t<tE
(εn(t))−

min
tA<t<tE

(εn(t)) = εmax
n − εmin

n . εn, representing the normal strain on the slip plane, can be

defined as:

ε
(α)
n =

[
nx ny nz

] εx γxy γxz
γxy εy γyz
γxz γyz εz

 nx
ny
nz

 (5)

Considering that the mean range on the specified slip plane may play an important role
in the small crack growth, the equivalent mean strain range, combined with the multiaxial
fatigue damage parameter, is regarded as the local driving force in small crack propagation.
Consequently, the new proposed indicator parameter of the microscale multiaxial strain
field can be rewritten as:

FIPP =
∆εeq,N

2
+

∆εeq,m

2
(6)
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with
∆εeq,m

2 = sgn
[

sgn(∆εn,m
2 ) · (∆εn,m

2 )
2
+ 1

3 sgn(∆γm
2 ) · sgn(∆γm

2 )
2
]

×
[(

∆εn,m
2

)2
+ 1

3

(
∆γm

2

)2
] 1

2

where ∆εm
n and ∆γm represent the mean normal strain range and mean shear strain range

for the slip plane, respectively.
The relationship between the cyclic J-integral and FIP was clarified in the work of

McDowell [40]. For UFG materials, it has been recognized that the cyclic J-integral shows a
good correlation with the fatigue crack growth rate under the elastic–plastic field for the
case of an LCF condition, and it was suggested as an effective alternative to the application
of ∆K in the investigations for both short crack and long crack growth regimes [41,42]. In
this paper, the cyclic J-integral is proposed to be responsible for the small crack propagation,
and it follows a representative relationship based on the work of Rice [43]:

J = −∂Vint
∂r

(7)

Here, V denotes the internal energy dissipated in the process of small crack propaga-
tion. Previous studies have already demonstrated that the growth rate of fatigue cracks
for UFG metals depends on whether the local cyclic peak stress in the fatigue degradation
zone ahead of the crack tip approaches the ultimate tensile strength [44–46]. Therefore, the
interaction energy dissipated per unit length can be determined using:

Vint = −RY,UFG ε̃FDRπ(rFDR/2)2 (8)

Here, RY,UFG denotes the cyclic ultimate tensile strength and ε̃FDR represents the accu-
mulated mean multiaxial damage strain in FDR, which can be calculated by the integration of
the strain in CPR (εCPZ) over the radius of the fatigue damage region (rFDR) [33,47,48]. Then,
the mean multiaxial damage strain can be obtained by the integral equations as follows:

ε̃FDR =
1

rFDR

∫ rFDR

0
εCPR(r)dr (9)

In order to consider the effect of multiaxial damage strain on the small crack propaga-
tion, we extend the model in [30,49] by incorporating the FIPp into the formulation of εCPR
and rFDR. The newly developed model is described by:

εCPR(r) =
FIPP

2

( rc

r

)1/(n′+1)
(10)

rFDR =
λπK2

GBS
16K2

GBC

(
(K′UFG)

3+1/n′

R1+1/n′
m,UFG R2

Y,UFG

)(
FIPP

2

)3n′+1
α (11)

Here, λ is the cyclic plastic zone correction factor, which can be obtained by one exper-
imental fatigue test; K′UFG and n′ are material parameters related to the cyclic mechanical
response of UFG AA; KGBS and KGBC are, respectively, the GB strengthening (GBS) factor
and the GB constraint (GBC) factor. Additionally, both of these can be calculated from
the relationship between the cyclic mechanical response and the GB properties of UFG
materials [30] {

KGBS ≡ RUFG
Y,0.2/RY,0.2

KGBC ≡ [(∆σ/2)/(∆σe f f /2)]/2
(12)

where RP,UFG and RP represent the effective yield strength of UFG and its CG counterparts
and ∆σ/2, ∆σe f f /2 are, respectively, the cyclic stress range and equivalent stress range
at the steady cycle, which can be obtained by performing CPFEM simulation. These
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parameters reflect the strengthening effect on the metal matrix and the constraint on the
dislocation motion due to the large amount of grain boundaries (GBs) in UFG materials.

After some computation, one can further obtain Equation (13) by substituting Equation (8)
into Equation (7), namely:

∆J =
λπ2K2

GBS
32K2

GBC
(

n′ + 1
n′

)

(
(K′UFG)

3

R2
p,UFG

)(
FIPP

2

)3n′+1
α (13)

Based on the fracture mechanics, the ∆J parameter and the range of crack tip opening
displacement (∆CTOD) are assumed to satisfy the following relation [50]:

∆CTOD = ∆J/ωRP,UFG, with ω = 1.5 (14)

Therefore, with the knowledge of Equations (13) and (14), we obtain the fatigue crack
growth rate equation for the UFG material as:

(
da
dN

)
MSC

=
λπ2K2

GBS
96K2

GBC
(

n′ + 1
n′

)(
K′UFG
Rp,UFG

)
3

(
FIPP

2
)

3n′+1
a (15)

Since the cracks will evolve with the loading cycles and finally reach a critical value,
one can obtain the fatigue life formula by integrating Equation (15) from an assumed small
crack ri to a critical crack size r f . The expression of FCP life for the considered material
is then:

N f =

[
96K2

GBC
λπ2K2

GBS

(
n′

n′ + 1

)(Rp,UFG

K′UFG

)3

ln
( r f

ri

)](
FIPP

2

)−(3n′+1)
(16)

After rearranging the equation above, one can find that Equation (16) can be easily
translated into the standard Coffin–Manson model, i.e., Equation (17), with the consider-
ation of the deformation mechanism at the microscale and its corresponding mechanical
response at the macroscale:

FIPP
2

=

[
192K2

GBC
λπ2K2

GBS

(
n′

n′ + 1

)(Rp,UFG

K′UFG

)3

ln
( r f

ri

)] 1
3n′+1 (

2N f

)−1/(3n′+1)
(17)

4. Simulation Methodology
4.1. Dislocation-Based Constitutive Model

The following formulations of the dislocation-based constitutive model for UFG
material were based on the theory established in [51]. In order to explore the cyclic
plasticity behavior of UFG AA, the flow rule was modified by introducing a nonlinear
kinematic hardening term to the slip system, i.e.,

.
γ
(α)

= υ0
b
d

exp

−∆G0

KT

1−
〈∣∣∣τ(α) − χ(α)

∣∣∣− τ
(α)
ath

τ̂UFG

〉p
qsgn(τ(α) − χ(α)) (18)

Here, the brackets 〈 . . . 〉 denote the Macaulay bracket, meaning that 〈x〉 ≡ x for x ≥ 0;
otherwise 〈x〉 ≡ 0. P and q are two material parameters. υ0 denotes the attempt frequency
and b and d represent the Burgers vector and the mean grain size of UFG metal, respectively.
The physical meaning of “b/d” corresponds to the plastic shear strain generated in the
progress of dislocation sliding from GBs to GBs. ∆G(α) denotes the reduced activation
energy; α refers to the total amount of slip in the system, which is equal to 12 for FCC

polycrystalline metal;
.
γ
(a) is the inelastic strain rate for the active a-slip systems, i.e., a {110}
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<110> system for an FCC crystal structure; and τ(α), representing the resolved shear stress,
can be computed as:

τ(α) = Me : P(a), with Me = FeTFe · Te (19)

Here, Me denotes the Mandel stress tensor; Te represents the second-order Piola–
Kirchhoff stress tensor; Ee is the elastic Green–Lagrange strain tensor; and C is the fourth-
order elastic tensor. Based on the Hooke’s law, their relationship can be written as:

Te = C : Ee with Ee =
1
2

(
FeTFe − I

)
(20)

The lattice friction stress, τ̂UFG, is the critical shear stress used to generate crystal
plastic slip at 0 K, which can be obtained based on a previous investigation into UFG
metals [51]:

τ̂ = 2∆G0/Lbω0 (21)

where ω0 represents the average travel distance of the dislocation and L represents the
distance of two pinning obstacles, which can be determined from the product of volume
fraction (c) and grain size as L = md (0 < m < 1).

To account for the evolution of back-stress at the grain level, a kinematic hardening
rule including a strain hardening term and a dynamic recovery term is introduced based
on the work of Busso and McClintock [52], namely:

χ(α) = hb
.
γ
(α) − rD

τ
(α)
ath

χ(α)
∣∣∣ .
γ
(α)
∣∣∣ (22)

Here, hb and rD are two material parameters and τ
(α)
ath represents the slip resistance

law in the α slip system [53]:

τ
(α)
ath = µGb

√√√√ 12

∑
β=1

Aαβρβ, Aαβ = h0

[
ω1 + (1−ω2)σ

αβ
]

(23)

where µ is a material parameter that is equal to 0.7, G is the shear modulus, and h0 is a
scalar function describing the strength of dislocation pair interaction. Generally, Aαβ is
a 12 × 12 dislocation interaction matrix that describes the degree of obstruction between
different slip systems. In this investigation, an interaction matrix consisting of two elements
corresponding to weak interactions and strong interactions is adopted for simplicity.

Considering the competition between the multiplication and annihilation of disloca-
tions for the α slip system, the overall dislocation density evolution equation is governed
by the balance law, which is suggested as:

.
ρ
(α)

=

∣∣∣ .
γ
(α)
∣∣∣

b

1
d
+

√
∑a 6=β ρβ

K
− yk exp(−∆GB

kBT
)ρ(α)

 (24)

where K is a material constant that controls the size of the mean free path [54]. For UFG
materials, the process of the absorption of dislocations by GBs is proportional to the
diffusivity along the GBs over the course of cyclic loading. Therefore, the absorption rate
of dislocations at GBs is proposed to be related to the temperature and thermal activation
energy of GBs.

4.2. Construction of the Finite Element Model
4.2.1. Applied Boundary Conditions

The loading direction applied to the polycrystalline finite element model is shown
in Figure 4a. Additionally, the specific boundary conditions can be implemented using
the following steps: (1) Normal displacement was applied with U3 = U for the positive
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surface of the third axis, while U3 = 0 was applied for the negative surface of the third axis.
(2) On the negative surface of axes 1 and 2, the displacement in the normal direction of all
nodes was equal to zero. (3) For the positive surface of the first axis, node A at the lower
right corner of the surface was taken as the reference point, while the other nodes on the
surface were recorded as A′ set. In order to meet the condition of macro-uniaxial loading
and continuous material deformation, the constraint Equation (25) was embedded into
ABAQUS to satisfy the boundary conditions above.

−UA
1 +UA′

1 = 0 (25)
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4.2.2. Validation of the RVE

Based on the microscopic experiment of UFG 6061AA, it is acknowledged that Goss
texture is formed for UFG 6061AA in the process of ECAP. In other words, the poly-
crystalline aggregate will show obvious anisotropy. Therefore, the number of grains in
RVE should be sufficient to reflect the plasticity heterogeneities of the real microstructure.
However, numerical simulations with a large number of grains under a crystal plasticity
framework are very costly from a computational viewpoint. Thus, a reasonable number of
grains with the reduced crystallographic texture should be used for the accurate prediction
of mechanical response at the polycrystal level. In this investigation, four RVEs with the
same number of elements (27,000) but containing 27, 64, 216, and 512 grains (Figure 4c–f,
different colors represent different grains) were constructed by grain size analysis (as shown
in Figure 4b) and assigned a reduced crystallographic texture extracted from the pole map
(Figure 5). The computationally obtained results and their local enlarged drawing at the
peak stress are plotted in Figure 6. The difference in macro hysteresis loop shows that
the peak stress identified for 216 grains is slightly higher than that for 512 grains, but less
than 2 MPa. Therefore, a 3D polycrystalline RVE established using 27,000 elements and
216 grains was adopted in the following CPFE simulations.
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4.3. Parameter Identification
4.3.1. Identification of Material Parameters and Simulating Cyclic Deformation Behavior

The material parameters used in the crystal plasticity constitutive equation were clas-
sified into three categories. The first category contained the microstructural features of
UFG metals, including grain size and grain orientation, which were consistent with those
observed in the EBSD experiment. The second category was mainly physical material pa-
rameters, such as the GB thermal activation energy, Boltzmann constant, and Burger vector,
all of which were related to the unique properties of UFG metallic material. These param-
eters controlling the development of isotropic and kinematic hardening were initialized
based on previously published studies on UFG AA at room temperature [47,55–57]. Lastly,
the remaining parameters, such as the three independent single-crystal elastic constants
and dynamic recovery rate, were adjusted from those in the symmetric strain-controlled
test using a “trial-and-error” method. All the calibrated parameters discussed above are
listed in Table 2.

Finally, the rationality of the material parameters was verified in terms of the stable
stress–strain hysteresis loops and their corresponding numerical simulation. Figure 7
shows a comparative analysis between the simulated stable stress–strain hysteresis loops
and the experimental ones at the strain amplitudes of 0.5%, 0.6%, and 0.7%. The maximum
stress difference between the test data and the micro-level simulations is less than 3 MPa,
which indicates that the obtained simulated stable hysteresis curves are in good agreement
with the experimental results. Meanwhile, all the simulated results predict a slight cyclic
softening, which is consistent with the experimental observation. Moreover, in order to
reflect the reduction in dislocation density observed in the cyclic loading process, two
internal variables, i.e., initial dislocation density and critical shear stress, are reduced with
the microstructure evolution. In summary, all the above results show that the calibrated
material parameters for the crystal plasticity model are reasonable and acceptable for use
in further investigations.
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Table 2. Material parameters for CPFEM simulation.

Elastic Constants and Flow Parameters Hardening Parameters

Parameter Dimension Value Parameter Dimension Value

C11 MPa 77,159 dmean µm 1.08
C12 MPa 55,706 G MPa 26,209
C44 MPa 35,910 ω1 - 1.0
v0 s−1 1013 ω2 - 1.1
ρ0 1014 mm−2 1.5 h0 - 0.014
c - 0.014 yc - 0.9× 10−25

b nm 0.286 [47] rD MPa 118
∆G0 ev 1.4 [51] hb MPa 8831
m - 0.28 ∆GB J/mol 87,000 [51]
kB J/K 1.38× 10−23 u - 3.55
p - 0.99
q - 1.01
T K 298
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4.3.2. Identification of Material Parameters for Small Crack Propagation Equation

The small crack propagation life of UFG 6061AA was predicted according to Equation
(16). Obviously, the main factors that affect the small crack propagation life of UFG 6061AA
are the defined initial fatigue crack length, the material parameters, and the investigated
material. Thus, a series of tension–compression symmetric strain-controlled experiments
were conducted carefully to identify these key parameters prior to the application of UFG
6061AA. However, very limited information about the fatigue crack initiation life of UFG
AA is available in the literature. Additionally, it is hard to measure the corresponding real-
time crack length of a smooth cylindrical specimen using the currently available observation
equipment. Therefore, in this work, an empirical approach outlined in the ASTM E606
standard was adopted; i.e., the total fatigue crack initiation life was estimated when the
maximum stress of the cyclic stress–strain curve had dropped below 5% of the stabilized
hysteresis loop peaks. Then, the critical crack size was determined based on the fracture
appearance using SEM observation. In this work, the critical crack size for UFG 6061AA
was taken as 25 µm, which is approximately 20 times larger than the initial mean grain
size. In order to obtain the material parameters related to the cyclic plasticity behavior, a
set of cyclic stress–strain curves for UFG and CG 6061AA were plotted based on a series of
symmetrical cyclic strain-controlled experiments (shown in Figure 8). It should be noted
that the cyclic yield strength was calculated by the formulation fitted by the approximation
RP,0.2 = K′(0.002)n [30]. In addition, the GBS factor can be obtained by the experimental
method reported in [58] or the CPFEM simulation. Finally, all the parameters used in our
calculation are listed in Table 3.
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Table 3. Characteristic parameters of UFG 6061AA and CG 6061AA.

Materials n
′

K
′
UFG

Cyclic Yield
Strength

RUFG
P,0.2 (MPa)

Strengthening
Factor
KGBS

UFG 6061AA/RT
State 0.21 484 139 2.1

CG AA6061/RT
State 0.15 168 66
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5. Results and Discussion
5.1. Determining the Statistical Variable Describing the Inhomogeneity

According to the previous experimental observations of fatigue experiments, micro-
cracks tend to nucleate on the surface of metal rather than in the bulk [59]. The reason
for this is that the surface of samples generally suffers from manufacturing defects and a
poor finish, leading to the accumulation of damage that accelerates the fatigue failure of
components under cyclic loading. Based on the use of an RVE with preferred orientation
according to the EBSD, Figure 9a,b compare the distribution of mesoscale longitudinal
strain at the maximum tension point of the 3rd and 300th cycles, respectively. It can be
seen that the free surface becomes obviously uneven as the number of cycles increases.
Aiming to quantitatively depict the degree of deformation of the RVE and its free surface,
the inhomogeneity of the polycrystalline aggregation and its free surface are described by
Equations (2) and (3), respectively.
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Figure 9. Longitudinal strain contours of the RVE at the maximum tension moment with respect to
the (a) 3rd cycle and (b) 300th cycle under a strain amplitude of 0.7%.

Figure 10 displays the histograms of the frequency distribution for f and f Sur f under
various strain amplitudes. It is evident that the statistical distributions for f and f Sur f

are Gaussian-like, similar to those reported in [11,12]. Therefore, it is reasonable to adopt
these two parameters to signify the level of dispersity of the inhomogeneous local strain
field. As shown in Figure 10a–c, the SD of f presents a trend of growth, which implies
that the inhomogeneity of the material increases with the increase in the applied strain
amplitude. Figure 10c,d compare the SD of f for the whole RVE at an amplitude of 0.7%,
and it is found that the SD of f at the 300th cycle is 20 times larger than that at the 3rd
cycle. Furthermore, Figure 10e,f investigate the inhomogeneity on the free surface of the
RVE by calculating the f Sur f at the 300th and 3rd cycle with respect to the strain amplitude
of 0.7%. A very similar evolution was found but with a 28.25 times difference. When
comparing Figure 10c,d with e,f, the SD of f Sur f is obviously higher than that of f in the
300th and 3rd cycle. Based on the analysis above, we can conclude the following: (1) The
cycle numbers and the applied loading conditions are the two key external factors that
affect the inhomogeneity of materials. (2) Even if there is no damage on the surface, the
metal surface suffers from more inhomogeneous plastic deformation than the interior of
the material, which further clarifies the contribution of the plasticity heterogeneities and
micromechanical interactions between neighbor grains to the fatigue damage mechanism.
(3) The SD of f Sur f calculated with respect to the free surface layer of the RVE is more
suitable for use as a fatigue criterion to judge the fatigue nucleation occurrence.
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5.2. Analysis of Local Stress and Strain Field on the Free Surface

From the microscopic viewpoint, the inhomogeneity of polycrystalline aggregation
can be described by the Schmid factor of individual grains. The contours of the Mises
stress and maximum principal strain are plotted in Figure 11; they were calculated by
ABAQUS after computational stabilization at the 10th cycle with respect to the tension
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peak. The heterogeneous state of plastic deformation at the grain level was mainly caused
by the preferred orientation processed by ECAP. Since the condition of stress equilibrium
and strain compatibility needs to be satisfied during deformation, the misorientation of
the neighboring grains makes the GBs “hot ports” in the polycrystalline aggregation. As
displayed in Figure 11a,b, more details of the local stress and strain response on the free
surface of the RVE were investigated along two horizontal lines. Moreover, two types of
grain combinations, that is to say, the hard–soft combination and the soft–soft combination,
were selected to analyze the effect of crystal orientation on the inhomogeneous local stress
and strain field. It can be observed from Figure 12a,b that the maximum Mises stress
appears at hard grains, while the minimum value appears at soft grains. On the other hand,
it can be seen that the transition process of stress and strain between two soft grains tends
to be relatively smooth. For the two adjacent soft grains, the elastic and plastic behavior
at the micro-level is anisotropic. Therefore, it can be inferred that this inhomogeneous
deformation process firstly induces a grain shape change to satisfy the strain compatibility
and then stress equilibrium along the GBs. Finally, it should be noted that the combination
of hard grain and hard grain was been discussed in this investigation, but a similar evolution
could be inferred from the evolution law of the soft–soft combination.
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In order to further validate the aforementioned deduction, two soft grains and one
hard grain were selected to explore the microscale cyclic plastic response at the grain level.
Figure 12c shows the mechanical responses of individual grains obtained from soft grains
67 and 70 and hard grain 169 with respect to the 10th cycle. It can be seen clearly that the
two soft grains exhibit a higher strain response and a lower stress peak as compared to the
hysteresis loops obtained from the experiment, while the hard grain exhibits a higher stress
response and a lower strain response. These results further demonstrate that the material
properties of hard grains and soft grains are anisotropic in terms of elastic and plastic
deformation, which are, respectively, linked to elastic lattice distortion and the plastic
slip accumulated over the course of cyclic loading. Moreover, one can see that the yield
strength, Young’s modulus, and cyclic response for the soft grains are smaller than those
obtained from the experiments, which is in contrast to the situation seen in hard grains.
These well-oriented grains, which are prone to slip, will contribute to a larger accumulation
of micro-level plastic deformation and higher hysteresis energy dissipation.

5.3. Prediction of Low-Cycle-Fatigue Crack Initiation Life
5.3.1. Nucleation Life Based on the Evolutions of the Inhomogeneity on the Free Surface

Further investigations of the relationship between the inhomogeneous meso-plastic
deformation and fatigue nucleation were conducted by tracking the evolution of FIPSur f

N
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through CPFEM simulation. For UFG AA, the inclusion of large amounts of precipitates dis-
tributed dispersedly within the matrix was observed; this contributes to the localized crys-
tallographic slip concentration, accelerating the nano-void nucleation and growth [35,37]
and resulting in the scatter characteristic of nucleation life in UFG materials. At present,
there are technical difficulties in tracking the real-time evolution of nucleation and small
cracks in smooth cylindrical fatigue specimens using the currently available observation
equipment. Therefore, we made the assumption that the fatigue nucleation regime may
account for 30%, 50%, 70%, and 100% of the fatigue initiation life for simplicity.

Figure 13 shows the evolution curves of the simulated FIPSur f
N , characterizing the

inhomogeneous micro-plastic deformation that has occurred under three different strain
amplitudes in four probabilities as the number of cycles increases. It can clearly be seen that
the FIPSur f

N increases as the number of cycles increases, and the evolution law is similar
within the four assumed probability ranges. The simulation results also indicate that the
inhomogeneous deformation on the free surface became increasingly serious during the
cyclic loading. The relationship between the experimental data and their averaged values is
marked by red solid dots and blue crosses distributed along the FIP evolution curves. The
variation ranges of FIPSur f

N , i.e., 2.6∼15.8, 6.7∼28, 9∼40.2, and 14∼57.8, were divided into
six equal parts by seven critical values. Subsequently, a group of horizontal lines, including
four black dotted lines and three solid lines plotted in red, pink, and green, was drawn
though these critical values. The values of FIPSur f

N corresponding to the intersections of
these critical lines and FIP evolution curves are listed in Table 4.

Selecting the limiting values in Table 4, the comparisons between the experiment life
and the predicted nucleation life are shown in Figure 14. The abscissa is the nucleation life
calculated from the product of the total fatigue initiation life and the assumed probability.
The ordinate is the predicted nucleation life obtained by utilizing the proposed FIPSur f

N .
The bold diagonal solid orange line represents perfect fatigue crack initiation life prediction.
Compared with Figure 14a,b, it can be seen that all the predicted data points are within
the ±3.0 error band. However, compared with the experimental results, this approach
overestimates the nucleation life at larger values of strain amplitude, while showing
conservative predicted results at lower values of strain amplitude. The reason for the lower
predictability of this model can be attributed to the fact that it exclusively focuses on the
inhomogeneous plastic deformation of the material, but ignores the effect of the inclusion
of precipitates dispersed in large amounts of UFG aluminum alloy matrix, which may
trigger early micro-crack nucleation due to deformation incompatibility. This causes the
nucleation life to be lower than expected in the case of higher strain amplitudes. On the
other hand, the predicted results tend to be conservative under lower strain amplitudes.
This is mainly due to the smaller grain size in the multiaxis stress state being conducive to
more homogeneous slipping plastic deformation in the UFG regime. As a result, the stress
concentration is reduced at the micro level, which delays the propagation of small cracks to
macroscopic ones [60,61]. This is manifested as an improvement in the fatigue strength of
UFG metals at the macro level. In addition, it is necessary to point out that the statistical
predicted method based on inhomogeneity can better capture the scatter characteristic of
nucleation behavior to an extent. Although the approach based on inhomogeneous plastic
deformation is capable of assessing the fatigue initiation life of UFG metallic alloys, more
thorough investigations that take into particular consideration the unique microstructure
characteristics and the macroscopic mechanical response of UFG material are required to
establish a more physically based equation for this kind of material.
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Table 4. Nucleation life prediction for various FIPSur f
N with respect to their different probabilities.

30% Probability 50% Probability

∆Et/2
FIPSur f

N 2.6 4.8 7 9.2 11.4 13.6 15.8 6.7 10.25 13.8 17.35 20.9 24.45 28

0.5% 258 313 450 568 680 804 908 438 621 820 1013 1201 1406 1589
0.6% 131 198 260 302 386 426 502 245 336 443 527 642 718 827
0.7% 113 167 194 237 271 302 360 189 256 313 380 430 495 543

70% Probability 100% Probability

∆Et/2
FIPSur f

N 9 14.2 19.4 24.6 29.8 35 40.2 14 21.3 28.6 35.9 43.2 50.5 57.8

0.5% 551 846 1118 1406 1693 1981 2265 830 1223 1615 2010 2400 2818 3185
0.6% 310 450 596 728 889 1026 1157 445 652 851 1054 1245 1436 1653
0.7% 265 380 497 428 667 765 880 378 512 670 802 933 1081 1228
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Figure 14. Comparisons between the experimental and predicted loading cycles for nucleation by
using FIPSur f

N on the free surface: (a) 30% probability and 50% probability; (b) 70% probability and
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5.3.2. Small Crack Propagation Life Prediction Based on Microscale Multiaxial Strain

Figure 15a shows the distributions of the FIPP for 207 grain sets in the RVE by contours
at a strain amplitude of 0.005 after numerical cyclic stability. The results show the FIPP
presents a strong inhomogeneous nature with values varying in the range of−6.614× 10−7

to 1.535 × 10−2. In order to characterize the FIPP with respect to the strain amplitude of
0.5%, 0.6%, and 0.7%, the maximum value of FIPP was extracted from the corresponding
grain sets after cyclic deformation. The data points obtained are displayed in the scatter
diagram shown in Figure 15b–d. It can be seen the maximum FIPP for the crystal plasticity
model obtained under different strain amplitudes varies in the range of 2.38 × 10−3 to
1.54 × 10−2, 3.58 × 10−3 to 1.84 × 10−2, and 4.11 × 10−3 to 2.14 × 10−2, respectively. The
homogenized values of the largest FIPMSC are, respectively, 7.46 × 10−3, 8.94 × 10−3, and
1.05 × 10−2. Subsequently, these homogenized FIPPs are introduced into Equation (16)
to calculate the small crack propagation life. Furthermore, through the analysis of the
distribution of the maximum FIPP value of crystal sets, it can be determined that the stress–
strain states at the critical sites evolve in a multiaxial and non-proportional manner. From
the data shown in Figure 16, the errors between the predicted results and the experimental
data can be seen to be acceptable when the error band is set to the range of ±3.0. It is
noteworthy that the range of four probabilities corresponds to different cyclic plastic zone
correction factors for different deformation mechanisms. In addition, it is not difficult
to find that the fatigue initiation life approach based on the microscale multiaxial strain,
corresponding to 100% probability, is obviously conservative as a result of negligence in
the nucleation regime.
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5.3.3. Fatigue Crack Initiation Life Prediction Based on the Combination of Inhomogeneity
and Microscale Multiaxial Strain

As shown in Figure 17, the fatigue crack initiation life predicted by the proposed
methodology is more reasonable than that based on only one FIP (corresponding to 100%
probability) and the previously published method [61] under various macroscopic strain
amplitudes. When the percentage of nucleation regime varies from 50% to 70% probability,
all the predicted data points are within ±1.5 error bands. The best prediction accuracy was
achieved when the phase of nucleation accounted for 70% of the LCF crack initiation life.
The prediction data and their errors with the averaged fatigue lives for different prediction
models with respect to the corresponding half strain range, ∆Et/2 = 0.5%, 0.6%, 0.7%, are
also listed in Tables 5 and 6. To describe the relationship between the probability of FN,
applied strain amplitude, and fatigue initiation life, a three-dimensional fatigue initiation
life histogram was drawn, as shown in Figure 18. It can be clearly seen that the fatigue
crack initiation life increases along with the probability of FN, while decreasing as the
applied strain amplitude increases. Meanwhile, it can also be seen that the fatigue initiation
life is dominated by the applied strain amplitude. The findings shown above further
indicate that the influences of the inhomogeneous plastic strain for fatigue initiation life
are significant at lower applied strain ranges, while the influences of the multiaxial strain
field for small crack propagation are remarkable only at larger strain ranges. The proposed
method, which explicitly considers the phase of nucleation and small cracks, can be used
to provide an accurate description of the early behavior of UFG metallic alloys through
CPFEM simulation. Since our approach considers the heterogeneity characteristics arising
from crystallographic orientation and the microscale LCF multiaxial strain field, it can
capture the grain-scale deformation localization well and therefore improve the precision
of fatigue crack initiation life prediction.
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∆Et/2 (%) N f N f NN
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Np

Np − N f
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Table 6. Computation results and prediction errors made by N1, N2, N3, and N4 schemes.

N1: 30%(FN) + 70%(FCP) N2: 50%(FN) + 50%(FCP) N3: 70%(FN) + 30%(FCP) N4: Previous Published Method

N1
N1 − N f

N f
N2

N2 − N f

N f
N3

N3 − N f

N f
N4

N4 − N f

N f

1774 −0.33 1978 −0.25 2210 −0.16 1853 −0.30
830 −0.35 949 −0.26 1079 −0.16 1385 0.08
499 −0.05 589 0.12 602 0.15 856 0.63
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6. Conclusions

In this work, an LCF crack initiation life prediction approach was proposed that
explicitly distinguishes the nucleation and small crack propagation regime; it contains two
newly proposed FIPs relating to inhomogeneity and the microscale multiaxial strain field.
Micro-level numerical simulations and a series of strain-controlled fatigue experiments
were conducted for UFG 6061AA in order to examine the prediction capacities of the
proposed model. The main findings of this study can be summarized as follows:

(1) By performing a statistical analysis of the RVE and its free surface, it was proven
that, even if there are no machining defects or damage on the free surface of the
specimen, this is still the most dangerous place for fatigue nucleation to occur due
to the evolution of inhomogeneous deformation. Additionally, stress-assisted FIP
based on the statistical method is capable of expressing the degree of inhomogeneity
of UFG material.

(2) Regarding the two newly proposed FIPs as the driving force for the nucleation and
small crack propagation, we predicted the nucleation life and small crack propagation
life with respect to different probability factors. The predicted accuracy of the fatigue
crack initiation life based on only one FIP was acceptable when the error bands were
set in the range of ±3.

(3) When the phase of nucleation accounted for 50% to 70% of the LCF crack initiation
life for three different strain amplitudes, the predicted accuracy of the developed
numerical process was improved, with all the predicted data points lying within the
±1.5 error band. The proposed methodology accompanied by the two FIPs provides
new insights into the early stage of the LCF fatigue behavior of UFG AA.
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However, the criterion used to judge fatigue failure may warrant further research
to take into account the effect of the surface roughness and material internal defects in
engineering materials and structural components. Moreover, in situ experimental obser-
vation will be conducted in future work to better understand the LCF properties of UFG
aluminum alloy and provide a more accurate verification of the proposed methods.
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Nomenclature

UFG AA Ultrafine-grained aluminum alloy
CPFE Crystal plasticity finite element
FIP Fatigue indicator parameter
RVE Representative volume element
EBSD Electron backscatter diffraction
LCF Low cycle fatigue
HCF High cycle fatigue
F–S Fatemi and Socie
NPCAH Non-proportional cyclic additional hardening
NN Fatigue nucleation life
NP Small crack propagation life
FIPN FIP for the whole RVE
FIPSur f

N FIP on the free surface
FIPp FIP for small crack propagation
RP,UFG, RP Effective yield strength of UFG and its CG counterparts
f̂ , f Sur f The dot product of normal stress and mesoscopic longitudinal strain for the

RVE and its free surface
n′, K′UFG Cyclic stress–strain hardening exponent and coefficient

ε
(α)
n Normal strain on the α slip system

∆εeq,N/2 Equivalent multiaxial strain reflecting non-proportional cyclic
additional hardening

∆εeq,m/2 Mean equivalent normal strain amplitude
∆γm/2 Mean shear strain amplitude
∆εn,m/2 Mean normal strain amplitude
Vint Interaction energy
ε̃FDR The accumulated mean multiaxial damage strain in FDR
εCPZ The strain in cyclic plastic region
rFDR The radius of the fatigue damage region
C11, C12, C44 Elastic constants
α, ri, r f Crack length, initial crack length and critical crack length
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χ(α) Back stress on the αth slip system
τ(α) Resolved shear stress on the αth slip system
∆σ/2, ∆σe f f /2 Cyclic stress amplitude, effective stress amplitude
ρ0 Initial dislocation density
b Burgers vector
∆G0 Activation energy
m Activation length parameter
kB Boltzmann constant
p, q Exponential constants
T Tested temperature
dmean Mean grain size
G Shear modulus
ω1, ω2 Latent hardening ratio
v0 Attempt frequency
Aαβ Hardening matrix
yc Material constant
rD Dynamic recovery parameter
hb Hardening constant
∆GB Activation energy of grain boundary diffusion
∆G0 Activation energy
u Material parameter
ε ll , ε

Sur f
ll Mesoscopic longitudinal strain for the RVE and its free surface

σn, σ
Sur f
n Normal stress for the RVE and its free surface

∆γmax/2 Maximum plastic shear strain amplitude
N f Total fatigue initiation life
NN Fatigue nucleation life
τ̂UFG Lattice friction stress at the current temperature
rFDR Fatigue damage region
KGBS Grain boundary strengthening factor
KGBC Grain boundary constraint factor
∆CTOD Crack tip opening displacement

τ
(α)
ath Slip resistance on the αth slip system

NP Small crack propagation life
FCP Fatigue crack propagation
FN Fatigue nucleation
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