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Abstract: Ultrafine-grained aluminum alloys (UFG AA) show great potential in the design of fatigue-
resistant lightweight alloys, and the methodology to assess low-cycle fatigue (LCF) life remains
to be studied. In this work, a micromechanics-based LCF life prediction model is presented by
conducting crystal plasticity finite element simulation (CPFEM). The fatigue indicator parameter (FIP)
of maximum accumulated equivalent plastic strain energy, modulated by triaxiality, is developed
to assess the material damage in the microstructure. Particularly, a new multiaxial strain parameter
is proposed by considering the combined influence of the mean strain and non-proportional cyclic
additional hardening effect, and then directly embedding into the cyclic J-integral. Finally, the
reformulated Manson-Coffin relationship is theoretically constructed by correlating the crack tip
opening displacement to the crack propagation equation. The results show the scatter fatigue life of
UFG AA6061 is not only related to the inhomogeneous evolution of plastic deformation but also to
the local stress state. Since the proposed approach considers both the deformation mechanisms at
the micro-scale and the corresponding macroscopic responses, it can predict the LCF life of UFG AA
with reasonable accuracy.

Keywords: crystal plasticity; low cycle fatigue life prediction; ultrafine-grained AA6061; microscale
multiaxial response

1. Introduction

The 6xxx series Al alloys (AA) have been widely used for the fabrication of structure
or machine components due to their excellent combination of high specific strength, fatigue
life and corrosion resistance [1]. However, with the increasing demand for the application
of lightweight alloys, higher performance, such as improved hardness and strength, is
required for AA in a lightweight design. In recent decades, many researchers have fo-
cused on the manufacture of ultrafine grains (UFG) metallic alloys and the application of
these kinds of materials in actual engineering conditions, such as blades [2], medical im-
plants [3], gears [4] and connecting rods [5], etc. However, micro-scale fatigue mechanisms
in UFG metallic alloys are still not yet fully understood so far [6,7]. Thus, more theoretical
investigations are required to fully use these promising materials.

As compared to macro continuum models, the crystal plasticity finite element method
(CPFEM) presents a potential advantage due to its quantitative assessment between mi-
crostructural feature evolution and material deformation [8,9]. Previous CPFEM investi-
gations generally correlated the micro-scale deformation with fatigue properties through
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different kinds of fatigue indicator parameters (FIPs). For example, Zhang et al. [10,11] de-
veloped a statistical criterion within the crystal plasticity framework to predict the fatigue
life of polycrystalline materials by tracking the evolution of inhomogeneous deformation
under a repeat fatigue loading condition. Castelluccio et al. [12] successfully revealed the
mechanism of small crack propagation by establishing a microstructure-sensitive crack
propagation equation. The small crack propagation life was predictable by using the new
FIP with consideration of interactions with grain boundaries. Li et al. [13] assumed that
fatigue failure can be judged by the accumulated equivalent plastic slip calculated within
the crystal plasticity framework. The rationality of the newly established microstructure-
sensitive FIP was verified by experimental characterization. Further, a comparative analysis
was conducted by researchers to assess the accuracy of these microstructure-sensitive FIPs
under LCF loading. Some scholars [14] confirm that plastic strain energy (PSE) is a more
convincing approach for fatigue life prediction under the condition of high strain, as the
PSE dissipation is a criterion that is independent of material parameters and it can reflect
the strain path dependence under multiaxial cyclic loading. In addition, Wang et al. [15]
adopted the PSE to assess fatigue damage evolution of materials at the crack tip of a
compact tension (CT) specimen under LCF loading and found that the development of
mechanical degradation may depend on the collective effects of grain size and inclusion
combination. However, for UFG AA, large amounts of the inclusion of precipitates can lead
to the micro-crack nucleation, growth, coalescence and macro-crack propagation inevitably
occurring leading to macro-degradation and rapid failure [16]. As a result, the unique
structure of AA under the action of tension and compression may render a failure mode
that is different from that of its coarse grain (CG) counterpart.

Generally, the LCF life of materials can be divided into three parts, i.e., nucleation
(crack size ranging from 10−7 to 10−5 m), small crack propagation (crack size ranging
from 10−5 to 10−4 m) and long crack (crack size >10−3 m) [17]. However, for UFG AA, it
was observed that the small crack propagation regime dominates the LCF life because the
micro-cracks are prone to occur in advance due to a lack of ductility [18,19]. These exper-
imental results inspire us that the micromechanical model based on fracture mechanics
and crystal plasticity theory can provide a better prediction under high strain LCF loading
conditions. Recently, some scholars have tried to evaluate the fracture toughness of UFG
materials through calculating J-integrals [20–22]. In addition, the small crack propagation
life can be predicted by associating the cyclic J-integral with the range of crack tip opening
displacement. Ding et al. [23] firstly developed an LCF life model for UFG materials based
on fracture mechanics. The controlling fatigue indicator parameter to drive crack propaga-
tion in their research is the plastic strain range. However, most of these investigations above
were established by assuming a very small initial radius of crack, without considering
the influence of the heterogeneous microstructure and anisotropic mechanical behavior
of materials. This may bring errors to the prediction of the LCF life of UFG materials. As
emphasized in references [17,24,25], the assessment and prediction of early fatigue behavior
require micromechanics-based modeling. McDowell et al. [26] discussed the influence of
microstructure attributes and properties on small crack propagation, and then the cycles
required to propagate a small crack to the macro one were assessed by incorporating the
Fatemi and Socie (F-S) critical plane model [18] into the cyclic J-integral. Subsequently,
the F-S model was regarded as the FIP and embedded into the small crack growth rate
equation to obtain the small crack propagation life by Shenoy [27]. More recently, Yuan
and Castelluccio [17] utilized a modified F-S model to predict the small crack life in bridge
steel welds by CPFEM. However, for the ultrafine grains subjected to the local multiaxial
strain-controlled loading history [28], the mean strain plays a non-negligible role in the
evolution of small crack propagation as a result of complicated loading paths and non-
proportional loading. Moreover, the local multiaxial stress-strain states at the grain level
can give rise to the non-proportional cyclic additional hardening (NPACH) effect in the
process of LCF loading [29,30]. As a result, the inhomogeneous plastic deformation is
not only related to the stress state but also to the strain path. As extensive experimental
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observations have exhibited errors could be made in the prediction of multiaxial fatigue
life without considering the mean strain and NPACH effect, it is essential to reflect these
factors in the LCF life prediction of UFG AA6061.

In this paper, a methodology based on micromechanics is proposed to predict the
LCF life of UFG AA. Choosing the UFG AA6061 as a model material, the entire study
is structured into the following two parts: in the first part, the constitutive based on the
finite strain crystal plasticity theory is used to describe the cyclic plasticity of UFG AA6061.
Furthermore, a character strain considering the combined effect of mean strain and NPACH
effect was developed to determine the grain-level multiaxial deformation field. Coupled
with the FIP of equivalent inelastic slip energy modulated by triaxiality, the cyclic J-integral
was calculated and embedded into the small crack propagation equation to calculate the
LCF life of UFG AA6061. In the second part, using the model, the fatigue damage evolution
at the critical cites was studied from the perspective of energy evolution. Moreover, the
distribution of the local multiaxial strain field with respect to different strain amplitudes
was analyzed. Finally, the reliability of the proposed prediction model has been verified
by comparing the predicted results with the experimental tests of UFG AA6061, proving
its accuracy.

2. Material and Experimental Procedures

The materials used in ECAP is AA6061 and the main chemical composition of AA6061
are listed in Table 1. The process of ECAP was carried out on the wa-600b electro-hydraulic
universal testing machine at room temperature (RT). After ECAP 8 passes extrusion, the
microstructure of UFG AA6061 was measured by the EBSD (electron backscatter diffrac-
tion, Oxford Instruments, Oxford, England) technique to obtain crystal orientations and
grain morphology.

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

The fatigue life of UFG AA6061 under symmetrical cyclic strain-controlled loading
was conducted for strain amplitudes 0.005, 0.006 and 0.007 at room temperature and carried
out on three samples for reproducibility. The tested samples and the experimental process
were designed according to the axial constant amplitude LCF test methods for metal
materials (GB/T 15248-1994). As shown in Figure 1a, the Guanteng PA-20 fatigue testing
machine (Guanteng Instruments, Changchun, China) was used and the gauge distance
of the extensometer was 12.5 mm. After the ECAP process, the deformed samples were
machined into a cylindrical shape with a size of Φ11.8 mm × 60 mm (shown in Figure 1b,c).
In addition, all the samples were carefully ground to reduce the effect of surface roughness.
Moreover, the frequency of fatigue loading sine was fixed at 0.1 Hz. According to the
method in reference [23], a series of symmetrical cyclic strain-controlled loading tests were
conducted to obtain the parameters related to the unique properties of UFG AA6061.
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Figure 1. (a) The tested fatigue machine (b) Geometric dimensions of the cylindrical specimen for
strain-controlled LCF tests (unit: mm) (c) The tested samples.

3. Simulation Methodology
3.1. The Crystal Plastic Constitutive Model

The following formulation of the constitutive equations of crystal plasticity is based
on the work described in [31], the history of which was summarized in [32]. Considering
the microscale slip mechanism of material based on continuum mechanics, the equations of
Euler’s velocity gradient tensor and its decomposition for single crystal deformation can
be written as follows: L =

.
F · F−1 = L∗ + LP, L∗ =

.
F
∗
· F∗−1

LP = F∗ ·
.
F

P
·

.
F

P−1
·

.
F
∗−1

= F∗ ·
(

n
∑

α=1
m(α)n(α) .

γ
(α)
)
·

.
F
∗−1 (1)

L∗, LP are corresponding to the elastic part and plastic part of Euler’s velocity gradient
tensor. The elastic F∗ and plastic FP can be obtained by a multiplicative decomposition
of the deformation gradient, F = F∗FP. m(α) and n(a) stand for the unit vector defined in
terms of the slip direction and the slip plane normal to the slip system with respect to the
reference configuration, respectively. α refers to the total amount of slip system for FCC

crystal structure materials, which is equal to 12.
.
γ
(a) is the crystal plastic resolved shear

strain rate for the a-slip system.
In addition, Euler’s velocity gradient tensor can be decomposed into the following

two parts:
L = D + W (2)

where D is the symmetric part of the deformation rate. W is the antisymmetric (skew)
spin tensor. In addition, they themselves can be decomposed into two parts, i.e., the
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lattice stretching tensor part and the spin tensor part, respectively. This relationship can be
expressed as follows:

D = D∗ + DP = sym(L∗) + sym(LP)
W = W∗ + WP = asym(L∗) + asym(LP)

(3)

where D∗ and W∗ are the elastic stretching tensors associated with elastic deformation and
lattice rotations, respectively; DP and WP are the plastic spin tensors derived from distinct
crystallographic slip mechanisms of material on a specific slip system.

The constitutive relation is the Jaumann stress rate, which can be expressed as follows:

.
σ

J
=

.
σ −W · σ + σ ·W (4)

Assuming elastic deformation is small and not influenced by the slip mechanism, the
constitutive relation can be written as follows:

.
σ

J
= Q(C : D∗)QT (5)

where C is the fourth-order elastic stiffness tensor of the crystal grain. Q represents the
orientation of the local cubic system. Since the spatial orientation distribution strongly
influences the mechanical behavior of UFG metals, the crystallographic texture data char-
acterized by a triple of Euler angles obtained from EBSD was considered and translated
into a 3 × 3 orthogonal matrices and then implemented into the user-supplied subroutine
UMAT by ABAQUS.

For the αth slip system, a viscoplastic flow rule is used for the description of
.
γ
(α),

which is given by the following [33]:

.
γ
(α)

=
.
γ0sgn

(
τ(α) − χ(α)

)∣∣∣∣∣τ(α) − χ(α)

g(α)

∣∣∣∣∣
k

(6)

where
.
γ0 is the reference strain rate. k refers to exponential constants related to the material

properties.
τ(α) represents the resolved shear stress

τ(α) = P(α) · σ (7)

Here, P(α) is Schmid factor, and we have P(α) = 1
2 (m

(α)n(α) + n(α)m(α)). Furthermore,
the evolution of backstress, χ(α), is introduced as

χ(a)= C
.
γ
(a) −Dχ(a)

∣∣∣ .
γ
(a)
∣∣∣ (8)

g(α) denotes the isotropic deformation resistance on the αth slip system

g(α) = µG

√√√√ 12

∑
β=1

Aαβρβ (9)

Aαβ = h0

[
ω1 + (1−ω2)σ

αβ
]

(10)
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Furthermore, the overall dislocation density evolution equation considering the com-
petition between the multiplication and annihilation of dislocations (increase or not of
dislocation density) on each slip system is governed by the following equation [34]:

.
ρ
(α)

=

∣∣∣ .
γ
(α)
∣∣∣

b

 1
Dgrain

+

√
∑

α 6=β
ρ(β)

K
− 2ycρ

(α)

 (11)

3.2. Indicator Parameters for Fatigue Damages

Previous investigations have demonstrated the energy dissipation per cycle can be
regarded as a criterion to assess the fatigue crack formation, which can be expressed as
follows [35]:

Wdis = ∑
∮

cycle
τ(α)dγ(α) =

∮
cycle

σe f f dεp (12)

The fatigue damage can be explained by a process of energy dissipation. When the
PSE reaches the critical value, micro-cracks can be initiated from precipitates, dispersed
second-phase particles, or other metallurgical defects such as cavity nucleation, which
finally lead to the gradual material degradation via a complex void evolution process. For
crystalline grains under a multiaxial stress state, the role of triaxiality and its relationship
with fatigue crack initiation has been defined by adding a term accounting for its effect
on limiting micro-slip [16]. In the present work, the formulation of the accumulated
crystallographic strain is modified based on the previous theoretical work on the interplay
between stress triaxiality and void shape in metals, where the effect of stress triaxiality is
believed to be associated with the growth of voids [36,37]. In addition, then we incorporate
the accumulated crystallographic strain into equivalent plastic energy so as to account for
the effect of the local stress state on the energy dissipation. Therefore, the equivalent plastic
energy released during the cycle deformation is defined as follows:

Wp
eq,dis =

∫
cycle

dWp
eq,dis =

∫
cycle

σeqdε
p
eq (13)

Here,

ε
p
eq(N) =

N

∑
n=1

∫ tn+1

tn
(

2
3

DP : DP)

1
2

exp(kT − k
3
)dτ

DP =
1
2

12

∑
α=1

.
γ

α
[
Femα ⊗ nα(Fe)−1 + (Fe)−Tnα ⊗mα(Fe)T

]
Here, tn and tn+1, i.e., the upper and lower limits of the integral, are denoted as one

complete loading cycle. k is a stress concentration coefficient related to the geometry of
the void [38]. T = σm/σeq, stands for stress triaxiality, which is known as the ratio of
hydrostatic pressure to Mises equivalent stress. It should be noted that the factor k provides
the switch between the two fatigue crack initiation modes. In the present work, k = 1.5 has
been adopted since UFG AA6061 processed by ECAP has been experimentally observed
with micro-cracks initiating from the nearly sphere-shaped oxide inclusions. Finally, the
comparative analysis between k = 0 and k = 1.5 will be discussed in the following subsection.

3.3. Proposed Fatigue Life Approach

For the materials under uniaxial tensile-compressive cycle loading, the stress-strain
relationship can be expressed by the classical Osgood–Ramberg equation, which is given
as follows:

∆ε

2
=

∆σ

2E
+ (

∆σ

2K′
)

1
n′ (14)
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where E is elastic modulus, and the average value obtained during the fatigue test is
68.94 GPa. K′ denotes as uniaxial cyclic strength coefficient (CSC) and n′ characterizes
uniaxial cyclic strain hardening (CSH) exponent, all of which can be identified by fitting
from the corresponding cyclic mechanical response. At the microscale, the deformation
field of polycrystalline metallic materials evolves non-proportionally under the multiaxial
cyclic straining load (shown in Figure 2). Therefore, it is necessary to amend the CSC
coefficient and CSH exponent. As indicated in reference [39], the change of the cyclic
CSH exponent changed little under non-proportional loading. Therefore, the stress-strain
relationship for each individual grain undergoing a multiaxial state is obtained by revising
the multiaxial CSC (K′mul), which can be described by the following relationship:

∆εeq

2
=

∆σeq

2E
+

(
∆σeq

2K′mul

) 1
n′

(15)

Figure 2. The local multiaxial stress state in fatigue damage region (FDR) and cyclic plastic region
(CPR) on the specific slip plane.

Here, ∆εeq, ∆σeq denote equivalent strain range and equivalent stress range, respec-
tively.

Recently, PSE in each particular slip plane was suggested as a driving force for eval-
uating fatigue damage [16]. From the perspective of phase transformations, the fatigue
crack nucleation and propagation behavior can be explained by the energy dissipation
process, in which the increase in internal energy in the matrix will lead to the instability
of materials. On the basis of Griffith’s fracture energy criterion, this process not only con-
tributes to generating a new surface but also the release of energy from lattice defects near
the crack tip [40]. Thus, in this paper, the distribution of PSE at each point of the element
was calculated and its maximum value was adopted as FIP to assess the fatigue damage
evolution of UFG metals. Furthermore, the equivalent stress amplitude was calculated by
the following equation:

Weq,dis =
∫

cycle

∆σeq

2
d

(
∆εP

eq

2

)
= ∑

cycle

1
2

(
∆σeq

) (1+n′)
n′(

2K′mul
) 1

n′
(16)

Here, the equivalent plastic strain range can be given as follows:

∆ε
p
eq =

(
2
3

∆ε
p
ij∆ε

p
ij

) 1
2

(17)
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Based on the assumption that only active slip planes can be potentially considered
critical planes, a path-independent multiaxial fatigue damage parameter, defined on the
specific crystallographic plane, was proposed according to the von Mises yield criterion,
which can be deduced as follows:

∆εCP
eq

2
=

[
(ε∗n)

2 +
1
3

(
∆γmax

2

)2
] 1

2

(18)

where ∆γmax is the maximum shear strain range on α slip system. ε∗n denotes as normal
strain on the crystallographic plane, where ∆γmax occurs, which can be calculated as
ε∗n = max

tA<t<tE
(εn(t))− min

tA<t<tE
(εn(t)) = εmax

n − εmin
n . εn on the slip plane can be expressed

as follows:

εn(t) =
[
nx ny nz

] εx γxy γxz
γxy εy γyz
γxz γyz εz

nx
ny
nz

 (19)

Furthermore, considering the effect of multiaxial mean strain, the FIP for small crack
propagation can be calculated as follows:

FIPSC =
∆εCP

eq

2
+

∆εm
eq

2
=

∆σeq

2E
+

(
∆σeq

2K′UFG,mul

) 1
n′

(20)

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
(21)

where ∆εm
n , ∆γm represent mean normal strain range and mean shear strain range on slip

plane, respectively. According the work of Rice [41], the J-integral is assumed to satisfy the
following relation:

J = −∂Vint
∂r

(22)

Here, Vint is the potential energy, which can be calculated by the product of cyclic
ultimate tensile strength and mean multiaxial damage strain in FDR for UFG metallic alloys,
as follows:

Vint = −RY,UFG ε̃FDRπ(rFDR/2)2 (23)

In details, the solution of ε̃FDR can be expressed as the following integral:

ε̃FDR =
1

rFDR

∫ rFDR

0
εCPR(r)dr (24)

Here, the strain in CPR (εCPZ) and the radius of the fatigue damage region can be
associated with the FIP, namely, as follows:

εCPR(r) =
FIPP

2

( rc

r

)1/(n′+1)
(25)

rFDR =
λπK2

GBS
16K2

GBC

(
(K′UFG)

3+1/n′

R1+1/n′
m,UFG R2

Y,UFG

)(
FIPP

2

)3n′+1
α (26)
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Substituting Equations (25) and (26) into Equation (22), one can arrive at

∆J =
λπ2K2

GBS
32K2

GBC
(

n′ + 1
n′

)

(
(K′UFG)

3

R2
p,UFG

)(
FIPP

2

)3n′+1
α (27)

Moreover, the relationship between the ∆J integral and the range of crack tip opening
displacement (∆CTOD) follow the work in fracture mechanics [42] as follows:

∆CTOD = ∆J/ωRP,UFG, with ω = 1.5 (28)

Therefore, the small crack growth rate in UFG metals can be further expressed as
follows;

(
da
dN

)
SC

=
λπ2K2

GBS

96K2
GBS

(
n′+1

n′
)(

K′UFG,mul

Rp,UFG
)

3

(
FIPSC

2
)

3n′+1
a (29)

Here KGBS and KGBC are, respectively, GB strengthening factor and GB constraint
factor. In this work, both of them can be calculated based on the work of Ding [23] shown
as follows: {

KGBS ≡ RUFG
P,0.2 / Rp,0.2

KGBC ≡ [(∆σ/2)/(∆σe f f /2)]/2
(30)

Here, ∆σ/2, ∆σe f f /2 are the cyclic stress and equivalent stress ranges obtained from
the CPFEM simulation, respectively. In addition, λ is a material parameter that can be
computed by an experiment. By integrating Equation (29) from an initial crack length (ri)
to the critical one (rf), we have the expression of the fatigue initiation life of UFG materials,
which follows the standard Coffin-Manson model, as follows:

N f =

 96C2

λπ2F2

(
n′

n′ + 1

)( Rp,UFG

K′UFG,mul

)3

ln
( r f

ri

)(PEPSCP
2

)−(3n′+1)
(31)

4. Results and Discussion
4.1. Simulating the Cyclic Plasticity Behavior of UFG AA6061

As shown in Figure 3a,b, the microstructure observation demonstrates the grain size
is about 1.08 µm, indicating significant grain refinement in the ECAP process. The different
colors in the figure represent the orientation of separate grains. As previous investigations
have demonstrated it is feasible to adopt a small Voronoi polyhedron aggregation to
simulate the mechanical response at the macroscale [10], a small cube taken from the
surface of the macroscopic specimen was regarded as a representative volume element
(RVE) for CPFEM simulation (shown in Figure 4a). The RVE, consisting of a number
of grains with different Euler angles, is exhibited in Figure 4b. To reproduce the cyclic
plasticity response of UFG AA6061 at the polycrystal level, three steps were carried out to
identify material parameters used in the crystal plasticity constitutive equation.

Firstly, the boundary condition and loading direction configuration for the RVE model
are displayed in Figure 4c. In detail, the sine strain-loading was applied at the positive
and negative surfaces of the 3-axis. The displacement on the negative surfaces of the 1-axis
and 2-axis were set to zero. In addition, the elements on the positive surface of the 1-axis
were divided into the following two parts: (1) The element in the lower right corner was
regarded as the reference point and classified as A set. (2) The other elements on the surface
were classified as an A’ set. The A and A’ sets are assumed to satisfy the constraint equation
−UA

1 + UA′
1 = 0 and then embedded in ABAQUS software to provide constraints for RVE.
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Figure 3. (a) The microstructure of ECAPed sample obtained by the EBSD test (b) Grain size analysis.

Figure 4. (a) The tested LCF specimen; (b) EBSD map; (c) boundary condition and loading direction
applied to RVE; (d) Subset1-64grains; (e) Subset2-125grains; (f) Subset3-216grains; (g) Subset4-
512grains.

Secondly, considering the consistency between the numerical and experimental results
and the physical definitions of individual parameters, the material parameters in crystal
plasticity constitutive are classified into three categories and determined by trial-and-error
according to the following procedure. In the first step, parameters such as C11, C12, C44
and mean grain size d can be easily obtained from the macroscopic experiments and EBSD
observation. In the second step, physical parameters such as the GB thermal activation
energy ∆GB, the magnitude of Burgers vector b, Boltzmann constant kB, reference strain
rate

.
γ0 and rate sensitivity k can be determined by referring to the Refs. [43,44] for UFG AA.

In the third step, the parameters that controlled the evolution of isotropic hardening and
the kinematic hardening, i.e., C, D, y0, K, w1, w2, h0, are not easy to determine from the
macroscopic experimental results. Therefore, these parameters are determined by fitting
the predicted data with the experimental results in terms of the stable cyclic hysteresis
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curve of UFG AA6061. All material parameters for UFG AA6061 used in the CP model are
listed in Table 2.

Table 2. The values of material parameters for CPFEM simulation.

Parameter Type Material Parameters

Elastic constants: C11 = 77,159 MPa, C12 = 55,706 Mpa, C44 = 35,910 Mpa
Flow rule:

.
γ0 = 0.001, n = 50

Kinematic hardening rule: C = 8831 Mpa, D = 118

Isotropic hardening rule: ∆GB = 87,000 J/mol, T = 300 K, kB = 1.38 × 10−23, b = 0.286 nm,
y0 = 0.9 × 10−25, h0 = 0.014, K = 3.55,ω1 = 1,ω2 = 1

Finally, it is well known that the materials after severing plastic deformation show
obvious mechanical anisotropy due to the preferred crystallographic orientation. However,
from the computational efficiency viewpoint, it is not a good choice to model an RVE with
a large number of grains due to the heavy computational costs. Therefore, a reasonable
number of grains with the reduced texture, i.e., from subset-1 to subset 4 (shown in
Figure 4d–g), were adopted as a strategy to save the computational cost. Figure 5a displays
the stable hysteresis loops from cyclic tests simulated by the four RVEs and its local
enlarged figure with respect to the tension peak of hysteresis loops. It can be clearly seen
that the discrepancy induced by the number of grains used in RVE tends to be decreased.
It is not hard to observe the RVE with 216 crystal grains consisting of 27,000 elements,
i.e., subset-3, seems to be the most reasonable scheme. Subsequently, the subset-3 and
the crystal plasticity UMAT subroutine were combined to validate the rationality of the
material parameters. The numerical results (shown in Figure 5b) show that the maximum
stress difference between the experimental results and the CPFEM simulations are less than
3 Mpa with respect to the strain amplitude of 0.5%, 0.6% and 0.7%. In summary, all the
above results show that the calibrated material parameters and the constructed RVE for the
crystal plasticity model are reasonable and acceptable for further investigations.

Figure 5. (a) Grain number sensitivity analysis; (b) The experimental and simulated hysteresis loop
in terms of cyclic stability state.

4.2. The Relationship between Stress Triaxiality and PSED

In this section, the evolution of PSE dissipation was systematically explored by the
CPFEM simulation. By utilizing Equation (13) with consideration of void geometry coeffi-
cient taken as k = 1.5 and k = 0, the distribution contours of PSE in the RVE with respect to
the strain amplitude of 0.007 are displayed in Figure 6a,b. As anticipated, there are obvious
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discrepancies for the maximum values of PSE, i.e., the maximum fatigue damage locations,
when compared to Figure 6a,b. Figure 6c gives the contour of stress triaxiality at the tension
peak of the sixth cycle for the case of strain amplitude 0.007. The results show stress
triaxiality presents strong inhomogeneous with values varying in the range from −0.7 to 1.
Figure 6d further analyzes the cyclic response for the two PESD modes by extracting the
hysteresis loop of points at the critical site with maximum PSE dissipation in the first cycle
for the case of strain amplitude 0.007. The results manifest that the average values over
the element at the high FIP location exhibit that both the strain range and peak stress are
obviously higher than the macro stress-strain response, which indicates larger accumulated
crystallographic slip and PSE dissipation at the critical cite. Furthermore, it can also be
found the local stress-strain field in the fatigue damage region evolve in multiaxial and
non-proportional state at the grain level. Therefore, it is significant to consider the influence
of grain-level multiaxial and non-proportional loading on the local stress-strain field for a
more accurate prediction of LCF life. Figure 6e,f show the energy response surface for the
maximum accumulated PSED obtained from CPFEM simulations, which were plotted as a
function of cycle numbers under the applied strain amplitudes of 0.007. The figures depict
a consistent regular that both FIPs tend to be stable with the increasing number of cycles.
Therefore, cycle numerical simulation of polycrystalline aggregate to the steady-state of the
hysteresis loop is enough to assess the fatigue damage, instead of the entire micro-level
simulation for the fatigue process. Another striking feature is the maximum accumulated
PSE considering the effect of stress triaxiality is significantly higher than the one without
the triaxiality term. This is mainly ascribed to the large amount of existing second-phase
particles within the UFG AA6061 matrix that impede the sliding of dislocations and eventu-
ally result in a relatively high value of PSE dissipation that accelerates the process of fatigue
damage. Furthermore, some investigators have reported, that even under the condition
of symmetrical cycle loading, the local stress state of the micro-void is asymmetric, which
further indicates the role of triaxiality-dependent plastic strain energy density in capturing
the ‘applied’ mean stress effect cannot be ignored.

Figure 6. Cont.
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Figure 6. Simulated energy dissipation results and the location of maximum value under the strain
amplitude of 0.007: (a) k = 0 and (b) k = 1.5; (c) Contours of stress triaxiality at the tension peak of 6th
cycle; (d) Cyclic hysteresis loop for the k = 1.5 and k = 0 at the maximum fatigue damage location in
terms of the 1st cycle, respectively; PSE response surface for (e) k = 0 and (f) k = 1.5.

4.3. Fatigue Indicator Parameter Based on the Micro-Multiaxial Strain Field

From the figure and the data in the legend box shown in Figure 7a, it is observed
that the distribution of local multiaxial strain in all grains is non-uniformly at the grain
level, though a uniform cyclic strain is applied to the RVE at the polycrystal level. In
detail, the distribution of the maximum FIP of the 216 crystal grains is exhibited by a 3D
scatter diagram (Figure 7b–d) with respect to the strain amplitude of 0.5%, 0.6% and 0.7%,
respectively. It should be noted that different colors indicate the maximum numerical value
of FIP for individual grains, while the volume of the color ball can reflect the value of FIP
with respect to different strain amplitudes. Evidently, the numerical value of FIP for the
crystal plasticity model varies in the range from 2.38 × 10−3 to 1.54 × 10−2, 3.58 × 10−3 to
1.84 × 10−2 and from 4.11 × 10−3 to 2.14 × 10−2, respectively. Moreover, the homogenized
values of the largest numerical value of FIPSCs are equal to 7.46 × 10−3, 8.94 × 10−3 and
1.05× 10−2, respectively. Compared with the homogenized values, the maximal fluctuating
of magnitude is up to 6.5 × 10−3, 7.4 × 10−3, 8.8 × 10−3. Therefore, it can be concluded
that the heterogeneous microstructure, the anisotropic mechanical behavior of grain and
the strong intergranular constraint variation of grain orientations influence the maximum
FIP, resulting in the potential failure position.

Figure 7. Cont.



Metals 2022, 12, 1127 14 of 18

Figure 7. (a) FIPSC distribution with respect to the strain amplitude 0.6%; 3D Scatter diagram for
FIPSC in terms of strain amplitude (b) 0.5% (c) 0.6% (d) 0.7% for 216 crystal grains.

4.4. Micromechanics Based LCF Life of UFG AA6061

Based on the crystal plasticity and fracture mechanics theory, the LCF life is predicted
according to Equation (31). Evidently, it can be found that the LCF life of UFG AA6061
depends on the defined initial crack length, cyclic plasticity properties and the type of
materials. Since it is difficult to capture the real-time micro-crack for the cylindrical fatigue
specimen by the current observation equipment, the initial crack length in our prediction is
assumed to be 0.2 µm due to the fact that most of the engineering detectable crack lengths
are between 0.1 and 0.25 µm [45]. Moreover, the cyclic plasticity zone correction factor, λ,
can be obtained by one strain-controlled cyclic experiment. As shown in Figure 8, the cyclic
yield strength and strengthening factor for UFG AA6061 and its coarse grain counterpart
were respectively fitted according to Equation (32) [23]. These parameters related to
the cyclic plasticity properties of UFG AA 6061 are listed in Table 3. By substituting all
the variables above, the experimental fatigue lives (Nf) and the predicted fatigue lives
were, respectively, computed by the existing method and the proposed prediction model,
associated with their error range compared with the mean experimental and predicted
values. These values are listed in Table 4.

RP,0.2 = K′(0.002)n′ (32)

Figure 8. Stress amplitude vs. plastic strain amplitude curves.
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Table 3. Characteristic parameters of UFG AA6061 and CG AA6061.

Materials n’ K’
Cyclic Yield

Strength
RUFG

P,0.2(MPa)

Strengthening
Factor
KGBS

UFG AA6061/RT state 0.21 484 139 2.1
CG AA6061/RT state 0.15 168 66

Table 4. Experimental LCF lives vs. the predicted LCF lives by using the existing method (N1) and
proposed method (N2).

∆Et/2 (%) Nf
¯
Nf

N1 N1−
¯
Nf

¯
Nf

N2 N2−
¯
Nf

¯
Nf

0.5 3125/2173/2589 2629 3558 0.35 1958 −0.26
0.6 1653/986/1213 1284 1587 0.24 982 −0.24
0.7 512/378/681 524 650 0.24 424 −0.19

As shown in Figure 9a, the experimental results are compared with the computed data
by utilizing the existing method in reference [23]. However, such an approach seemed to
overestimate the LCF life of UFG AA6061 at lower strain amplitude. The physical reason
behind this is that the controlling parameter in the crack propagation equation contains
only plastic strain amplitude but ignored that the grains in the polycrystalline aggregate are
in a multiaxial non-proportional loading state. In fact, the mean strain is prone to be relaxed
in the case of high plastic strain conditions. Therefore, reasonable prediction accuracy
can be obtained in terms of the strain amplitude of 0.7%. However, for the crystal grains
subjected to HCF with low applied strain level or multiaxial LCF loading, the rotation of
the principal axes of strain under non-proportional cyclic loading hinders the formation
of stable dislocation structures in the material, which contributes to the NPACH effect
that significantly reduces the fatigue life of the material [46,47]. As extensive experimental
observations have exhibited considerable variations in the fatigue life of a material tested by
multiaxial loading, it is necessary to address the variation of the multiaxial local strain field
as a function of the cyclic J-integral for accurately evaluating the LCF life of UFG AA6061.

Figure 9. Comparisons between the predicted LCF lives and experimental ones: the existing predic-
tion approach based on (a) plastic strain range; (b) The proposed prediction approach based on the
combined influence of multiaxial strain and PSE.
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As exhibited in Figure 9b, the results show the fatigue life predicted by the proposed
micromechanics-based methodology is more reasonable than that based on the existing
method. The scatter fatigue life of UFG AA6061 can be predicted by introducing the
PSE with or without the triaxiality term. Yang [48] provided a detailed explanation of the
scatter characteristic of LCF life for precipitate-strengthened metallic alloys. It is noted
that the grain interior exhibits higher LCF life compared with the micro-crack initiated
at the inclusion, which all depends on its local stress state. Therefore, the proposed
model with consideration of triaxiality can capture the scatter characteristic of LCF life
to some extent. It was noteworthy that the prediction intervals tend to be conservative
under small strain amplitude due to the ignorance of the fatigue nucleation regime. In
addition, good achievement between the experimental life and mean predicted life can
be achieved when the multiaxial strain field is taken into consideration, especially in the
case of smaller strain amplitudes. Based on the discussion above, it was confirmed that the
proposed prediction model, with consideration of the crystal anisotropy and multiaxial non-
proportional loading, is significant for fatigue life prediction modeling of UFG materials.

5. Conclusions

In this work, an LCF life prediction model was proposed by considering the grain-
orientation induced microscale plasticity and grain-level multiaxial response, which con-
tains a crystal plasticity constitutive formulation and a newly proposed crack propagation
equation. Herein, micro-level numerical simulations and a series of strain-controlled fa-
tigue experiments were conducted for UFG AA6061 to examine the prediction ability of
the proposed model. The main findings drawn from this study are summarized as follows:

1. The accumulated plastic strain energy, modulated by triaxiality, is regarded as the
FIP to assess the fatigue damage of multiple potential locations. Since this parameter
is independent of the type of materials and has a clear physical meaning, it can
comprehensively reflect the combined mechanical response of cyclic stress and strain
at the grain level, as well as the correlation of strain path in multiaxial and non-
proportional cyclic loading;

2. The local stress and strain field in the FDR and CPR regions on the slip plane evolve
in a multiaxial state. The parameters in cyclic J-integral related to the stress state
ahead of the small crack tip must be modified to adapt to the multiaxial and non-
proportional state. In addition, the appropriate critical values can be determined by a
family of cyclic experiments, combined with CPFEM simulations from the perspective
of energy evolution;

3. According to the Mises criterion, the multiaxial strain, with consideration of the
NPACH effect and equivalent mean strain, was regarded as the driving force for
small crack propagation. More reasonable LCF fatigue life prediction results can be
obtained using the FIPs proposed in this paper, which means that the description of the
multiaxial strain field by the new indicator parameters is closer to the actual process.

However, the main limitation of the proposed method did not explicitly consider the
fatigue crack nucleation life for UFG AA, which means the fatigue life tends to be conserva-
tive under lower amplitudes. Besides, it needs to be pointed out that the development of a
new model requires extensive experimental validation. Therefore, more UFG material will
be tested in future work to validate the proposed model.
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