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A B S T R A C T   

The fatigue properties of the Q450NQR1 steel were experimentally and computationally investigated. The 
experimental results show a large scatter of the fatigue lifetime under the high cycle fatigue loading. Based on the 
Voronoi diagram and crystal plastic model, a polycrystalline representative volume element (RVE) model with a 
pore or inclusion was constructed to analyze the effect of local stress–strain on the high cycle fatigue (HCF) and 
very-high-cycle fatigue (VHCF) life. Computational results show that the large deformation mostly occurs at the 
grain with a large Schmid factor. The increment of the mean accumulated plastic strain of the critical grain was 
proposed as the fatigue indicator parameter (FIP). A fatigue model was suggested based on the FIP, and the 
fatigue model can describe the influence of the material microstructures on fatigue life. The fatigue life curve 
with different sizes of defects was plotted and it is found that inclusions are the major factor in fatigue life 
dispersion.   

1. Introduction 

High-strength weathering steel is low-alloy steel with excellent at-
mospheric corrosion resistance made by adding a certain amount of 
alloying elements such as Cu, P, Cr, and Ni to the steel. Its good corrosion 
resistance can reduce the degradation of mechanical properties caused 
by corrosion during service. Q450NQR1 steel is a popular weathering 
steel that is used extensively in high-speed train structures, where the 
service environment is not always ideal, such as the wheel stick–slip and 
the resulting flats, which results in corresponding cyclic loads [1]. Its 
fatigue life has a significant impact on the safety of high-speed trains. 
The effect of three different surface defects on the fatigue strength of 
high-speed railway axles was investigated by means of experiments by 
Gao et al. [2]. However, the method cannot quantify the effect of ma-
terial microstructure (grain size, inclusions, pores, etc.) on fatigue life. 

Fatigue failure of steels under cyclic loading is divided into three 

stages, starting with microcrack nucleation due to inhomogeneous 
plastic deformation or grain boundary disruption, followed by crack 
propagation, and finally crack coalescence leading to rapid crack 
expansion. Under high cycle fatigue loading conditions, the fatigue 
failure was determined by the microcracks nucleation and expansion. 
These microcracks are usually several grains long and influenced by the 
local microstructure (grain size, weave, defects, etc.). Therefore, the 
randomness of fatigue behavior is often associated with changes in the 
local microstructure [3]. 

Depending on the development of experimental techniques and 
computational simulations in the last decades, the mechanism of fatigue 
failure was deeply studied. Dislocation theory has been widely accepted 
and used to explain the evolution of damage by analyzing the nucleation 
and expansion of microcracks under cyclic loading. With the develop-
ment of dislocation theory, the crystal plastic model is established based 
on the crystal dislocation slip, which reflects the deformation 
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mechanism of crystalline materials and is consistent with the mechani-
cal behavior of crystals [4]. Currently, crystal plastic finite element 
(CPFE) simulations are widely used to study the mechanical behavior of 
crystalline materials sensitive to microstructure, especially fatigue 
properties [5-8]. For example, Briffod et al. [9] investigated the effect of 
crystal morphology and rolling texture on fatigue crack initiation in BCC 
polycrystals using the fatigue indicator parameter (FIP) on the critical 
surface to quantify the susceptibility of microstructure on fatigue crack 
initiation. Zhang et al. [10] investigated the effect of building directions 
in additive manufactured AlSi10Mg on its high-cycle fatigue and very- 
high-cycle fatigue performance by using the CPFE simulations. It is 
concluded that the accumulated plastic strain influenced the HCF life-
time. Ye et al. [11] performed in-situ experiments and CPFE simulations 
to systematically investigate the location of slip bands and crack initi-
ation points at the microscopic scale and the simulation results matched 
the experimental results very well. Similarly, Schafer et al. [12] used 
parameters to quantify the fatigue crack nucleation behavior with 
different microstructural defects. 

The combination of representative volume element (RVE) and CPFE 
method is a powerful approach to study the crack initiation and 
expansion within the framework of computational micromechanics [13- 
20]. Gaur et al. [21] constructed a 2D crystalline RVE model using 
crystal parameters measured by electron backscatter diffraction (EBSD) 
to simulate the effects of mean stress and defects on the fatigue prop-
erties of aluminum alloys under cyclic loading. Cheong et al. [22] 
studied the cracks inside a 4-point bending specimen with the CPFE 
method under high cycle fatigue loading, and their model predicted the 
crack initiation correctly. Navarro et al. [23] compared the computa-
tional results of fatigue life between 2D and 3D models. They concluded 
that the 3D model provided better results, but the 2D model also pro-
duced results similar to the experiments. 

Two methods are usually used in the RVE model generation: one is 
mapping the EBSD data to a regular finite mesh [21] and the other is 
generating a statistic type Voronoi tessellation considering grain size 
distribution [10]. The regular meshed RVE model of polycrystals con-
tains steps and corners along grain boundaries which are physically 
unrealistic and inaccurate since the mechanical properties of grain 
boundaries are very much dependent on both local misorientations and 
the grain boundary plane’s normal vector direction. Therefore, in the 
present work, a Voronoi tessellation was generated to study the fatigue 
behavior of Q450NQR1 steel under HCF and VHCF loadings. 

The purpose of the present work is to try to relate material micro-
structure to fatigue life with the help of the crystal plasticity model. In 
the following sections, we will analyze the fatigue life of Q450NQR1 
both experimentally and computationally. 

2. Experiments 

2.1. Material and specimen 

The high-strength weathering steel Q450NQR1 investigated in the 
present study was provided by Angang Steel Company Limited. The 
Q450NQR1 steel is a body-centered-cubic structure (BCC) with a carbon 
(chemical) content of 0.062%. The detailed chemical composition of the 
steel is listed in Table 1 (see Table 2). 

Fig. 1 depicts the initial microstructure of the Q450NQR1 steel. The 
EBSD diagram shows an isotropic grain distribution of the steel with an 
average grain size of 8.4 μm. The specimen was machined from a round 
bar and its dimension was shown in Fig. 2. The gauge length of the 
specimen is 20 mm and the diameter of the gauge section is 6 mm. The 

geometry fulfills the requirement of the ASTM standard E606. The outer 
surface of the specimen was polished in the axial direction to reduce the 
influence of surface roughness on the fatigue life. 

2.2. Fatigue test 

Both tensile and fatigue tests were performed on the MTS 810 servo- 
hydraulic testing machine. Fatigue tests were carried out in triangular 
waveform controlled by axial force with loading ratio R = -1. 

Fig. 3 shows the S-N data of the investigated Q450NQR1 steel. The 
stress amplitudes of the fatigue tests were 360 MPa, 380 MPa, 390 MPa, 
400 MPa, 410 MPa, and 420 MPa. The fatigue life increases as the stress 
amplitude decrease. The two testing results at the loading cycle 1 × 109 

were run-out points. It is seen that the fatigue life increases as the stress 
amplitude decreases. The cracks under the VHCF loadings were mainly 
initiated at the interior or subsurface of the specimen. The characteristic 
of the crack initiation positions were facets and inclusions. From the S-N 
diagram, it can be observed the fatigue lives under the same stress 
amplitude representing a large dispersion, such as at the stress ampli-
tude 420 MPa, the maximum difference of the fatigue life was about 30 
times. The scatter of the fatigue lifetime was induced by the micro-
structure and inclusions of the material. In the next section, the crystal 
plasticity model was generated to investigate the phenomenon. 

3. Computations 

3.1. Crystal plasticity model 

The crystal plasticity model was derived in a finite strain framework 
by the classical multiplication decomposition of the deformation 
gradient, 

F = FeFp, (1)  

where Fe is the elastic component of the deformation gradient and Fp 

denotes the plastic component of the deformation gradient. The rate of 
change of Fp is related to the slipping rate of the slip system by, 

Ḟp
(Fp)

− 1
=

∑N

α=1
γ̇(α)m(α) ⊗ n(α), (2)  

where γ̇(α) is the slip rate of the α-th slip system, N is the total number of 
the slip systems, m(α) and n(α) are the slip direction and norm of the α-th 
slip plane, respectively. The velocity gradient is defined as, 

L =
∂v
∂x

=
∂v
∂X

∂X
∂x

= ḞF− 1 = D + Ω, (3) 

Table 1 
Chemical composition of the steel Q450NQR1 (%).  

C Si Mn P S Cu Nb Cr Ni  

0.062  0.261  1.012  0.013  0.001  0.296  0.026  0.173  0.186  

Table 2 
The material parameters of the crystal plasticity model.  

Material parameters Slip system 
{110} 〈111〉

Slip system 
{211} 〈111〉

Elastic constants C11, MPa 233,000 233,000 
Elastic constants C12, MPa 135,000 135,000 
Elastic constants C44, MPa 118,000 118,000 
Reference strain rate ȧ, s− 1  0.001 0.001 
n 20 20 
K, MPa 205 510 
Kinematic hardening, c1 100 150 
Kinematic hardening, c2 3 3 
Isotropic hardening, b 1 1 
Isotropic hardening, Q, MPa 100 100  

T. Cong et al.                                                                                                                                                                                                                                    



International Journal of Fatigue 159 (2022) 106772

3

where D is the symmetric part and Ω is the antisymmetric spin tensor 
of the velocity gradient L. The plastic component of the velocity 
gradient is given by, 

Lp =FeḞp
(Fp)

− 1
(Fe)

− 1
=Fe

∑α=1

N
γ̇(α)m(α) ⊗n(α)(Fe)

− 1
=
∑α=1

N
γ̇(α)m*(α)⊗n*(α)

(4)  

where m*(α) = Fem(α) and n*(α) = n(α)(Fe)
− 1 are the slip direction and 

norm in the deformed configuration. Assuming that the elastic de-
formations of the crystal are not affected by the sliding deformation, the 
constitutive relationship can be written as 

σ̂ = ℂ : D −
∑α=1

N

(
ℂ : P(α) + Ω(α)⋅σ − σ⋅Ω(α) )_γ(α) (5)  

where σ̂ is the Jaumann rate of Cauchy stress, C is the elastic moduli 
tensor. P(α) and Ω(α) are determined by 

P(α) =
1
2
(
m*(α) ⊗ n*(α) + n*(α) ⊗ m*(α) ), (6)  

Ω(α) =
1
2
(
m*(α) ⊗ n*(α) − n*(α) ⊗ m*(α) ). (7) 

Based on Schmid’s law, the slipping rate γ̇(α) on the α-th slip system is 
corresponding to the Schmid stress τ(α). The flow rule is suggested using 
a power law as: 

γ̇(α) = ȧ
〈⃒⃒τ(α) − α(α)

⃒
⃒ − r(α)

K

〉n

sign
(
τ(α) − α(α) ), (8)  

where α(α) is the back stress, ȧ is the reference strain rate, K and n are the 
material constants, and r(α) is the isotropic hardening term. The rate of 
backstress α(α) was proposed as: 

α̇(α) = c1 γ̇(α) − c2

⃒
⃒
⃒γ̇(α)

⃒
⃒
⃒α(α). (9) 

The evolution of isotropic hardening variable r(α) is suggested as: 

ṙ(α) = bQ
∑

β
hαβ

(
1 − bρ(β))

⃒
⃒
⃒γ̇(β)

⃒
⃒
⃒. (10) 

The internal state variable ρ(α), which represents the dislocation 
hardening, is defined by: 

ρ̇(α) =
(
1 − bρ(α) )

⃒
⃒
⃒γ̇(α)

⃒
⃒
⃒. (11)  

where c1, c2, b, Q are material constants. 

3.2. Finite element model 

The 2D finite element RVE model of the investigated steel is shown in 
Fig. 4. Both the height and the width of the model are 200 μm. The 
polycrystalline grain structure was generated by the open-source soft-
ware Neper based on Voronoi tessellation. Fig. 5 shows the grain size 
distribution of the Voronoi tessellation. The average grain size is 8.4 μm 
which is approximated to the experiment results. The tessellation 

(a)                             (b) 

Fig. 1. (a) Metallograph and (b) EBSD inverse pole figure (IPF) maps of the Q450NQR1 steel.  

Fig. 2. Dimensions of the specimen.  
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Fig. 3. S-N data of Q450NQR1 steel with stress ratio R = –1.  
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contains 400 grains. The four-node plane strain element is used to mesh 
the model, and the total number of elements is about 25000. To avoid 
rigid body motion, the node in the bottom-left corner was limited in the 
x and y directions in Fig. 4. All nodes at the bottom were fixed in the y- 
direction. The boundary on the left and right sides is periodic. At a strain 
rate of 0.001 s− 1, a uniaxial load was applied at the upper border of the 
model along the vertical (y-axis) direction to simulate uniaxial tensile 
tests. 

Corresponding to the experimental results, the isotropic texture is 
used in the present model. The grain orientations were generated 
randomly. Fig. 6 shows that the crystallographic of the model has no 
preferential orientations. A set of Euler angles is used to specify the 3D 
orientation of each grain concerning the specimen axes. 

To investigate the effects of defects, i.e., holes and inclusions, on the 
fatigue behavior of the high-strength weathering steel, the Voronoi 
aggregate model with a hole or inclusion was built. As shown in Fig. 7 
(a), there is a hole with a diameter of 20 μm at the center of the model. 
Regarding the effect of inclusion, the model with inclusion was gener-
ated, as shown in Fig. 7(b). A circular inclusion with a diameter of 20 μm 
was surrounded by multiple grains. The dimension came from the sta-
tistical average value from experimental micrographs. According to the 
experimental characterization by scanning electron microscopy (SEM) 

and energy dispersive spectrometer (EDS) analyses, the inclusions in the 
steel alloy are mainly CaO⋅Al2O3, with elastic modulus E = 370 GPa and 
Poisson ratio μ = 0.22. There was no evident interfacial gap between the 
inclusion and the base material. Hence the inclusion is assumed to be 
perfectly bonded with the matrix. Cyclic tension–compression load was 
applied at the upper boundary of the polycrystal finite element model 
along the vertical (y-axis) direction with the stress ratio R = -1, as shown 
in Fig. 4. 

3.3. Parameters of the crystal plastic model 

To evaluate the mechanical and fatigue properties of the investigated 
high-strength weathering steel, the simulations, under tensile and cyclic 
tension–compression loading conditions, were conducted using the 
software ABAQUS with a user-defined material subroutine (UMAT) 
program based on crystal plasticity theory introduced in Section 3.1. The 
high-strength weathering steel alloy has a body center cubic (BCC) 
structure. Hence, the possible slip systems are {110}〈111〉, {112}〈
111〉 and {123} 〈111〉. According to [24-26], the {110}〈111〉 and 
{112}〈111〉 slip systems can be activated at room temperature, while 
the slip at {123}〈111〉 only occurs at high temperature. Therefore, only 
the {110}〈111〉 and {112}〈111〉 slip systems are implemented in the 
present model. 

The strain rate was kept at 0.001 s− 1 in the simulation as well as in 
the experiment. Fig. 8 shows the engineering stress–strain curve ob-
tained using these boundaries for a 2D microstructure with randomly 
oriented grains (no texture) under plane strain conditions. The figure 
illustrates that parameters of the constitutive model can be selected to 
conform to the experimentally measured stress–strain curve. Material 
parameters used in the crystal plasticity model are shown in Table 1. The 
model neglected the stage of the yield-point elongation. 

4. Results and discussions 

4.1. Computational results with no defect 

Fig. 9 shows the distribution of axial strain and axial stress of the 
Voronoi model under uniaxial tensile. Obvious shear bands due to 
crystal slip were observed in Fig. 9(a). When the nominal strain of the 
RVE model is 1%, the maximum local axial strain is 4.7%. As the 
nominal strain of the RVE model achieves 5%, the maximum local axial 
strain becomes 24.8%. The local stress concentration was caused by the 
non-uniformity of material microstructure. 

In the study, the grain orientations were generated randomly. Due to 
the random orientations of the grains, grain boundaries are associated 
with a range of misorientation angles. The grain boundaries misorien-
tation angle can be calculated from the orientation matrix g, which is 
defined as 

Fig. 4. Tessellation of the Voronoi model.  

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0.00

0.05

0.10

0.15

Fr
eq

ue
nc

y

Grain size [μm]

Fig. 5. Grain size distribution of the Voronoi model.  

(a)                             (b) 

Fig. 6. Pole figures of (a) 〈100〉, (b) 〈111〉 orientation for the crystallographic 
orientations of the Voronoi model. 
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where Φ1, Φ2 and Φ are Euler angles of the grain. 
The misorientation matrix Δg at the grain boundaries can be ob-

tained by 

Δg = g1⋅g− 1
2 , (13)  

where g1 and g2 are the orientation matrices of two neighboring grains. 
The misorientation angle θ is then calculated using the trace of the 
misorientation matrix via 

θ = arccos[trace(Δg)/2 ]. (13) 

The misorientation at the grain boundaries of the polycrystal model 
was calculated and plotted in Fig. 10(a). According to the symmetry of 
the BCC metal, the available grain boundary misorientations are in the 
range from 0◦ to 62.8◦. Comparing Fig. 9 and Fig. 10 (a), the maximum 

deformation usually occurs near the grain boundaries, corresponding to 
grain boundary angles between 30◦ and 60◦. The reason is that large 
angular grain boundaries are more susceptible to deformation incoher-
ence resulting in local deformation concentration. 

The Schmid factor for {110}〈111〉 slip system corresponding to the 
polycrystal model under vertical tension loading was shown in Fig. 10 
(b). The blue line in each crystal is the intersection line of the slip plane 
and x-y plane, and the red arrow represents the projection of the slip 
direction on the x-y plane. According to Schmid’s law, the greater the 
Schmid factor, the greater the effective critical resolved shear stress, and 
the corresponding slip system will be easily activated. Comparing Fig. 9 
and Fig. 10 (b), it is observed that the shear band usually occurs in the 
grain with large Schmid factors. 

We calculated the mean strain of each grain at the tensile load of 1% 
and 5% nominal strain. Fig. 11 shows the relation between the Schmid 
factor and mean strain. The vertical axis is the normalized axial strain 
εy/εy,max. According to the symmetry of the BCC metal, the Schmid factor 
is distributed in the range of 0.3 to 0.5. The relative frequency of the 
grains’ Schmid factors increases as the Schmid factor increases. Most of 
the Schmid factors of the grains are greater than 0.4 in the present 
multiple crystal model. The statistical charts at the right side of Fig. 11 
show the axial strain distribution of the whole Voronoi model. It is found 
most of the grains were less deformed. However, grains with large mean 
strain were also existed, mainly in grains with Schmid factors close to 
0.5. The relative frequency of normalized axial strain follows the Wei-
bull distribution. As the tensile load from 1% to 5%, the center of the 
distribution moves upwards, which means the number of grains entering 
the plastic zone increases. 

Cyclic loading was performed on the no defects RVE model to 
investigate the cyclic plastic behavior of the Q450NQR1 steel. The 
stress–strain hysteresis curves under different strain amplitudes by 
crystal plasticity simulation are shown in Fig. 12. The material shows a 
cyclic hardening behavior. As the number of cycles increases, the hys-
teresis loop gradually tends to stabilize. According to the assumptions of 
the proposed crystal plasticity model, there is a saturation value for the 
isotropic hardening of the material. As shown in Eq. (10), the magnitude 
of the saturation value is Q, and parameter b controls the rate at which 

Fig. 7. (a) Tessellation with a hole. (b) Tessellation with an inclusion.  

g =

⎡

⎣
cosΦ1cosΦ2 − sinΦ1sinΦ2cosΦ sinΦ1cosΦ2 + cosΦ1sinΦ2cosΦ sinΦ2sinΦ
− cosΦ1sinΦ2 − sinΦ1cosΦ2cosΦ − sinΦ1sinΦ2 + cosΦ1cosΦ2cosΦ cosΦ2sinΦ

sinΦ1sinΦ − cosΦ1sinΦ cosΦ

⎤

⎦, (12)   
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the saturation value is reached. The crystal plasticity calculation is time- 
consuming. Considering the computational cost, all numerical calcula-
tions in this study were stopped after the steady-state was reached. 

Fig. 13 shows the computational results of fatigue tests with the RVE 
model. The figures of Mises stress σe, axial strain εy are plotted at the 
maximum tensile stress in the steady cycle. Compared with Fig. 9, the 
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Fig. 11. Schmid factor vs. grain mean strain at the axial nominal strain (a) 1% and (b) 5%.  

Fig. 9. Computational results of (a) axial strain and (b) Mises stress under the uniaxial tensile.  

Fig. 10. (a) Misorientation of the Voronoi model and (b) the Schmid factor of {110}〈111〉 slip system under vertical tensile loading.  
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locations of the maximum Mises stress are different from the monotonic 
tensile simulations, as well as the axial strain. Under the cyclic loading, 
the plastic hardening leads to an increase in the yield strength of the 
grains, and the global stress distribution is reallocated according to the 
deformation coordination conditions. 

The accumulated plastic shear strain pac is defined as: 

pac =

∫ t

0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3
Lp : Lp

√

dτ. (14) 

From the CPFE simulation, it was found that the maximum pac could 
be attributed to the presence of a critical soft-hard-soft grain combina-
tion, characterized by high normal stress on the basal plane of the hard 
grain and significantly higher basal and prismatic slip activities in the 
adjacent soft grains. 

4.2. Computational results with pores and inclusions 

The FE models with a pore of 20 μm and inclusion of 20 μm are 
shown in Fig. 7. To study the influence of the defect size on the fatigue 
life, the FE models with different diameter pores and inclusions were 
built. Their diameters were 20 μm, 40 μm, 60 μm, 80 μm, 100 μm. The 
defect sizes and stress amplitudes of the simulations are listed in Table 3. 
The centers of the pores and inclusion are located at the shape center of 

Fig. 13. Mises stress σe, axial strain εy and accumulated plastic strain pac at the steady cycle under the fatigue loadings of ±360 MPa, ±380 MPa, ±400 MPa, 
±420 MPa. 

Table 3 
Dimensions of defects and boundary conditions of the simulation.  

Stress amplitude 
[MPa] 

Diameter of the hole 
[μm] 

Diameter of the inclusion 
[μm] 

203 20, 40, 60, 80, 100 – 
360 20, 40, 60, 80, 100 20, 40, 60, 80, 100 
380 20, 40, 60, 80, 100 20, 40, 60, 80, 100 
400 20, 40, 60, 80, 100 20, 40, 60, 80, 100 
420 20, 40, 60, 80, 100 20, 40, 60, 80, 100 
609 20, 40, 60, 80, 100 –  
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Fig. 12. The computed cyclic stress–strain curves of Q450NQR1 steel under 
different strain amplitudes. 
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the RVE model. Fig. 14 shows the computational results at the steady 
cycle under the fatigue loadings of ±420 MPa, with inclusion diameters 
of 20 μm, 40 μm, 60 μm, and 80 μm, 100 μm. Inclusions are only 

deformed elastically at the current stress level. Therefore, in the diagram 
of the distribution of axial strain εy, the inclusions are low strain regions 
and there is a significant discontinuous interface between the inclusions 

Fig. 14. Mises stress σe, axial strain εy and accumulated plastic strain pac at the steady cycle under the fatigue loadings of ±420 MPa, with inclusion diameters of 20 
μm, 40 μm, 60 μm, and 80 μm, 100 μm. 

Fig. 15. Mises stress σe, axial strain εy and accumulated plastic strain pac at the steady cycle under the fatigue loadings of ±420 MPa, with pore diameters of 20 μm, 
40 μm, 60 μm, and 80 μm, 100 μm. 
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and the steel. However, we do not observe significant discontinuous 
interfaces of the Mises stress in Fig. 14. As the diameter of the inclusion 
increases, the maximum accumulated plastic strain pac of the RVE model 
increases. The location of the maximum pac do not occur at the interface 
of inclusions. The inclusions induced an increase in the cumulative 
plastic strain in the shear bands adjacent to them. 

Fig. 15 shows the computational results at the steady cycle under the 
fatigue loadings of ±420 MPa, with inclusion diameters of 20 μm, 40 
μm, 60 μm, and 80 μm, 100 μm. The location of maximum σe always 
occur at the surface of the pore. The maximum σe always occurs at the 
surface of the hole, and the position of the line with the center of the hole 
is perpendicular to the loading direction. The distribution of axial strain 
εy is similar, the strain near the top and bottom of the hole is the 
smallest, the strain in the area along the loading direction 45◦ is large, 
and the strain in the area near the left and right of the hole is the largest. 
The strain in the area to the left and right of the hole is the largest, and 
the radiation range is larger with the increase of the hole diameter. The 
accumulated plastic strain pac is mainly distributed in the slip zone near 
the hole, and the interaction reaches the maximum around the hole, 
while there is almost no plastic strain generated in other areas. 

4.3. The accumulated plastic strain 

The Voronoi model with a pore or inclusion was computed in the 
study with the crystal plastic model. The upper boundary of the Voronoi 
model was subjected to a cyclic tension–compression fatigue loading 
along the y-direction with a nominal stress amplitude of ±360, ±380, 
±400, ±420 MPa. 

Fig. 16 shows the variation of the accumulated plastic strain pac for 
CPFE polycrystalline models under cyclic tension–compression loadings 
with different stress amplitudes σa. It is evident that pac increases with 
the accumulation of loading cycles. And the larger the stress amplitudes 
σa is, the greater the plastic strain pac is. Additionally, defects can cause 
the increase of pac. According to the study of Gillner and Münstermann 
[27], the increment of local accumulated plastic shear strain kept almost 
constant after the initial several cycles. From Fig. 16 it is observed, after 
about 10 loading cycles, the changes of pac with the per loading cyclic 
enter a stable state. 

From Fig. 17, it can be seen that the von Mises stress of each grain is 
approximately normally distributed, with the increase of the defect 
diameter, its average value almost does not change, but the distribution 
graph gradually becomes flat, that is, the standard deviation increases, 
reflecting the process of gradual dispersion of the von Mises stress dis-
tribution of each grain with the growth of the defect diameter. For a very 
large part of the grains, there is no plastic accumulation, and most of the 
grains with plastic accumulation are also gathered in a small range, but 

there are still some grains with large cumulative plastic deformation. As 
the defect diameter gradually increases, the maximum cumulative 
plastic strain also gradually increases, and the data points become more 
and more discrete, but for the grains in the same cumulative plastic 
strain, their average stress changes are small. 

4.4. Fatigue indicator parameter (FIP) and lifetime prediction 

Manonukul [28] demonstrated that accumulated plastic strain is 
strongly related to the crack initiation process and can thus be utilized to 
calculate the fatigue crack initiation life under cyclic loads. Therefore, 
the location of the maximum accumulated plastic strain is the critical 
point of the RVE model. However, since the finite element method is a 
numerical solution to a system of partial differential equations, there 
may be some computational errors in the calculation results at the ele-
ments with large deformation gradients. Factors such as mesh density, 
mesh quality, and element type can have an impact on the calculation 
results. For the FE model in this study, if only the values of a single node 
are used for the life prediction, large errors may occur. Therefore, the 
mean accumulated plastic strain of each grain was calculated to reduce 
the influence of local deformation concentration on fatigue life calcu-
lation, and the critical grain was defined as the grain where the 
maximum mean pac is located, according to the critical distance method. 
The mean pac of the critical grain was denoted as pac,cg which was ob-
tained by 

pac,cg = max
{

1
Vi

∫

Vi

pacdv, i = 1, 2⋯, n
}

, (15)  

where n is the total number of grains, Vi is the volume of the i-th grain. 
In the study, we suggested that increment of pac,cg in the stable 

loading cycles Δpac,cg as the fatigue indicator parameter, 

FIP = Δpac,cg = pac,cg|N+1 − pac,cg|N . (16) 

Fig. 18 shows the Δpac,cg under different stress amplitudes with in-
clusions and pores. For the model without defect, all of the Δpac,cg values 
are smaller than 0.001. All Δpac,cg values with inclusions are in the range 
from 0.001 to 0.01. The Δpac,cg increases as the stress amplitude in-
creases, and the Δpac,cg also increases as the inclusion diameter increases. 

The relation between the FIP and the fatigue life Nf was given by a 
power law, 

FIP = A
(
Nf
)B
, (16)  

where A and B are the model parameters. 
The average size of the inclusions in the material is about 40 μm, so 

the computational results of the model with 40 μm inclusion were used 
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Fig. 16. Accumulated plastic strain and Mises stress under cyclic loading ±360 MPa with the inclusions diameter of (a) 40 μm and (b) 80 μm.  
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to fit the fatigue life. The model parameters were determined as A =
0.12315 and B = -0.23246. Therefore, the fatigue life can be predicted 
by 

ln
(
Nf
)
= 9.0095 − 4.3018ln(FIP). (17) 

Fig. 19(a) shows the predicted fatigue life with different diameters of 
inclusions and Fig. 19(b) shows the predicted results with different 

diameters of pores. In Fig. 19(a), most of the fatigue life is located be-
tween the fatigue curves including 20 μm and 60 μm inclusions. In 
Fig. 19(b), the fatigue life decreases rapidly when the pore diameter is 
larger than 20 μm. 

In the study, an attempt is made to explain the dispersion of material 
fatigue lifetime when it contains inclusions/pores by establishing a FIP 
based on the information of material microstructure with the crystal 

Fig. 17. Distributions of grain mean Mises stress and accumulated plastic strain increment Δpac,cg in numerical models with the same microstructure configuration 
but different inclusion sizes. 

Fig. 18. Stress amplitude vs. Δpac,cg with different dimensions of defects.  
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plasticity model. The method proposed in the article provides a new 
perspective linking material microstructure to macroscopic fatigue 
performance. 

The model proposed in this paper still has some limitations. In the 
present work, a two-dimensional RVE model is used, so it cannot 
describe the information of the grains in the third direction and is 
therefore limited to the use of isotropic materials. For three-dimensional 
structures, it is recommended to build the local RVE model in the plane 
corresponding to the first and second principal stresses, and when the 
third principal stress is small, the model in this paper can be seen as an 
approximation to the 3-dimensional case. 

5. Conclusions 

In the study, the Voronoi FE models with inclusions and pores were 
generated to simulate the local mechanical response of the weathering 
steel Q450NQR1 under tensile and (HCF, VHCF) fatigue loadings. The 
crystal plastic constitutive law was used to study the cyclic plasticity 
behavior of the steel. The following conclusions have been obtained: 

(1) Obvious shear bands due to crystal slip were observed in the 
tensile and fatigue computations and the shear bands usually occur in 
the grains with large Schmid factors. There is a positive correlation 
between deformation and Schmid factor, and grains with large Schmid 
factors have a higher probability of large deformation. 

(2) The local stress–strain distribution was influenced by the in-
clusions and pores and the accumulated plastic strain increased sub-
stantially at the boundary of defects. As a result, the crack initiation was 
accelerated, and the fatigue life was reduced. In addition, the calcula-
tions show that the effect of pores on the accumulated plastic strain of 
grains is more significant than the effect of inclusions. 

(3) The increment of the critical grain’s mean accumulated plastic 
strain was proposed as the fatigue indicator parameter. Based on the 
CPFE computational results, the fatigue model can predict the fatigue 
life of Q450NQR1 steel with different sizes of defects, which can 
describe the data dispersion found in the experiments. 
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