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The high-cycle and very-high-cycle fatigue (VHCF) behaviors of AlSil10OMg alloy produced by additive
manufacturing (AM) were studied. A crystal plasticity finite element model (CPFEM) with Voronoi tessellation
was developed to simulate the cyclic plastic deformation considering defect effects. Morrow’s model and Smith-
Watson-Topper (SWT) model were used to predict the fatigue life and the SWT model was in good agreement
with the experimental life between 10° and 10°. CPFEM simulation indicated that the accumulated cyclic plastic

strain is significantly increased near a pore than that of an inclusion. The residual stress near an inclusion led to
large plastic strain localization, which is harmful to fatigue performance.

1. Introduction

Selective laser melting (SLM) has become a popular additive
manufacturing (AM) technology in recent years due to the advantages of
less waste of material and feasibility for variable shape designs [1,2].
SLM has been widely applied to the manufacture of advanced alloys,
such as titanium alloys [3,4] and aluminum alloys [5-7]. It is known
that the quality of these products made by SLM is remarkably dependent
on the process parameters. Recently, some interesting results [8-10] has
been reported on the interrelationship between the microstructure fea-
tures (e.g. defects including internal porosity, oxide inclusions, grain
size, and surface roughness) and the mechanical performances (e.g.
tensile and fatigue properties) of the products made by SLM.

With the increasing demands of safety requirements, more and more
engineering components are designed to endure a fatigue life of more
than 107 cycles, even up to 108 and 10° cycles. It is well known as the
very-high-cycle fatigue (VHCF) [11]. The research on VHCF can be
traced back to the study on the fatigue characteristics of mild steel over
10° cycles by Kikukawa et al [12]. In the year of 1982, the concept of
VHCF was firstly proposed by Wells [13]. Ever since then, numerous
researchers have been engaged in the study of VHCF behavior and

failure mechanism. Lankford and Kusenberger [14] found that the crack
initiation stage occupied a large proportion of the total fatigue life.
Asami and Emura [15], Sakai etal. [16], and Hong et al. [17] studied the
fracture surface characteristics of specimens failed in the VHCF regime.
Among the models to explain the initiation of VHCF cracks, the
numerous cyclic pressing model (NCP model) is one of the most well-
known methods, which is proposed by Hong et al. [18]. In the high-
cycle fatigue (HCF) and VHCF regimes, 80-90% of fatigue life would
be consumed in the crack initiation stage [19], so the crack initiation
process played an important role in the fatigue property. It is well known
that the crack initiation process highly depends on the microstructure of
material and especially the local defects. Unfortunately, defect-free SLM
product has not been developed yet [20]. In addition, very few studies
have been reported on the VHCF behavior of additively manufactured
alloys. Thus, it is important to study the effect of defects on the local
plasticity behavior and fatigue life in VHCF regime.

It is not appropriate to assume the material as a homogeneous me-
dium for HCF failure and especially VHCF failure, because the fatigue
crack initiation process is closely related to the local microstructural
inhomogeneity, such as defects, in the material. In a polycrystalline
material, it is usually composed of grains in different orientations,
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inclusions and pores etc. As a powerful modeling method on the
microscopic scale, crystal plasticity finite element model (CPFEM) has
been widely used to analyze the mechanical properties of alloys in which
the plastic deformation is by dislocation slip or twinning of crystals. The
crystal plasticity theory can not only predict the localized stress and
strain characteristics on a grain-to-grain level, but also the macroscopic
mechanical properties of the material with considerable number of
grains. Hence, this method has been increasingly used in the study of
VHCF behavior in recent decades. McDowell et al. [21] have applied the
CPFEM to investigate the plastic behavior and fatigue properties of Al
7056-T6 [21], Ti-6Al-4V [22,23], and Mo-Si-B alloys [24]. They sug-
gested multiple failure mechanisms and fatigue indicator parameters
(FIPs) which should be considered in the experimental and modeling
study in the HCF and VHCF regimes [25]. Han and Yang et al. [26]
applied CPFEM to characterize the damage mechanism of surface crack
initiation and internal crack initiation behavior. It is a good way to use
CPFEM to study the VHCF issue of SLM product by taking into account
the effects of microstructure features. In contrast, few studies have
provided deep insights into the residual stress around inclusion during
cooling process of SLM and the quantitative effects on fatigue life,
although preliminary studies [27] indicated its effects on the plastic
strain accumulation and fatigue crack initiation.

In this study, the cyclic plasticity behaviors and fatigue life predic-
tion of AlSi10Mg alloy fabricated by selective laser melting have been
studied. A CPFEM with user-developed Voronoi tessellation was used to
predict fatigue life and analyze the influence of defects and residual
stress on the VHCF behavior. The results would provide reference for the
evaluation of fatigue performance for SLMed AlSi10Mg alloy.

2. Material and simulation methods
2.1. Material and experimental

The alloy used in the present study is an AlSi10Mg alloy fabricated by
SLM. The nominal chemical composition of AlSi10Mg alloy is listed in
Table 1. The specimens were manufactured by the SLM process, and the
geometry dimensions were shown in Fig. 1. The initial microstructure of
the present AlSi10Mg alloy was shown in Fig. 2. The electron back-
scattering diffraction (EBSD) results showed almost equiaxed grains
with an average grain size of 20-25 pm in this case. The microstructure
did not show evident texture. It is known that A1Si10Mg alloy has a face
center cubic (FCC) structure [28]. Hence, the dislocation glide was
assumed to occur on 12 possible slip systems (four {111} slip planes,
three (110) slip directions) in AlSi10Mg alloy.

For the AlSi10Mg alloy, standard tensile specimens were machined
and tensile tests were conducted under a strain rate of 10~°/s. Repre-
sentative tensile results of AlSi10Mg alloys were shown in Fig. 3. The
AlSil0Mg alloy showed evident strain hardening behavior after
yielding. In Fig. 3, the yield strength and ultimate tensile strength of
AlSi10Mg alloy are measured to be 270 MPa and 465 MPa, respectively.

2.2. Crystal plasticity theory
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Fig. 1. The shape and dimensions of fatigue specimens (in mm).

where F” represents the elastic deformation gradient and F? the plastic
deformation gradient.

For AlSi10Mg alloy, the plastic deformation is primarily caused by
dislocation slip, especially via the octahedral {111} (11 0) slip systems.
The plastic velocity gradient can be expressed as the sum of the shear
strain rates in all slip systems:

L= iuSa®@m, @)

a=1

where n is the amount of slip systems, 7, is the shear strain rate for slip
system o, s, and m, are respectively the unit vectors in the slip direction
and normal to the slip plane for slip system a. The shear strain rate y,, is
given as:

n—1

Ta
8a

Ta
8a

Vo = 7o( 3

where g, is the strain hardening function of the slip system a, 7, is the
reference shear strain rate, n is the sensitive coefficient of strain rate, 7,
is the cutting stress of slip system o. Considering that the kinematic
hardening of this alloy under cyclic loading was not pronounced, so the
back stress was not included in Eq. (3), according to the experimental
studies of AlSi10Mg alloy in literature [29,30]. This model has been
widely used to study the strain hardening behavior of similar alloys
[31]. The crack initiation and short crack behaviors could also be
properly modeld by this method [32,33]. There are also previous studies
on crystal plasticity modeling of fatigue behavior of alloys, for instance,
Proundhon et al. [34], Rovineli et al. [35], and Yue [36] etc., which did
not take into account the kinematic hardening when it is not significant.
Hence, the classical crystal plasticity model as Eq. (3) was adopted in the
present study. The hardening function g, is assumed to be related to the
total slip y in all slip systems:

8a = 8a (V) (€]

v =l )
a=1

The strain hardening law of a single crystal is given as:

In a classical crystal plasticity theory, the total deformation of a bu = Zh”ﬂ 7 6)

crystalline material consists of two parts: elastic deformation and in- =T
elastic deformation. Therefore, the total crystal deformation gradient F
can be expressed as where h, is the matrix for hardening modulus. hyg is given by:
F=F .F° '6)) hap = gh =+ (1 — q)héap 7)
Table 1
Nominal chemical composition of AlSi10Mg alloy.

Al Si Mg Fe Ti Cu Cr Mn Ni

Bal. 9.75 0.22 0.092 0.011 <0.01 <0.01 <0.01 <0.01
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Fig. 2. The initial microstructure of AlSi10Mg alloy: (a) grain morphology; (b) (Inverse pole figure) IPF grain orientation map.
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Fig. 3. Tensile stress—strain curves of two AlSi10Mg alloy specimens.
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where ¢ is the ratio of self-hardening effect to latent hardening effect,
and the value is 1 or 1.4. hy is the initial hardening rate, ¢ is the yield
shear stress, and 7, is the saturated flow stress.

3. Crystal plasticity finite element simulation
3.1. Finite element modeling

The finite element model of AlSi10Mg alloy is shown in Fig. 4. The
height, width and thickness of the geometry model is 500 pm, 500 pm,
and 20 pm, respectively, as shown in Fig. 4(a). The polycrystalline grain
structure was created by a user-developed Python code based on Vor-
onoi tessellation. The grain size was generated between 20 and 40 pm
according to the experimental observation, following an average grain
size of 20-25 pm, as shown in Fig. 4(b). The grain size distribution was
in accordance with that obtained from metallographic examination. 320
grains were generated in the model, which was then meshed to compose
of 7216 elements and 11,163 nodes. The grain orientations were
randomly generated, to be consistent with the weak texture of A1Si10Mg
alloy suggested by EBSD. In Fig. 4(a), the node at the bottom-left corner
was constrained in X, Y and Z directions to prevent rigid body motion.
The other nodes at the bottom were fixed in the Y direction, to allow

motion in the X direction. The Z direction of the plate was set to be free.
The left and right sides of the model are also rationale to be set traction-
free, similar to those shown in the previous studies. C3D8I elements of
the finite element software ABAQUS were used in the simulation. A
uniaxial load was applied at the upper boundary of the model along
vertical (Y-axis) direction to simulated uniaxial tensile tests at a strain
rate of 0.001 s 1.

3.2. Cyclic plasticity simulation

Uniaxial cyclic loading was performed at the upper boundary of the
finite element model in Fig. 4. The method of displacement control was
used in the simulation, expressed as

U (t) = Uy x Amplitude(t) 9
where Uy is a constant, different U, o values represent different strain
or strain amplitudes. Amplitude(t) is a function of triangular wave with
unit amplitude, to define uniaxial tension and compression loading
versus time. As suggested by previous studies [37], the cyclic frequency
in the simulation is lower than that in an ultrasonic fatigue test (20 kHz)
due to the latter is difficult to be implemented in the crystal plasticity
simulation. Moreover, it is indicated that frequency effect on fatigue life
is less significant in fcc alloys than that of bec alloys. For instance, fa-
tigue tests showed little effect of cyclic frequency on the fatigue life of
superalloys in the 10°-10° cycles regime at room temperature [38].
Caton and Allison et al [39] also reported that there was no influence of
loading frequency on the HCF behavior of cast aluminum alloy 319 at
room temperature. It is reasonable that according to the study of
McDowell et al. [37] on the HCF-VHCF transition and strain localization
behavior of alloys, a cyclic frequency of 1 Hz was used in the present
crystal plasticity simulation. Note that in the present study, the peak
stress applied in fatigue tests were mostly lower than the yield stress
(~270 MPa) except for a few samples at R = 0.5, hence the majority of
strain levels were calculated within the scope of elasticity and the
associated rate effect was small.

3.3. Calibration of model parameters

The crystal plasticity model has been implemented in ABAQUS via a
user-defined material subroutine (UMAT), which has been successfully
applied in the cyclic plasticity behavior of nickel-based superalloys [31]
and zirconium alloys [33]. The crystal orientation of each grain was
defined following a random texture, to be consistent with the weak
texture indicated by the EBSD result in Fig. 2. The Euler angle data of
grain orientation and grain morphology was generated by a Python code
developed by the authors. For AlSi10Mg alloy, it has three independent
elastic constants due to the face center cubic symmetry. The elastic
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Fig. 4. Crystal plasticity finite element model of AlSi10Mg alloy implemented in ABAQUS software: (a) geometry model and boundary condition; (b) grain ag-
gregates created by a user-developed Python code based on Voronoi tessellation; (c) grain size distribution in accordance with the experimental microstructure.

parameters used in this study were shown in Table 2. Note that in the
simulation of the tensile stress-strain curves, the strain rate was kept at
1073 s7! by displacement control, which is consistent with the tensile
test. In the present study, n is taken as 10 to best fit the experimental
tensile stress—strain curves as well as depict the rate sensitivity. It is close
the value of n = 7.14 that was used in the simulation study of AA7075
alloy [40]. Cy1, C12 and Cy4 represent the three elastic constants. The
other model parameters are mentioned in the Section 2.2 of crystal
plasticity theory.

The simulation of uniaxial tension of the AlSi10Mg specimen was
performed using the finite element geometry model in Fig. 4. The cali-
bration of crystal plasticity model parameters were conducted following
the try-and-error method by comparing with the tensile stress—strain

curves of AlSi10Mg alloy in Fig. 3. For each of the simulation, 320 grains
with different grain orientation and morphology was generated,
following the same average grain size and the same set of crystal plas-
ticity model parameters. It is consistent with the simulation studies of
McDowell et al. [29] and Cailletaud et al. [41] that grain number of 250
or above was needed to provide stress-strain curves without evident
scattering in a Voronoi polycrystalline aggregate. The difference be-
tween the curves of ten simulations was less than 2% when the strain
was in the range of 0-6%. The average stress—strain curve obtained in
multiple simulations is shown in Fig. 5. It is seen that the tensile curve
simulated by crystal plasticity model coincided well with the experi-
mental ones.

Table 2

Elasticity and crystal plasticity model parameters of AlSi10Mg alloy.
C11/MPa Ci2/MPa C44/MPa 70 n ho/MPa 7,/MPa 70/MPa q
90,731 51,345 24,087 0.001 10 220 74 42 1
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Fig. 5. The stress—strain curves of AlSilOMg alloy by crystal plasticity simu-
lation in comparison with the experimental result.

3.4. Voronoi modeling of a representative area element

To investigate the effects of defects, i.e. pores and inclusions, on the
fatigue behavior of SLMed AlSi10Mg alloy, Voronoi aggregate model
with a pore or an inclusion was established. As shown in Fig. 6(a), there
is a pore with a diameter of 70 pm at the center of the Voronoi grains,
which is obtained by measuring the size of the lack of fusion region from
the metallographic images of SLMed AlSi10Mg alloy. Regarding the
effect of inclusion, Voronoi model with an inclusion was generated, as
shown in Fig. 6(b). A circular inclusion with a diameter of 50 pm was
surrounded by multiple grains, as shown inFig. 6(b). The dimension
came from the statistical average value from experimental micrographs.
According to the experimental characterization by scanning elctron
microscopy (SEM) and energy dispersive spectrometer (EDS) analyses,
the inclusions in AlSi10Mg alloy are mainly AlyOg, with elastic modulus
E =370 GPa and Poisson ratio y = 0.22. There was no evident interfacial
gap between Al;O3 inclusion and the matrix. Hence the inclusion is
assumed to be perfectly bonded with the matrix. Cyclic ten-
sion—-compression load was applied at the upper boundary of the poly-
crystal finite element model along the vertical (y-axis) direction, as
shown in Fig. 4 and Fig. 6.

LNPOLY
- v,
L %9 A

- “‘\\\

International Journal of Fatigue 145 (2021) 106109

3.5. Residual stress by cooling down of Voronoi model with an inclusion

Besides the mechanical inhomogeneity of inclusions, the difference
in thermal properties also makes additional contribution to its influence
on the fatigue property of AlSi10Mg alloy. It is known that residual
stresses would be generated in the AlSi10Mg alloys during the layer-by-
layer printing process. Residual stress was mostly introduced in the alloy
by cooling down. By setting the thermal expansion coefficient of the
alloy and reducing the temperature of the whole model, residual stresses
emerged around the inclusion. The thermal expansion coefficient of
AlSi10Mg alloy is set as 22.9 ym/(m-°C), and the thermal expansion
coefficient of Al;O3 inclusions is taken as 5.5 pm/(m-°C). The CPFEM of
Voronoi grains with an embedded inclusion is shown in Fig. 6 (b). The
cooling process is implemented as a thermal step in ABAQUS to intro-
duce residual stresses before the cyclic loading.

4. Results and discussion
4.1. Fatigue life prediction with SWT and Morrow’s models

Finite element simulation was performed based on the crystal plas-
ticity UMAT subroutine and Voronoi model shown in Fig. 4. Different
strain amplitudes were applied to the upper boundary of Voronoi model
to study the plastic deformation. In order to predict the fatigue life, the
stress and strain on the upper boundary of representative volume
element (RVE) were recorded and the simulation continued until the
stress strain curve became stabilized. The stress—strain behavior of the
alloy under cyclic loading was studied. The stress—strain hysteresis
curves under different strain amplitudes by crystal plasticity simulation
are shown in Fig. 7. The modulus result is given by E = 60.37 GPa, which
is close to the experimental values in the tensile tests. It is seen that for
the strain amplitude of 2%, the stress got stable at about 470 MPa after a
few cycles. For the high cycle fatigue tests performed in this study, the
strain amplitudes cannot be directly measured during the test. Never-
theless, the simulated stress—strain curves in Fig. 7 and Fig. 8(b) were
comparable to the experimental results of AlSi10Mg alloy by Cai et al.
[29]. For instance, at the strain amplitude of 0.3%, the stress amplitude
predicted by the present crystal plasticity simulation was 195 MPa,
which is close to 205 MPa by Cai’s experimental result [29].

The last stable and closed stress—strain loop for each strain amplitude
was analyzed by the calibrated crystal plasticity simulation, shown in
Fig. 8(a). Each loop was called a hysteresis loop. The relationship be-
tween the vertices of the hysteresis loops in steady-state reflected the
response of the stress amplitude o, under different strain amplitudes &,.

(b)

Fig. 6. (a) Voronoi model with a pore (b) Voronoi model with an inclusion.
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Fig. 7. The simulated cyclic stress-strain curves of AlSi10Mg alloy under
different strain amplitudes.

The curve is shown in Fig. 8(b) and called the cyclic stress—strain curve,
which is represented by the Ramberg-Osgood relationship:

o, 0, 1/n
ea:em-l-epu:—-l,- —

E K 10

where e, is the elastic strain and ep4is the plastic strain under cyclic
loads. E is the elastic modulus; K is cyclic strength coefficient; n is cyclic
strain hardening coefficient, which is dimensionless. These parameters
were determined by curve fitting method from the crystal plasticity
simulation results in Fig. 8(b), which yielded the result of E = 60.37 GPa,
K = 467 MPa, n = 0.07.

The elastic modulus obtained in the two tensile tests is 60.92 GPa and
62.59 GPa, respectively. Hence, it is seen that the simulated results by
Eq. (10) are in good agreement with the experimental ones.

In the high cycle fatigue tests, the authors have performed three
groups of fatigue tests and obtained the experimental data atR = —1, 0,
and 0.5. Note that the strain range cannot be measured from the present
fatigue test. Instead, the strain amplitude was calculated using the
Ramberg-Osgood relationship of Eq. (10), for each stress level. For R =
—1 test, the strain amplitude ¢, is equal to the peak strain or the
maximum strain. Then, the strain amplitude, the stress level, and the
corresponding fatigue life data of R = —1 was used to fit the following
strain-life relationship:

(a) 600 T T T T T
F ——0.3%

400
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e =LaN) + < (2 an
where o; is the fatigue strength coefficient of stress dimension; the fitting
value E in the previous section is 60.37 MPa; b is the fatigue strength
exponent; ; is the fatigue ductility coefficient; c is the fatigue ductility
exponent. The values of these parameters are: o, = 38049.3 MPa, <; =
10.04616%, b = —0.06886, ¢ = —0.9802.

As is shown above that the fatigue life data of R = —1 was applied to
Egs. (11)-(13) to fit the model parameters in Egs. (11)-(13), herein the
fatigue test data of R = 0 and 0.5 would be used to validate the obtained
strain-life relationship. The well-known strain-life relationships
considering mean stress effects are the Morrow’s mean stress correction
and the Smith-Watson-Topper model (SWT model). Morrow considered
the mean stress and modified the formula as follows

6, — O

ca =L (2N)" + < (2N) 12
where o, is mean stress. The modified formula of SWT model is

(0)°
Onecea = (2N 1 i (2) a3

where ox€q is called the SWT factor and it is constant for a given fa-
tigue life. The fatigue life obtained in the fatigue tests were compared
with the results predicted by Morrow’s model and SWT model respec-
tively, as shown in Fig. 9 (a) and (b).

It is shown that when the fatigue life is less than 10° cycles, most of
the data points are located within the scatter band between the two
dotted lines of Ny/2 and 2Ny. It means that the fatigue life prediction by
both Morrow’s model (Fig. 9(a)) and SWT model (Fig. 9(b)) are satis-
factory. Fig. 9(c) is a plot of the experimental peak stress versus the
fatigue life for different specimens. There is a descending trend in the
slope of data points for R = 0.5, R =0, and R = —1 in Fig. 9(c), indicating
that higher mean stress has evident effect on the fatigue life. All the
experimental data of stress versus fatigue life in the present study was
shown in Table 3.

Note that in Fig. 9(a), for Specimens A; and B, the predicted fatigue
life had large dispersion from the experiment fatigue life. Note that
Specimen A, and A; were tested under the same stress amplitude, and
Specimen B, and B; were tested under the same stress amplitude.
Moreover, satisfactory fatigue life prediction was obtained for Specimen
A and By in Fig. 9(a). Hence, the deviation at Specimens A; and B; was
probably due to the variation of microstructural defects which caused
the large scattering of fatigue life. In details, the fracture surfaces of the

(b) 600 —
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Fig. 8. (a) The simulated hysteresis loop (b) the stabilized cyclic stress versus strain.
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(c) experimental peak stress versus experiment fatigue life.

Table 3
Fatigue test data of stress level versus life cycles.

Specimen Stress amplitude Stress Mean stress Fatigue life
No. (MPa) ratio R (MPa) (cycles)

1 114 -1 0 3.70E+07
2 135 -1 0 5.31E+05
3 125 -1 0 4.40E+07
4 135 -1 0 2.07E+06
5 93 -1 0 4.20E+08
6 93 -1 0 3.67E+08
7 80 -1 0 1.15E+09
8 50 0 50 1.28E+09
9 100 0 100 3.72E+05
10 70 0 70 4.23E+08
11 80 0 80 3.32E+08
12 60 0 60 6.22E+08
13 90 0 90 1.68E+07
14 30 0.5 90 1.73E+09
15 60 0.5 180 1.16E+07
16 50 0.5 150 1.67E+09
17 60 0.5 180 1.10E+09
18 70 0.5 210 2.79E+06
19 65 0.5 195 4.74E+08
20 65 0.5 195 2.48E+06

above four specimens were shown in Fig. 10. It can be seen that the crack
initiation site of A was at the specimen surface (Fig. 10(b)), whereas the
crack initiation site of A; was located in the internal of specimen (Fig. 10
(a)) due to the smaller surface defects, which rationalized the unusually

long fatigue life of Specimen A;. For Specimen B; and By. It is similar
that the long fatigue life of Specimen B; was related to the internal crack
initiation site against the surface crack initiation mode of By, as shown in
Fig. 9(c) and (d). The above observation suggested a tendency of tran-
sition from surface crack initiation to subsurface or internal crack
initiation with increasing fatigue life. Similar trend has also been re-
ported in previous studies [14].

Additionally, in Fig. 9 (a) and (b) it can be seen that the two models
cannot provide conservative prediction when the fatigue life exceeds
10° cycles. And the non-conservation is more evident in the prediction
using Morrow’s model. The life prediction error can be defined as
follows:

€rTor = l()gl()M — logoNy a4+

where Ny is the experimental fatigue life, and Nj} is the predicted life

under the same loading condition. If the error is positive, the predicted
life is not conservative. If the error is negative, the predicted life is
relatively conservative. It is found that the fatigue life prediction error in
this study follows the normal distribution. The probability density
functions of normal distribution corresponding to Morrow’s model and
SWT model are shown in Fig. 11.

The result of Morrow’s model prediction had a positive expectation,
which indicated that the model was not conservative in the prediction of
fatigue life. The result of SWT model was negative, indicating that the
prediction with SWT model was relatively conservative. On the other
hand, the normal distribution curve of Morrow’s model is relatively flat,
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Fig. 10. Fatigue fracture surfaces of specimens: (a) Specimen Aj, 6yax = 240 MPa, R = 0.5, Ny = 1.10 x 10° cycles; (b) Specimen Ay, Gax = 240 MPa, R = 0.5, Ny =
1.16 x 107 cycles; (c) Specimen By, Gyay = 260 MPa, R = 0.5, Ny = 4.74 x 108 cycles; (d) Specimen By, Gmax = 260 MPa, R = 0.5, Nf=2.48 x 10° cycles.
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Fig. 11. Normal distribution of fatigue life prediction error of Morrow’s model
and SWT model.

indicating that the variation of the predicted fatigue life is large. In
contrast, the normal distribution curve of SWT was narrow and its
variation is relatively small, so the fatigue life prediction with SWT
model was more accurate and reliable. In summary, the prediction of
fatigue life by SWT model is in good agreement with the fatigue test
results in the range between 10° and 10°. Therefore, SWT model is
recommended for fatigue life evaluation of SLMed AlSi10Mg in HCF and
VHCF regimes.

In addition, as the fatigue loading cycles exceeded 10°, the SWT
model became less accurate in the fatigue life prediction in the HCF and
VHCF regimes. The underlying reason may be that the crystal plasticity
model with Voronoi elements did not take into account the effects of
defects in the AlSi10Mg alloy. Pores and inclusions were reported to be

the primary defects observed in the AlSi10Mg alloy specimens made by
SLM [42-46]. These defects were also observed in the present alloy
under scanning electronic microscope, as shown in the micrographs in
Fig. 12. Statistical analysis of all pores on fracture surfaces and metal-
lographs suggested an average diameter of 70 pm for pores. For inclu-
sion, it is also simplified as circular shape. According to the statistical
results of inclusion dimensions, the average diameter of inclusion is
about 50 pm.

4.2. Plastic strain around pores and inclusions

Voronoi elements with a pore or an inclusion were used for the finite
element simulation, as shown in Fig. 6. Cyclic loading was applied at the
upper boundary of the polycrystalline aggregate along the vertical (y-
axis) direction with a strain amplitude of 0.2%. According to the pre-
vious studies in literature [47], accumulated plastic shear strain is
closely related to the crack initiation process and hence can be used to
quantify the fatigue crack initiation life under cyclic loading. The
accumulated plastic shear strain is defined as:

it
2
Pace = / ELP : Lpd’[ (15)
0

The accumulated plastic shear strain, denoted as SDV121 in the
following figures and paragraphs, was evidently enhanced near the de-
fects, such as pores or inclusions, as shown in Fig. 13. Fig. 13(a) shows
the contour of accumulated plastic shear strain for the Voronoi poly-
crystalline model with no defects. The strain distribution is overall
inhomogeneous in different grains due to different crystal orientations.
The strain hotspot appeared at the grain boundaries and the maximum
plastic shear strain value was about 8.15 x 1073,

For the Voronoi model with a pore, the contour of accumulated
plastic shear strain is shown in Fig. 13(b). Evident strain concentration
was observed near the pore, indicating that the plastic strain is much
smaller in the other regions compared with the pore. It is consistent with
the observed crack initiation from a pore on the fracture surface in
Fig. 12(a). The maximal accumulated shear strain occurred on the
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Fig. 12. The defects in the present AlSi10Mg alloy examined by scanning electronic microscope: (a) internal pore; (b) subsurface inclusion (the loading direction is

perpendicular to the fracture surface).

+4 44+t
o

(b)

Fig. 13. Accumulated plastic shear strain contour of (a) Voronoi polycrystalline model with no defects (b) Voronoi polycrystalline model with a pore (c) Voronoi
polycrystalline model with an inclusion (The loading direction is along vertical. SDV121 represents accumulated plastic shear strain).

horizontal side of the circular pore, perpendicular to the loading di-
rection. It is reasonable because the pore can be regarded as a special
case of non-sharp crack. In this case, the region P1 and P2 act as the
blunt crack tip, hence they are the region representing the largest stress
concentration.

For the case of inclusion, as shown in Fig. 13 (c), the accumulated
shear strain is also evidently concentrated around the inclusion, due to
larger stiffness of inclusion. In the region far away from the inclusion,
the distribution of accumulated shear strain in different grains is similar
to that in Fig. 13(a). It is also noticed that the concentration of accu-
mulated shear strain due to an inclusion is less remarkable than that due
to a pore. Similar effects have been also reported in recent studies on
martensitic steels by Prasannavenkatesan et al. [48]. They suggested
that a pore can be treated as a special compliant inclusion with a local
free-surface effect, which leads to local softening.

Moreover, for the case of inclusion, the hotspot of strain map, i.e. the
maximal accumulated shear strain, appeared at the vertical side of the
inclusion. It should be noticed that the location of hotspot in Fig. 13(c) is
different from that in Fig. 13 (b). For inclusion in Fig. 13(c), the stiff
inclusion was less deformable than the matrix, so the matrix would
afford more strain as the total elongation or tensile strain of the entire
model was predefined. Hence the adjacent region of inclusion, i.e. Q1
and Q2, would be subjected to higher tensile strain than nominal,
leading to evident deformation localization. The above result is consis-
tent with the previous simulation study conducted by Pineau and Forest
[49].

Fig. 14(a) shows the variation of accumulated plastic shear strain for
Voronoi polycrystalline model with a pore under cyclic loading. SDV121
represents the accumulated plastic shear strain. The red line in Fig. 14(a)
represents the maximum value of accumulated plastic shear strain of
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Voronoi model with a pore (corresponding to Fig. 13(b)). The blue line
represents the maximum accumulated shear strain of the Voronoi model
with no defects (corresponding to Fig. 13(a)). The triangle wave shape in
Fig. 14(a) is used for the cyclic loading, with the solid line meaning
tension, and the dotted line meaning compression. It is evident that the
accumulated plastic shear strain increased gradually under cyclic
loading, and the increment per cycle decreased gradually. According to
the study of Gillner and Miinstermann [50,51], the increment of local
accumulated plastic shear strain kept almost constant after the first
cycle. Hence, if a constant increment of accumulated plastic shear strain
was assumed in this study, the plastic strain will be overestimated and a
conservation prediction of crack initiation life will be obtained [25].
From Fig. 14 (b), it can be seen that after 10 cycles of loading, the
maximum accumulated shear strain near the pore increased by 2 orders
of magnitude and stabilized, in contrast with the Voronoi model with no
defects. Considering that the accumulated shear strain is related to the
fatigue crack initiation life as suggested by McDowell et al. [25],
porosity plays an important role in the HCF life of SLMed AlSi10Mg
alloy.

Fig. 15 shows the variation of accumulated plastic shear strain for
Voronoi polycrystalline model with an inclusion under cyclic loading.
The red line in Fig. 15(a) represents the maximum value of accumulated
plastic shear strain (corresponding to Fig. 13(c)). The blue line repre-
sents the maximum accumulated shear strain of the Voronoi model with
no defects (corresponding to Fig. 13 a). It is evident that the maximum
accumulated plastic shear strain with an inclusion (red line) is larger
than that with no defects (blue line), and the difference is about an order
of magnitude. It is indicated that the concentration of accumulated shear
strain due to inclusions is less pronounced than that due to pores.
Considering that pores are commonly formed during the SLM process,
the porosity is a key influence factor that can be optimized to improve
the HCF and VHCF life of SLMed alloys. In the present study, the di-
mensions of pores or inclusions were chosen based on SEM observations
and the shapes were idealized as circular for the ease of comparative
analysis base on crystal plasticity simulation. Existing research [50]
revealed that inclusion size had a significant influence on fatigue life,
followed by shape, and surface roughness. For instance, the shape ratio
of the pores and inclusions will affect the stress concentration around
the defects and hence alter the localized plastic strain. These factors of
pores and inclusions should be further studied in future work.

4.3. Effect of residual stresses on fatigue life

The crystal plasticity finite element model with Voronoi grains with
an embedded inclusion was cooled down from 225 °C to 175 °C. The
stress distribution in the grains after cooling down is shown in Fig. 16. It
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Fig. 14. The variation of accumulated plastic shear strain under cyclic loading with the influence of a pore:

resents accumulated plastic shear strain).
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Fig. 15. The accumulated plastic shear strain variation with influence of

an inclusion.

is shown that the cooling process introduced evident residual stresses at
the interface between the inclusion and the matrix. In the region far
away from the inclusion, the residual stress in the AlSi10Mg matrix was
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Fig. 16. The distribution of residual stresses around the inclusion after cooling
from 225 °C to 175 °C.
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negligible. While approaching the inclusion/matrix interface, the re-
sidual stress increased gradually and reached the maximum at the
interface, as shown in Fig. 16. The calculated residual stress in Fig. 16 is
close to the residual stress of 150 MPa reported in similar AlSi10Mg
alloys manufactured by selective laser melting [46].

Fig. 17(a) shows the accumulated plastic shear strain of a Voronoi
model without cooling under cyclic loading of 120 MPa for 5 cycles. In
Fig. 17(b), the alloy was cooled down from 225 °C to 175 °C and then
subjected to 120 MPa cyclic loading. It is shown that the maximum
accumulated plastic shear strain occurred at the same location but the
value was evidently increased by 10%. In Fig. 17(c), the alloy was cooled
down from 225 °C to 25 °C and then subjected to 120 MPa cyclic
loading. It is shown that the distribution of accumulated plastic shear
strain changed slightly and the maximum strain value was increased by
22% than that of Fig. 17(a). The increased plastic strain was closely
related to the larger residual stress generated during the cooling process.

For the case without cooling, the hot spot of the accumulated plastic
strain map in Fig. 17(a) appear at the upper and lower region of the
inclusion, similar to that in Fig. 13(c). The maximum strain concentra-
tion region has a small distance from the interface between the inclusion
and matrix. Fig. 17(b) showed similar result as that in Fig. 17(a).
However, for the specimen cooled by 200 °C (Fig. 17(c)), the accumu-
lated plastic strain achieved the maximum value near the inclusion-
matrix interface, about 45° off the loading axis, shown in Fig. 17 (c).
In Fig. 17, it is shown that the strain hot spots exhibited two types of
concentration. For the first type (Fig. 17(a) and (b)), the strain con-
centration regions were similar to the previous studies by Fleming and

SDv1i21
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Temis [52], known as the frontal zone. For the second type, the strain
concentration region (Fig. 17(c)) is similar to the simulation results of
Pineau and Forest [49]. The two types of strain concentration regions
shown above would act as the preferential location for fatigue crack
initiation.

Fig. 18 shows the variation of accumulated plastic shear strain versus
cooling process and fatigue loading cycles for the three cases. The left
side of the vertical dotted line represents the cooling process, and the
right side of the vertical dotted line represents the cyclic loading process.
While there was a large temperature drop, e.g. 200 °C, the cooling
process would introduce evident accumulated shear strain. After the first
cyclic loading, the accumulated shear strain greatly increased, and the
increment magnitude in the material cooled down by 200 °C was larger
than that cooled by 50 °C. After the first cycle of loading, the plastic
shear strain accumulated rapidly. This phenomenon was known to be
associated with the release of residual stresses. Taking the case of
cooling down by 200 °C as example, the initial maximum residual stress
was about 300 MPa as shown in Fig. 19 (a). After the first cyclic loading,
the residual stress dropped to about 255 MPa as shown in Fig. 19 (b),
about 17% decrease of residual stress, similar to that reported by Gu
et al. [27]. The residual stress was released while a large accumulated
plastic shear strain was generated. In the following loading cycles, the
residual stress remained almost unchanged and got stabilized at around
250 MPa as shown in Fig. 19 (c).

The first few loading cycles would release the residual stresses in the
material to a certain extent and brought cumulative plastic strain into
the local neighborhood of inclusion. The larger the residual stress was,
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Fig. 17. Distribution of accumulated plastic shear strain in the AlSi10Mg alloy (a) without cooling, (b) cooling from 225 °C to 175 °C, (c) cooling from 225 °C to
25 °C (The loading direction is along vertical. SDV121 represents accumulated plastic shear strain).
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Fig. 18. Variation of accumulated shear strain with different cooling process
induced residual stress conditions.

the larger the increment of accumulated shear strain was. In this case, it
would facilitate the crack initiation process, and hence shorten the fa-
tigue life of the alloy in the HCF and VHCF regimes. The accumulated
plastic shear strain showed obvious difference when the residual stress is
considered, which would lead to different predicted fatigue life. A
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comparative study was performed in the work of Gu et al. [27]. By using
the formula proposed by McDowell et al. [25], they conducted fatigue
life prediction, suggesting that the simulation considering residual stress
showed better agreement with experiment result than that neglecting
residual stress effect. The residual stress kept almost constant after the
relaxation in the first several cycles, as shown in Fig. 19(c). Hence, the
present study suggested two roles of residual stress in affecting fatigue
life: (i) the constant part of residual stress remained after relaxation; (ii)
the accumulated plastic strain generated while the residual stress
partially relaxed. A recent study [53] introduced the residual stress in
fatigue indication parameter for the sake of life prediction. In the present
study, it is possible to replace engineering strain by accumulated plastic
shear strain in Morrow’s model or SWT model and the residual stress can
be considered as mean stress in the fatigue life model for the conve-
nience of engineering application. Both the present study and the work
of Gu et al. [27] have indicated the importance of taking into account
the residual stress associated with inclusion while studying the fatigue
life of SLMed alloy. Future work should focus on quantification of the
variation of residual stress during cyclic loading, its uniformity in ma-
terial, and multi-axial effects etc. while developing fatigue life predic-
tion model with residual stress effects.

5. Conclusions

In the present study, the crystal plasticity finite element model with
Voronoi aggregates was used to study the HCF and VHCF properties of
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Fig. 19. The distribution of residual stresses in the material cooling by 200 °C under (a) 0 cycle, (b) 1 cycle, and (c) 15 cycles of loading (The loading direction is

along vertical).
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AlS

110Mg alloy fabricated by SLM. The following conclusions have been

obtained:

D

2

—

3

—

The fatigue life of AlSi10Mg alloy predicted by the SWT model is in
good agreement with the experimental results between 10° and 10°
cycles. In the HCF and VHCF regimes, fatigue life highly depends on
the defect characteristics of the alloy, such as inclusions and pores.

The accumulated plastic shear strain is evidently increased near the
defects, such as pores and inclusions, which would accelerate the
crack initiation process and thus shorten the fatigue life. Moreover, it
is shown that a pore has more significant effect on strain localization
than that of an inclusion. The maximum accumulated plastic slip
occurred at different locations for a Voronoi model containing a pore
compared with that containing an inclusion, due to the compatibility
of deformation.

The residual stress near an inclusion is harmful to the fatigue life of
AlSi10Mg alloy. In the first several loading cycles, the residual stress
would be partially released, accompanied with evident accumulated
plastic shear strain generated nearby. Both aspects would facilitate
the fatigue crack initiation process and reduce the fatigue life of
AlSi10Mg alloy.
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