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The high-cycle and very-high-cycle fatigue (VHCF) behavior of AlSi10Mg specimens manufactured by selective
laser melting with different printing powder sizes was investigated. The specimens with 20 ym powder size
contained more defects than those with 50 pm powder size, and the latter have a higher fatigue property than the
former. Unmelted powders were detected as the main source of crack initiation. The specimens printed with 50
pm powder size are more likely to feature subsurface crack initiation in the VHCF regime. Five different types of

crack initiation modes were identified, and the fatigue strength was assessed by statistical model.

1. Introduction

Additive manufacturing (AM) is an advanced manufacturing tech-
nology used to produce solid parts by adding discrete layers of materials
with computer-aided design (CAD). In contrast to traditional metal-
manufacturing processes, AM is an innovative technology for
designing new products with unprecedented complexity [1]. ASTM de-
fines AM as “the process of connecting materials from three-dimensional
model data to create objects, usually layer by layer, rather than sub-
traction” [2]. The advantage of AM is that it can be used for
manufacturing complex parts and components, which can be directly
employed in strategic applications (e.g. in aerospace and biomedical
fields). In addition, AM does not require molds, which substantially
reduces the cost and increases the flexibility of production of complex
components [3]. So far, although AM has been increasingly used,
however, very few critical components have been manufactured using it.
For the purpose of fully adopting this approach to structural compo-
nents, it is necessary to properly characterize and understand the me-
chanical properties of AM-manufactured materials, especially under
fatigue loadings.

Among the existing AM methods, selective laser melting (SLM) is a
promising approach [4], which has received increasing attention [5].
SLM has been employed for fabricating metallic alloys, such as
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AlSi10Mg, Ti6Al4V and Inconel 718 [6]. It has been recently reported
that the static mechanical properties of SLM metals are better than the
counterparts processed by traditional casting [7]. In real production,
fatigue damage is the cause of failure of more than 70% of mechanical
parts. At present, the main issue associated with SLM is the assessment
and estimation of related fatigue performance. In particular, high-cycle
fatigue (HCF) and very-high-cycle-fatigue (VHCF) behavior of SLM
metals needs to be clearly understood [8-10]. This is true for AlSi10Mg,
which is widely utilized in engineering applications.

VHCEF is the fatigue damage and failure that occurs after more than
107 loading cycles [11]. The earliest reports of fatigue failure beyond
107 cycles may date back to the 1960 s. Later, Naito et al. [12] inves-
tigated the VHCF behavior of high-strength steels and found the “fish-
eye” pattern for the first time. Nishijima et al. [13] reported that the fish-
eye pattern was caused by the internal initiation of cracks in the tested
specimens. In low-cycle fatigue, only a small fraction of loading cycles is
consumed to initiate cracks [14]. However, the crack initiation lifetime
in VHCF can be more than 95% of the total fatigue lifetime, which differs
completely from that in low- or high-cycle fatigue regimes [15]. In
VHCF, cracks start from the interior site of the material, which requires
many cycles for propagation [16]. Therefore, it is important to investi-
gate the crack initiation mechanism. Hong et al. [17] proposed the
“numerous cyclic pressing” (NCP) model to explain the crack initiation
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mechanism. Chandran [18] proposed a probability model based on
Poisson’s distribution, to calculate the probability of surface and inter-
nal crack initiation. Many models have been proposed to explain crack
initiation, propagation, and lifetime prediction of VHCF, such as the
Murakami [19], Beretta [20], and Hong models [21]. A discussion on
some other fundamental findings related to VHCF can be found in
[22-25].

Some recent investigations have been carried out on aluminum and
titanium alloys manufactured by SLM, and the -corresponding
manufacturing parameters have been studied. Srinivasa et al. [26]
investigated the effects of the working environment and built-in orien-
tation on the static mechanical properties of AlSi10Mg, showing that the
cost-effectiveness of nitrogen as a protective gas is better than that of
argon. Uzan et al. [27] investigated the effect of shot-peening on fatigue
crack initiation sites, showing that the location of crack initiation is
deeper than that in the specimens without shot-peening. Nesma et al.
[28] studied the effect of powder parameters on density or porosity of
AlSi10Mg manufactured using SLM. Tradowsky et al. [29] investigated
the heat treatment effect on the fatigue properties of AlSi10Mg and
found that the combination of platform heating temperature at 300 °C
and T6 heat treatment is an effective method for improving the fatigue
strength. Nadot et al. [30] investigated the effect of defect size on the
HCF properties of AlSi10Mg, showing which defects do not affect the
final fatigue strength. Uzan et al. [31] investigated the mechanical
property of AlSi10Mg at high temperatures, and found that plastic
deformation occurs during creep. Rosenthal et al. [32] reported that the
fatigue property of AlSil0Mg is very sensitive to the strain rate. Read
et al. [33] studied the effect of cooling rate on the fatigue property of
AlSi10Mg and found that the defect morphology during the fatigue
damage process is not sensitive to the cooling rate. As for titanium alloy,
the corresponding mechanical and fatigue properties have been studied.
Bastien et al. [34] investigated the effects of the surface roughness of Ti-
6Al-4 V parts produced by SLM on HCF behavior, showing that the HCF
life is significantly reduced due to the effect of surface roughness. Victor
et al. [35] compared the fatigue properties of Ti-6Al-4 V specimens
fabricated by EBM and SLM, indicating that the machined specimens
have better fatigue property with the elimination of surface defects.
Dzugan et al. [36] investigated the effect of the orientation and thickness
of Ti-6Al-4 V samples on its microstructures and tensile properties,
showing that the microstructures and mechanical properties are related
to the direction of construction, and partly to the thickness and location
of the samples in the cavity. Beevers et al. [37] investigated the influ-
ence of AM processing parameters and possible resulting imperfections
on the fatigue behaviour of an AlSi10Mg alloy. In practical production,
HT (heat treatment) is the most common method to improve the me-
chanical properties of AM parts. AlSi10Mg alloys manufactured by SLM
usually have higher strength, but relatively poor ductility. Therefore, the
microstructure of AlSi10Mg alloy can be improved by the HT process,
thus improving the fatigue property. Normally, post HT may enhance
the ductility of the builds but may reduce the strength of Al-Si alloys.
The post HT is also used to reduce the porosity of AM parts, thus less-
ening the potential locations of crack initiation and improving the fa-
tigue performance. Han et al. [38] investigated the effect of post-
treatment on the microstructure and mechanical properties of an
AlSi10Mg manufactured by SLM, showing that the tensile strength of the
AlSi10Mg alloy is reduced and the plasticity is improved by HT thanks to
the resulted grain growth and the release of residual stress. In general,
the fatigue properties of the AlSi10Mg manufactured by SLM can be
improved by appropriate HT process. Other relevant contributions
dealing with SLM technology and the mechanical properties of materials
that are manufactured by this technology have been recently published
[39-52]. However, only a few studies have been carried out to address
the VHCF performance of the components manufactured by SLM.
Therefore, this paper aimed at partially filling this gap, by investigating
the VHCF property of AM parts, which will be of significant interest for
many industrial applications with the design knowledge of safer
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products and components.

In this paper, both HCF and VHCF behavior of AlSi10Mg made by
SLM was studied. The effect of different powder sizes on the fatigue
property and crack initiation characteristics was studied. Three different
loading ratios (R = -1, 0, 0.5) were adopted in the ultrasonic fatigue
testing (f = 20 kHz). Scanning electron microscopy (SEM) was used to
observe fracture surfaces and a three-dimensional (3D) white light
interferometer was used to measure the fracture surface roughness.
Moreover, the VHCF strength of the specimens fabricated by SLM was
evaluated in terms of P-S-N curves (probabilistic fatigue-life or, equiv-
alently, P-S-N curves are defined by a probabilistic model and used to
assess the fatigue strength of the tested specimens) with a statistic
analysis.

2. Material and specimens

In this section, material, specimen design, SLM process and related
processing parameters are described.

2.1. Material

AlSi10Mg specimens for tensile and fatigue tests were manufactured
by SLM. The chemical composition of the material is listed in Table 1.

2.2. Selective laser melting process

The laser power of the present SLM processing was 370 W. The
scanning speed was 1300 mm/s and the scanning spacing was 0.19 mm.
In the process of actual production, the metal powder melts and solid-
ifies rapidly to form one layer of the component. The base drops one
layer after scanning and the powder pool feeds the powder. Then, the
required specimens with two kinds of powder size (20 pm, 50 pm) were
produced (without post heat treatment). The specimens printed with a
powder size of 20 pm are named as Group A and the specimens printed
with a powder size of 50 pm are names as Group B. It is important to
choose whether to add a support structure according to the geometric
characteristics of the component. In fact, printing at 0° (horizontal)
means pushing the components down without adding a support struc-
ture. During the descent of the base, the scraper scrapes back and forth
two times. The first pass is necessary for scraping the unmelted powder
away, while the second pass seeks to determine the powder size. The
rigid scraper scrapes the metal powder from the powder pool. The
related SLM processing parameters used in this paper are listed in
Table 2.

2.3. Specimen design

The stress distribution of ultrasonic fatigue specimens satisfies the
one-dimensional wave equation with variable cross-section [53]. Based
on the calculation, the geometry of the specimens for the monotonic
quasi-static tensile test is shown in Fig. la, and the geometry of the
specimens for the fatigue test is shown in Fig. 1b. The density of Group A
is 2.475 + 0.001 g/cm® and the density of Group B is 2.538 + 0.001 g/
cm®. Besides, the length in relation to the control area (with respect to
the 90% of the subjected stress) of the fatigue specimen is 0.59 mm and
that of tensile specimens is 56 mm. The specimens were prepared by
cutting from the bulk material, which are originally in cylindrical shape
manufactured by SLM. The surface of specimen was polished before the
tests were conducted.

3. Experimental procedure
3.1. Tensile tests

The design of the AlSi10Mg tensile test specimens, as shown in
Fig. 1a, was in accordance to Chinese code of GB/T228-2002. For each
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Table 1
Nominal chemical composition of the tested AlSi10Mg specimens (wt. %).

Element Al Si Mg Fe Ti Cr Cu Mn Ni \% Zn

wt. % Balance 9.75 0.22 0.092 0.011 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Table 2

SLM manufacturing parameters of the analyzed AlSi10Mg specimens.

Laser power Scanning speed Scanning spacing

Preheating temperature[°C]

Layer thickness[mm] Printing direction Laser profile

[w] [mm/s] [mm] [°]
370 1300 0.19 35 0.02, 0.05 0 Gaussian
138 <
&
S
S
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.t’\ ® 4
e 0 - - | 4+ | ITe)
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(b)

Fig. 1. Geometry of (a) tensile test specimens under monotonic quasi-static loading, and (b) fatigue test specimens under ultrasonic axial cycling (dimensions

in mm).

group of specimens printed with different powder sizes, six specimens
were tested at a tension rate of 2 mm/min.

3.2. Ultrasonic fatigue tests

An ultrasonic fatigue machine with a resonance frequency of 20 kHz
was used for the present fatigue tests. The experiments were carried out
by the displacement control in the range between 2.2 pm and 21.5 pm.
According to the stress—strain relationship, the stress range was between
40 MPa and 390 MPa. The AlISi10Mg specimens with two kinds of
powder size (20 pm, 50 pm) under three stress ratios (R = -1, 0, 0.5)
were used in the experiment. Ten specimens were tested under each
stress ratio.

3.3. Roughness measurements

The roughness of specimen may affect fatigue crack initiation. In this
experiment, the surface roughness of the AlSi10Mg specimens was
measured by using a 3D white light interferometer, and the effect of the
roughness on the VHCF properties was investigated by statistical
analysis.

4. Results and discussion

This section gives the tested results and discusses the stress—strain
curve, microstructure, S-N curve, fractography, roughness and hardness
measurements, as well as fatigue strength evaluations.

4.1. Engineering stress—strain curve

The monotonic quasi-static tensile stress—strain curves are summa-
rized in Fig. 2. Yield strength (YS), ultimate tensile strength (UTS) and
elongation are listed in Table 3. It is seen that the elongation of Group B
is obviously better than that of Group A. However, no large difference on

500 T T T T T T

450 - —
400
350
300
250
200
150

Engineering stress(MPa)

0°
= = -printing powder size: 20um
printing powder size: 50um

0 1 1 1 1 1 1
0 2 4 6 8 10 12 14

Engineering strain(%)

100
50

Fig. 2. Engineering stress versus strain, for specimens with different printing
powder sizes.

Table 3
Tensile properties of the AlSi10Mg specimens.

YS (MPa) UTS (MPa) Elongation (%)
Group A (20 pm) 276 + 4 445+ 6 6.1 £0.5
Group B (50 pm) 280 + 4 465 + 6 11.8 £ 0.5

the elastic modulus of the specimens is observed. The possible reason is
that the smaller the powder size is, the larger the defect is. The elon-
gation mainly depends on the defect size, so the elongation of Group B is
higher.
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4.2. Microstructure

In sections D1 and D2, as shown in Fig. 3, material microstructures
were observed. The morphologies in sections D1 and D2, for Group B are
shown in Fig. 3(a) and (b). Fig. 3(a) shows the microstructure along the
direction of section D1 and the arrow points to some unfused defects,
which were formed as several unmelted areas in the melt pool became
connected during the sweeping process. Fig. 3(b) shows the micro-
structure along direction of section D2; the holes and the direction of
laser scanning arranged alternately in a long strip are observed. It is
obvious that the microstructures of sections D1 and D2 are quite
different under the same printing method. These observations clearly
confirm the anisotropic microstructure of the specimens manufactured
by SLM. As will be presented in Section 4.3, the fatigue property of
Group B is better, which is attributed to their material microstructure. In
contrast, Fig. 3(c) shows that Group A contains more pores and larger
defect areas. By comparing Fig. 3(a) with Fig. 3(c), it is found that this is
a general result. The reasons may be as follows: first, the finer particles
have worse powder fluidity which results in higher porosity under SLM
process. Secondly, a relatively larger surface area of the finer particles
leads to more H3O sorption/desorption conjugated with Hy formation
which also may cause high porosity level. In addition, Fig. 3(c) shows
that the defect size of Group A is of the same size as the melt pool. Thus,
the defects and pores degrade the fatigue property significantly, espe-
cially in the crack initiation and early propagation stages. The defects
and pores will be the locations of stress concentration in the specimen,
which will be the hot spots of crack initiation and lower the fatigue
strength. In addition, the effects of the shape, size and location of defects
on fatigue properties are investigated in [54]. Defect density distribu-
tions for the specimens manufactured with different powder sizes are
further quantified in Fig. 3(d). For Group A, the defect size distribution is

500pum
—-—

200pm
—-—
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wider and extends toward higher values, compared with the distribution
for Group B. The average defect radius for Group A is larger than Group
B, which results in the decreasing of fatigue properties. This is an
explanation for the increase of fatigue property with increasing powder
size, which will be described in the following section.

In Fig. 4, an amplified view of the microstructure image of Group B
shows the morphology of the melt pool. The fine grain area consists of
smaller size grains, the coarse grain area is with larger size grains, and
the heat-affected zone is with sparse grain distribution. By magnifying
the microstructure image of Group B, the morphology of the melt pool is
shown clearly and the laser scanning trace is shown in Fig. 4 along the
directions of sections D1 and D2.

4.3. VHCF performance: S-N data

Two groups of AlSi10Mg specimens were used in the fatigue testing.
The S-N data are summarized in Fig. 5. It is observed that the fatigue
properties of Group B are obviously better, for all three different stress
ratios (R =-1, 0, 0.5). With the decrease of Group A, the fatigue lifetime
decreases, and the scatter of the fatigue data for Group A is larger (when
R =0, 0.5). The mean stress also plays an important role in the fatigue
property of the AlSi10Mg specimens. It is visible from Fig. 5 that the
fatigue strength decreases with the increase of mean stress, which is
consistent with the common practice. The fatigue properties in terms of
stress amplitude for Group B and tested at R = -1 are better than those
for the specimens tested at R = 0 and 0.5. One possible reason is that for
R = -1, the pore closure occurs owing to the reverse compression, which
improves the fatigue properties. For R = 0 and 0.5, the mean stress is a
positive value, and the porosity continuously increases under cyclic
loading, reducing the fatigue strength. Deeper understanding of the ef-
fect of mean stress on the fatigue strength is still needed.

Scanning Direction

[ printing powder size: 50 um
[ printing powder size: 20 um

(=]
=
oo

Probability
o
Y

60 80 100 120 140 160

Defect radius [um]

Fig. 3. (a) Microstructure of the specimens printed with a powder size of 50 pm in section D1; (b) printed with a powder size of 50 pm in section D2; (c) printed with
a powder size of 20 pm in section D1;(d) defect density distributions for the specimens printed with powder sizes of 50 pm and 20 pm.
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Fig. 4. Microstructure of the specimens printed with a powder size of 50 pm (a) and (b) from section D1; (c) and (d) from section D2.
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Fig. 5. S-N data for the specimens manufactured with different powder sizes,
tested at different stress ratios.

It is evident that defects play an important role in the fatigue crack
initiation. After observing the fracture surfaces of tested specimens by
SEM, four types of defects in the tested AlSilOMg specimens were
detected: (a) unfused defects, which are formed between the melt pools
during laser scanning; (b) inclusions, which are formed during specimen
preparation, as a small amount of Al binds to oxygen, forming Al,Os; (c)
porosity defects, which emerge during specimen preparation when the
existing voids are not scanned; and (d) unmelted powders, which occur
when the metal powders are not completely melted, because of the
insufficient input energy.

4.4. Fractography

The fracture morphology observations by SEM are summarized in
this section, so as to study the characteristics of fatigue crack initiation.

An essential difference between HCF and VHCF is that the crack
initiation site switches from the surface to the subsurface or bulk of
specimen. The fracture surface is usually divided into three region-
s—crack initiation area, propagation zone and fracture zone. It is shown
in Fig. 6 (a) that HCF cracks originate from the surface, while Fig. 6 (b)
shows that internal crack initiation is dominant for VHCF. A fisheye
pattern is also observed for VHCF.

Based on the fracture surface observations via SEM, the origin of
fatigue cracks can be summarized into the following five types, as shown
in Fig. 7(a) Surface origin: When the stress amplitude, loading ratio and
mean stress are high, the influence of the surface roughness on the fa-
tigue crack initiation is dominant. The surface roughness of the SLM-
prepared AlSi1OMg specimens varies greatly, which makes it easier to
cause stress concentration, thus inducing the surface crack origin. (b)
Sub-surface origin: The crack initiation site is located between surface
and bulk but belongs to the bulk. (¢) Internal origin: When the stress
amplitude is low, the sensitivity to the surface roughness decreases, and
the fatigue crack initiation is more inclined to occur on the interior of
specimen. (d) Internal flaws: The existence of defects (four kinds) leads
to different degrees of stress concentration in the specimen, which af-
fects the fatigue lifetime and the final strength under cyclic loadings. (e)
Melt pool type: The morphology and the size of crack initiation area are
similar to those of the melt pool; thus, “melt pool type defects” play a key
role in the fatigue crack initiation. It is worth noticing that in the crack
initiation region, a fine granular area and a fisheye pattern are observed,
as shown in Fig. 7. The structure, formation of this fine granular area and
the crack initiation mechanism needs to be further investigated (see
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Fig. 6. Fracture surface morphology of the specimens manufactured with a powder size of 20 pm in HCF and VHCF:(a)R = 0, 6, = 40 MPa and N = 2.74x10%and (b)

R=-1,06,=70MPaand N = 4.48x108.C.0. : crack origin.

Fig. 7. Five types of crack origins: (a) Surface origin (20 pm, R = 0, 6, = 40 MPa, and N = 2.74x10%); (b) sub-surface origin (50 pm, R = 0, 6, = 90 MPa, and N =
1.68x107); (c) internal origin (20 pm, R = 0, 6, = 60 MPa, and N = 2.90x10%); (d;) “defect origin” (20 pm, R = 0.5, 6, = 48 MPa, and N = 5.23x10%); (dy) “defect
origin” (50 pm, R = 0, 6, = 100 MPa, and N = 3.72x10%);(e) “melt pool type” (20 pm, R = -1, 6, = 70 MPa, and N = 4.48x10%).

Fig. 8).

From the observations of the S-N data, one possible reason for the
weak fatigue performance can be that Group A contain a large number of
defects, as shown in Fig. 3(c). By summarizing a large number of fatigue
fracture surfaces, it was found that unmelted powders are the contrib-
utors to crack origination in Group A. This is owing to the fact that a
large number of crack initiation sites contain unfused powders of the
same magnitude as the crack origin region. It is noted that Group A
contain a large number of defects than Group B.

The melt pool size has a key influence on the fatigue crack initiation,
so the size and the depth of crack origin area are discussed below using
statistical considerations. The crack origin and its depth are shown in
Fig. 9(a) and (b), respectively. In order to illustrate the position of crack
initiation in VHCF, the fracture surface under SEM is treated as a circle,
and then the crack initiation region of VHCF is reflected on the circle. It
seems from the data points plotted in Fig. 10(a) that the crack initiation

position of Group A under VHCF is closer to the edge of equivalent
fracture surface, whereas the cases of Group B are more likely to feature
subsurface crack initiation sites, according to the statistics of the crack
origin depth and the fracture morphology.

The sizes of the defects that led to the fatigue failures were also
analyzed. According to the literature [44,55], the initial defect size,
Varea, is assumed to follow a Largest Extreme Value (LEV) distribution.
In Fig. 10(b), the \/ area values are reported on a Gumbel plot, together
with the estimated LEV distributions. The parameter estimation has
been carried out by applying the Maximum Likelihood Principle.

According to Fig. 10(b), the size of the defects that caused fatigue
failures increases with the decreasing of the powder size from 50 pm to
20 pm. The largest critical defect in the specimens produced with the
powder size of 50 pm is about 110 pm. On the other hand, 8 out of 25
defects in the specimens produced with the powder size of 20 pm are
larger than 110 pm, with the largest defect characterized by +/area of
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Fig. 8. Unmelted powders in HCF and VHCF specimens :(a) unmelted powders of 20 pm,R = -1, 6, = 100 MPa, and N = 7.94x10%; (b) crack origin zone of (a); (c)
unmelted powders of 20 um, R = -1, 6, = 80 MPa, and N = 3.93x10%; and (d) crack origin zone of (c).

500 m

Fig. 9. Crack origin depth (20 pm, R = -1, 6, = 80 MPa, and N = 3.93x10%).

about 200 pm. The influence of the defect size on the VHCF response will 4.5. Surface roughness and Vickers hardness

be investigated in Section 4.7 by comparing the P-S-N curves and the

VHCEF strength at N = 10° cycles. Surface roughness has a significant effect on the fatigue property of
AlSi10Mg specimens. In many cases, HCF occurs owing to a large surface
roughness, which leads to the stress concentration on the surface and
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Fig. 10. (a): Statistical presentation of crack origin (in VHCF); (b): Gumbel plot of the initial defect sizes and estimated LEV distributions for specimens produced

with powder size of 50 pm and 20 pm.

surface crack initiation. In general, the greater the surface roughness is,
the easier it is for the stress concentration to form crack initiation sites,
thus reducing the fatigue lifetime.

The average surface roughness in the control area was measured. The
average surface roughness was R, = 2.746 pm for Group A, and it was
2.526 pm for Group B, as shown in Fig. 11(a). The left panel in Fig. 11(a)
shows the physical picture of the optical lens in the middle of the sample.
The right panel in Fig. 11(a) shows the 3D view, obtained after flattening
the 3D area, which makes the measured value effective. Even though the
average surface roughness for Group A is higher, the difference between
the two groups is small and cannot be the reason for a different fatigue
response. When the areas with significant surface roughness are abun-
dant, the surface roughness values for the same specimen at different
locations of the same cross-section are quite different, which leads to a
larger dispersion of fatigue strength.
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The Vickers hardness of the two types of specimens was measured
equidistantly along the same radial direction and the representative
results are shown in Fig. 11(b). The average HV for Group A was 122
kgf/mm?, while the average HV for Group B was 132 kgf/mm?. Even
though the difference in the hardness values is limited, it still can
partially explain the different mechanical and fatigue properties be-
tween the two groups. The Vickers hardness will be used for the fatigue
strength calculation in the next section.

4.6. Experimental stress amplitude assessment by Murakami model

In this section, the Murakami model [54] was employed to assess the
experimental stress amplitude for the failure cases due to surface and
internal crack origins. In the Murakami model, it was assumed that there
is a control region in the fatigue specimen. The fatigue crack initiation

180
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140
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Fig. 11. (a): Surface roughness :(al) a specimen printed with a powder size of 20 pm, and (a2) a specimen printed with a powder size of 50 pm; (b): Vickers hardness

distributions in specimen radial direction.
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has a certain probability in the control region. The schematic diagram of
the crack initiation area in the Murakami model is shown in Fig. 12(a).
The experimental stress amplitude was calculated by measuring the
crack initiation area.

The threshold stress intensity factor range AKy, can be evaluated by
Eq. (1), and the fatigue limit can be evaluated by Eq.(2) [55,56]:

3.3 x 107 (HV + 120)

AK, = orer )
oy = 143 w @
area

where HV is the hardness, R is the stress ratio, and “area” represents the

projection area of the crack origin on the plane perpendicular to the

loading axis. More general expressions for Eq. (1) and Eq. (2) are shown

in Egs. (3) and (4), for surface and internal defects, respectively [55,56].
Surface defects:

(HV +120) (1 —R\"
Yarea ( ) ®

2
Internal defects:

S ()

2
where a = 0.226 + HV x 10
ImageJ software was used to measure the surface and internal crack
areas. The hardness HV and stress ratio R were inserted into Egs. (3) and
(4) to calculate the experimental stress amplitude. The assessed stress
amplitude versus experimental stress amplitude is shown in Fig. 12(b).
The predicted stress amplitude and the experimental stress amplitude
are basically linearly correlated with a relatively small error, which
means that the obtained stress amplitudes can be predicted by the
Murakami model. Note that here the original Murakami model is
adopted for the sake of generality although some modified models in
relation to specific experimental conditions and/or materials were
proposed in the literature.

Osurface = 1.43

(€3]

Ginternal = 1.56

- Fracture zone...
N R

,~Crack initiation \82\
early growth 4

(a)
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4.7. P-S-N curves: The effect of powder size

In this section, the P-S-N curves and the VHCF strength at N = 10°
cycles are estimated and compared so as to assess the effect of the
powder size on the VHCF response [56-58]. Since the VHCF tests were
carried out at different stress ratios (i.e., -1, 0, and 0.5), an equivalent
stress amplitude at R = -1 was computed for the specimens tested at R =
—1. This permitted to increase the number of experimental data for the
estimation of the P-S-N curves and to more properly assess the effect of
powder size. In particular, the equivalent stress amplitude for different
stress ratios, S;eq, Was computed according to the “Smith-Watson-
Topper” (SWT) model [59]:

1-R
Saeq = Smax * T (5)

where s;4, is the maximum applied stress during a load cycle.

The marginal P-S-N curves were considered for the comparison:
“marginal” since they were estimated by also considering the defect size
distribution, which was affected by the powder size (Fig. 10b).

For the specimens produced with the powder size (p.s. in the
following) of 50 pm, a monotonic linear decreasing model was consid-
ered for the estimation of the P-S-N curves:

— py(x, \/area))f\//K (x/urea — ”‘/X)d\/z_l@ ®)

Oy (7\/;

Fy(y;x) = /FY\\/MC
0

whereFy(y; x) is the cumulative distribution function (cdf) of the
finite fatigue life Y = log,,[N] (i.e. the fatigue life is the logarithm of the
number of cycles to failure, N), with x = logyy[Saeq];
X, area)

v
Fy|varea (%

Y|/area (i.e. the finite fatigue life for a given initial defect size),

) is the cdf of the conditional finite fatigue life

withyy (x, /area) = cy + myx + nylog,,[v/area] and oy a constant
parameter,f, 7 (%) is the probability density function (pdf) of the

initial defect size VA, with y 3 and oz two constant parameters.
Typically, the fatigue life follows a Normal distribution (i.e. the
number of cycles to failure N follows a LogNormal distribution) with
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Fig. 12. (a): Fracture morphology of HCF (20 ym, R = 0, 6, = 75 MPa, and N = 2.45x10°); (b): Fatigue strength predicted by Murakami model vs. experimental data:

(20 pm, R = 0).
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mean uy(x, /area ) and standard deviation oy, and the initial defect size
follows a LEV distribution with parameters u z and ¢/, according to
Section 4.4:

e (%)
_ LEV o
o= fo( R ) T S o
A

0

Since no runout specimens were present, the constant coefficients of
the mean fatigue life and the standard deviation have been estimated
through a multiple linear regression. The a-th quantile of the P-S-N
curve has been estimated by solving Eq. (6) with respect to x for different
values of y and by considering Fy(y;x) = a.

For the specimens produced with powder size of 20 pm, the model of
“two failure modes separated by a transition stress” [39] has been consid-
ered for the estimation of the P-S-N curves:

X — X —
Fy(y;x) = FY.HCF(Y§X)'FX,( 0#){,) + Fyvucr(y; x) * (1 - Fx,( ”X'> )

X, Ox,
®
N
< —, (x, area ) e VA .
where Fy ycr(y; x) = [®@ rr ”’5: - o dy/area is the
0 h A

marginal cdf of the finite fatigue life in the HCF region (estimated from
Eq. (7) by only considering the fatigue failures below 107 cycles),

vara—u &

G

VA

)d\/area is the mar-

OY VHCF

T _ (X area ) PLev (
Fyvucr(y;x) = [® (Y Hy.viicr (%, )
0

VA

ginal cdf of the finite fatigue life in the VHCF region (estimated from Eq.
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(7), by only considering the fatigue failures beyond 10 cycles) and

Fx, (%) is the cdf of the transition fatigue stress, with yi, and oy, being
two constant parameters. According to Ref. [39], the transition stress
was assumed to follow a LogNormal distribution with parameters yiy,
and ox,.

The constant coefficients of the mean fatigue life and of the standard
deviation in the HCF and the VHCF regimes have been estimated sepa-
rately through a multiple linear regression. The constant coefficients of
the LEV distribution have been estimated through the application of the
Maximum likelihood principle by considering one LEV distribution for
Varea, regardless of the fatigue regime (no distinction between HCF and
VHCEF), according to Fig. 10b. Finally, the mean and the standard de-
viation of the transition stress were estimated through the application of
the Maximum Likelihood Principle by considering Eq. (8) and both
failures and runout specimens.

The estimated median, the 0.025-th and the 0.975-th quantiles (95%
confidence interval) of the P-S-N curves for AlSi10Mg specimens with
powder size of 50 pm and with powder size of 20 pm are shown in Fig. 13
(a) and (b), respectively.

Once the P-S-N curves were estimated, for a proper and reliable
assessment of the effect of the powder size on the VHCF strength, the pdf
and the cdf of the VHCF strengths at N = 10° cycles were compared. The
pdf of the VHCF strengths at N = 10° cycles were estimated by consid-
ering y = log;,[10°] and by solving Eq. (6) (powder size of 50 pm) and
Eq. (8) (powder size of 20 pm) for different values of y. The cdf for the
specimens produced with powder size of 50 pm and 20 pm has been
estimated from Egs. (6) and (8), by considering y = log;,[10°] and by
simulating 10,000 values of x with the Monte Carlo method. In order to
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Fig. 13. (a) Estimated P-S-N curves for AlSi10Mg specimens with powder size equal to 50 pm; (b) powder size equal to 20 pm; (c) statistical assessment of the effect
of powder size on VHCF strength at N = 10° cycles with pdfs for VHCF strengths; (d) ecdf for the difference between the VHCF strengths.
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assess if the difference between the VHCF strengths is statistically sig-
nificant, the empirical cumulative distribution function (ecdf) of the
difference has been computed and the confidence interval analysed.

Fig. 13(c) compares the pdf of the VHCF strengths at N = 10° cycles
for the specimens produced with the powder size of 50 pm and 20 pm.
Fig. 13(d) shows the ecdf of the difference between the VHCF strength at
N = 10° cycles. Fig. 13(c) confirms that the powder size significantly
influences the VHCF strength: in particular, by decreasing the powder
size from 50 pm to 20 pm, the median value of the VHCF strength de-
creases from 91 MPa to 62 MPa (about 32% difference). Moreover, ac-
cording to Fig. 13(d), the 5% quantile of the ecdf for the difference
between the VHCF strength is 3.5. A difference equal to O corresponds to
the 2.7% quantile of the ecdf. Therefore, this analysis confirms that, with
a confidence level larger than 95%, the powder size significantly affects
the VHCF response and that the fatigue strength at N = 10° cycles de-
creases by reducing the powder size.

5. Conclusions

In this paper, the VHCF property and crack initiation characteristics
of SLM-manufactured AlISilOMg specimens with different printing
powder sizes were investigated through a series of experiments. The
main conclusions are as follows:

(1) The elongation of Group B (powder size 50 pm) is much higher
than that of Group A (powder size 20 pm). This is because that,
with the decrease of powder size, the number of defects increases
and the resulted density decreases.

The fatigue performance of Group B is superior to Group A.
Group A contains a relatively larger number of defects than
Group B, which cause a part of crack initiation of Group A from
specimen surface in VHCF regime. Unmelted powders are the
main cause of crack initiation. Group B is more likely to feature
subsurface or internal crack initiation in VHCF regime.

The specimens printed with a powder size of 20 pm are charac-
terized by a significantly smaller VHCF strength at N = 10° cycles.
The median VHCF strength is reduced by 32%, if the powder size
decreases from 50 pm to 20 pm. Moreover, with a confidence
level larger than 95%, the powder size significantly affects the
VHCF response: the smaller the powder size, the smaller the
VHCEF strength.
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