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Abstract—Selective laser melting (SLM) is one of the most promising metal additive manufacturing tech-
nologies. SLMed Al-Si alloys have been widely used in the rail transport, aerospace, and automotive indus-
tries. Recently, the fatigue and fracture properties of SLMed Al-Si alloys have attracted considerable atten-
tion due to their application in critical load-bearing structures. This review aims to better understand the re-
cent progress on the fatigue and fracture investigations of SLMed Al-Si alloys, especially AlSi10Mg, with
emphasis on the effect of defects, heterogeneous microstructure, residual stress, and post-treatment methods.
In addition, fatigue and fracture modeling methods are discussed. Finally, the challenges and future research

opportunities are prospected.
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1. INTRODUCTION

Additive manufacturing is regarded as a major
component of Industry 4.0. In the past decade, signi-
ficant progress has been made in processing metallic
parts by this method. Among metal additive manu-
facturing technologies, selective laser melting has at-
tracted widespread attention [1]. During the SLM
processing, laser beams serve as the energy source,
and metal parts are formed by melting metal powder
layer by layer based on computer-aided design mo-
dels. This technology makes it possible to fabricate
custom structures with complex geometries and high
mechanical properties that are difficult to process
using conventional manufacturing technologies such
as casting and forging [2—-6]. Consequently, SLM
provides a powerful tool for the fabrication of light-
weight structures for the automotive, aerospace, and
rail transport industries.

Al-alloys are in high demand for additive manu-
facturing as they have an excellent compromise be-
tween strength and density [7, 8]. However, they are
considered challenging when processed by SLM be-
cause of high reflectivity, high thermal conductivity,
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and low laser absorptivity [9]. In recent years, Al-Si
alloys, especially AlSi10Mg, have received the most
attention among SLMed Al-alloys. The low melting
point, narrower solidification temperature range, and
low hot tearing susceptibility make them suitable for
SLM. On the contrary, many wrought Al-alloys are
difficult to process by SLM due to their strong ten-
dency to crack. In recent years, with the development
of SLM, there has been some success in process-
ing these types of alloys, such as Al7075+Zr [10,
11], Al-Mn-Sc [12, 13], and nano-TiB, decorated
AlISi10Mg [14, 15]. Since SLMed AlSilOMg pre-
sents the highest maturity among SLMed Al-alloys,
this review mainly focuses on this alloy.

Fatigue and fracture are the most common failure
modes of load-bearing structures. Although SLM has
many advantages, it still requires strict structural in-
tegrity certification before it can be used for load-
bearing components [16]. Figure 1 summarizes the
parameters affecting the fatigue and fracture proper-
ties of SLMed alloys. The defects, heterogeneous
microstructures, and high residual stresses are three
dominating factors [17, 18]. Due to the layer-by-
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Fig. 1. The parameters affecting the fatigue and fracture performance of SLMed AlSil0Mg.

layer processing, pores, lack of fusion defects, and
large surface roughness are inevitably formed in the
SLMed structures. When the structures are subjected
to fatigue loading, these defects act as potential sites
of fatigue crack initiation and result in fatigue life
dispersion [19, 20]. Poor mechanical properties of
conventional cast Al-alloy components stem from
their coarse-grained microstructure formed due to
low cooling rate. SLMed AlISil0Mg has a more re-
fined microstructure as a result of very high cooling
rate and therefore higher mechanical properties [21,
22]. Another advantage of SLM, similar to the weld-
ing process, is the formation of the melt pool during
laser melting. However, a complex residual stress
state induced by the SLM process increases the com-
plexity of fatigue and fracture behaviors [23]. These
factors are determined by varying process parame-
ters, structure geometry, and posttreatment methods.
With the change of processing parameters (laser po-
wer, scanning speed, layer thickness, hatch spacing,
etc.) or geometry information (build direction, build
location, geometry size, etc.), the thermal history
changes significantly and results in different micro-
structural features [24]. Appropriate postprocessing
methods for SLMed alloys, including surface treat-
ment methods [25-28], heat treatment schedules [29—
32] and hot isostatic pressing [33—37], are regarded
as effective ways to enhance the fatigue and fracture
properties. These procedures are highly recommend-
ed before SLMed parts are used in engineering appli-
cations.

In recent years, the review papers related to
SLMed Al-alloys have focused on process optimiza-

tion, microstructure characteristics, and tensile pro-
perties [7-9, 38, 39]. However, there is still a lack of
a detailed overview on the fatigue and fracture pro-
perties. This review aims to summarize state-of-the-
art studies on the fatigue and fracture of SLMed
AlSi10Mg and discuss the application of this alloy in
load-bearing structures.

2. THE CHARACTERISTICS
OF SLMED AISi10Mg

2.1. Microstructure

The literature contains many reports on the mul-
tiscale microstructure of SLMed Al-Si alloys [21, 22,
40-45]. The typical microstructure of SLMed
AlSil0Mg is shown in Fig. 2, where the build direc-
tion (B.D.) of the samples is marked with arrows. A
3D optical microscopy image of SLMed AlSilOMg
is shown in Fig.2a. Fish-scale melt pools can be
clearly observed on the xOz and yOz planes [44].
Strip-like patterns along various laser scanning direc-
tions, determined by the scanning strategy, can be
seen on the xOy plane [45]. Figure 2b shows a scan-
ning electron microscopy image of the microstructure
near the melt pool boundary. SLMed AlSil0Mg is
composed of an a-Al phase and a Si-rich eutectic
phase, and the a-Al matrix is surrounded by a Si pre-
cipitate network. The microstructure near the melt
pool boundary is not homogenous, and there are
three different regions according to the morphology
of the Si precipitates: fine-grained, coarse-grained,
and heat-affected zone (HAZ). Si precipitates are
well interconnected in the fine- and coarse-grained
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Fig. 2. 3D optical microscopy image of SLMed AlSi10Mg [44] (a), microstructure near the melt pool boundary [43] (b), EBSD
IPF maps (melt pool boundaries are drawn as dashed lines) [45] (c, d) (color online).

zones but disintegrate in the HAZ [43]. The morpho-
logy of the a-Al grain is depicted in EBSD IPF maps
in Figs. 2c, 2d. The a-Al phase microstructure is form-
ed primarily by columnar grains, and equiaxed grains
are identified around the melt pool boundary [45].

2.2. Metallurgical Defects

In the last decade, many parameter optimization
studies have been performed to find a process win-
dow to reduce metallurgical defects. As a result, the

LOF defects|

e

Fig. 3. Typical defects in SLMed AlSi10Mg: lack of fusion (LOF) defects (a) and pore defect [48] (b).
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metallurgical quality of SLMed AlSil0Mg has im-
proved significantly from the early days. However,
up to now defects within the alloy cannot be elimi-
nated [46, 47]. Figure 3 shows typical defects in
SLMed AlSi10Mg samples, including lack of fusion
defects and pores [48]. Inclusions were also reported
by Tang et al. [49]. During the SLM processing, po-
res are formed due to excessive energy input or un-
stable gas. They are always small and highly spheri-
cal. Lack of fusion defects are caused by inadequate
energy input and incomplete fusion of metal powder.




370 JIANG et al.

p =P Sy

90° sample

Porosity
A

N,

».‘ o _-/' T
! - @: 66 um ®: 55 um

V. 0.84 W 0.78

A LOF defects
o = | ¢ 926um

., e "o e ‘hm‘\y
s = | N~

BD R

! T ) ®: 295 um

B - ¥ 0.36

- H -~ 5 o " éﬂ
s 70 = . a
s oy -
‘ 0° sample [ —

ZL
Y
X

Fig. 4. 3D renderings of pores and lack of fusion defects for samples with two different build directions [52] (color online).

They always show an irregular shape and large size.
Lack of fusion defects have a more harmful effect on
mechanical properties than pores and inclusions [48].

Defects in SLMed alloys, on the one hand, should
be minimized by optimizing process parameters or
performing posttreatment, such as hot isostatic pres-
sing. On the other hand, their effect on fatigue per-
formance should be thoroughly explored. The inter-
nal defect size, location, and shape are essential for
evaluating the fatigue properties [50-52]. A lot of de-
fect detection methods, such as the Archimedes ap-
proach, SEM/OM observation, and X-ray computed
tomography, have been used to identify the internal
quality of SLM parts [53]. The Archimedes method
is commonly used to measure the density and poros-
ity of materials but cannot provide detailed informa-
tion about defects. SEM/OM observation is a high
accuracy method and is easy to operate. However, it
is a destructive detection method and cannot provide
3D information about defects. Computed tomography
is a non-destructive testing tool and allows 3D cha-
racterization of defects, including defect size, locati-
on, and distribution. It has been recognized as the
most promising for SLMed alloys [51-55]. Figure 4
shows a rendering of 3D microdefects, including
pores and lack of fusion defects in SLMed AlSilOMg
samples with two build directions. The equivalent
diameter @ and sphericity ¥ of the defects are given.

The defect information can be useful for subsequent
fatigue life predictions. It can also be used together
with the finite element method to determine the actu-
al stress distribution near defects [54]. In-situ fatigue
testing can be performed in conjunction with com-
puted tomography, which is a valuable tool for study-
ing interactions between cracks, defects, and micro-
structures [51, 55]. However, the cost of computed
tomography is relatively high, and the resolution is
low when testing large samples.

2.3. Residual Stress

Before discussing the fatigue and fracture proper-
ties of SLMed AlSi10Mg, it is necessary to introduce
the residual stress for SLMed structures [23, 56—61].
Residual stress is the stress that exists in a body at
equilibrium condition when there is no external force
acting on it. There are three main types of residual
stress: macroscopic one, also known as the first type
of residual stress, which is the average stress distri-
buted in a macroscopic region across multiple grains.
The second type of residual stress is distributed be-
tween grains or subgrains, and the third type deve-
lops within grains. The first type of residual stress is
mainly considered in engineering applications.

The complex thermal history of SLMed parts ex-
perienced during processing leads to a high self-
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FATIGUE AND FRACTURE BEHAVIOR OF AlSi1l0Mg MANUFACTURED BY SELECTIVE LASER 371

© D— —

Fig. 5. Principal stress distribution at different laser powers of 50 (a), 100 (b), 150 (c) and 200 W (d) with a scanning speed of

100 mm/s [64] (color online).

equilibrating residual stress [57]. When the strength
of the alloy is less than the residual stress, the part re-
leases the residual stress through the generation and
propagation of cracks. In addition, surface treatment
methods can also induce compressive residual stress.
Residual stresses in structures can significantly affect
fatigue behaviors. Therefore, residual stresses in
SLMed alloys need to be accurately characterized
and predicted.

A series of experimental and numerical studies
have been conducted on SLMed AlSil0Mg. For ex-
ample, Salmi et al. [62] measured residual stresses in
SLMed AlSil0Mg samples with and without sup-
ports using the hole-drilling method. It was found
that the sample with supports shows greater residual
stress than that without supports. Residual stresses
can be reduced by stress relief annealing, but cannot
be eliminated. Beretta et al. [63] measured residual
stresses in SLMed AlSi10Mg with different build di-
rections using X-ray diffraction. The results indicate
that the residual stress distribution varies with differ-
ent build directions. Panda et al. [64] established a
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thermo-mechanical model and studied the effect of
laser power and scanning speed on residual stress
distribution in SLMed AlSi10Mg parts. It was found
that the residual stress increases with laser power and
decreases with scanning speed (Fig. 5). Nazami et al.
[65] developed a thermo-mechanical model to inves-
tigate the effect of laser spot overlap on residual
stress in SLMed AISil0Mg components. It was
shown that the residual stress increases with the laser
spot overlap. The experimental and simulation results
can guide the optimization of process parameters.
They can also be considered as the initial conditions
for fatigue and fracture prediction.

3. FATIGUE AND FRACTURE PROPERTIES
OF SLMED AIlSi10Mg

3.1. Effect of Defects on Fatigue Crack Initiation

In contrast to failures resulting from static load-
ing, fatigue crack initiation is a phenomenon usually
caused by local stress concentration. It was widely
reported that the process-induced defects signifi-
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Fisheye

Fig. 6. Examples of crack initiation in SLMed AlSil10Mg: multipoint defects in the LCF region [44] (a), internal lack of fusion
defects in the VHCF region [20] (b), subsurface lack of fusion defects [66] (c), melt pool boundary [20] (d), cluster of pores [29]
(e), defects formed during the removal of support structures [29] (f).

cantly affect fatigue initiation in SLMed AlISil0Mg
[29, 48, 66—68]. Figure 6 illustrates examples of
crack initiation sites. As shown in Fig. 6a, in the low
cycle fatigue (LCF) region, the crack tends to initiate
at many points in the surface or subsurface of sam-
ples. In the high cycle fatigue (HCF) and very-high-
cycle fatigue (VHCF) regions, especially the VHCF
region, cracks usually initiate at internal defects
(Fig. 6b). As reported in existing studies, crack initia-
tion at lack of fusion defects appears to be the most
common initiation mode (Figs. 6b, 6¢). Other failure
modes have also been observed, such as at the melt
pool boundary (Fig. 6d) [20] or in the cluster of pores

and defects originated during the removal of support
structures (Figs. 6e, 6f) [29].

Lack of fusion defects in SLMed alloys are gene-
rally directional due to layer-by-layer processing.
This anisotropy usually results in the anisotropy of
fatigue strength [44, 52, 67]. For example, Wu et al.
[52] reported that the fatigue strength of 0° SLMed
AlSi10Mg samples is much higher than that of 90°
samples (Fig. 7a). A similar study with rotating bend-
ing fatigue tests was conducted by Xu et al. [44] on
SLMed AlSi10Mg samples with four build directi-
ons. It was shown that the fatigue strength of 0° and
15° samples are higher than that of 45° and 90° sam-
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configuration of the defect with different orientation angles [52] (b) (color online).

ples. As for SLMed alloys, 0° samples usually show
better fatigue strength than samples with other build
directions. This is because the projected area of lack
of fusion defects along the loading axis of 0° samples
is smaller than that in samples with other directions
(Fig. 7b).

In addition to the anisotropy of fatigue perfor-
mance, defects have a pronounced volume effect due
to the change in the so-called risk volume. The risk
volume is defined as the volume with 90% of the ma-
ximum applied stress amplitude [69]. With the in-
crease in sample volume, more large risk defects can
be found. Therefore, samples with a larger volume
show lower fatigue strength compared to samples
with a small volume. For example, Tridello et al. [67]
investigated the influence of geometrical size and
build directions on the VHCF response of SLMed
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AlSi10Mg hourglass and Gaussian samples (Figs. 8a
and 8b). It can be observed that the VHCF property
of the Gaussian samples is much lower than that of
the hourglass samples regardless of the building di-
rections (Figs. 8¢ and 8d). Size-effects are more evi-
dent for SLMed samples than for conventionally bu-
ilt ones. This phenomenon must be carefully evaluat-
ed when considering the structural integrity of
SLMed parts. For a more conservative evaluation of
the fatigue property, it was suggested to use large-
sized samples [69, 70].

3.2. Effect of Surface Treatment

SLMed structures typically show high surface
roughness in the as-built condition due to the stair-
case effect and partially adhered molten powder par-
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Fig. 9. S—N curves of SLMed and cast AISi10Mg samples (a), S—N curves of shot-peened (SP) SLMed AlSil0Mg samples after
mechanical (MP) or electrolytic polishing (EP) [25] (b) (color online).

ticles [63, 71, 72]. Similar to conventional alloys,
surface defects lead to stress concentration and crack
initiation when the structures are subjected to fatigue
loading, resulting in a decrease of fatigue strength
[18, 25, 30, 73—76]. In recent years, various surface
treatment methods have been studied, such as elec-
tropolishing [25, 77], sandblasting [27, 78, 79], shot
peening [25, 27, 80], and laser shock peening [81,
82]. Using these methods, the surface layer is sub-
jected to plastic deformation accompanied by com-
pressive residual stresses, grain refinement, and sur-
face layer hardening, which is beneficial to the fati-
gue properties. Uzan et al. [25] studied the effect of
shot peening on the fatigue behavior of SLMed
AlSi10Mg. The results showed that shot peening can
improve the fatigue performance of SLMed
AlSi10Mg regardless of using steel balls or ceramic
balls, and the fatigue strength of SLMed AlSil0OMg
is higher than that of cast alloy (Fig. 9a). Further sur-
face treatment of shot-peened samples with mechani-
cal or electrolytic polishing only slightly improves
the fatigue performance (Fig. 9b). Bagherifard et al.
[27] studied the independent and combined effect of
posttreatments, including shot peening, sandblasting,
and heat treatment, on the fatigue behavior of SLMed
AlSilOMg. According to the results obtained, shot
peening significantly improved the fatigue cha-
racteristics. However, the surface treatment led to a
lower percentage of fatigue strength improvement in
heat-treated samples compared to as-built samples.

3.3. Effect of Heterogeneous Microstructure

SLMed AlSi10Mg typically demonstrates hetero-
geneous melt pool characteristics. It was reported

that the melt pool has different mechanical properties
at the boundary and in the bulk. The latter shows hi-
gher hardness, yield stress, and flow stress [41]. This
phenomenon is responsible for the appearance of an
inhomogeneous plastic zone near the crack tip under
cyclic loading. Xu et al. [44] studied the effect of bu-
ild directions on the fatigue crack growth behavior of
SLMed AlSil0Mg. Strain distributions obtained by
finite element simulation and crack morphologies of
0°, 15°, 45°, and 90° samples are shown in Fig. 10.
The results indicate that the crack growth path con-
stantly interacts with the melt pool boundaries. The
boundaries greatly affect crack propagation, and 90°
samples show the worst crack growth behavior due to
crack propagation along the melt pool boundaries.
Awd et al. [66] reported that in 90° samples at a
stress amplitude of 120 MPa the crack propagates
along the melt pool boundaries, while at 100 MPa the
crack path is different. This is because the elastic
characteristics are more apparent when the external
load is low. Therefore, the influence of melt pool
boundaries on fatigue performance is more evident
under high loads. In the VHCEF region, Li et al. [83]
observed secondary cracks on the longitudinal frac-
ture surface using EBSD, as well as grain refinement
at short cracks. The authors explained this by re-
peated cyclic pressing of the crack face. A nonuni-
form fine grain distribution is related to the crack
propagation path, and the deflection of the growing
crack promotes grain refinement (Fig.11). Similar
grain refinement phenomena have been reported for
SLMed Ti6Al4V [84, 85]. A numerous cyclic press-
ing theory was proposed to explain this phenomenon
[86].
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3.4. Effect of Residual Stress

Fatigue and fracture failure modes in engineering
applications are related to the stress state in the struc-
ture, so they are inevitably affected by the combina-
tion of loads and residual stresses in the components.
When residual stresses are coupled with external
loads, they threaten the structural integrity and cause
a variety of failure modes [63, 87]. Residual stresses
resulting from processing and posttreatment should
be carefully assessed. However, it is not easy to sepa-
rate the effect of residual stress on fatigue properties
because the microstructure and porosity change du-
ring heat treatment. Recently, Tridello et al. [88] re-
ported that the residual stress has a significant effect
on the VHCF performance of SLMed AlSilOMg.
The VHCEF response of samples annealed at 224°C
for 2 h was higher than that of as-built samples. The
influence of defects in samples annealed at 224°C for
2 h is more pronounced than in as-built samples, and
the Vicker hardness of the two sample types is al-
most the same. Therefore, the difference in fatigue
strength can be attributed to the process-induced resi-

JIANG et al.

dual stress. To reduce the residual stress effect in
SLMed parts, heat treatment or powder bed preheat-
ing is usually recommended [89, 90]. It should be
noted that heat treatment does not eliminate residual
stresses, which affect the fatigue performance of
parts during service. The effect of residual stress on
the fatigue performance of SLMed AISi10Mg has not
yet been well understood and more mechanisms need
to be clarified in the future.

3.5. Effect of Heat Treatment and Hot Isostatic
Pressing

Owing to the heterogeneous microstructures and
significant residual stresses in SLMed structures,
heat treatment is frequently recommended to homo-
genize the microstructure and release the residual
stresses. There are a lot of studies examining the ef-
fect of different heat treatment schedules, mainly T6
heat treatment and annealing at different temperatu-
res [29-32]. T6 heat treatment is commonly used in
conventional Al-Si alloys because they can achieve
maximum precipitation hardening during this heat
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rectly aged, and T6 samples [31] (b), typical microstructure of as-built, T6, and directly aged samples [31] (c—¢) (color online).
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treatment schedule. Interestingly, several studies re-
ported that the tensile and fatigue strength decreases
significantly after T6 heat treatment [31, 32]. This is
because T6 heat treatment significantly changes the
microstructure. The coarsening of the Si network de-
creases the fatigue strength of SLMed AlSil0Mg.
That is why conventional T6 heat treatment is not
suitable for SLMed AlSil0Mg, for which a unique
heat treatment process should be established. Tridello
et al. [29] studied the effect of annealing on the
VHCEF response of SLMed AlSi10Mg with two diffe-
rent annealing schedules: annealing at 320°C for 2h
and at 224°C for 2 h. After 2 h annealing at 320°C,
the Si phase was spheroidized, and the fatigue perfor-
mance of SLMed AlSilOMg deteriorated. On the
contrary, 2 h annealing at 224°C slightly improved
the fatigue properties (Fig. 12a). Recently, Baek et al.
[31] studied the effect of direct aging on the fatigue
behavior of SLMed AlSi10Mg and compared the re-
sults with as-built and T6 samples. As shown in
Fig. 12b, the aged samples show outstanding fatigue
strength compared with the as-built and T6 samples.
Direct aging may be a promising heat treatment me-
thod for SLMed AlSil0Mg. Figures 12c—12e illus-
trate the typical microstructure of as-built, T6, and
directly aged samples. The fatigue strength improve-
ment of aged samples can be attributed to their cellu-
lar structural morphology characterized by a large
amount of fine Si precipitates (Fig. 12¢). It should be
noted that heat treatment does not close defects in
SLMed Al-Si alloys. Hence, the improvement of fati-
gue performance by heat treatment is always limited.

PHYSICAL MESOMECHANICS Vol.26 No.4 2023

Hot isostatic pressing (HIP) has proved to be a
powerful method of reducing defects in some SLMed
alloys, such as Ti6Al4V [33, 35] and Inconel 718
[91, 92]. However, the studies dealing with the effect
of HIP on SLMed AlSil0Mg are still rare [36, 37,
93]. For cast Al-Si alloy, HIP is a direct method of
reducing porosity. Only a slight change in micro-
structural characteristics leads to a significant in-
crease in fatigue strength. When applied to SLMed
AlSilOMg, HIP at elevated temperatures causes
breaking of the Si network into individual particles.
Hence the fatigue strength decreases significantly, al-
though defects are reduced considerably [75]. A re-
cent study by Schneller et al. [37] revealed that HIP
treatment above the solubility temperature with sub-
sequent low-temperature annealing has a beneficial
effect on the fatigue strength of SLMed AISil0Mg
(Fig. 13a). The crack initiation mode also changes af-
ter HIP: fatigue cracks no longer initiate at lack of fu-
sion defects but at microstructural defects produced
by pressing (Fig. 13b) [37].

3.6. Fracture Behavior

Fracture mechanics is often used to evaluate
structures with preexisting cracks. Fracture toughness
is an essential parameter when assessing the quality
of typical engineering structures, especially pipeli-
nes, automobiles, ships, and aircraft. Paul et al. [45]
reported that the fracture toughness of SLMed
AlISi10Mg with different process parameters is
19-30 MPam'?, which is higher than the average
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fracture toughness of cast AlISilOMg equal to
18.6 MPam'”. The results indicate that the process
parameters greatly influence fracture toughness, and
the effect of the scanning strategy is more pronounc-
ed than that of the layer thickness and hatch spacing.
In addition, the crack propagation is strongly affected
by the melt pool characteristics due to the relatively
weak mechanical properties of the melt pool boun-
dary. Figure 14a shows the crack propagation paths
in samples built in two different directions. In the XZ
samples, the crack propagates mainly within the melt
pool and has a tortuous path caused by deflection at
the pool boundary (Figs. 14b, 14c). In the ZX sam-
ples, the crack travels mostly along the melt pool bo-
undary (Figs. 14d, 14e). This behavior leads to a sig-
nificant anisotropy of fracture toughness of SLMed
AlISi10Mg (Fig. 14f). Aratijo et al. [94] studied the
effect of build direction and different heat treatment
schedules on the tensile and fracture properties of
SLMed AlSil0Mg. It was found that the samples
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subjected to stress relief annealing at 300°C for two
hours have the highest fracture toughness. The 90°
samples have the lowest average fracture toughness
values depending on the heat treatment conditions
(Fig. 15).

Defects and heterogeneous microstructure greatly
affect the fracture toughness. Recently, attempts have
been made to investigate these effects by numerical
modeling. Muro-Barrios et al. [95] studied the impact
of dual-scale porosity on crack growth in additively
manufactured alloys based on the Gurson-Tverga-
ard—Needleman model. Simulations allowed visualiz-
ing the void growth, interaction and coalescence me-
chanisms in additively manufactured Ti6Al4V. It
was found that random defects can temporarily in-
crease or decrease local toughness, depending on the-
ir position relative to the crack tip. This means that
defects can be intentionally introduced in SLMed al-
loys during the SLM process in order to increase the
fracture properties. Regarding the effect of heteroge-
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neous microstructure, Jamshidian et al. [96] studied
the influence of melt pool characteristics on the frac-
ture behavior of SLMed Al-12Si alloy based on a co-
hesive model. It was shown that the melt pool geo-
metry has a considerable effect on the fracture tough-
ness and results in significant anisotropy. The pool
geometry can be better altered via simulations to ob-
tain higher fracture toughness.

3.7. Fatigue Modeling Methods

Prediction of the fatigue strength and fatigue life
of SLMed parts is of great importance for critical
structure assessment. Several models have been de-
veloped to predict the fatigue performance of SLMed
AlSilOMg.

Since defects in SLMed alloys can be considered
as short cracks, the method based on fracture mecha-
nics appears to be promising. The parameter of the

square root of the defect area +/area proposed by
Murakami et al. [97] has been widely used to charac-
terize the size of defects in SLMed alloys. It is gene-
rally considered that the fatigue life is controlled by
the maximum defect in the control volume. Extreme
value statistics methods are usually used to estimate
the maximum defect of parts with different volumes
[98, 99]. After the maximum defect size is determin-
ed, empirical formulas or fracture mechanics models
can be used to estimate the fatigue strength and fati-
gue life under different loading conditions.

As shown in Eq. (1), concerning the fatigue limit
prediction, the semi-empirical formula proposed for
steels by Murakami seems to have a great potential
for SLMed alloys [48, 99, 100]:

_ C(HV +120)

Ow = (»\/area)l/6 ’ L

where o, is the fatigue limit, HV is the Vickers hard-
ness, and C is the constant. There are three types of
defects, including surface, subsurface, and internal
defects, with C equal to 1.43, 1.41, and 1.56, respec-
tively. However, applying this method to nonferrous
metals such as Al-alloys seems unpractical. For al-
alloys, the term 120 should be adjusted based on the
elastic moduli of two materials:

G - C(HV+120EA1/Est)’ @)

v (\/ area)l/ 6

where Ey, is the elastic modulus of Al-alloys, and Ey
is the elastic modulus of stainless steel. The applica-
bility of this method for the prediction of fatigue
strength of SLMed AlSi10Mg has been proved by Xu
et al. [48]. It should be noted that Egs. (1) and (2)

cannot be used to calculate the fatigue life. There-
fore, Wang et al. [101] proposed a modified equa-
tion:

HV +120
Oy = (Oﬁ—ﬁlong)m, 3)

where Nf is the fatigue life, a and B are the fitting
constants based on the S—N data. Zhang et al. [102]
used this method to predict the fatigue life of SLMed
AlSilOMg samples with different build directions.
The predicted results were in good agreement with
the experimental data.

The Kitagawa—Takahashi (K-T) diagram [103]
describes the variation of fatigue limit with defect
size in a semi-empirical way. Unless the defect is lar-
ger than a safe defect size, it will not propagate. The
fatigue limit decreases with increasing defect size
when the defect size exceeds the safe defect size [50,
52]. Moreover, the K-T diagram can determine a
safe life region, which can be used to evaluate the
life of engineering structures with cracks. In order to
consider the effect of small cracks, the K-T diagram
should be modified using the El-Haddad model, as
described in Egs. (4) and (5) [52, 104]:

varea ( 4)
varea + ./areao ’

AK . = AK area 5)
i hle area + /area, '

2
AK
Jareay = l(—th’lcj ) (6)
Y

YAc

where Ao, is the fatigue limit of the material with
defects, Aoy, is the fatigue limit without defects, and
Kin 1. 1s the threshold value of long crack propagation

in the material. The quantity /area, can be calculat-

ed according to Eq.(6), where Y is 0.5 for internal
defects and Y is 0.65 for surface defects.

Beretta et al. [105] summarized the fatigue data
on additively manufactured AISil0Mg and Ti6Al4V
and established the K-T diagram using the parameter
in terms of the EI-Haddad model. Wu et al. [52] plot-
ted the K-T diagram based on the defect size distri-
bution from computed tomography data. The fatigue
limit distribution of the samples with two different
build directions was determined as shown in Fig. 16a.
Considering the residual stress, Beretta et al. [63] stu-
died the effect of build direction on the fatigue pro-
perties of as-built SLMed AlSi10Mg samples. The
residual stress was regarded as a stress ratio in the
K-T diagram (Fig. 16b). It can be used to evaluate

AGW = AGWO
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the fatigue limit of SLMed parts in the as-built condi-
tion. Hu et al. [99] proposed a modified K-T diagram
based on the NASGRO equation for residual life pre-
diction of alloys.

The fatigue crack growth model has also been
widely used to predict the fatigue life of SLMed al-
loys. Romano et al. [50] conducted fatigue tests on
three batches of SLMed AlSi10Mg samples (Fig. 17)
and established the relationship between the defect
size and fatigue life using the NASGRO code, ac-
cording to the equation
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where da/dN is the fatigue crack growth rate, f'is the
crack opening function, R is the stress ratio, C, n, p,
and ¢ are the fitting parameters, K.x and K, are the
maximum and critical stress intensity factors. The
prediction results obtained on the basis of linear elas-
tic fracture mechanics agreed with the experimental
fatigue data for the high-cycle fatigue conditions.
However, plastic correction was required for the low-
cycle fatigue regime.

; O]

max
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Fig. 17. Fatigue life prediction for three batches of
SLMed AlSi10Mg samples based on the NASGRO code
[50] (color online).

Similar studies were carried out on other SLMed
alloys. Greitemeier et al. [106] studied the effect of
surface roughness on the fatigue behavior of SLMed
Ti6Al4V. The authors used the equivalent initial flaw
size approach to find the relationship between the
equivalent flaw size and fatigue life. Yadollahi et al.
[107] investigated the effects of surface roughness,
defect size, and shape on the fatigue strength of addi-
tively manufactured Ni-718 alloys using the fracture
mechanics method. The maximum valley depth of
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the surface profile was used as the initial defect size
to predict the fatigue life of SLMed alloys with the
as-built surface. Then, Yadollahi et al. [108] studied
the effect of heat treatment and build direction on the
fatigue performance of 17-4 precipitation hardening
stainless steel and established the relationship be-
tween defect size and fatigue life by FASTRAN us-
ing the equivalent and real initial flaw sizes. The fati-
gue life was overestimated when using the real initial
flaw size. It should be noted that the void interaction
and crack coalescence should not be ignored when
many large voids are present.

Crack initiation consumes most of the fatigue life
for SLMed AlSi10Mg in the HCF and VHCF region.
Irreversible dislocation slip in plastic zones near de-
fects significantly affects crack initiation. The dislo-
cation dipole accumulation theory proposed by Ta-
naka and Mura [109] can be used to predict the crack
initiation life. Based on this model, Zhang et al. [102]
proposed a fatigue life prediction model considering
the stress concentration effect of the defect, and there
was good agreement between experimental and pre-
dicted data. Nadot et al. [110] developed a frame-
work for predicting the fatigue life based on the de-
fect stress gradient models taking into account the
defect type, size, position, morphology, and loading
effect. As shown in Fig. 18, the prediction process is
as follows: (i) obtaining an X-ray microcomputed

(a)
H >

Size

Equivalent '

inertia
ellipsoid

Fig. 18. The modeling strategy to evaluate the influence of defect morphology on fatigue limit [110] (color online).
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tomography 3D image of the material, (ii) computing
the equivalent inertia ellipsoid of each individual
pore, (iii) modeling the influence of the defect on the
fatigue limit using the defect stress gradient approach
coupled with the Eshelby theory, and (iv) 3D map-
ping the criticality of each defect.

The models based on the crystal plasticity finite
element method (CPFEM) can be used to capture the
inhomogeneous mechanical response at the grain
scale. Zhang et al. [111] developed a model using
CPFEM and Voronoi tessellation to study the HCF
and VHCF properties of SLMed AlSil0Mg. It was
found that the accumulation of cyclic plastic strain
near a pore is significantly higher than that near an
inclusion. This residual stress caused pronounced
plastic strain localization near an inclusion, adversely
affecting the fatigue performance. The Morrow and
Smith—Watson—Topper models were used to predict
the fatigue life. The results showed that the Smith—
Watson—Topper model agreed well with the experi-
mental life observed between 10°-10°. Zhang et al.
[112] allied CPFEM to study crack initiation beha-
viors in SLMed AlSil10Mg. The results showed that
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plastic strain accumulates at defects, while residual
stress accumulates at an inclusion during cyclic load-
ing. It is generally recognized that plastic strains and
local stresses are critical for crack initiation. A new
fatigue prediction model was proposed for fatigue
life prediction of SLMed AlSil0Mg. The fatigue in-
dicator parameter (FIP) was taken as the increment of
the accumulation of plastic strain P,. in stable load-
ing cycles. The value of P,. can be estimated by the
integral of the double dot product of the plastic velo-

city gradient Ly:
2
P.=] \/;Lp ‘Lz, (8)
FIP=AB, =B, — Py ©)

The fatigue life can be predicted by the following
formula:
N, = Lz (10)
d, (FIP)
where d,, is a reference constant, which is on the or-
der of the grain size to represent the microstructure,
and ay, is a fitting constant.
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As mentioned earlier, the fatigue properties of
SLMed alloys are affected by many process parame-
ters and posttreatment methods. In recent years, the
machine learning approach has shown great potential
for fatigue life measurements as an efficient tool for
studying the relationship between multiple factors
[113-116]. One of the main problems in the applica-
tion of machine learning to fatigue life prediction is
that the data sets obtained from experiments are usu-
ally small. The most common methods for expanding
the fatigue data sets are based on finite element simu-
lation [113, 117] or Monte Carlo simulation [114].
Zhan et al. [113, 117] developed a data-driven ma-
chine learning framework for the fatigue life predic-
tion of SLMed alloys using a continuum damage me-
chanics theory to expand the fatigue data set
(Fig. 19). The effect of different process parameters
and fatigue loads on the fatigue performance can be
captured within this framework. Maleki et al. [115]
used artificial neural networks to evaluate the fatigue
behavior of posttreated V-notched SLMed AlSi10Mg
samples. The authors studied the individual and com-
bined effects of various posttreatments on micro-
structure, surface state, microhardness, porosity, resi-
dual stress, and fatigue behavior.

4. CONCLUSIONS

This review summarized the current state of the
art for the fatigue and fracture studies of SLMed
AlSilOMg. The conclusions and prospects that can
be drawn are as follows.

Fatigue and fracture properties of SLMed
AlSil0Mg are influenced by the combination of de-
fect characteristics, microstructural features, and resi-
dual stresses. When SLMed structures are subjected
to fatigue loading, cracks tend to initiate from lack of
fusion defects.

The conventional T6 heat treatment procedure is
not suitable for SLMed Al-Si alloys. High-tempera-
ture heat treatment and hot isostatic pressing break
up the Si network structure and reduce the mechani-
cal properties of SLMed AlISi10Mg. Direct aging and
low-temperature annealing seem suitable for SLMed
AlSilOMg alloys. Heat treatment processes for the
postprocessing of SLMed parts still need further in-
vestigation. The residual stress caused by the SLM
process has a negative effect on the fatigue perfor-
mance. Preheating the substrate or annealing can re-
duce the residual stress effect.

Due to different mechanical properties between
the boundary and the bulk of the melt pool, the melt

pool boundary provides a weak interface for crack
propagation. During the fatigue crack growth, the
plastic strain is more likely to accumulate at the melt
pool boundary, significantly affecting the fatigue
crack growth behavior.

SLMed AIlSilOMg often demonstrates unique
toughening mechanisms. The defects and melt pool
characteristics near the crack tip can increase or de-
crease the fracture toughness of SLMed alloys. Since
SLM offers a unique opportunity for the design of
materials, more toughening mechanisms based on the
design freedom should be provided in the future.

SLM is a near-net forming technology, and any
postprocessing reduces its molding advantages. In
addition, postprocessing significantly increases the
time and cost of the additive process. Heat treatment
and hot isostatic pressing affect the dimensional ac-
curacy of SLMed parts. Therefore, further parameter
optimization is needed to provide the opportunity of
using SLMed alloys directly in engineering applicati-
ons without posttreatment.
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