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ARTICLE INFO ABSTRACT

Keywords: In-situ high temperature measurement in a scanning electron microscopy (SEM) environment is
In-situ SEM an important technique for exploring the microstructure evolution and crack propagation within
Fatigue refractory materials and other advanced alloys. In this paper, in-situ tensile fatigue experiments

Crack propagation
High temperature
Computer tomography

under SEM environment at room temperature and elevated temperature are performed for
studying the fatigue performance and crack propagation process of selective laser melting (SLM)
additive manufactured Al-Si10-Mg materials. Firstly, in-situ SLM additive manufactured Al-Si10-
Mg fatigue tensile samples are prepared, and micro-CT are employed for the characterization of
void defects within SLM additive manufactured Al-Sil0-Mg with different laser scanning speeds
and laser energy; Secondly, in-situ fatigue experiments are carried out under SEM environment at
25°C, 100 °C, 200 °C, 300 °C, 400 °C, 500 °C and 600 °C, respectively. The fatigue mechanical
behaviors, microstructure evolution and crack propagations of as-fabricated Al-Sil10-Mg samples
are characterized. Finally, micro-CT tomography 3D imaging techniques are employed for ex-
ploring the link between SLM defects and fatigue performances.

1. Introduction

In contrast to traditional metal manufacturing techniques, metal additive manufacturing (AM) is becoming a disruptive tech-
nology capable of revolutionizing the way that products are designed, and demonstrates superior manufacturing efficiency and
economic advantages for advanced lightweight industrial components with unlimited arbitrary topological layouts and complex
internal microstructures, thus researches and developments on AM techniques are widely accepted in biomedical, aerospace, auto-
motive, marine and offshore industrial sections. As opposed to traditional subtractive manufacturing technologies, metal additive
manufacturing (AM) is the process of fabricating optimized devices with complex internal structures through layer-by-layer build-up
of parts, and the mechanical properties of as-fabrication industrial components are comparable to that of wrought materials. Despite
the huge progress in recent years in metal AM technologies, there remain some production issues which undermine the mechanical
integrity of as-fabricated industrial components, including unwanted porosity from incorrect processing parameters or build con-
ditions, surface roughness or other surface imperfections, residual stresses and resultant deformation caused by the complex thermal
history, and anisotropic mechanical properties, which are closely related to laser speed, laser energy, scanning path strategy and
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powder thickness, etc. [1,2]. These manufacturing process induced imperfections which can be amplified due to the complex nature
of the designs. Industrial applications of additive manufactured industrial components are still limited due to the degradation of
mechanical integrity under complex static and dynamic external mechanical loading environment. Moreover, AM process para-
meters, thermal history, solidification, and resultant microstructure of the AM materials are closely related to the mechanical in-
tegrity of AM parts, such as stiffness, strength, ductility, corrosion, and fatigue resistances [3,4]. Compared to the static strength and
stiffness, investigations on the dynamic performances of AM materials and structures are quite limited, where as-built defects and
surface roughness act as sources of crack formation and stress concentration. In-depth and comprehensive investigations on the
relations between fabrication process, microstructure and mechanical properties of additive manufactured metals and alloys are
mandatory for improving the static and dynamic mechanical integrity of as-fabricated AM components. Considered as promising
lightweight structural materials for aerospace and automobile industrial sections, the static and dynamic mechanical performances of
additive manufactured Al-Sil0-Mg alloys are widely explored in the recent years, such as strength, stiffness, impact energy ab-
sorption, etc. However, the fatigue performances and failure mechanisms under various types of harsh loading conditions are not yet
well understood, which is one of the most important factors impeding the industrial applications of additive manufactured Al-Si10-
Mg alloys. Thus, the relations between manufacturing process, surface and internal defect formation mechanisms, residual stress
control and fatigue performances of additive manufactured Al-Si10-Mg alloys should be investigated systematically.

Making use of statistical methods and energy density model, Read et al. [5] investigated the influences of SLM process parameters
on the porosity development within as-built Al-Si10-Mg alloy samples, including laser power, scan speed, scan spacing, and island
size, etc. Buchbinder et al. [6] investigated the effects of build-up direction, laser scanning velocity and scanning spacing, and metal
powder layer thickness on the tensile strength of SLM additive manufactured Al alloys systematically. In addition, the effects of post-
treatment of additive manufacturing materials on fatigue performance are also critical, including thermal treatment and surface
treatment. Maamoun et al. [7] investigated the effects of thermal post-processing on the microstructure homogeneity of additive
manufactured Al-Sil0-Mg parts manufactured with recycled powder, and explored the relations between residual stress, hardness,
annealing temperature, and annealing time period. Brandl et al. [8] investigated the relations among manufacturing process para-
meters, microstructure, high cycle fatigue (HCF) and fracture behavior of SLM additive manufactured Al-Si10-Mg samples. It was
found that the post heat treatment had the most considerable effect and the building direction had the least considerable effect on the
fatigue resistance. The as-built materials usually have large roughness, which affects the fatigue performance and aesthetics of the
material. Commonly, surface treatment techniques are used to decrease roughness, including sand blasting [9] chemical etching [10],
mechanical polishing [11], electrochemical polishing [12], etc. Bagherifard et al. [9] investigated the individual and synergetic
effects of various types of post treatments on the fatigue strength of mechanical properties of SLM fabricated Al-Si10-Mg specimens,
and found that appropriate post treatments could significantly enhance the fatigue performance of SLM specimens. Aboulkhair et al.
[10] investigated effects of surface quality and heat treatment on the fatigue performance of SLM Al-Si10-Mg and found that spe-
cially-tailored heat treatment could increase the material's ductility and refined the microstructure of as-built samples with good
fatigue crack propagation resistance. Brandao et al. [11] investigated the influence of building directions, platform temperature,
powder layer thickness, surface finish and heat treatment on the fatigue properties of the AM Al-Si10-Mg specimens, and the cor-
relation between process parameters and characteristics of defects population was studied through X-ray tomography, thus de-
termining the fatigue resistance and fatigue crack propagation path. Obviously, these treatment methods are used by different
researchers. However, the first three methods are time consuming, and difficult to apply to complex geometric components. Elec-
trochemical polishing techniques could solve this problem [12]. Unfortunately, pre-optimized parameters of surface treatment are
often difficult to determine.

As a powerful and frequently employed tool for surface defect and microstructure characterization for material fatigue in-
vestigation, the SEM allows contrasted images to be acquired with sub-micrometer spatial resolution over the surface of metals. In
recent decades, in-situ mechanical tests within SEM chambers are performed for studying the mechanical behaviors and micro-
structure evolution process of materials under room and elevated temperatures during static and dynamic loading process [13]. Han
[14] performed SEM observation of slip lines and crack initiations during the fretting fatigue process of nickel-based single alloys, and
a crystal plasticity constitutive model considering cyclic hardening effect was employed for crystal plasticity finite element simu-
lation, where predicted slip lines, crack initiation locations and orientations were in good agreements with observations. The effect of
partial recrystallization on low cycle fatigue (LCF) life of directionally solidified DZ4 superalloy was studied in-situ SEM, and three
typical recrystallization microstructures were investigated [15]. In-situ low cycle fatigue test of nickel-based single crystal superalloy
up to 800 °C was performed, where Al,O3; nano-scale particles were used as high temperature speckle patterns for digital image
correlation based displacement field analysis [16]. Small fatigue crack growth behaviors of a nickel-based single crystal were studied
through in-situ SEM observation, and two different crack propagation modes were identified, namely non-crystallographic propa-
gation mode at relatively low temperature region, and crack propagation preferentially along crystallographic slip systems at ele-
vated temperature region [17]. Fatigue crack opening displacements for a small contained fatigue crack in the ultra-fine grain size
aluminium alloy (IN 9052) were investigated by using in-situ SEM observation technique [18]. Making use of sequential SEM images,
strain localization during fatigue crack initiation and early crack propagation in an advanced Ni-based superalloy were investigated
using digital image correlation (DIC) methods [19]. Overall process of crack nucleation and propagation of Mo-based high entropy
alloy (HEA) was investigated based on in-situ SEM observations, and multiple deformation mechanisms were recognized in the crack
tip plastic zone, involving both slip and twinning [20]. Localized deformation, crack initiation and propagation behavior of titanium
alloy were investigated through the in-situ SEM test and electron backscatter diffraction (EBSD) characterization [21]. Crack in-
itiation, propagation, fracture, fatigue life, and the mechanical response of micro-cantilever samples of a Ni-based superalloy (Rene-
N5) under different cyclic strain amplitudes were investigated using in-situ SEM high frequency fatigue testing methodology [22]. In-
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situ SEM/EBSD fatigue tests of austenite and ferrite in duplex stainless steels were performed for studying the slip activities and
propagation of the fatigue cracks [23]. The fatigue crack initiation and propagation behaviors of a non-notch high strength 2524
aluminum alloy were investigated using in-situ SEM fatigue test at room temperature, and the main crack was found propagating
along either slip bands in a shearing mechanism, or along the direction of micro-crack ahead of crack tip in a crack-linking me-
chanism [24]. In-situ SEM fatigue testing was proposed for investigating the fatigue crack growth mechanisms within one cyclic
loading under plane stress conditions [25]. Crack closure and opening behavior of physically short fatigue crack tip were investigated
using the in-situ SEM fatigue test, and the contribution of the gradient crack closure zone on the physically short fatigue crack growth
behavior was evaluated by using the modified partial crack closure model [26].

The fatigue performances and crack propagation resistances of alloy materials and structures are closely related to the underlying
microstructure evolution and defects interactions [27-37]. X-ray computed tomography is a method of forming 3D representations of
the internal microstructures by taking many X-ray images around an axis of rotation and using algorithms to reconstruct a 3D model
[38-40]. Most of defects formed within additive manufactured parts can be attributed to non-optimal build conditions, powder
particle shapes, the particle size distribution, oxidation level, humidity, and static charge, which all can influence the flow ability of
the powder, packing density, and homogeneity of the deposited powder layer, ultimately impact on the process and resulting porosity
[41-47]. Micro computed tomography (CT) technique allows non-destructive insights into the surface roughness and internal defects
spatial and size distribution of additive manufactured parts [48]. Plessis et al. [49] proposed a method for accurate dimensional
accuracy, surface roughness and average density from CT information. Combing X-ray CT and uniaxial tensile fatigue test, Tammas
et al. [50] investigated the relation between porosity and fatigue lifetime of electron beam melting (EBM) manufactured samples, and
concluded that the actual initiating defect within the top 3% of defects in size were most harmful.

In this paper, in-situ tensile fatigue experiments under SEM environment are performed for studying the fatigue performances and
crack propagation process of SLM additive manufactured Al-Sil0-Mg materials at room temperature and elevated temperature.
Firstly, SLM additive manufactured Al-Si10-Mg tensile samples are prepared for quasi-static mechanical properties testing, and micro-
CT are employed for characterization of void defects within SLM additive manufactured Al-Si10-Mg with difference laser scanning
speed; Secondly, fatigue tensile samples with side notch are fabricated with SLM technique at specific laser energy and scanning
speed; Thirdly, in-situ fatigue experiments are carried out under SEM environment at 25 °C, 100 °C, 200 °C, 300 °C, 400 °C, 500 °C and
600 °C, respectively. The fatigue mechanical behaviors, microstructure evolution and crack propagations are characterized. Finally,
micro-CT characterization is employed for exploring the link between SLM defects and fatigue performances.

2. Sample preparation and in-situ fatigue test procedures

The Al-Si10-Mg materials based fatigue test samples used for this study were fabricated using an EOS M M290 (constructed by
EOS GmbH, Germany) machine, a selective laser melting system from SLM Solutions GmbH. Raw material powder was obtained from
EOS GmbH, certified with particle sizes ranging from 18 to 58 um. The chemical composition by weight percentage (wt%) is shown in
Table 1. The build chamber was backfilled with argon gas, while powder melting and fusion was performed using 370 W laser with
spot size 200 um. The fatigue test specimens with U-shaped edge notch located at the center of the gauge section was specially
designed for crack formation, with corresponding geometrical layout shown in Fig. 1, and all the samples in this study were fabri-
cated along horizontal direction and constructed layer-by-layer scanning. During the manufacturing process, constant laser energy at
power P, = 370 W was used, and the designed samples are supported on a plate heated to 220 °C, and three different printing speeds
were adopted, 700 mm/s, 1000 mm/s and 1300 mm/s with powder layer thickness of 0.03 mm, respectively. To relieve residual
stresses generated by the fabrication process, thermal stress relieving was performed on these specimens at 300 °C for 2 h, prior to
removing specimens from the support structures. Afterwards, these fabricated samples naturally cooled down to the room tem-
perature, and were harvested for in-situ SEM fatigue experiments. Finally, three types of specimens were harvested, and micro-CT 3D
tomography imaging with ZEISS METROTOM at accelerating voltage 225 kV was performed for checking the porosity percentages
formed within these as-fabricated samples, and the fabricated samples and porosity results were shown in Fig. 2 and Table 2, re-
spectively. In order to achieve a mirror-like surface, these specimens were mechanical polished using SiC paper with grit scales of
400, 800, 1500, 2000, 5000 and 7000, respectively, and finally with 0.5pum liquid pastes using ultrasonic vibration polishing
technique. The final harvested specimens had a thickness of 0.5 mm.

3. In-situ fatigue performances of SLM samples

3.1. In-situ SEM fatigue test at elevated temperature

In-situ high temperature tensile fatigue tests were conducted in the chamber of the SEM (SS-550, Shimadzu, Japan), in which the
loading system was controlled using an electro hydraulic servo system and the maximum loading capacity of the in-situ tensile fatigue

Table 1

Chemical composition of the additive manufactured Al-Sil0-Mg alloys (wt%).
Element Cu Fe Mg Mn Si Ti Zn Al
Content < 0.05 < 0.55 0.2-0.45 < 0.45 9.0-11.0 < 0.15 < 0.10 Balance
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Fig. 1. Geometry of the Al-Sil0-Mgspecimen used in fatigue test (unit: mm).

Fig. 2. As printed harvestedAl-Si10-Mg samples for in-situ SEM fatigue experiments.

Table 2

Porosity of Al-Sil0-Mg samples under different SLM laser speeds.
Scanning speed (mm/s) Porosity rate
700 2.10% 3.21% 2.56% 4.02% 3.02% 2.45% 2.28%
1000 0.68% 0.83% 0.51% 0.68% 0.92% 0.45% 0.65%
1300 0.77% 0.93% 0.67% 0.65% 0.87% 0.74% 0.89%

machine was 1.0 kN, with maximum frequency of 10 Hz, as shown in Fig. 3. The specimen was heated by means of thermal radiation
inside a vacuum chamber. The heating system could heat the specimen up to 800 °C with temperature control accuracy of + 2°C
[16]. In the following, fatigue experiments of Al-Sil0-Mg samples were performed at 25 °C, 100 °C, 200 °C, 300 °C, 400 °C, 500 °C and
600 °C, respectively. All fatigue experiments were carried out with sinusoidal waveform loading mode at frequency 5.0 Hz. The peak
stress was 160 MPa at the stress ratio R = 0.2 by using load controlled mode, as shown in Fig. 4. The process of the crack initiation
and propagation were recorded by SEM scanning at interrupted stop state after different cycles during fatigue tests, where the
accelerating voltage of 15kV was kept constant. In total, 21 fatigue experiments were conducted for SLM additive manufactured
samples under 700 mm/s, 1000 mm/s and 1300 mm/s laser scanning speed respectively, and experiments for each type of samples

fatigue machine

Fig. 3. In-situ high temperature SEM fatigue experiment system.
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Fig. 4. Tensile fatigue loading loop history.

were performed under 7 increasing temperature points. The relation between fatigue cycle times and temperature is shown in Fig. 5.

3.2. Fatigue performance of SLM additive manufactured Al-Si10-Mg samples at elevated temperature

3.2.1. In-situ observation of fatigue crack initiation and propagation

Fig. 6 shows the micro crack formation and propagation process at different fatigue loading cycles at room temperature (25 °C),
where the sample is fabricated at laser scanning speed 700 mm/s, laser power P; = 370 W, and powder layer thickness 0.03 mm. It
can be seen from Fig. 6 that there are some voids and precipitates over the sample surface. As shown in Fig. 6(b), micro crack starts to
appear around the U-shape notch location when the fatigue cycle is 14998. With the increase of fatigue cycles, crack propagates
rapidly along the main direction perpendicular to the uniaxial loading direction. When the fatigue loading cycle reaches to 17208, the
secondary micro crack below the main crack starts to develop and propagate, but the main crack propagation is dominant, and finally
the main crack quickly develops into the rupture at loading cycle 17814.

Fig. 7 shows the micro crack formation and propagation process at different fatigue loading cycles at room temperature, where
the sample is fabricated at laser scanning speed 1000 mm/s, laser power P; = 370 W, and powder layer thickness 0.03 mm. Micro
crack starts to develop when fatigue loading cycle reaches to 15560, and develops very slowly until loading cycle 40000. Afterwards,
the crack propagation speed becomes faster and faster until fracture at loading cycle 61518.

Fig. 8 shows the micro cracks formation and propagation process at different fatigue loading cycles at room temperature, where
the sample is fabricated at laser scanning speed 1300 mm/s, laser power P; = 370 W, and powder layer thickness 0.03 mm. Micro
crack starts to initiate at fatigue loading cycle 38836, and develops gradually until fatigue cycle 50814. Afterwards, the main crack
meets surface void, another new secondary crack nearby surface void location starts to grow at fatigue cycle 52107, propagates
quickly and becomes the new main crack, and finally results in the fracture of the specimen at loading cycle 52304.

Fig. 9 shows the micro crack formation and propagation process at different fatigue loading cycles under elevated temperature
400 °C, where the sample is fabricated at laser scanning speed 700 mm/s, laser power P; = 370 W, and powder layer thickness
0.03 mm. when the fatigue cycle 500, two main edge micro cracks “A” and “B” start to appear around the U-notch, meanwhile
another inner micro crack “C” far away from the U-notch also starts to develop. With the increase of loading cycle, crack “A” develops
quickly and becomes the dominant crack, and the crack “B” develops slowly and becomes stable and silent. Meanwhile, the inner
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Fig. 5. Relation between fatigue cycle times and the temperature.
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Fig. 6. The fatigue crack propagation process for SLM additive manufactured sample (scanning speed = 700 mm/s) at room temperature: (a) 0; (b)
14998; (c) 16150; (d) 17208; (e) 17531; (f) 17620.

crack “C” grows gradually in length and widen up its gaps. When the number of fatigue loading cycle is 3327, the main crack “A” and
the inner crack “C” suddenly penetrate through the medium, and coalescence into one main crack, thus leading to the global failure of
the sample at loading cycle 3341.

Fig. 10 shows the micro cracks formation and propagation process at different fatigue loading cycles under elevated temperature
400 °C, where the sample is fabricated at laser scanning speed 1000 mm/s, laser power P; = 370 W, and powder layer thickness
0.03 mm. Micro crack “A” around the U-notch starts to appear when the fatigue loading cycle is 405, and develops very slowly until
the number of the fatigue loading cycle is 5600. Then, another new micro crack “B” starts to appear nearby the first micro crack “A”.
With the increase of fatigue loading cycle, the new micro crack “B” develops quickly perpendicular to the loading direction, while the
first crack stops. Finally, the sample fails until the number of the fatigue loading cycle is 14411.

Fig. 11 shows the micro cracks formation and propagation process at different fatigue loading cycles under elevated temperature
400 °C, where the sample is fabricated at laser scanning speed 1300 mm/s, laser power P; = 370 W, and powder layer thickness
0.03 mm. Micro crack starts to appear at fatigue loading cycle 2007, and propagates stably with the increase of loading cycle. Finally,
the sample failures at loading cycle 5812.

In order to quantitatively investigate the effect of temperature and scanning speed on the crack growth rate, the crack lengths at
different cycles are counted as shown in Fig. 12. In this figure, the crack growth rate increases fast with the fatigue cycle increasing.
Usually, the failure process of the material mainly includes three stages: the initiation of cracks, the stable propagation of cracks and
the instantaneous fracture of cracks. The first two processes are defined as the growth phase of the crack. This phase evolves from the
starting points of crack growth curve to the points marked as arrows in the Fig. 12. Here we use the ratio of the extended length of the
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Fig. 7. The fatigue crack propagation process for SLM additive manufactured sample (scanning speed = 1000 mm/s) at room temperature. (a) 0; (b)
15560; (c) 28022; (d) 40000; (e) 52008; (f) 60894.

crack to the fatigue cycle time as the average rate of the crack growth. Therefore, we obtained the crack growth rates of the additive
manufactured Al-Sil0-Mg alloys at 25°C are 13.4nm/cycle, 5.3nm/cycle and 6.5nm/cycle for scanning speed of 700 mm/s,
1000 mm/s and 1300 mm/s, respectively. When the temperature is 400 °C, the crack growth rates for different scanning speeds are
41.8 nm/cycle (700 mm/s), 27.2 nm/cycle (1000 mm/s) and 56.9 nm/cycle (1300 mm/s), respectively. We find that the additive
manufactured Al-Si10-Mg alloys have the minimum crack growth rate at the scanning speed 1000 mm/s at 25°C and the crack
growth rate of the alloys increases with the increasing temperature for the same scanning speed.

3.2.2. Void features of after-fatigue specimens
Fig. 13 shows the void defect features and spatial distribution within sample harvested after fatigue experiments at room
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Fig. 8. The fatigue crack propagation process for SLM additive manufactured sample (scanning speed = 1300 mm/s) at room temperature. (a)
38836; (b) 46078; (c) 50027; (d) 50814; (e) 52017; (f) 52211.

temperature, where the sample is fabricated at laser scanning speed 700 mm/s, laser power P, = 370 W, and powder layer thickness
0.03 mm. Fig. 14 shows the void defect features and spatial distribution within sample harvested after fatigue experiments performed
at room temperature, where the sample is fabricated at laser scanning speed 1000 mm/s, laser power P, = 370 W, and powder layer
thickness 0.03 mm. The fatigue loading cycle is 17,814 for the sample fabricated at laser scanning speed 700 mm/s, which is much
lower than the number of the fatigue loading cycle 61,518 for sample fabricated at laser scanning speed 1000 mm/s, also much lower
than that of 52,304 for sample fabricated at laser scanning speed 1300 mm/s. It can be seen from Fig. 13 that there are randomly
distributed void defects within the sample fabricated at laser scanning speed 700 mm/s, which contribute to the degraded fatigue
resistance.

Similar results are checked and confirmed for other samples, and the void percentage before fatigue experiments are shown in
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Fig. 9. The fatigue crack propagation process for SLM additive manufactured sample (scanning speed = 700 mm/s) at 400 °C. (a) 500; (b) 1500; (c)
2006; (d) 2602; (e) 2802; (f) 3003; (g) 3204; (h) 3327.
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Fig. 10. The fatigue crack propagation process for SLM additive manufactured sample (scanning speed = 1000 mm/s) at 400 °C. (a) 405; (b) 5600;
(c) 10008; (d) 12411; (e) 13636; (f) 14001.

Table 2. It can be concluded that there is a strong relation between void defects percentage and fatigue resistance of all samples: with
the increase of voids percentage, its fatigue life time drops remarkably.

4. Discussion

When the fatigue samples are constructed with layer-by-layer procedure, the individual lines of material are gradually melted and
recrystallized. The melting of metal powder by an energy beam and AM product with reliable mechanical integrity requires rea-
sonable optimization of SLM AM process parameters, such as: laser power, scan speed, thickness of layer, overlap rate and building
direction. Voids are apparent throughout the bulk of the Al-Si10-Mg specimens, grown in both directions, but they appear more
numerous in the materials grown in the vertical orientation. Porosity is a common defect in metal AM parts and results in degradation
of the mechanical properties. Porosity can be powder-induced, process-induced or an artifact of solidification. (1) Powder-induced
porosity, gas pores may form inside the powder feedstock during powder melting process, and these pre-existing spherical gas pores
can be transferred into the as-fabricated samples; (2) Process-induced porosity is dominant, and pores are formed when the applied
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Fig. 11. The fatigue crack propagation process for SLM additive manufactured sample (scanning speed = 1300 mm/s) at 400 °C. (a) 2007; (b) 2477;
(c) 2802; (d) 3209; (e) 4404; (f) 5679.
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Fig. 12. The relationship between crack length and fatigue cycle times in the different temperature and scanning speed.
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Fig. 13. Microstructure and voids distribution of as fabricated sample after fatigue test (scanning speed 700 mm/s, 25 °C) (a) Z-direction tomogram;
(b) X-direction tomogram,; (c) Y-direction tomogram,; (d) three-dimensional CT tomogram; (e) voids distribution of the sample.

energy is not sufficient for complete melting or spatter ejection occurs. These pores are typically non-spherical, and come in a variety
of sizes (sub-micron to macroscopic). When there is not enough power to supply to a region of powder, lack of fusion can occur and
un-melted powder particles can be formed in or near the pore. When the applied power is too high, spatter ejection may occur in a
process known as keyhole formation. Process-induced porosity has other contributors, including the effect of powder consolidation
from a loosely packed powder bed to a fully dense part. Shrinkage porosity is the incomplete flow of metal into the desired melt
region [45,51].

During the SLM additive manufacturing process, the scanning energy input is determined with scanning speed, hatch distance,
and layer thickness as well as the preheating of the platform. The variation of the energy input is conducted by varying the scanning
speed at 700 mm/s, 1000 mm/s and 1300 mm/s. Following Eq. (1) is employed to calculate the resulting energy input:

P
Vs Ay, Dy (€9)

Ey =

The EOS M290 machine parameters employed in the current investigation are shown in Table 3, fatigue properties may be
influenced by surface finish and porosity, and these top biggest voids are mainly responsible for the degradation of fatigue me-
chanical performances. Fig. 15 shows the relationship between scanning speed and porosity rate. With the increase of scanning speed
from 700 mm/s to 1000 mm/s, the porosity ratio and pore size within the fatigue samples decrease remarkably, and the spatial
distribution of dominant top largest voids are inhomogeneous, resulting in the remarkable increase of fatigue performance. When the
scanning speed is higher than 1000 mm/s, Ey decreases and results in increase of porosity due to lack of fusion and un-melted powder
particles formed in or near the pore. Thus, slight increase of porosity at scanning speed 1300 mm/s can be confirmed with micro-CT
characterization, and result in slight decrease of fatigue behaviors.

5. Conclusion

SLM additive manufactured Al-Sil0-Mg fatigue samples are fabricated and in-situ fatigue experiments of are carried out under
SEM environment at 25 °C, 100 °C, 200 °C, 300 °C, 400 °C, 500 °C and 600 °C, respectively. The fatigue mechanical behaviors, mi-
crostructure evolution and crack propagations of as-fabricated Al-Sil0-Mg samples are characterized. Micro-CT tomography 3D
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Fig. 14. Microstructure and voids distribution of as fabricated sample after fatigue test (scanning speed 1000 mm/s, 25 °C) (a) Z-direction tomo-
gram; (b) Y-direction tomogram; (c) X-direction tomogram; (d) three-dimensional CT tomogram; (e) voids distribution of the sample.

Table 3
SLM process parameters employed for the fabrication.

Laser power Pr, Laser spot diameter Laser profile

Hatch distance Ay Layer thickness Dy Preheat temperature Scanning speed v

W] [mm] [mm] [mm] [’C] [mm/s]
370 0.20 Gaussian 0.08 0.03 220 700, 1000, 1300
4.00
~ 3.00 1
S
2
= 2.00
z
w
e
)
A< 1.00 1 ;
I
b
0.00 T T T ]
800 1000 1200 1400

Laser scanning speed (mm/s)

Fig. 15. The relationship between laser scanning speed and porosity rate.
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imaging techniques are employed for exploring the link between SLM defects and fatigue performances.

(1) The fatigue performance of samples fabricated with scanning speed of 1000 mm/s is better than samples fabricated with scanning
speed of 700 mm/s and 1300 mm/s, respectively.

(2) With the increase of the temperature, the fatigue life of samples fabricated with scanning speed of 1000 mm/s and 1300 mm/s
drops gradually until the temperature reaches to 200 °C. Afterwards, the fatigue life time drops remarkably when temperature is
above 250 °C. For samples fabricated with scanning speed of 700 mm/s, the life time drops smoothly with the increase of the
temperature at all temperature points. Regarding the effect of porosity and temperature on fatigue life, it can be seen that the
effect of porosity is more pronounced at low temperatures, while the effect of temperature is dominant when the temperature is
greater than 400 °C.

(3) Micro-CT confirms that there is a strong relation between void defect percentage and fatigue resistance of all samples. With the
increase of void percentage, its fatigue life time drops remarkably.
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