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A B S T R A C T

This study explores the influence of geometry and part size on defect distribution, melt pool size, and mechanical
characteristics in laser beam powder bed fused (LB-PBF) AlSi10Mg. Five distinct geometries—hourglass, small
rod, small block, large block, and large rod—were fabricated under identical process parameters. Fully reversed
ultrasonic fatigue testing, operating at a frequency of 20 kHz, was conducted to assess the very high cycle fatigue
properties. The findings indicated that part geometry had a major impact on the fatigue properties of the material
in the very high cycle fatigue regime. Specimens machined from large rods and large blocks had the lowest
porosity and highest fatigue resistance. Microstructural analysis indicated that hourglass, small rod, and small
block specimens had shallower melt pools and overlap depths compared to other geometries. This observation
suggests a higher cooling rate in specimens with smaller cross-sectional areas, leading to the increased presence
of entrapped gas pores and a lack of fusion defects. Understanding the relationship between part geometry and
fatigue properties in LB-PBF components offers insights for optimizing design and manufacturing processes in
additive manufacturing applications.

1. Introduction

The current focus on additive manufacturing (AM) of metallic alloys,
particularly Al-Si alloys, has garnered significant attention due to its
pivotal role in the design and fabrication of complex structural com-
ponents across aerospace, military, and automotive industries. AM
technologies, such as laser beam powder bed fusion (LB-PBF), enable the
production of lightweight structures with intricate geometries that were
previously impractical using conventional manufacturing methods
[1,2]. Nevertheless, volumetric flaws like a lack of fusion (LoF), key-
holes, and entrapped gas holes are unavoidable at this stage of laser
beam powder bed fusion (LB-PBF) technology. The thermal conditions
encountered during manufacturing, influenced by both process param-
eters (i.e., laser power, scanning speed, layer thickness, and hatch
spacing) and design parameters (such as part geometry and build

orientation), could affect the characteristics of defects, including their
size, location, and quantity [3–7]. Understanding how design parame-
ters such as part geometry, size, build orientation, and inter-layer time
intermissions affect the distribution and occurrence of volumetric de-
fects is crucial for certifying and qualifying LB-PBF materials and parts.
This is essential because the presence of these defects reduces the fatigue
strength of LB-PBF parts relative to their wrought (or cast) equivalents
[8–11].

The build orientation [3,12–17] and inter-layer time intervals
[18–20] are the factors that have been studied for assessing the effect of
additive manufacturing design parameters on the volumetric defects’
features, as well as the mechanical properties that arise. Xu et al. [12,13]
conducted a thorough investigation into the impact of build orientation
on the very high cycle fatigue (VHCF) performance of LB-PBF AlSi10Mg
specimens and discovered a substantial relationship between fatigue
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performance and specimen build orientation. They discovered a
maximum fatigue limit of around 110 MPa for the horizontally built
samples owing to the lower defect size in the horizontally produced
specimens while the 45◦ and 90◦ samples exhibit a comparable fatigue
limit of about 87 MPa at 108 cycles [13].

Comparable findings were reported for LB-PBF AlSi10Mg
[3,14,16,21,22], where it was observed that the horizontally built
specimens exhibited significantly better fatigue performance than the
vertically built specimens. This is attributed to the larger defect size and
orientation of the flat pores, which were perpendicular to the loading
direction in the vertically built specimens [16,22]. The authors also
noted that there is a considerable scatter in the number of cycles until
failure, with the minimum scatter observed in the horizontally built
samples [14,21]. On the other hand, Gerov et al. [23] found decreased
fatigue life for the horizontally built specimens compared to the verti-
cally built specimens. The vertically built specimens also showed better
fatigue performance, according to Piette et al. [11]. They found a “halo”
surrounding internal LoF defects in all vertically built specimens that
were absent in all horizontally built specimens [11]. There were two
different fracture mechanisms seen in the “halo,” and they resembled
fish-eye initiation sites seen in high-strength steels subject to the VHCF
regime [11]. This might be the cause of the vertically built specimens’
superior fatigue performance over the horizontally built specimens.

Additionally, variations in heat dissipation during the printing of a
part and changes in the creation of defects like surface roughness and
porosity can be caused by the orientation at which the specimens are
manufactured. Pegues et al. [24] reported that the surface roughness
was higher for the down-skin surface (i.e., the surface facing the build
plate) than for the up-skin surface (i.e., the surface facing opposite to the
build plate) in specimens of LB-PBF Ti-6Al-4 V produced at a 45-degree
angle relative to the built plate (referred to as the diagonal direction).
The variation in the amount of solidified material accessible for thermal
dissipation throughout the manufacturing process of up-skin and down-
skin surfaces was ascribed to the variance in surface roughness. Heat
dissipation was mostly via the previously solidified layers during the
creation of up-skin surfaces. However, the surface of the specimen
remained at elevated temperatures for an extended duration during the
manufacture of downward-facing skin surfaces, primarily because of the
reduced level of solidified material presented for dissipating heat.
Consequently, this situation may result in a greater accumulation of
incompletely melted powder grains adhering to the surface, thereby
augmenting surface roughness. All specimens had cracks that started on
the down-skin surface, which had the roughest surface. Moreover, it was
shown by AM modeling that raising the inter-layer time interval results
in lower peak temperatures and faster cooling rates [25,26]. The
resulting deviations in thermal history can impact microstructures and
defect content. For instance, Mahmoudi et al. [27] studied the effects of
inter-layer time intervals on the uniaxial tensile and compressive char-
acteristics of LB-PBF 17–4 PH SS. They reported a variation in hardness
that was related to the variances in the microstructure seen because of
variations in the thermal history. A lower cooling rate and higher bulk
temperature during the manufacturing of single-built specimens caused
residual austenite to exist, which lowered the hardness of LB-PBF 17–4
PH SS specimens.

It was observed that the geometry of the fatigue test coupon signif-
icantly impacts high cycle fatigue (HCF) and VHCF performance of LB-
PBF specimens. Tridello et al. [28] examined how the risk volume of the
LB-PBF AlSi10Mg laboratory sample affected VHCF performance. They
utilized an hourglass specimen (250 mm3 risk volume) and a Gaussian
specimen (2330 mm3 risk volume) and found that increasing the risk
volume of the final ultrasonic fatigue testing sample leads to reduced
fatigue life due to the larger defect size [28]. According to Paolino et al.
[29], increasing risk volume might result in more scattered fatigue
findings for LB-PBF AlSi10Mg samples. However, there is no study in the
literature about the impacts of AM part geometry on the thermal history
and defect distribution of the LB-PBF Al-Si part. Few research

investigations have been done on the effects of part geometry and size on
the thermal history, defects, and fatigue behavior of other alloys. During
the AM process, it has been demonstrated that the thermal history
experienced by parts with various geometries or even at discrete posi-
tions within a part can vary. Shrestha et al. [30] investigated how part
size and geometry affected the melt pool size, microstructural charac-
teristics, and resultant mechanical characteristics of LB-PBF 17–4 PH SS.
A small impact of part geometry on the tensile performance of the LB-
PBF 17–4 PH SS was proven by experimental data, while part geome-
try had a substantial influence on fatigue performance in the high cycle
fatigue regime. The lowest porosity was found in specimens made from
large square blocks, which also had the maximum fatigue resistance. In
contrast, the specimens made from dog bone specimens had the highest
level of porosity, which led to a lower fatigue resistance than that of
other geometries. It was also discovered that the melt pool depth was
smaller for dog-bone specimens and greater for large block specimens,
indicating some impacts of geometry on the melt pool dimensions [30].
Soltani-Tehrani [31] studied the effects of changing scanning speed on
the thermal history, defects, microstructure, and fatigue behavior of LB-
PBF 17–4 PH SS parts of various geometries. It was observed that
lowering the scanning speed during fabrication while increasing input
energy within the process window led to deeper melt pools and melt
pool overlaps, which in turn led to fewer volumetric defects, notably
LoF, in the material. Shanbhag et al. [32] also examined the impact of
specimen geometry on the tensile properties of Ti-6Al-4 V fabricated by
electron beam powder bed fusion. An increase in yield, tensile strength,
and elastic modulus was seen with an increase in the cross-sectional area
of specimens. However, the yield and tensile strength decreased as the
surface area to volume ratio of specimens increased [32].

Existing studies have demonstrated how design elements like part
size and shape may significantly impact the thermal history of the LB-
PBF process. This variance in thermal history may result in changes in
the characteristics of defects, which in turn may have an impact on the
part’s fatigue performance. Hence, before these parts may be utilized in
uses where they are subject to cyclic loads, it is crucial to understand the
impacts of design parameters on the fatigue behavior of AM compo-
nents. Although there are several research works on the impacts of layer
orientation, inter-layer time interval, and part geometry on the fatigue
response of materials in low and high-cycle fatigue domains, there has
not been a comprehensive analysis of how geometry variations affect the
microstructure, defect characteristics, and fatigue performance of LB-
PBF components in VHCF domain. To close this gap, this study will
investigate how the part geometry and size affect the tensile and VHCF
characteristics concerning defect size and distribution. To investigate
the VHCF behavior, ultrasonic fatigue (USF) tests have been conducted
on LB-PBF AlSi10Mg parts, a widely explored and adopted LB-LBPF
aluminum alloy for aerospace and automotive applications [2,33,34],
with different geometries. Following the introduction section, the ma-
terial and methodology section is described, and then the results for
fatigue lives of different specimens are presented and discussed drawing
upon discrepancies in the thermal histories encountered during the LB-
PBF process.

2. Experimental procedure

2.1. Material and parts building

In this investigation, AlSi10Mg powder from Carpenter Additive that

Table 1
Chemical composition of AlSi10Mg powder provided by Carpenter Additive.

Element Al Si Mg Fe Cu Ni, Zn, Pb, Sn,
Ti, Mn

Weight Percent
(Wt.%)

Balance 9.60 0.38 0.18 <0.05 <0.01
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was atomized with argon was used. The chemical composition of this
material is shown in Table 1 which was obtained from the test certificate
provided by the powder supplier, Carpenter Additive. However, the
technique to determine the chemical composition was not specified by
the powder supplier. It should be mentioned that virgin powder was
used for fabricating the parts and all components were produced using
the Renishaw (RenAM 500Q), an LB-PBF machine, in the vertical di-
rection (i.e. normal to the build plate), in an argon atmosphere.

Five distinct sets of part geometries, comprising an oversized hour-
glass part with a 6 mm diameter at the narrowest section (i.e., indicating
the laboratory test specimen or the witness coupon), two kinds of square
rods with a cross-section of 12 × 12 mm2 and 25 × 25 mm2, and two
types of cylindrical rods with diameters of 12 mm and 35.36 mm, as
illustrated in Fig. 1, respectively, were made. These parts were created
to introduce changes in thermal history due to variances in part size and
geometry. It is important to note that specimens from each batch were
randomly distributed all over the build platform and due to the absence
of a thermal imaging system in the Renishaw machine, the heat distri-
bution across the entire build plate could not be assessed. Neighboring
effects were not considered, as they were outside the scope of this study.
All parts were manufactured employing the manufacturer-
recommended process parameters, which are listed in Table 2, and the
stripe scanning pattern was used for AM. Additionally, one part of each
geometry was fabricated up to the midpoint of the gage section (referred
to as a half-built sample) to enable precise analysis of melt pool size at
the gage section of the specimens.

According to the design depicted in Fig. 2(a), all specimens with five

different geometries were machined into equally sized final hourglass
specimens (Fig. 2(c)) to decrease the variability in the specimens and be
able to run the ultrasonic fatigue tests at 20 kHz frequency. No effect of
the contour process parameters on the results of the mechanical tests
was expected because all the specimens used in this investigation were
machined to sufficient depths. Following machining, every specimen
underwent polishing to achieve a mirror finish using a sequence of
sandpapers (240 grit to 4000 grit). For convenient reference, the spec-
imens are machined from oversized hourglass parts, square rods with a
cross-section of 12 × 12 mm2, square rods with a cross-section of 25 ×

25 mm2, cylindrical rods with 12 mm diameter and cylindrical rods with
35.36 mm diameter shall all be denoted as hourglass (HG), small block
(SB), large block (LB), small rod (SR), and large rod (LR), respectively,
throughout this article.

All specimens underwent only a stress relief process after their
manufacture, before being separated from the build platform using a
wire cut. Therefore, all the samples were held at 300 ◦C for 2 h inside an
electric furnace in an argon atmosphere and then cooled down in the

Fig. 1. LB-PBF AlSi10Mg parts printed in the vertical direction with five unique geometries to run ultrasonic fatigue and tensile tests. The half-built melt pool
specimens are marked with red dashed boxes in build plate #1. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 2
The process parameters managed for the manufacturing of LB-PBF AlSi10Mg
specimens in this study.

Laser
power
(W)

Scanning
speed (mm/s)

Hatch
spacing
(µm)

Layer
thickness
(µm)

Resulting energy
density (J/mm3)

350 1800 90 30 72
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furnace. It is also important to note that the used heat treatment is not
anticipated to change the size and distribution of the LB-PBF-induced
volumetric defects [35].

2.2. Microstructure analysis and fractography

In this study, microstructure analysis was performed utilizing a
Keyence VHX-600 Digital Microscope to explore the impact of part ge-
ometry and thermal history on the melt pool characteristics of LB-PBF
AlSi10Mg. For the SR, SB, LB, and LR samples, extra care was taken to
make sure that, after machining, the melt pool measurements came from
the sites that represented the gage section of the ultrasonic fatigue
specimens. Melt pools from the new layers might affect the melt pools
created in the previously formed layers since melt pool depths are
usually larger than layer thicknesses. Melt pool studies were thus per-
formed on the upper layer of the half-built parts. The melt pool attri-
butes, which include depths and overlap depths between consecutive
tracks, were measured by cutting samples longitudinally (i.e., parallel to
the build direction) in a direction normal to the scan direction of the top
layer. The cut samples were then cold-mounted in epoxy. To achieve a
mirror-like surface quality, mounted samples were first ground using
various reducing grit sandpapers. Subsequently, a polishing stage was
performed using colloidal silica.

The mounted and polished half-built samples were chemically
etched using Keller’s reagent (95 mL water, 2.5 mL HNO3, 1.5 mL HCl,
1.0 mL HF) to reveal the effect of part geometry on the physical
appearance of the melt pool in LB-PBF AlSi10Mg. Furthermore, scanning
electron microscopy (SEM) was conducted on the etched longitudinal

microsections of each geometry to see whether there was any change in
the microstructure and initial silicon network of the specimens with
different geometries after manufacturing and stress relief heat
treatment.

Following the completion of the ultrasonic fatigue tests, fractography
using an SEM was performed to determine the factors that could influ-
ence the initiation and propagation of cracks. Before each surface was
evaluated, the fracture surfaces were also sonicated in a water-
isopropanol solution to eliminate any potential moisture or debris and
then the surfaces were cleaned with acetone. All the fractography and
SEM microstructural analysis used in this study were captured using a
Zeiss Crossbeam 550 SEM.

2.3. Porosity analysis

For the porosity analysis, a volume of ~35 mm3 from the middle of
the gage section of at least one LB-PBF AlSi10Mg hourglass ultrasonic
fatigue specimen of each geometry was scanned using a Zeiss Xradia 620
Versa X-ray computed tomography (XCT) machine and the length of the
scanned region along the long axis of the specimen was ~5 mm. The
scanning was conducted at a source voltage of 60 kV and a power of 6.5
W, with an X-ray filter to reduce low-energy photon counts. A voxel size
of approximately 5 µm was maintained in all directions during the X-ray
CT scans. Volumetric reconstruction from the acquired projections was
performed manually using the proprietary Xradia Versa software and
post-processing was performed utilizing ImageJ and Dragonfly software.
Defects minor than a 15 µm equivalent diameter were excluded from the
analysis to prevent false detection from noise.

Fig. 2. (a) Schematic drawings of the design used for HG, SR, SB, LB, and LR specimens to show the number and location of final hourglass samples extracted from
each part geometry (red marker shows the distance between the outer surface during printing and the final surface of the gage section of fatigue samples for each
specimen geometry); (b) LB and LR parts after EDM wire cut to extract specimens; (c) A final hourglass ultrasonic fatigue specimen. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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2.4. Mechanical and fatigue testing

In this investigation, ultrasonic fatigue testing was performed under
fully reversed loading (R=–1) conditions at a frequency of 20 kHz, at
ambient temperature, and controlled ambient air humidity, utilizing a
Shimadzu USF-2000A ultrasonic fatigue testing system. The dimension
of the final hourglass specimen used for ultrasonic fatigue tests is illus-
trated in Fig. 3(a) which was first designed using the internal software
provided by the manufacturer of the ultrasonic fatigue test system,
Shimadzu Scientific [36] by entering the values of Young’s modulus and
density obtained for LB-PBF AlSi10Mg to accomplish the required fre-
quency range (19.5–20.5 kHz) in which the USF-2000A machine can
start the test and to ensure that the highest level of stress is concentrated
only on the gage section. Then, the natural frequency of the designed
sample was confirmed by utilizing FEM analysis and it can be seen in
Fig. 3(a) that the FEM calculated natural frequency was 20.24 kHz
which was among the required range. Finally, It should be mentioned
that the actual frequency of the whole ultrasonic fatigue testing system
during testing was 20.02 kHz.

Additionally, the greatest displacement is seen at both the unsecured
(free) end and the fixed end of the specimen. Throughout the testing
procedure, careful monitoring of the specimen’s temperature was con-
ducted using an infrared thermometer (ETEKCITY Lasergrip 1022D).
The aim was to restrict the temperature increase of the specimen to a
maximum of 30 ◦C, thereby minimizing any potential impact on the
outcomes. Moreover, a targeted flow of compressed air was directed
specifically to the gauge section of the specimen, while intermittent
alternations between driving pulses and pauses were implemented to

alleviate thermal expansion effects induced by adiabatic heating. The
duration of the pulses and pauses were established at 300 ms and 200
ms, respectively. Before testing, calibration of the piezoelectric trans-
ducer was performed using the Shimadzu Calibration Device (CDE-25),
utilizing Young’s modulus and density values obtained for LB-PBF
AlSi10Mg. Additionally, the runout for the ultrasonic fatigue testing
was configured to 109 cycles.

Additionally, quasi-static tensile tests were performed using the
Instron 8822 servo-hydraulic test machine, which possesses a load ca-
pacity of 100 kN. All tensile specimens adhered to the specifications
outlined in ASTM Standard E8M [37], with their dimensions depicted in
Fig. 3(b). Axial deformation of the specimen’s gauge section was
monitored using an Epsilon mechanical extensometer featuring a gauge
length of 20 mm. To ensure result consistency, at least two tension tests
were performed for each set of specimens printed with varying geome-
tries, employing a strain rate of 0.001 s− 1.

3. Experimental results

3.1. Microstructural and porosity analyses

The melt pool depth, dp, and the overlap depth between the succes-
sive melt pools, do, were determined for parts manufactured in different
geometries since the thermal history is anticipated to impact the melt
pool morphology. These melt pool measures, which are shown in Table 3
in addition to the ratio of melt pool depth and melt pool overlap depth to
layer thickness, tL, were calculated using theMSFC-SPEC-3717 Technical
Standard [38]. Fig. 4(a–e) shows the melt pools that were found in the

Fig. 3. (a) Dimensions of LB-PBF AlSi10Mg final hourglass sample of ultrasonic fatigue test, in addition to the FEM analysis used to confirm the natural frequency of
the sample (b) dimensions of the quasi-static tensile test sample. All dimensions are in mm.
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middle of the top layer (i.e. very last layer) of the half-built HG, SR, SB,
LB, and LR, respectively. The observed waviness in the specimens is
because of the surface roughness of the as-printed top surface (i.e.,
transverse cross-section) of half-bult specimens. For each of the

micrographs shown in Fig. 4, the parameters of the melt pools, including
melt pool depth (yellow arrows) and overlap depth (red arrows) were
determined using ImageJ software. LR and LB specimens were found to
have a larger average melt pool depth of ~80.6 μm and ~76.9 μm,
respectively. On the other hand, smaller average melt pool depths of
~73.5 μm and ~72.3 μm were obtained for SB and SR, respectively,
while the HG sample showed the smallest average melt pool depth with
~69.7 μm. Alongside the average values of melt pool depth, it was
observed that the average value of melt pool overlap depth, do, also
varied depending on the part geometry. The melt pool overlap depth
increased from ~45.1 μm in the SR to ~58.2 μm in the LR.

Fig. 5(a–e) illustrates the SEM micrographs in longitudinal cross-
sections of LB-PBF AlSi10Mg specimens with different geometries after
stress relief heat treatment. Very similar microstructural changes are
observed for specimens with various geometries and stress relieving at

Table 3
Melt pool sizes obtained for parts manufactured with various geometries,
including average melt pool depth, (dp), average melt pool overlap depth, (do),
and their ratio to layer thickness, (tL).

Specimen dp (µm)(Mean ± SD) dp/tL do (µm) (Mean ± SD) do/tL

HG 69.7±16.7 2.3 46.6±12.1 1.55
SR 72.3±10.2 2.4 45.1±7 1.50
SB 73.5±12.9 2.5 45.4±10.9 1.51
LB 76.9±13.1 2.6 53.5±9.9 1.78
LR 80.6±20.1 2.7 58.2±17.1 1.94

Fig. 4. Melt pool micrographs accompanied by the mean measurements of melt pool depth, dp, and overlap depth, do, for (a) HG (b) SR (c) SB (d) LB (e) LR.
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300 ◦C for 2 h causes an almost complete disintegration of the initial
silicon network and cells into individual Si particles, followed by par-
ticle coarsening for all the geometries as it was also observed in the
literature for the same stress relieve condition in LB-PBF AlSi10Mg
material [39–41]. Therefore, the SEM micrographs showed that the
variation in part geometry and size did not affect the structure of the Si-
cells, and all the initial Si-cell boundaries could not be seen anymore
after stress relieving in any part.

The alteration in the thermal history shown by the melt pool
morphology is anticipated to impact the spreading and population of gas
porosities. To acquire a more comprehensive knowledge of defect dis-
tribution in parts printed with various geometries, a 3D porosity analysis

was performed using X-ray CT at the gauge section of hourglass ultra-
sonic fatigue specimens. Fig. 6(a–e) displays the histograms of defects
along with the total volume percentage of defects derived from the 3D
defect analysis coupled with the reconstructed X-ray CT images of the
gage section for HG, SR, SB, LB, and LR specimens. It is also noteworthy
to state that the outcomes derived from the three-dimensional porosity
assessment were standardized through the process of dividing the count
of imperfections by the respective scanned volumes. It is seen in Fig. 6
that between the five groups of specimens, LR and LB specimens had the
lowest total volume percent of defect of 0.062 % and 0.067 %, respec-
tively, while SR and SB samples had the highest volume percent of defect
of 0.087 % and 0.084 %, respectively. HG Sample also showed an

Fig. 5. SEM images in longitudinal cross-sections of LB-PBF AlSi10Mg specimens after stress relief (300 ◦C for 2 h) for (a) HG, (b) SR, (c) SB, (d) LB, (e) LR.
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intermediate total volume percentage of defect of 0.075 %. Looking only
at the number of defects greater than 80 μm in diameter, which are
usually the defects responsible for fatigue crack initiation [42], LR, LB,
and HG specimens had the fewest at 0.06, 0.06, and 0.09 pore count per
volume, respectively, while SR and SB specimens showed the most at
0.18 and 0.12, respectively. Furthermore, it was observed that the
greatest defect size was smaller for LR (̃97 μm) and LB (̃100 μm)
compared to the SB (̃121 μm), SR (̃107 μm), and HG (̃108 μm) specimens.
While fatigue failure predominantly occurs at localized points, the ex-
istence of supplementary volumetric defects, especially if they are sub-
stantial and located near the surface (i.e., subsurface), could elevate the
likelihood of crack initiation at a lower cycle count, thereby leading to a
diminished fatigue response. However, surface defects, such as those
released bymachining and polishing, cannot be characterized that easily
by XCT.

It should also be mentioned that clear discrepancies can be observed
in the number of imperfections smaller than 20 μm in diameter, which is
the typical size of entrapped gas porosities, which were realized for

specimens manufactured from different part geometries. HG specimens
with the lowest cross-sectional area had the highest number of pores per
mm3 (66.41), followed by the SR specimen (45.22), SB specimen
(44.24), LB specimen (32.39), and LR specimen, which had the lowest
number of pores smaller than 20 μm in diameter at 30.66 per mm3.

3.2. Tensile flow curves

The engineering flow curves derived from uniaxial tensile tests for
HG, SR, SB, LB, and LR specimens are illustrated in Fig. 7. Additionally,
Table 4 lists the average, as well as the higher and lower values, of the
tensile characteristics which include yield stress (σy), ultimate tensile
strength (σu), and strain of fracture (εf) derived from two consecutive
trials for each category of sample. As was observed from the XCT
porosity analysis in Fig. 6, the five different print geometries each had a
different degree of volumetric defect. However, these differences did not
exert a considerable influence on the tensile characteristics of the LB-
PBF AlSi10Mg specimens, and the same behavior was seen on the

Fig. 6. Histograms illustrating the defects’ size acquired using 3D image analysis alongside X-ray CT images showing defects’ distribution in the (a) HG (b) SR (c) SB
(d) LB (e) LR.
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effect of part geometry on the tensile properties of LB-PBF 17–4 PH SS
[30]. The tensile properties did not significantly alter since the changes
in the morphology of the silicon network, as was shown in Fig. 5 with the
SEM micrographs, were very similar for the specimens with different
geometries.

3.3. Fatigue and fractography analysis

Defects like pores and LoFs may negatively impact the structural
durability of LB-PBF parts when exposed to cyclic loading. This is
because these defects influence the localized stress field and create stress
concentration. Therefore, it is anticipated that any deviations in the size,
position, and shape of defects (as shown in Fig. 6) would result in
fluctuations in the fatigue strength of LB-PBF AlSi10Mg in the VHCF
domain. A comparison of stress-life data for each part geometry is pre-
sented in Fig. 8 graphically, and all the ultrasonic fatigue test results are
listed in Table A1 in the Appendix A section. To better compare the
fatigue life of the LB-PBF AlSi10Mg specimens with different geometry,
the Basquin equation [43] is used which correlates the fatigue stress
amplitude (σa) to the cycles to failure (Nf) by using fatigue strength
coefficient (σ′f) and fatigue strength exponent (b). The following equa-
tion is fitted to each set of experimental data as shown in Fig. 8:

σa = σ́ f
(
2Nf

)b (1)

Based on the Basquin equation, for a given σ′f, smaller values of b

correspond to a shallower slope and therefore higher fatigue limit. The
Basquin equation was used to fit a line on the fatigue data in the current
study and the results are summarized in Table 5. By choosing a fixed
number of cycles to failure in the VHCF regime (e.g., Nf = 108), the fa-
tigue strength at that cycle (σʹ8 for Nf = 108) was extracted to compare
VHCF behavior in different specimens. According to the calculated data
(shown in Table 5), the LR and LB specimens had the highest fatigue
strength at 108 cycles, while the HG, SR, and SB specimens showed a
much lower value of σʹ8. Fig. 8 demonstrates that the geometry of the
part significantly affects the fatigue life of LB-PBF AlSi10Mg specimens
in the very high cycle regime, specifically at lower stress amplitudes of
91 and 102MPa. LR and LB specimens have the longest fatigue lifespans,
followed by HG, SB, and SR specimens, respectively. The alterations in
defect population and size exhibited in Fig. 6 may partially explain the
fatigue life data shown in Fig. 8. The LR and LB specimens with the
highest fatigue strength had a lower porosity in the range of greater than
80 μm. On the other hand, the SR and SB specimens with the highest
porosity had the shortest fatigue life. HG samples generally showed a
better fatigue performance compared to SR and SB since they had less
porosity, especially in the range of greater than 80 μm. In the VHCF
domain, where the deformation is globally elastic and defects cause
larger stress concentrations compared to LCF or HCF regimes, it is
widely recognized that larger defects have a supplementary substantial
effect on the fatigue performance of the material [42].

Fractography was conducted on the failed specimens to better
comprehend the factors that were responsible for the crack initiation
and final failure in the LB-PBF AlSi10Mg specimens. Representative
fracture surfaces of HG, SR, SB, LB, and LR specimens, all of which were
subjected to the stress amplitude of 91 MPa and 102 MPa, are shown in
Fig. 9(a–e) and Fig. 10(a–e), respectively.

Since defects have various shapes and are at different distances from
the surface, we need to establish the pertinent criterion for evaluating
the impact of imperfections. In this regard, the equivalent dimension of
a critical defect that causes crack initiation can be expressed with ̅̅̅̅̅ac

√ (i.
e., square root area of critical defect) in terms of a fracture mechanics
concept [44,45]. Hence, the equivalent defect size was measured ac-
cording to the Murakami method [46] to consider the impact of the
defect’s morphology and distance from the surface. Table 6 displays the

Fig. 7. Engineering flow curves resulting from tensile tests of LB-PBF AlSi10Mg specimens machined from components with diverse geometries.

Table 4
Uniaxial tensile characteristics of LB-PBF AlSi10Mg specimens that were
machined from parts with varying geometries.

Properties HG SR SB LB LR

E (GPa) 67.9±0.4 67.4±0.8 67.3±0.6 70.1±0.9 69.8±0.9
σy (MPa) 182.5±2.5 191±5 184.5±6.5 183.5

±3.5
193±4

σUTS (MPa) 281±4 280.5±7.5 285.5±4.5 283.3
±3.7

287.5±6.5

εf (mm/
mm)

0.146
±0.003

0.131
±0.003

0.138
±0.004

0.129
±0.01

0.142
±0.006
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size, type (i.e., surface, subsurface, or internal defect), and distance from
the surface of critical defects that originate failures in 30 different
specimens. The equivalent critical defect area was measured using
ImageJ software which is highlighted with orange color in Fig. 9 and
Fig. 10 for the images of higher magnification.

In the cases of stress amplitude of 91 MPa, Fig. 9 shows that cracks
are initiated from defects located at or near the surface except for an LR
sample in which the crack originated from an interior defect. Table 6
shows that the critical defect size plays a key role in the fatigue life of the
specimen at a lower stress amplitude of 91 MPa. The longest fatigue life
was observed for the LR specimen (Nf = 5.21E+08) with the smallest
equivalent critical defect size of 4̃1.63 μm, followed by the LB specimen
(Nf = 4.24E+08) with an equivalent critical defect size of̃ 47.03 μm, and
the shortest fatigue life was observed for the SB specimen (Nf =

5.78E+06) with the highest equivalent critical defect size of about
111.27 μm.

Fig. 10 shows that in the cases of specimens failing at a higher stress
amplitude of 102 MPa, the location of critical defects is more dispersed
within the cross-section. The location of critical defects also plays a
pivotal role in determining fatigue life, as surface defects tend to be
more critical than internal defects [47]. As shown in Table 6, at this
stress level, LR and LB samples once again showed the highest fatigue
life with Nf = 3.20E+08 and Nf = 1.04E+08, respectively, with also

having a smaller critical defect size of ~65.5 μm and ~83.91 μm
compared to HG (Nf = 1.94E+06), SB (Nf = 1.33E+06) and SR (Nf =

6.60E+05) samples with the larger critical defect size of ~91.25 μm,
~106.5 μm and ~172.19 μm, respectively. A significant variation in
fatigue life was observed between LB (Nf = 1.04E+08) and HG (Nf =

1.94E+06) samples, but the difference between critical defect size was
not large enough to explain such a substantial variation in the number of
cycles to failure. This variation can be attributed to the location of
critical defects as surface defects are more damaging than interior de-
fects, especially under lower stress amplitude in the VHCF regime
[5,48–50]. The fisheye pattern was observed for both LR and LB speci-
mens, with the failures originating from internal critical defects with a
distance to the surface of ~490.2 μm and ~583.2 μm, respectively,
which were much deeper than those observed for defects in HG, SR, and
SB samples.

It was found from fractography analysis that both factors of size and
location of the critical defect had a remarkable effect on the fatigue
response of LB-PBF AlSi10Mg specimens. However, Fig. 11 has been
provided to show what would be the most important influence factor on
the VHCF response of specimens with different geometry. Therefore, one
sample from hourglass geometry (i.e., the specimen with the lowest
cross-sectional area) and another sample from large rod geometry (i.e.,
the specimen with the highest cross-sectional area) have been selected.
The LR sample despite having a much larger critical defect size (̃139.86
μm) had a higher number of cycles to failure at a stress amplitude of 97
MPa, while the HG sample with a much smaller critical defect size
(̃67.32 μm) showed a lower number of cycles to failure even at smaller
stress amplitude of 91 MPa. This may indicate that the location of the
critical defect can be the most important influence factor on the VHCF
response of LB-PBF AlSi10Mg specimens as the crack origin observed for
the LR sample was due to an internal defect forming a fisheye pattern
compared to the cracks originated from the surface for HG sample.

Fig. 8. Stress-life (S-Nf) data for LB-PBF AlSi10Mg printed in five different initial geometries and tested using the ultrasonic fatigue test method under fully reversed
loading at 20 kHz.

Table 5
The calculated fatigue strength coefficient (σʹf), fatigue strength exponent (b),
and fatigue strength at 109 cycles (σ′9) of LB-PBF AlSi10Mg specimens with
different geometry.

Specimen σ′f (MPa) b σ′9 (MPa)

HG 232.3 − 0.055 84.3
SR 218.93 − 0.054 80.9
SB 180.03 − 0.043 81.5
LB 233.73 − 0.048 96.5
LR 195.34 − 0.038 97.0
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4. Discussion

4.1. Probabilistic S-N curves

The S–Nf data in Fig. 8 show a large scatter in the experimental data.
Accordingly, Probabilistic S-N curves (P-S-N curves) were incorporated
to investigate the geometry effect in a statistical framework. The loga-
rithm of the number of cycles to failure was assumed to be normally

distributed, with the mean linearly decreasing with the logarithm of the
applied stress amplitude and constant standard deviation. The standard
deviation, the slope, and the intercept of the mean were estimated by
applying the maximum likelihood principle, to consider both failure and
runout data. Fig. 12 presents the estimated P-S-N curves. In Fig. 12(a–e)
the median, the 10-th, and the 90-th percentile P-S-N curves are plotted
for each different geometry, and Fig. 12(f) assesses the median P-S-N
curves for all investigated geometries.

Fig. 9. Descriptive fracture surfaces of LB-PBF AlSi10Mg for specimens from (a) HG (b) SR (c) SB (d) LB (e) LR. All specimens were exposed to 91 MPa stress
amplitude at a frequency of 20 kHz.
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Fig. 12(a–e) shows that the estimated P-S-N curves agree with the
experimental data, with about 80 % of the data within the 10-th and the
90-th P-S-N curves for all investigated datasets. The linear trend is
appropriate for all datasets since an asymptotic trend (i.e., endurance
limit) is not visible close to 109 cycles. A fatigue limit at 109 cycles in the
VHCF life range can be excluded. The median curves in Fig. 12(f) show
that the geometry of AM parts significantly affects the fatigue response
in the investigated VHCF range. In particular, the median P-S-N curves
for LB and LR are very close, with the same slopes. On the other hand,
the curves for HG, SB, and SR specimens follow different slopes, with
fatigue strengths at 109 cycles that are significantly below the fatigue
strengths of LB and LR. In particular, the slopes of HG and SB are similar,
whereas it is smaller for SR.

For a better comparison of the VHCF responses, all the experimental
failures were moved at a reference number of cycles, Nref , corresponding
to 109 cycles, according to the procedure shown in Fig. 13. Each failure
(circle marker in Fig. 13) identifies a specific α-th quantile P-S-N curve
that can be followed up to 109 cycles to define the failure shift at Nref

(star marker in Fig. 13). This procedure was repeated for each experi-
mental failure and permitted to statistically investigate the influence of
the geometry effect.

Fig. 14 compares the fatigue strength shifted at 109 cycles for the
investigated geometries. The experimental data and the 95% confidence
interval for the mean are plotted in Fig. 14. According to Fig. 14, the
experimental failures shifted at Nref can be divided into two groups: LB
and LR, belonging to the first group (Group (1), are characterized by a
similar median fatigue strength, close to 90 MPa, which is significantly

higher than that of the datasets belonging to the second group (Group
(2), which includes HG, SB, and SR (close to 70 MPa).

The fatigue strengths and the confidence intervals for the mean of the
two groups do not overlap, confirming that the difference can be
considered statistically significant and that the geometry effect exerts a
notable impact on the fatigue response. When specimens were obtained
from larger parts the fatigue response was enhanced, regardless of the
shape (rod or block). One possible reason is that defects close to the free
surface are more detrimental and that their effect can be mitigated as the
distance from the free surface of the part increases. Another interesting
aspect is the VHCF strength scatter, which varied depending on the
dataset and was different between the two groups. Indeed, the experi-
mental scatter tended to be smaller for LB and LR, being very close for
these two datasets. The ratio between the 95 % confidence interval
amplitude, CI95%, and the median fatigue strength value s50, (CI95%s50 ratio)
is equal to 5 % and 7 % for the LB and the LR specimens, respectively,
with an average CI95%

s50 ratio equal to 6% for this group. On the other hand,
the experimental variability was significantly larger for the second
group. The average value of the CI95%

s50 ratio for this group is equal to 9 %.
In this second group, however, the experimental variability was not
constant, being smaller for SR (CI95%s50 ratio equal to 5 %) and very large for
SB (CI95%s50 ratio equal to 14 %), even if the average value of the VHCF
strength is similar. The different experimental variability between
Group (1) and Group (2) was also verified with a Lavene test, which
provided a p-value close to 0.3 % and therefore confirmed that the
experimental scatter of these two groups was statistically different. On

Fig. 9. (continued).
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the other hand, the p-value computed with a Lavene test between the
datasets belonging to Group (1) (LB and LR) was close to 70 %, con-
firming that there was not a significant difference between LB and LR
variance at the investigated reference number of cycles. By considering
the specimens belonging to Group (2), the p-value associated with the
Lavene test was close to 6 %, slightly above a common 5 % significance
level.

This analysis proved that the geometry effect was relevant and
affected the fatigue strength in the VHCF life region. In particular, the
distance from the free printing surface affected the fatigue response,
with specimens obtained from larger parts, regardless of the shape (rod
or block), characterized by larger VHCF response and smaller variability
than that obtained from small parts (SB and small box) and HG parts.

Fig. 10. Descriptive fracture surfaces of LB-PBF AlSi10Mg for specimens from (a) HG (b) SR (c) SB (d) LB (e) LR. All specimens were subjected to 102 MPa stress
amplitude at a frequency of 20 kHz.
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4.2. Statistical analysis of defect size

The analysis of the defects at the source of fatigue failure, i.e., the
critical defects, is of vital importance in a structural integrity context. In
particular, according to [46], the defect size can strongly influence the
fatigue crack initiation. In the subsequent analysis, the characteristic
size of defects was presumed to be the square root of the area of the
defect projected onto a plane perpendicular to the direction of the
maximum applied stress. To compare defects with irregular morphol-
ogies and different locations within the cross-section, the rules provided
in [44] and based on fracture mechanics concepts were followed to
assess an equivalent defect size (Table 6). The equivalent defect size was
considered as a random variable,

̅̅̅̅̅̅
Ac

√
, following the Largest Extreme

Value Distribution (LEVD) and with cumulative distribution function,
F ̅̅̅̅

Ac
√

( ̅̅̅̅̅ac
√ )

, reported in Eq. (2):

F ̅̅̅̅
Ac

√ (
̅̅̅̅̅
ac

√
) = e− e

−

( ̅̅̅
ac

√
− μ ̅̅̅

Ac
√

σ ̅̅̅
Ac

√

)

(2)

being μ ̅̅̅̅
Ac

√ and σ ̅̅̅̅
Ac

√ the location and the scale parameters, respectively.
According to [51], the lower case denotes the random variable, whereas
the upper case its realization. The parameter estimation was conducted
by applying the Least Square Method. Fig. 15 plots the experimental
data in a Gumbel plot, together with the estimated LEVD functions by
using the value of ̅̅̅̅̅ac

√ provided in Table 6 for the investigated geome-
tries and configurations.

According to Fig. 15, the trend of the LEVDs agrees with the trend of
the experimental data on the S-N plot. Indeed, fatigue failures in LB and
LR originated from defects having sizes smaller than those of HG, SB,
and SR. The difference was, however, not so large, with the data char-
acterized by a large scatter, as expected for irregular defects typical of
AM parts. Moreover, the dataset numerosity was not so large, thus
possibly affecting the results of the analysis. However, the trend in
Fig. 15 is clear, confirming that defects tended to be smaller in LB and
LR, thus enhancing their fatigue response in the investigated HCF-VHCF
life regimes.

4.3. The effect of part geometry on thermal history

The observed disparities in the melt pool size of samples with various
geometries, displayed in Fig. 4, indicate that the change in the specimen
geometry plays a key role in the thermal history encountered by the part
over the LB-PBF process. There is a possibility that the local energy
density will change when the heat dissipation conditions are different
for samples with varied geometries. This helps to explain the varied
defect levels that are seen in samples with various geometries. The
decreased temperature of the solidified material, which provides a base
for the formation of a new layer, maybe the cause of the shorter melt
pool depths seen in the HG, SR, and SB specimens. In samples with
smaller cross-sectional areas, there is typically less material volume
overall. This can result in faster heat dissipation from the part during the
printing process, as there is less material to retain and conduct heat [52].
Therefore, the temperature at which a fresh layer is created onto the

Fig. 10. (continued).
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solidified material might be lower in samples with smaller cross-
sectional areas [30,53]. This lower temperature leads to a faster cool-
ing rate that is experienced by HG, SR, and SB specimens with less cross-
sectional area in comparison to the LB and LR specimens with larger
cross-sectional area. However, the greater size of the melt pool in LB and
LR is an indicator of a decreased cooling rate that these specimens un-
derwent throughout the manufacturing process because of their larger
cross-sectional areas. The increased temperature of the solidified ma-
terial, upon which a new layer is deposited, is most likely the cause of
this slower cooling rate. Finally, the increased rate of cooling, and
therefore the faster solidification in HG, SR, and SB specimens, reduces
the duration that the gas pores have to leave the melting pool, which

ultimately leads to the transformation of the gas pores into entrapped
gas pores [54].

4.4. The effect of part geometry on volumetric defects and fatigue
performance

According to a recent study, volumetric defects formed during LB-
PBF that are detected using an X-ray CT scan can be accurately cate-
gorized as entrapped gas pores, keyholes (KHs), and LoFs by using
multiple morphological features that have fairly minor overlaps be-
tween the three distinct defect types and their corresponding ranges
[55]. They reported that the most distinctive characteristic between KHs

Table 6
Fractography results of some LB-PBF AlSi10Mg specimens failed under ultrasonic fatigue loading at 20 kHz.

Specimen
ID

Stress amplitude
(MPa)

Number of cycles to
failure, Nf

Defect type Equivalent critical defect size,
̅̅̅̅̅ac

√ (µm)
Distance of defect from the
surface (µm)

LR17 91 5.21E+08 Internal Defect 41.63 303.568
LB10 91 4.24E+08 Surface Defect 47.03 −

HG17 91 8.19E+07 Surface Defect 79.56 −

SR13 91 6.80E+06 Surface Defect 108.10 −

SB3 91 5.78E+06 Surface Defect 111.27 −

LR15 102 3.20E+08 Internal Defect 65.50 490.2
LB14 102 1.04E+08 Internal Fisheye Defect 83.91 583.2
HG8 102 1.94E+06 Surface Defect 91.25 −

SB18 102 1.33E+06 Subsurface Defect 106.50 19.687
SR5 102 6.60E+05 Subsurface Defect 172.19 27.111
LR5 97 4.40E+07 Surface Defect 67.18 −

LR6 97 1.83E+08 Internal Fisheye Defect 139.86 686.66
LR11 91 5.05E+08 Surface Defect 32.88 −

LR14 102 3.35E+08 Internal Fisheye Defect 86.05 838.1
LB5 107 2.90E+07 Internal Defect 79.03 116.4
LB7 97 1.44E+08 Two Adjacent Surface

Defects
63.41 −

SB4 82 9.01E+06 Surface Defect 100.77 −

SB8 91 6.80E+06 Surface Defect 88.70 −

SB10 84 2.69E+08 Internal Defect 58.00 40.1
SB11 84 1.03E+07 Subsurface Defect 77.64 16.7
SB12 82 4.02E+08 Internal Defect 54.09 55.5
SB14 91 3.60E+06 Cluster of Surface Defects 124.84 −

SR8 82 1.23E+08 Subsurface Defect 84.42 19.4
SR10 102 9.80E+05 Subsurface Defect 89.82 19.7
SR15 87 2.46E+07 Surface Defect 85.04 −

SR17 91 2.60E+07 Two Adjacent Surface
Defects

87.59 −

HG3 91 1.02E+08 Surface Defect 67.32 −

HG6 82 1.18E+08 Surface Defect 63.37 −

HG9 82 6.50E+07 Subsurface Defect 98.25 22.6
HG10 86 1.07E+08 Subsurface Defect 82.58 37.5
HG11 86 9.08E+06 Surface Defect 88.26 −

Fig. 11. Fracture surface morphology of the specimens failed in the VHCF regime: (a) Hourglass (HG3) (b) Large rod (LR6). C.O.: crack origin.
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and entrapped gas pores was the parameter of max. axis (i.e. defect size)
while sphericity was found to be significantly less useful because both
entrapped gas pores and KHs are spherical, with the latter being less so
despite its significantly larger size. Hence, they suggested that to
differentiate between these two sorts of defects, an obvious limit on
defect size, such as 30 µm, might be useful. Significant sphericity
overlaps were also detected between LoFs and KHs, as well as between
entrapped gas pores and LoFs. This is mainly because of extremely small
LoFs (defect size 10–20 μm) and their relatively high sphericity. The
reported sphericity range for LoFs, KHs, and entrapped gas pores was

between 0.5 and 0.9, 0.7–0.9, and 0.8–1.0, respectively and the sphe-
ricity value of 1.0 was only observed for entrapped gas pores [55]. That
is why an additional defect analysis was conducted on the X-ray CT
results in our work to separate defects with a sphericity value of 1.0 (i.e.,
fully spherical defects) and generate new histograms for these separated
defects, as shown in Fig. 16(a–e) for HG, SR, SB, LB, and LR specimens,
respectively.

As mentioned above, there was a simple limit of defect size at 30 µm
between entrapped gas pores and KHs and significant overlaps in
sphericity between entrapped gas pores and LoFs in the defect size range

Fig. 12. Estimated P-S-N curves for (a) HG (b) SR (c) SB (d) LB (e) LR and (f) all investigated geometries.
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of 10–20 μm [55]. Therefore, the defects in the histograms shown in
Fig. 16, which are in the range of 20–30 μm, can be considered as the
most potential representative of entrapped gas pores in this work since
they are spherical. It can be seen from Fig. 16 that HG showed the
highest amount of fully spherical defects, in both defect size ranges of

20–25 μmand 25–30 μm, compared to other samples. This may illustrate
the increased number of entrapped gas pores in HG, SR, and SB speci-
mens, as well as the reduced number of entrapped gas pores in LB and LR
specimens.

However, it was observed that entrapped gas pores were not the
critical defects responsible for fatigue crack initiation in any of the failed
samples, according to the fractography analysis. That is probably the
reason why HG samples, despite having the lowest cross-sectional area
and the highest amount of entrapped gas pores, showed better VHCF
performance compared to SR and SB samples. Several studies have
found that the lack of appropriate overlap between two nearby melt
pools may lead to LoF defect [38,56,57]. These defects cannot be pre-
vented only by ensuring that the melt pools are deep enough. It is
noteworthy that the current do/tL of HG, SR, and SB specimens shows
that the overlap depth of the melt pool is likewise more than the layer
thickness, and consequently, it is expected that the two neighboring
tracks and the next layers should have sufficiently fused [56]. Never-
theless, any anomalies like insufficient energy input, inconsistent pro-
cess parameters, poor powder quality, or contamination that occur
throughout the manufacturing process might cause this ratio to
approach or perhaps go below one, which can then lead to the creation
of LoF defects in some areas of the part. The LoF defects are known by
their uneven shape which arise because of inadequate overlap between
nearby melt pools or layers. It was observed by Darvish et al. [58] that
the amount of LoF defects will decrease by increasing melt pool depth
and melt pool overlap depth. Here, we can also interpret that the
increased melt pool depth and melt pool overlap depth observed for LR
and LB specimens in Fig. 4 would result in a lower amount of LoF defects
in LR and LB specimens compared to other specimens.

The deeper melt pool relative to the layer thickness, along with
sufficient overlap between consecutive melt pools (indicated by larger
melt pool overlap depth) in LR and LB specimens, as reported in Table 3
with parameters dp/tL and do/tL, may account for the reduced occur-
rence of LoF defects compared to SR and SB specimens. This observation,
as depicted in Fig. 6 for defect sizes exceeding 80 μm, underscores the
influence of these specific process characteristics on defect formation,
where LR and LB samples showed lower amounts of defects larger than
80 μm compared to all other samples. Notably, the HG sample exhibits a
lower number of defects larger than 80 μm in diameter compared to SR
and SB, despite having the lowest cross-sectional area, as well as the
minimum value of dp/tL. The melt pool may deviate towards the side of
the melt pool that has a smaller powder layer thickness due to the ori-
ented heat flow that occurs inside the melt pool. This phenomenon arises
due to the solidified material’s higher thermal conductivity compared to
the powder [59]. Perhaps this deflection of the melt pool is unlikely to
exert a significant effect on the depth of the melt pool; nonetheless, it
may lead to a decreased melt pool overlap depth and a drop in the do/tL
ratio to less than unity, which subsequently results in the creation of
unanticipated LoF defects in some location of the part. Furthermore, the
probability of non-uniformity in the powder distribution may increase
for parts with a larger surface area. This is because there is a greater
likelihood of scraping, which might result in the disruption of the
powder layer during the powder distribution process. This could serve as
another explanation for why the HG specimens exhibited a reduced
occurrence of larger-sized defects. The maximum defect size observed
for the HG specimen from the XCT scan (̃108 μm) was bigger than LR
(̃97 μm), LB (̃100 μm), and almost equal to SR (̃107 μm) and much
smaller than SB (̃121 μm). This observation aligns with the VHCF data
presented in Fig. 8, where LR and LB specimens demonstrated the
highest fatigue performance, succeeded by HG, SR, and SB specimens.
This hierarchy is logical since larger defects are typically more detri-
mental under cyclic loading, and they are often associated with shorter
fatigue lives [10,60–63]. It is worth stating that the sphericity values of
the largest defects were 0.55, 0.58, 0.86, 0.60, and 0.58 for HG, SR, SB,
LB, and LR, respectively. This also aligns with the range of sphericity
observed for LoF defects which was between 0.5 and 0.9 in [55].

Fig. 13. Procedure for shifting the experimental failures at the reference
number of cycles, Nref , equal to 109 cycles.

Fig. 14. Fatigue strength of the experimental failures shifted at 109 cycles.

Fig. 15. Gumbel plot of the equivalent defect sizes for the investigated ge-
ometries and estimated LEVD functions.
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Furthermore, it was discovered from fractography analysis that the
location of the critical defect had the most important influence factor on
the VHCF response of LB-PBF AlSi10Mg specimens, and the crack
initiation position of HG, SR, and SB (i.e., group of specimens with the
smaller cross-sectional area) under VHCF was closer to the edge of
equivalent fracture surface, whereas the cases of LB and LR (i.e., group
of specimens with larger cross-sectional area) were more likely to
feature subsurface and internal crack initiation sites with fisheye pat-
terns, according to the fractography data provided in Table 6. This was
also observed in [28], where Tridello et al. found that critical defects
were concentrated close to the surface in vertically built Hourglass
specimens (specimens with smaller cross-sectional area) while for
vertically built Gaussian specimens (specimens with larger cross-
sectional area) some critical defects were farther from the surface (up
to 1.5 mm from the surface). This could be due to the differences in
distance from the free printing surface. As depicted in Fig. 2(a), the gage

section of final ultrasonic fatigue samples obtained from larger parts (LR
and LB) had a larger distance with the outer surface of the part during
printing compared to the fatigue samples obtained from smaller parts
(HG, SR and SB).

Another possible factor that we should consider for explaining the
effect of part geometry on the fatigue performance of LB-PBF AlSi10Mg
could be residual stress distribution. The applied stress relieve heat
treatment in this study potentially reduces the detrimental residual
stress in general and the residual stress distribution is further related to
the size of the specimens. Thus, specimens with various geometries face
different residual stress distributions after stress relieve heat treatment.
By lowering the thermal gradients and cooling rates during the LB-PBF
process, residual stress is mitigated by a significant degree by reducing
the mismatch in thermal strains [64]. This may show that the bigger
parts (LR and LB) had lower residual stress since they experienced a
lower cooling rate during AM as was explained in section 4.3, and this

Fig. 16. X-ray CT results show the defect distribution of fully spherical porosities (i.e., defects with sphericity value of 1.0) for (a) HG (b) SR (c) SB (d) LB (e) LR.
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would cause a better fatigue performance compared to smaller parts.
This research indicates that a complete knowledge of the impacts of

part geometry and size on the ensuing thermal history is essential for the
effective establishment of specimen property to part performance cor-
relations. These effects can have a significant impact on the distribution
of defects and, as a result, the fatigue lives of LB-PBF parts especially in
the VHCF regime. Establishing property-performance relationships for
LB-PBF parts in the VHCF domain may be also achieved by modifying
process parameters as it was obtained for the HCF regime in [31] to
ensure resemblance in the thermal histories of the part’s crucial region
and the test samples.

5. Conclusion

The current investigation quantified the influence of part geometry
and dimensions on both defect distribution and melt pool dimensions
and subsequently examined how these factors govern the very high cycle
fatigue (VHCF) response of AlSi10Mg components produced via laser
beam powder bed fusion (LB-PBF) technique. The presence, size, and
positioning of lack of fusion (LoF) defects, serving as initiation sites for
cracks, were correlated with variations in fatigue lifetimes within the
VHCF regime. The microstructural evaluation was conducted to discern
alterations in melt pool dimensions and overlap depth, serving as in-
dicators of the thermal history experienced during the LB-PBF process. It
was recognized that the formation and distribution of these defects are
influenced by the thermal profile encountered during laser-based
fabrication. The following conclusions are drawn:

1. Microstructural analysis revealed that the hourglass-shaped spec-
imen exhibited the lowest average melt pool depth in contrast to the
large block and large rod specimens, which demonstrated deeper
melt pools.

2. X-ray CT porosity analysis showed that small rod specimens had the
highest total amount of defects which was followed by a small block,
hourglass, large block, and large rod, respectively.

3. The large rod and large block specimens, characterized by fewer and
smaller defects, demonstrated the highest fatigue strength.
Conversely, the hourglass specimens, with intermediate defect
characteristics, exhibited a slightly lower fatigue strength, and the
small block and small rod specimens, harboring the highest quantity
and larger-sized defects, displayed the shortest fatigue lives among
the tested specimens.

4. The increased melt pool depth and especially melt pool overlap
depth observed for large rod and large block specimens resulted in
the lower amount and smaller size of irregular shape LoF defects in
these specimens compared to other specimens. This can explain why
large rod and large block samples showed much better fatigue per-
formance in the VHCF regime.

5. The data obtained from statistical analyses further validated that the
part geometry effect is relevant and affects the fatigue strength in the
VHCF life region.

This study highlighted that the fatigue response is significantly
influenced by the distance from the free printing surface. Specimens
obtained from larger parts, regardless of their shape (rod or block),
exhibited much better VHCF response and less variability compared to
specimens obtained from small parts (small block and small box) and
hourglass parts. It was observed that even just a small alteration in the
size or shape of a part made with LB-PBF may have a considerable
impact on the formation and distribution of defects. These defects ulti-
mately determine the overall strength and durability of the part when
subjected to cyclic loading. There is a notable concern regarding the
correlation and utilization of characteristics achieved from small labo-
ratory samples or witness coupons to evaluate the performance of parts
in fatigue-sensitive applications. Hence, more research is required to
achieve a better comprehension of property-performance relationships,
it is crucial to consider how they are influenced by process-structure
interrelationships. Furthermore, it is necessary to establish a method-
ology for designing test specimens that accurately reflect the most
crucial area of the part subjected to operational cyclic loading. These
investigations are essential for establishing uniformity, assessing qual-
ity, and verifying the suitability of LB-PBF parts for safety–critical
purposes.
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Appendix A:. Summary of the ultrasonic fatigue data of LB-PBF AlSi10Mg

Table A1
Fatigue test results of LB-PBF AlSi10Mg subjected to ultrasonic fatigue testing at 20 kHz.

Specimen type Specimen ID Stress amplitude, σa (MPa) Number of cycles to failure, Nf

HG1 74 >1.00E+09
HG12 77 2.02E+08
HG13 77 >1.00E+09
HG6 82 1.18E+08
HG9 82 6.50E+07
HG10 86 1.07E+08

(continued on next page)
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Table A1 (continued )

Specimen type Specimen ID Stress amplitude, σa (MPa) Number of cycles to failure, Nf

Hourglass
HG11 86 9.08E+06
HG15 86 1.05E+08
HG3 91 1.02E+08
HG17 91 8.19E+07
HG7 102 6.39E+06
HG8 102 1.94E+06
HG2 110 1.11E+06
HG14 110 4.85E+06

Small rod

SR1 66 >1.00E+09
SR7 70 >1.00E+09
SR3 76 >1.00E+09
SR16 79 >1.00E+09
SR8 82 1.23E+08
SR14 82 5.60E+07
SR9 87 1.15E+07
SR15 87 2.46E+07
SR13 91 6.80E+06
SR17 91 2.60E+07
SR5 102 6.60E+05
SR10 102 9.80E+05
SR11 111 4.04E+05
SR12 111 5.32E+05
SR19 117 5.32E+05

Small block

SB1 70 >1.00E+09
SB2 76 >1.00E+09
SB4 82 9.01E+06
SB5 82 1.86E+08
SB12 82 4.02E+08
SB9 84 4.03E+06
SB10 84 2.69E+08
SB11 84 1.03E+07
SB15 85 2.39E+06
SB16 85 5.43E+06
SB3 91 5.78E+06
SB8 91 6.80E+06
SB14 91 3.60E+06
SB18 102 1.33E+06
SB19 102 1.12E+07
SB6 116 7.88E+05
SB7 116 3.90E+05

Large block

LB1 74 >1.00E+09
LB2 87 >1.00E+09
LB9 91 6.94E+08
LB10 91 4.24E+08
LB7 97 1.44E+08
LB11 97 2.06E+08
LB14 102 1.04E+08
LB15 102 3.13E+07
LB5 107 2.90E+07
LB6 107 2.23E+06
LB12 107 9.11E+06
LB3 116 8.18E+06
LB4 116 1.33E+06

Large rod

LR12 81 >1.00E+09
LR2 87 >1.00E+09
LR9 91 4.18E+08
LR11 91 5.05E+08
LR5 97 4.40E+07
LR6 97 1.83E+08
LR16 97 2.44E+07
LR14 102 3.35E+08
LR15 102 3.20E+08
LR4 107 6.93E+06
LR10 107 6.55E+06
LR3 116 1.24E+06
LR13 116 1.11E+06
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