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Abstract: Laser powder bed fusion (L-PBF) additive manufacturing has reached wide-scale technol-
ogy readiness for various sectors. However, some challenges posed by the complex nature of the
process persist. Limited studies investigated the correlation between the micro- and macroscopic
properties of L-PBF AlSi10Mg parts and the features’ sizes with the build orientation in mind. There-
fore, this study presents a comprehensive view on the “size effect” for samples larger than those
available in the literature (up to 12 mm) on the defects, microstructure evolution, and mechanical
properties in two build orientations using a fixed set of process parameters. Microstructural differ-
ences were observed between the build orientations, but no considerable difference with size change
was detected. The porosity content was inversely proportional to the feature size irrespective of
the build orientation, leading to an increase in ductility that was more evident in the horizontal
specimens (~44%). This was attributed to an in-situ heat treatment. Although specimens oriented
parallel to the build direction showed no significant size-effect in terms of the mechanical properties
(hardness and tensile), anisotropy was evident. Based on the findings presented in the study and the
scientific explanations discussed corroborated by thermal imaging during processing, it is concluded
that although any set of ‘optimised” process parameters will only be valid for a specific size range,
the severity of the size-effect changes dynamically based on the range.

Keywords: laser powder bed fusion; additive manufacturing; AlSil0OMg; tensile properties;
micro-hardness; electron backscatter diffraction

1. Introduction

The AlSi10Mg alloy possesses a rather attractive combination of properties (low
density, high strength, and good corrosion resistance) [1]. Good weldability, stemming
from the near eutectic Al-Si composition, makes AlSi10Mg a suitable candidate for a broad
range of applications [2,3]. As the need for producing more cost-efficient and sustainable
vehicles and planes grows, manufacturers, and researchers alike, have been progressively
relying on advanced structural designing concepts and simulations, especially for light-
weighting [4,5]. Coupled with advanced manufacturing techniques, AlSil0Mg is a strong
candidate for producing complex and light industry-ready parts.

Additive Manufacturing (AM) is key for facilitating the production of these complex
parts [6,7], thanks to the extended degrees of freedom it offers. In addition to the design
freedom [8], AM allows for sustainable production with minimal waste [9,10]. Laser
Powder Bed Fusion (L-PBF) is incontrovertibly the most established and widely accepted
metal AM process in the industrial context [11]. L-PBF AlSi10Mg parts demonstrate higher
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strength than their die-cast counterparts [12], thanks to the extremely fine microstructure,
supersaturated solid solution, and nano-precipitates [12,13]. Despite all its advantages,
L-PBF is yet to promise consistency and repeatability to be promoted for a wider range of
industrial applications and certifications. Processability challenges with AlSi10Mg [14] can
lead to defects such as, porosity (lack-of fusion, hydrogen, and keyhole). The detrimental
impact of these on the mechanical properties is not unknown [15].

There is an abundance in parametric studies, each defining an ‘optimised” set of
process parameters to produce highly dense AlSil0Mg parts [3,16,17]. The literature on
the anisotropic behaviour of this material is not scarce either [18,19]. Identifying these
optimal parameters as well as studying the microstructure and mechanical properties of the
printed parts is typically performed using specimens (dog-bone [3,20,21] or cubic [3,12,22])
of a fixed size. The validity of this ‘optimised” set of parameters across the length scale
has raised several concerns, given the potentially distinctive thermal profile that will be
generated in cross-sections of different sizes shall one set of parameters be deployed. Few
studies have acknowledged the importance of a feature size on the microstructural and
mechanical properties’ variation in L-PBF.

Dong et al. [23] reported that varying the gauge diameter of AlSi10Mg specimens
from 5 to 1 mm led to significant variation in porosity with a detrimental effect on strength.
Takata et al. [24] manufactured plate-like AlSi10Mg samples with varying widths, reporting
a slight variation in microstructure and hardness. This phenomenon has also been reported
for other materials. For instance, Demeneghi et al. [25] observed significant changes in
mechanical properties and porosity with size variation (0.7-2 mm) for a copper-chromium-
niobium alloy. Interestingly, Barba et al. [26] not only studied the size-effect for Ti-6Al-4V
(3-0.5 mm), but also considered the coupled effect of the build orientation, which is missing
from the AlSi10Mg literature. The influence of the size on the cooling rate and thus the
microstructure was evident in that study. For additional literature touching upon the effect
of changing feature sizes on the properties the reader is referred to [27-32].

Nevertheless, the current literature lacks a systematic study on the “size-effect” or in
other words the effect of changing the feature size and its overall impact on the microstruc-
ture and properties of AlSi10Mg parts produced by L-PBF with the build orientation’s
influence taken into account. The literature in the field has primarily considered the effect
of size for features below 5 mm, focusing primarily on the manufacturability of lattices with
thin struts. Yet, there is limited focus on understanding the impact of size on the properties
of parts with relatively larger features, e.g., in the range of tens of millimetres. Additionally,
it is important to understand how the size effect could be simulated outside the research
environment where there is minimal or complete absence of the optimization of parameters,
where users heavily rely on the parameters provided by Original Equipment Manufacturer
(OEM). Moreover, the coupled role of mechanical anisotropy with size variation is worth
investigating to expand the knowledge in this domain and move a step further to achieve
more reliable and repeatable outcomes from the process.

With the above in mind, this study thoroughly investigates the evolution of relative
density, microstructure, and mechanical properties with varying the size and build orienta-
tion of cylindrical tensile bars. A fixed ‘optimised’ set of process parameters, recommended
by the machine manufacturer, was used to fabricate all parts to simulate the industrial
environment where parameters’ optimization might not be necessarily undertaken prior to
production. Finally, the experimental methodology was designed to systematically evaluate
whether the “size-effect” is process- or material-related.

2. Materials and Methods
2.1. Materials and Manufacturing Methodology

AlSi10Mg powder, supplied by EOS GmbH (Krailling, Germany), was used to manu-
facture the samples in this study. The powder was mostly spherical with some irregular
particles and minimal presence of satellites. It had a particle size distribution of Dy, Dsg,
and Dgj of 21, 37, and 77 um, respectively. An EOS M400-4 system (Krailling, Germany)
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equipped with 400 W Yttrium fibre lasers was used to produce the specimens. The process
parameters used for printing are presented in Table 1 while the samples were processed
under an atmosphere of nitrogen. The build-plate was maintained at 150 °C throughout
the process.

Table 1. L-PBF process parameters employed to produce the various test specimens in the study.

Parameter Laser Hatch Layer Scan Speed Scan
Powder Spacing Thickness P Strategy
Value 370w 190 um 30 um 1300 mm/s  otipes with

67° rotation *

*—Stripe width of 7 mm and 20 pm overlap between stripes.

Standard cylindrical dog-bone specimens were designed and fabricated in two build
orientations: vertical (V) and horizontal (H), i.e., parallel and perpendicular to the build
direction. The as-built samples were removed from the build-plate using wire electron
discharge machining (EDM) and then machined with precision CNC to attain the cylindrical
tensile bars of gauge diameters 4, 6, 9, and 12.5 mm, in accordance with ASTM standard
E8/E8M [33] (Figure 1). For each test described in the following sections, at least three
repeats of every sample were manufactured for statistical confidence in the data collected.
Hereon, these samples will be referred to as (H4, H6, H9, and H12.5) and (V4, V6, V9, and
V12.5), for the horizontal and vertical samples, respectively.
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Figure 1. (a) Build set-up for the specimens in the EOS M-400 machine. (b) Size parameters defined
for the samples after machining. All the dimensions are in mm. (c) Naming convention for the
samples used in the study. The letter represents the orientation, and the corresponding number
represents the gauge diameter of the machined sample.

2.2. Defect Analysis

The relative density of the gauge section of the tensile bars was assessed using X-ray
micro-computed tomography (XCT). The scans were performed on a GE Phoenix Nanotom
M system (Houston, TX, USA), operating at 120 kV and 230 pA. A pixel size of 4 ym was
used, in-line with the common practice in the literature [34,35]. A third-party software,
Avizo by Thermo Fisher Scientific Inc. (Avizo 3D 2021.2, Waltham, MA, USA), was used
to reconstruct the images of the scanned sections. To allow for better visualization and
minimize discrepancies, a sub-volume of 500 px x 500 px x 500 px from the centre of the
specimens was analysed qualitatively and quantitatively to assess the porosity content in
each sample. A non-local means filter was applied to reduce noise and acquisition artefacts,
and then the pores were identified by means of segmentation through thresholding.
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2.3. Microstructure Evaluation

The as-built gauge section was cross-sectioned, mounted, and mechanically polished.
Metallographic examination was conducted to assess any correlation between the feature
size or build orientation and the microstructure. The two extreme sizes (4 and 12.5 mm) of
each build orientation were selected for this part of the study. All analyses were performed
across the plane perpendicular to the build direction. A Scios 2 DualBeam scanning electron
microscope (SEM) (Thermo Fisher Scientific Inc., Waltham, MA, USA), fitted with a C-Nano
Electron Backscatter Diffraction (EBSD) detector (Oxford Instruments plc, Abingdon, UK),
was used to collect EBSD maps from the polished samples with an operating voltage of
20 kV and a constant step size of 0.23 um. Aztec Crystal software (version 2.2, Oxford
Instruments plc, Abingdon, UK) was used to generate inverse pole figure (IPF) maps and
the average equivalent grain diameters. The cross-sections were then etched using Keller’s
reagent. An Olympus DSX 100 optical microscope (OM) (Olympus Corporation, Tokyo,
Japan) was used to image the melt pools. Additionally, the SEM was used to observe the
sub-grain structure.

2.4. Mechanical Properties Investigations

Tensile tests were conducted using an Instron 3982 UTM machine (Instron, Norwood,
MA, USA) equipped with a 100 kN load cell and a crosshead speed of 0.5 mm/min, corre-
sponding to a strain rate of 1.8 x 10~% s~1. A black and white speckle pattern was applied
onto the samples’ surfaces to collect strain data using Digital Image Correlation (DIC) by
Correlated Solutions Inc (Irmo, SC, USA), employing multiple 5 MP optical units capturing
images at two fps. DIC is proven to be a more reliable strain measurement solution in
contrast to traditional extensometers [36,37]. The fracture surfaces were analyzed qual-
itatively using SEM. Further, they were cross-sectioned and polished perpendicular to
the failure plane and imaged using optical microscopy using the Dark Field mode (DF).
Micro-indentation Vickers hardness (HV) testing was performed on polished cross-sections
from the gauge section using a Wilson VH3100, Buehler (Lake Bluff, IL, USA), with a
load of 0.3 kg, dwell time of 10 s, and indent spacing of 0.5 mm. The micro-hardness
data, corresponding to an array of indentations across each specimen, was exported as
coloured contour maps using the software Origin by OriginLab Corporation (Northampton,
MA, USA).

2.5. Thermal Profile Imaging

To better understand the mechanisms behind the changes in the quality and properties
of the samples with the feature size, thermal data from AlSil0Mg layers irradiated by
the laser beam during L-PBF were collected from rectangular cross-sections with widths
corresponding to the extremities of the size range investigated in this study (4 and 12.5 mm).
In addition, samples with widths of 2 mm and 25 mm were added to the set to corroborate
the conclusions of this study. As such testing capability was not available on the EOS-400-
M used in producing the samples in this study, an Aconity MIDI+ system from Aconity
3D GmbH (Herzogenrath, Germany) was used instead. The system is equipped with an
off-axis infrared (IR) camera (Infratech GmbH, Dresden, Germany). The IR signal output
was recorded with respect to time while scanning the entire layer.

3. Results and Discussion
3.1. The Influence of the Feature Size and Build Orientation on Porosity

AlSi10Mg is highly prone to the formation of defects due to its poor laser absorptivity,
high thermal conductivity, and high likelihood for oxidation during melting and solidifi-
cation [22,38]. Porosity content and its spatial distribution in each representative sample
can be seen in Figure 2, as extracted from the digital reconstruction of the XCT scans. As
the gauge diameter (i.e., feature size) increased, porosity decreased linearly, for both build
orientations. For the horizontal specimens (Figure 2a), increasing the gauge diameter from
4 mm to 12.5 mm reduced porosity by ~70% (0.17% to 0.05%). A similar trend (~60%)
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0.1706% 0.1401% 0.0612% 0.0470%

was noted in the vertical samples (Figure 2b). Irrespective of the build orientation, the
largest specimens (H12.5 and V12.5) had the lowest porosity content (~0.04%). Hence, the
process parameters are considered well-suited for features in the order of 12 mm. However,
porosity increased significantly (>0.1%) for the smallest samples, indicating unsuitability of
this set of parameters.

Ho H9 H12.5
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Figure 2. XCT reconstructions (500 px x 500 px x 500 px) and void density of the samples manufac-
tured in (a) horizontal and (b) vertical orientations.

It is important to note that although XCT may not be the best technology for capturing
all the small metallurgical pores, especially given the common practice of using a relatively
large voxel size of 4 pm, it is indeed powerful in terms of providing both quantitative and
qualitive analysis of the defects present in the sample under investigation. For instance,
with the decrease in the sample size, an increase in the relative frequency of the small
spherical pores (<tens of microns) was observed (Figure 3). Small spherical pores are
often attributed to either hydrogen or keyhole porosity. The former is associated with the
entrapped gas within the melt pool, mostly hydrogen originating from moisture on the
powder [14]. The latter on the other hand forms because of the melt pool instability with
excessive energy inputs, i.e., is process-related. It increased for smaller samples due to the
shorter scan vectors, resulting in local regions with relatively higher energy inputs. As
the scanning area becomes smaller, the laser beam following a scan vector will come back
relatively quickly to the initial point of the preceding vector while being irradiated across a
layer through the dictated overlap amount. This, combined with the higher cooling rates
associated with a smaller surface area, is envisaged to have exaggerated gas entrapment
while providing less time before solidification, leading to insufficient outgassing [39].

As for the larger pores, known as lack-of-fusion pores, they increased for smaller sam-
ples. This held for both horizontal and vertical specimens. These process-induced defects
in the 4 mm samples (H4 and V4) can be attributed to the temperature distribution intrinsic
to the process. As the size of the cross-sectional area scanned in a layer decreases, having
fewer scan tracks with the fixed scan speed used for larger samples, can lead to an unstable
melt flow. The unstable flow of molten material within the scan track then promotes the
formation of more process-induced defects with tracks and layers” accumulation.
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Figure 3. Graphs representing the pore diameters vs. relative frequency for the L-PBF specimens
(a) H4 (b) H12.5 (c) V4 and (d) V12.5.

Coupling in the influence of the build orientation, it was noticed that porosity was
marginally higher in the horizontal samples. This is due to the faster heat dissipation
via higher cooling and solidification rates. The faster heat dissipation stems from the fact
that the orientation of these samples means that they are in close proximity to the heated
build plate, which is kept at an elevated temperature specifically to act as a heat sink. As
the printing process progresses and the z-height increases, the layer being irradiated by
the laser beam is further away from this heat sink. Therefore, for the gauge section of
the vertical samples, heat dissipation was slower. In addition, remaining on the heated
build plate for longer than the vertical samples until the printing process was completed,
the horizontal ones experience in-situ heat treatment, which encourages the diffusion of
hydrogen to increase or enlarge the gas pores.

The literature on features smaller than 5 mm claim that there is a limited size window
that can be produced with minimal porosity for a given set of parameters, irrespective of
the material used [23,31]. The study on hand corroborates these claims for defect analysis
and further extrapolates the dataset to show that this hypothesis holds true even for
larger features.

3.2. The Influence of the Feature Size Variation on the Microstructure

When processed by L-PBF, AlSi10Mg exhibits a fine microstructure with metastable
phases due to the extremely high cooling rates (~10°-10° K/s) intrinsic to the manufacturing
process [40-42]. This is demonstrated in Figure 4a,d, where the isometric construction of
the microstructure in the vertical and horizontal samples is presented, respectively. The
characteristic fish-scale-like microstructure of overlapping melt pools can be clearly seen
with the well-established hierarchy of melt pool cores, boundaries, and heat affected zones.
Higher magnification images of the melt pool cores, as viewed perpendicular and parallel
to the build direction, are also provided (Figure 4). Along the build direction, the melt
pool core shows the typical sub-grain columnar microstructure with the «-Al matrix (dark
regions) surrounded by the network of Si particles (bright regions), exhibiting a fibrous
eutectic texture. The equiaxed cellular morphology was observed in the cross-section
perpendicular to the build direction. Although this microstructure is well-established in
the literature [20,42,43], its change with the size-orientation interrelationship due to the
difference in the thermal profile created by laser irradiation in production is the new angle
of this work.
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Inter-depdritic Si (bright) segreg?ted on Inter-dendritic Si (bright) segregated on
equiaxed Al (dark) boundaries columnar Al (dark) boundaries

Figure 4. (a,d) Melt pool characteristics in the planes perpendicular and parallel to the build directions
in samples V12.5 and H12.5, respectively. (b,c,e f) High magnification SEM images showing the
cells’ structure in the directions perpendicular and parallel to the build direction for (b,c) V12.5 and
(e,f) H12.5 samples. (B.D = build direction).

Some variability in the microstructure depending on the build orientation was detected
with comparing the 12.5 mm samples (Figure 4). Perpendicular to the build direction, the
vertical samples showed the distinctive x-Al matrix with a continuous eutectic Si network
(Figure 4b) which was discontinuous in the case of the horizontal specimen (Figure 4e).
Additionally, the horizontal samples had relatively slightly coarser cells. The reason behind
this difference can be attributed to the fact that these samples remained on the heated
platform for longer, i.e., until the manufacture of the full height of the vertical samples
was completed. It is envisaged that the elevated temperature of the build plate led to an
in-situ heat treatment that stimulated some decomposition of the inter-dendritic Si and its
diffusion within the «-Al matrix, thereby disrupting the eutectic Si network [44,45].

The effect of varying the sample size for a fixed orientation on the microstructure (i.e.,
H4 vs. H12.5, and V4 vs. V12.5) can be seen in Figure 5a-d. No significant difference
was observed in the morphology or size of the Al cells. Interestingly, for smaller samples
(<5 mm) in the literature [23] a variability in the average cell size (0.75 to 1.75 um) and
coarseness was reported with the increase in feature size from 1 mm to 5 mm, respectively.
In Takata et al. [24], however, there was no discernible effect for the size (>5 mm) on the
microstructure. This was further supported by the quantitative assessment of the grain size
from the IPF maps of the EBSD scans on the plane perpendicular to the build direction in
our study, as shown in Figure 5e-h. The maps cover multiple melt pools within the cross-
section, typically revealing more refined equiaxed grains along the melt pool boundaries,
in agreement with the literature [46]. The variation in cell sizes within the melt pool,
represented by the corresponding IPF maps, was also evident by the standard deviation
reported with the average grain size. No significant correlation was observed between the
grain size and the sample size. Furthermore, there was no evidence of crystallographic
texture variation with size. The formation of the sub-grain cellular structure, evaluated
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qualitatively using electron microscopy (Figure 5a-d) and quantitively through the average
grain diameters from the IPF maps (Figure 5e-h), did not change with the size of the
specimen. Based on these results, it was concluded that the “size-effect” was not significant
enough to alter the microstructure in the size range investigated in this study.
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Figure 5. High magnification SEM images illustrating the characteristic cellular structure of L-PBF
AlSi10Mg in the cross-sections perpendicular to the build direction for (a) H4, (b) H12.5, (c) V4 and
(d) V12.5. (e-h) IPF maps extracted from the EBSD scans on the cross-sections perpendicular to the
build orientation of the corresponding samples. The average eq. spherical diameter of the grains is
presented under the respective IPF maps for all the samples under consideration.

From the perspective of the build orientation’s effect, grains’ mean equivalent di-
ameter in the horizontal specimens was marginally lower than that in the vertical ones
(Figure 5e-h). This can also be due to the overall high heat dissipation and cooling rates
experienced by the former, as described in Section 3.1.

3.3. The Influence of the Feature Size and Build Orientation on the Mechanical Properties

The colour contour maps corresponding to the hardness profile across the cross-section
of the gauge section (the plane perpendicular to the direction of loading in the tensile tests),
can be found in Figure 6. No significant change in micro-hardness with size was detected.
The micro-hardness of the vertical specimens was in the range of 135-138 HV, while the
horizontal samples were relatively softer (125-127 HV). This softness is attributed to the
subtle in-situ heat treatment and its impact on the material’s microstructure. With the higher
effective build plate temperature for horizontally placed samples slight decomposition
of the inter-dendritic Si occurs along with diffusion within the «-Al matrix. This in turn
affects the hardness of the material [44,45]. Hardness is a property that is local to the
indented area, and in the case of L-PBF materials, it is heavily influenced by the cooling
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rate fluctuations throughout the build and hence by the microstructural variations that
eventually follow [47,48]. The hardness maps corresponding to the vertical specimens in
Figure 6b denote such rapid spatial fluctuations in hardness within each sample. On the
other hand, the horizontal specimens showed a more uniform hardness profile, due to the
in-situ thermal treatment experience.

HV 0.3
150.0

1438
L 1375

1313

125.0

118.8
1125
106.3

100.0

600 pm
m

Figure 6. Colour contour maps representing Vickers micro-hardness (HV) values of the cross-sections
(planes perpendicular to the tensile loading direction) of the specimens with various size parameters,
oriented (a) Horizontally and (b) Vertically in the AM build. Black marks represent the indents on
the respective samples.

In general, the micro-hardness of all tested specimens surpassed that of the cast
counterparts (64-75 HV) [19,49]. This agrees with data documented in the literature and is
attributed to the refined microstructure due to the very high cooling rates (105-106 K/s)
encountered during fabrication [19,50]. The strengthening mechanisms involved in case
of the L-PBF material include grain boundary strengthening, solid solution strengthening,
and dislocation strengthening [42].

The tensile properties of the samples tested in this study, including yield strength (YS),
ultimate tensile strength (UTS), and elongation are listed in Table 2. With the change in
the effective gauge diameter of the horizontal specimens from 12.5 mm to 4 mm, a decline
of 37 MPa (~9%) in UTS and 21 MPa (~8%) in YS was observed. However, the impact on
elongation was more remarkable, witnessing a drop of ~30%. It was observed that the
majority of the H4 samples failed pre-maturely. This can be attributed to them having the
highest porosity content (~0.17%), which eventually led to the increased scatter in their
elongation data. Nonetheless, the ductility exhibited a linear trend, similar to that of the
porosity content, decreasing with the sample size. Elongation in L-PBF samples is strongly
correlated to the presence of defects [15]. The fracture mechanism changes with the increase
in defects as these pores act as nucleation sites for crack initiation due to tension, leading
to low ductility. Although the other properties followed a similar trend, they were not
impacted as significantly, showing a weaker correlation.

The vertical specimens, for which the loading direction was parallel to the build di-
rection, had lower YS and higher UTS in combination with considerably poor elongation
when compared with the corresponding horizontal samples. This anisotropy is attributed
to the “peculiar crystal orientation” [51] of the elongated grains that grow in a preferential
direction based on the thermal gradient intrinsic to the process. Moreover, in the case of
the vertical build orientation, the layers are stacked along the loading direction, hence
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presenting as slipping surfaces during deformation leading to lower ductility [52]. Further-
more, comparing the two ends of the size spectrum in the vertical samples, a more subtle
variation in the mechanical properties was noted in contrast to the horizontal specimens.
Only the elongation showed a statistically significant difference. Elongation dropped by
~12% and UTS by ~4%, while no considerable drop was observed in the mean values of the
YS. None of the mechanical properties varied significantly for the medium-range samples
(V6 and V9). Therefore, the influence of the feature size on the tensile properties of the
vertically built specimens was concurred as less significant.

Table 2. Elongation, Ultimate tensile strength, and Yield strength values of horizontally and vertically
built tensile samples.

Sample ID Elongation (%) UTS (Mpa) YS (Mpa)
H4 53405 391+4 252+ 0.5

Heé 6.5+0.2 420+ 5 268 +£5

H9 70£0.3 419+3 272 +£2

H12.5 7.72 £ 0.04 428 +£2 273+ 4
V4 419 +0.07 426 + 18 248 £18

V6 47+02 456 + 4 262+ 3

V9 43+02 434 +1 254 +2

V125 48+0.1 444 +2 259 £2

As noted earlier, the variation in ductility in the horizontal specimens was correlated
to the density variation with size. However, the vertical samples did not present a similar
trend. This can be attributed to the overall lower elongation values yielded by the samples
printed in this orientation, i.e., the variation in the tensile properties due to anisotropy
overshadowed the size effect. Such an impact of the feature size with respect to the build
orientation during fabrication has not been reported before for AlSil0OMg. A coupled
impact of feature size and build orientation has been reported for samples smaller than
5 mm in Ti-6Al-4V [26]. However, in that case the variation in microstructure and thus
mechanical performance was attributed to the hatching-to-contour-scanning ratio changes
as the feature size varied in net-shape specimens. This effect was eliminated in the current
study as the samples were machined, which is a common industrial practice. It is important
to note that comparing our findings for the larger size range with the data documented
in the literature for the smaller size ranges [23] to understand the impact of features’ sizes
on a wider range of dimensions, it was deduced that a more pronounced degradation in
properties is evident in features below 5 mm. This indicates that the assertations in the
literature in this regard cannot be fully extrapolated to larger samples. If the influence
started to slightly subside in the size range tested in this study, then it is envisaged that it
could potentially diminish or become insignificant for even larger samples.

Findings from the tensile tests were supplemented with fractography analysis. The
horizontal samples (e.g., H4 and H12.5) failed in two distinctive modes, as per Figure 7a,e,
respectively. The fracture plane in the 4 mm specimen was flat and perpendicular to the
loading direction (i.e., parallel to the build direction). Conversely, the fracture plane for
the 12.5 mm sample was inclined to the specimen’s longitudinal axis by 45°, indicating
failure primarily through plastic flow in the direction of the maximum shear stress [52].
This discrepancy was further visualized by the cross-sectional views of the corresponding
fracture surfaces in Figure 7b,f, showing the distinctive orientation of the crack propagation
path with respect to the melt pools. The insets in Figure 7b,f reveal the microstructural
features identifiable along the boundaries of the fracture surfaces. Regardless of the sample
size, the crack propagated by shearing through the cores of the melt pools (Figure 7b)
and scan tracks (Figure 7f). Although the topography of the fracture surfaces observed
by OM did not reveal significant differences between H4 and H12.5, high magnification
SEM images indicated a higher presence of shallow pores in H4 (Figure 7c,d,gh). This
observation is in-line with the XCT results, where porosity showed an inverse relationship
with the gauge diameter.
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Figure 7. Overview of the fractography investigation conducted on the horizontally built tensile
specimens with a diameter of (a-d) 4 mm and (e-h) 12 mm. (a,e) Location of failure in the tested
tensile samples; (b,f) bright-field OM images of the specimens’ cross-section perpendicular to the
failure plane with dark-field OM insets showing the arrangement of the scan tracks/melt pools
along the fracture surface boundary; (c¢,g) OM and (d,h) SEM micrographs of the corresponding
fracture surfaces. Overview of the fractography investigation conducted on the vertically built tensile
specimens with a diameter of (i-1) 4 mm and (m-p) 12 mm.

Contrarily, the corresponding vertical samples in Figure 7i-p exhibited flat failure
planes that were perpendicular to the loading direction, indicating a more brittle failure
manner. Fracture steps with sharp edges inclined by 45° to the direction of the maximum
tensile stress were observed in the cross-sectional views of the fracture surfaces. These
edges, also known as ‘shear lips’ [53], form in the last phase of failure due to the rapid
change in the direction of the crack propagation front. Furthermore, the insets in Figure 7jn
show that failure primarily occurred following preferential pathways at the melt pool
boundaries. No significant differences compared to the corresponding surfaces of the
horizontal samples were noted. Fine dimples were identified on all the fracture surfaces,
indicating the material’s intrinsic ductile nature. Some porosities were also detected across
the fracture surfaces. Overall, the findings from the fractography analysis were in-line
with the variations noted in the porosity, microstructure, and mechanical properties of the
samples due to the build orientation and size of the respective samples.
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3.4. The Correlation between the Size of the Irradiated Cross-Sectional Area and the Thermal
Profile Generated

The evolution of the thermal profile during L-PBF with the change in the feature size
is presented in Figure 8. This heat map was obtained using the IRBIS 3.1 software (Infratech
GmbH, Dresden, Germany) after sequentially processing the thermographic data using
the maximum IR signal value obtained for every pixel in each recorded frame (Figure 8a).
Even with the constant laser parameters used throughout, the heat map clearly shows
the different thermal profile experienced by each cross-section/size. Figure 8b, similarly,
reveals that the scanning time of each layer decreased with size, but interestingly, the
maximum value of the IR signal consistently increased. This qualitative analysis with a
lab-scale AM system equipped with a process monitoring set-up provides further evidence
for the importance of correlating the feature size to the process parameters employed
during manufacture. For instance, it was quite noticeable in the heat maps and the IR signal
value plot that the thermal profiles for samples of 4 mm width or below were comparable,
i.e., showing a plateau. On the other hand, a significantly cooler thermal imprint was
observed for specimens of 12.5 mm width or larger. These novel findings compliment the
results presented in this paper to assert that as the range of feature size shifts towards larger
specimens as in the current study, the impact of size variation in L-PBF parts could almost
flatten, showing a relatively less significant effect on the mechanical properties.

b
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Figure 8. (a) Heat map representing the maximum value of each pixel of the thermal image in the
selected region of interest. The rectangular cross-sections with fixed length (60 mm) and varying
widths (25 mm, 12.5 mm, 4 mm and 2 mm) were scanned sequentially by the laser in a single layer.
(b) IR-signal-time-plots with different line colours indicating the samples with varying widths. The
data are clipped at 130 a.u. because of the limitation of the blackbody calibration range chosen.
The time stamp starts at the beginning of capturing the signal (t = 0) and not at the beginning of
laser scanning.

4. Conclusions

This study thoroughly investigated the combined effects of the feature size and build
orientation on defect formation, microstructure evolution, and mechanical properties of
AlSi10Mg bulk parts manufactured by L-PBE. The study focused on a size range (4-12.5 mm)
that has not been previously investigated in the literature. The following was concluded:

e  For a particular set of process parameters only a certain features’ size range can be
manufactured with acceptable density. Porosity content decreased by 70% and 60%
when increasing the sample size from 4 mm to 12.5 mm for horizontal and vertical
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samples, respectively. Anisotropic behaviour was evident as horizontal samples had
more defects because of the faster cooling and solidification rates.

e  The metallurgy of the material was not affected by the features’ sizes as all samples
exhibited the same microstructure.

e  The micro-hardness did not change significantly with size. However, the horizon-
tal samples were generally softer (125-127 HV) as compared to vertical samples
(135-138 HV). A more uniform hardness profiles were also observed in horizontal
samples due to the in-situ heat treatment resulting from the high surface in contact
with the heated build plate for an extended duration.

e Interms of the tensile properties, ductility was affected the most by the orientation and
size. Smaller horizontal samples presented less ductile behaviour due to defects (4 mm
sample—b5.3 & 0.5%). In vertical samples, the overall anisotropic tensile properties
overshadowed the “size-effect”.

e It was confirmed that the size effect is much more significant for small feature sizes,
such as features < 6 mm, than the feature sizes investigated in this manuscript.

Researchers in the industry put immense efforts in defining the process parameters
for a material’s optimum processability. However, as the findings from this study have
shown, complimenting existing studies in the literature, the applicability of process maps
at an industrial scale is incomplete without taking the “size-effect” into account. The size-
effect holds true for large features and the impact of well-studied anisotropic behaviour in
AlSi10Mg L-PBF parts varies with the change in size. Experimental and modelling studies
on size-effect with a more comprehensive range of sizes and various L-PBF alloys are
crucial to extend the knowledge in the domain and move a step further to achieving more
reliable and repeatable outcomes from the process. This highlights the need for in-process
active changes in parameters with features’ sizes if the full potential of L-PBF in design
freedom is to be exploited.
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