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A B S T R A C T   

Manufacturing through powder-bed fusion laser-beam (PBF-LB) enables innovative part design strategies, 
facilitating weight reduction, and capitalizing on the metallurgical conditions developed during the 
manufacturing of designed alloys. Consequently, Al-based light alloys hold enormous potential for reducing fuel 
consumption in the transport industry. Fabricating such small features has a significant impact on heat dissi
pation, thereby affecting microstructure, porosity, and, consequently, mechanical properties. This study proposes 
the use of near-net shape miniaturized tensile specimens in both horizontal and vertical orientations to char
acterize Al-Mg-Sc-Zr, commercially known as Scalmalloy®, and AlSi10Mg, two aluminum alloys typically 
employed in PBF-LB. The size and distribution of both grains and pores were analyzed and compared, with Al- 
Mg-Sc-Zr exhibiting a more competitive set of properties compared to AlSi10Mg. This difference also influences 
mechanical properties. Al-Mg-Sc-Zr demonstrated double the Ultimate Tensile Strength (UTS) of AlSi10Mg (450 
MPa versus 225 MPa) and higher hardness values (142 HV30 versus 75 HV30), with similar elongation in both 
alloys (approximately 12–16%), owing to its fine microstructure and low porosity of the near-net shape mini
aturized tensile specimens. Neither material exhibited any form of anisotropy. In-situ SEM tensile tests were 
conducted to monitor damage evolution, allowing continuous observation of crack nucleation and propagation 
through imperfections typically encountered in PBF-LB. Despite differences in static strength, the fracture sur
faces of the samples displayed a ductile behavior in both materials.   

1. Introduction 

The powder-bed fusion laser-beam (PBF-LB) process, belonging to 
the metal additive manufacturing (AM) group of processes, is exten
sively utilized for fabricating aerospace components, where factors such 
as weight reduction, high dimensional accuracy, and complexity 
significantly influence performance [1]. Despite its development, pro
cessing aluminum alloys via the PBF-LB process has posed challenges 
due to their high reflectivity and poor flowability [2]. 

AlSi10Mg, a widely used casting alloy, exhibits excellent weldability 
due to its near eutectic composition of aluminum and silicon, along with 
high corrosion resistance. The addition of low amounts of magnesium 
(0.3–0.5 wt%) induces an age-hardening effect through the formation of 
Mg2Si precipitates [3,4]. Its attractive mechanical properties and low 
weight make this alloy suitable for numerous applications, particularly 

in the automotive and aerospace industry where alloys like Al7075 are 
commonly employed. However, precipitation hardening alloys from the 
2xxx and 7xxx series exhibit high susceptibility to cracking due to large 
solidus-liquidus temperature ranges [5]. 

Al-Mg-Sc-Zr alloy, commercially known as Scalmalloy®, is a 
scandium-modified aluminum alloy developed by Airbus Group In
novations for aerospace applications with enhanced mechanical per
formance. Scandium addition to aluminum alloys also improves 
processability. Typically, Sc-containing alloys rely on precipitation 
hardening to enhance strength, with conventional processing involving 
controlled ageing during which ordered and coherent Al3Sc precipitates 
form a supersaturated solid solution of Sc. In the case of PBF-LB, the 
process itself can precipitate Al3Sc, preventing recrystallization, 
refining grains effectively, and acting as an age-hardener, resulting in 
high strength [6]. Scandium is also reported to increase the weldability 
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of aluminum alloys, particularly for those prone to hot cracking and 
extended heat-affected zone formation [7]. 

One of the primary challenges in manufacturing aluminum alloys via 
PBF-LB is the typically high level of porosity obtained, which often 
compromises mechanical properties [8]. Thermal stresses, commonly 
observed, can cause distortions and hot cracking in parts. Pre-heating 
the powder bed is a potential solution [9,10]. During the processing of 
aluminum alloys, melt pool solidification may lead to oxide formation 
on the layer surface, resulting in defects such as pores and deposition of 
unmelted powder [11]. Porosity in PBF-LB parts arise from lack of fusion 
or material overheating-induced turbulences in the melt pool (e.g., 
keyhole pores and metallurgical pores) [10]. Laser heat input, a crucial 
parameter, determines the degree of consolidation in powder particles. 
Volumetric energy density (Ev) typically represents the heat input 
received by the powder bed, calculated based on influential process 
parameters such as power, speed, hatch space, and layer thickness. 

When the metal powder melts under the laser, a melt pool forms. 
Excessive energy during melting can lead to porosity formation due to 
keyhole instabilities and gas entrapment. Contaminant gases present, 
like hydrogen or oxygen from powder humidity, or argon used as pro
tective gas during PBF-LB, can form bubbles within the molten metal. 
Marangoni convection [12] induces melt pool movement based on 
molten metal surface tension, as described by Olakanmi [13], poten
tially transporting bubbles towards the surface, as studied by Hojjatza
deh et al. [14]. However, upon solidification, bubbles remain entrapped, 
forming spherical pores. Large and irregular pores are detrimental to 
mechanical properties as they can initiate cracks. Weingarten et al. [15] 
and Li et al. [16] demonstrated significant reduction in hydrogen 
porosity through pre-drying treatments. Understanding porosity for
mation during and after laser melting enables process optimization, 
potentially reducing porosity. 

Shakil et al. [17] compared the microstructure and micro- and 
macro-mechanical properties of Scalmalloy. Nano-indentation was used 
to study micro-mechanical properties, with micro and macro analyses 
concluding little to no anisotropy in samples built horizontally and 
vertically. To date, mechanical properties of PBF-LB processed 
aluminum alloys have been studied using macro-mechanical tests and 
micro/nano-indentations. However, utilizing miniaturized specimens 
enables closer exploration of porosity effects and microstructural vari
ations [18]. For instance, Torralba et al. [19] investigated the role of 
porosity and microstructure on mechanical properties of sintered steels 
using miniaturized tensile test specimens, providing further insights into 
fracture mechanics. Their study concluded that cracks initiate around 
pores, with sharper pores having more significant effects as crack 

initiators, propagating through grain boundaries and phase interfaces. 
This study aims to evaluate the mechanical properties of pre-dried 

Al-Mg-Sc-Zr alloy and AlSi10Mg alloy, utilizing miniaturized speci
mens. This approach allows for determination of local mechanical 
properties in small, complex part features, and facilitates in-situ testing. 
The latter offers the opportunity to closely examine the effect of porosity 
and inclusions on fracture behavior of both aluminum alloys. Hence, this 
paper contributes by (i) testing mechanical properties of pre-dried Al- 
Mg-Sc-Zr and AlSi10Mg materials, and (ii) demonstrating the benefits of 
miniaturized tensile specimens and in-situ testing for characterizing AM 
parts. 

2. Materials and methods 

The compositions of the Al-Si-Mg and Al-Mg-Sc-Zr (Scalmalloy®) 
powders used to manufacture test specimens via the PBF-LB process are 
listed in Table 1. The studied aluminum alloys have a theoretical density 
of approximately 2.7 g/cm3. 

The particle size distribution (PSD) and morphology of the powder 
significantly influence PBF-LB processing [20]. Fig. 1 illustrates the 
morphology of the aluminum powders and the PSD, which was 
measured using a laser particle size analyzer (Mastersizer 2000). While 
powder particles in both alloys exhibit a spherical shape, there are 
notable differences in morphology. AlSi10Mg displays a rougher surface 
and a higher number of satellites, as discussed in a previous study 
Cordova et al. [21]. The size distribution of the raw powders follows a 
similar trend (slightly finer for Al-Mg-Sc-Zr) with an average particle 
size (d50) of about 34 μm and 38 μm for AlSi10Mg powders. 

Miniaturized tensile test specimens of AlSi10Mg and Al-Mg-Sc-Zr 
were manufactured in horizontal (H) and vertical (V) directions using 
the PBF-LB SLM Solutions 280HL machine (SLM Solutions GmbH). The 
process was conducted under a controlled inert atmosphere using argon 
gas to prevent oxidation. Fig. 2a and b illustrate the geometry of the test 
specimens, the as-built specimens, and the support structures linking the 
specimens to the build plate. 

Preceding the building job, an overnight (12-h) vacuum drying 
process was conducted to reduce the moisture level of the metal pow
ders, aiming to improve powder spreadability and decrease hydrogen 
porosity. The printing parameters used to construct the specimens were 
optimized to achieve maximum specimen density. Both materials were 
built on a preheated build plate at 150 ◦C using a laser power of 380 W. 
The volumetric energy densities (J/mm3) applied to each material are 
presented in Table 2. In a study on optimal process parameters for 
AlSi10Mg, Read et al. [22] concluded that using a Concept Laser M2 

Table 1 
Chemical composition (wt%) of the studied aluminum alloys.  

Material Al Si Mg Sc Zr Fe Mn Ni Ti V 

AlSi10Mg Bal. 10.10 0.38 – – 0.11 <0.01 <0.01 <0.01 – 
Al-Mg-Sc-Zr Bal. <0.01 4.39 0.66 0.31 0.13 0.49 – 0.021 0.013  

Fig. 1. SEM micrograph of a) AlSi10Mg and b) Al-Mg-Sc-Zr powders. c) Particle size distribution (PSD) of AlSi10Mg and Al-Mg-Sc-Zr powders. The PSD plots contain 
curves representing the occurrence (left) and cumulative frequency (right) of the different particle sizes. 
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Cusing® SLM machine with a maximum laser power of 200 W would 
result in an optimal Ev = 60 J/mm3. Low energy densities (<50 J/mm3) 
resulted in lack of fusion porosity while higher energy densities than 
optimal showed scattered porosity such as keyhole formation. However, 
using an EOS M290 machine with a maximum laser power of 400 W, 
Maamoun et al. [23] utilized an optimal energy density of 49.9 J/mm3, a 
value closer to that selected for this study under similar process 
conditions. 

For the Al-Mg-Sc-Zr alloy composition, Spierings et al. [24] investi
gated the processing window of this material. Their study demonstrated 
a relative density >99% in a range of Ev between 75 J/mm3 and 240 
J/mm3. The investigation was conducted using a ConceptLaser M2 
machine equipped with a 200 W Nd-YAG laser. 

The build platform preheating temperature, hatch scanning pattern, 
geometry, and support size were kept the same for both materials. The 
specimens were built with a layer thickness of approximately 50 μm. 
After removal of the specimens from the build plate, the AlSi10Mg 
specimens underwent heat treatment at 300 ◦C for 2 h. The Al-Mg-Sc-Zr 
specimens were subjected to a stress relief treatment of 1.5 h at 180 ◦C, 
followed by a precipitation hardening treatment of 4 h at 325 ◦C, as 
depicted in Fig. 3. The latter treatment is essential as the strength of Al- 
Mg-Sc-Zr primarily relies on precipitation hardening. The heat treat
ments are expected to significantly influence the mechanical properties 
of both materials. Indeed, Li et al. [25] reported a substantial decrease of 
35% in the tensile strength of AlSi10Mg, accompanied by a notable in
crease in ductility of 60%, following solution heat treatment (at 450 ◦C 
for 2 h). Conversely, after a similar heat treatment of as-printed 
Al-Mg-Sc-Zr parts, Spierings et al. [26] and Schmidtke et al. [27] re
ported an increase in the tensile strength. 

First, the aluminum powders were analyzed using a scanning elec
tron microscope (SEM, model Jeol JSM-7200 F) and the particle size 
distribution (PSD) was obtained by laser diffraction (Mastersizer 2000), 
following ASTM B 822-02. Second, an optical microscope (Keyence 
VHX-5000) and a scanning electron microscope (SEM, model FEI Teneo) 
were employed to study the microstructure and porosity of the printed 
specimens after conventional metallographic preparation. The 
aluminum alloys were etched with Keller’s reagent for 20 s to reveal the 
microstructure. Crystal orientation and grain size distribution were 
determined using electron backscatter diffraction (EBSD) and analyzed 
with software AZtecHKL from Oxford Instruments. The AlSi10Mg and 
Al-Mg-Sc-Zr powders, as well as specimens built in the horizontal (H) 
and vertical direction (V), were subjected to X-ray diffraction (XRD, 
model X’Pert from Philips) to identify the phases present. The XRD re
sults were processed using X’Pert HighScore software. Porosity distri
bution and shape parameters of the pores were obtained from the 
specimens’ cross-sections using image analysis techniques (VHX 
analyzer and ImageJ software programs) and applying equations (1) and 
(2). The resulting pore shape (fshape, i.e. aspect ratio) and circularity 
(fcircular) values provide insight into the type of porosity present in the 
specimens. The closer the fshape and fcircular values are to 1, the more 
spherical the pore is. The combination of these two parameters offers a 
measure of pore geometry. 

fshape =
minD
maxD

;
{

fshape ∈Q
⃒
⃒ 0< fs < 1

}
(1)  

fcircular =
4πA
P2 ; {fcircular ∈Q | 0< fc < 1} (2) 

Fig. 2. (a) Geometry of the miniaturized tensile test specimens with dimensions in mm, 1 mm thickness, (b) PBF-LB manufactured specimens built in horizontal and 
vertical building directions on the build plate with support structures attached. 

Table 2 
Energy density (J/mm3) applied during the PBF-LB 
process to AlSi10Mg and Al-Mg-Sc-Zr powders.  

Materials Ev (J/mm3) 

AlSi10Mg 43.8 
Al-Mg-Sc-Zr 78.0  

Fig. 3. Thermal cycles during the SLM process and post-processing for 
AlSi10Mg and Al-Mg-Sc-Zr alloys. 
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where minD is the minimum pore diameter, maxD the maximum pore 
diameter, A the cross-sectional area and P the perimeter of the pore. The 
diameters are obtained as Ferret diameters with the image analysis 
techniques mentioned above. 

Here’s the corrected version: 
“where minD is the minimum pore diameter, maxD is the maximum 

pore diameter, A is the cross-sectional area, and P is the perimeter of the 
pore. The diameters are obtained as Ferret diameters using the image 
analysis techniques mentioned above. 

Finally, the mechanical properties were studied by conducting ten
sile and hardness testing to compare the performance of AlSi10Mg and 
Al-Mg-Sc-Zr in the horizontal (H) and vertical (V) building directions. 
Fig. 2a depicts the miniaturized dog-bone shaped geometry of the 
specimens, with a thickness of 1 mm. This specimen size allows for 
observation of fracture behavior inside the SEM, while also reducing 
production costs and printing times. Due to the high roughness of PBF- 
LB specimens, they were polished with silicon carbide (SiC) paper, 
diamond solution, and colloidal silica suspension to achieve a smoother 
surface. 

Tensile tests were conducted using a Kammrath & Weiss GmbH 
micro-machine with a load of 1 kN, adjusted to a speed of 2 μm/s. One 
specimen of each condition was studied inside the SEM using the micro- 
machine. From the ex-situ tests using the micro-machine, the Ultimate 
Tensile Strength (UTS) was calculated as the maximum values on the 
engineering stress-strain curve. The elongation at break values were 
determined from the ratio between varied length and initial length after 
the specimen breakage. This in-situ test enabled monitoring of crack 
initiation and propagation during tensile loading. Following the tensile 
tests, the fracture surfaces of the specimens were examined in the SEM to 
facilitate understanding of the fracture behavior of the materials. 

The LECO AMH 43 automatic micro-indentation testing system was 
utilized to compare the hardness of AlSi10Mg and Al-Mg-Sc-Zr 
specimens. 

Five indentations at each condition were made on the clamping area 
of the specimens after the tensile test, following the ASTM Standard Test 
Method for Vickers Hardness of Metallic Materials (E 92 – 82). The 
specimens were embedded in epoxy resin and polished to a ‘mirror-like’ 
surface before the indentations were applied. Since the aluminum alloys 
studied are highly ductile, the indenter was loaded to only 3 N (HV0.3). A 
patented visual PANOPTIC method automatically traced the sample 
edge of a live image, enabling positioning of indents and patterns 
directly onto the overview image of a part. 

3. Results and discussion 

3.1. Microstructure 

Morphological differences between the two studied alloys are 
evident, as observed from the optical micrographs in Fig. 4, depicting 
the optical characterization of the etched aluminum alloys in cross- 
sections perpendicular and parallel to the building direction. The fine 
grain size distribution resulting from the rapid cooling of the PBF-LB 
process, along with the porosity formed due to gas entrapment, rapid 
solidification, and/or lack of fusion, in addition to the presence of pre
cipitates, will be decisive factors for the mechanical properties. Fig. 4 
also illustrates the scan track and melt pool distribution of AlSi10Mg and 
Al-Mg-Sc-Zr. 

One of the most notable differences between the alloys is the pore 
size and distribution. AlSi10Mg exhibits the largest pores, which are 
predominantly spherical and located at the bottom of the melt pools 

Fig. 4. Cross-sections of AlSi10Mg and Al-Mg-Sc-Zr samples perpendicular to building direction (a, c) and parallel to the building direction (b, d). Scanning tracks are 
shown in a) and c); melt pools are indicated in b) and d). Both materials were etched with a Keller solution for 15–20 s and the images were taken using an op
tical microscope. 
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(Fig. 4b). As described by Bayat et al. [28], the keyhole represents a 
highly unstable regime that leads to the formation of porosities at the 
bottom of the melt pools, as observed for AlSi10Mg in Fig. 4a–b. The 
pores acquire a spherical shape due to hydrostatic pressure when 
captured by the solidification front. In another study, Kan et al. [29] 
found similar porosity levels for AlSi10Mg using a comparable set of 
process parameters and pre-heating temperature (Ev = 44.27 J/mm3 and 
T = 150 ◦C). 

More detailed microstructural features are revealed by the SEM mi
crographs in the proximities of the melt pools in Fig. 5. In both materials, 
there are three different zones discernible across the melt pools, which 
could be identified based on the morphology and size of the cellular 
dendrites. However, these zones exhibit different characteristics for both 
materials. 

In the microstructure of AlSi10Mg, there are three distinct regions 
(Fig. 5a): a fine melt pool zone, a coarse melt pool zone, and a heat- 
affected zone (HAZ) [23]. The fine melt pool zone, comprising most of 
the melt pool, is where cellular dendrites converge towards the center of 
the laser track. The coarse melt pool zone marks the boundary of the 
melt pool. The HAZ refers to a previously solidified layer affected by the 
heat applied to melt the powder of the new layer. In all three zones, the 
Si phase displays a fibrous network, as observed by Liu et al. [30]. 

For Al-Mg-Sc-Zr, the melt pool area is also characterized by elon
gated or coarse grains growing towards the center of the laser tracks 
(Fig. 5c). Along the border of the melt pools, fine equiaxed grains with 
bright precipitates are observed. According to a study on the relation
ship between scan speed and fine coherent Al3Sc precipitation [31], Sc 
content remains in supersaturated solid solution at high scan speeds 
(low energy density for a given laser power). However, at lower scan 
speeds, Al3Sc precipitates at the grain boundaries, acting as pinning 
particles. The width of this zone of fine grains is approximately 5 μm. 
The HAZ contains larger equiaxed grains with nanometer-sized pre
cipitates of Al3 (Sc,Zr), as depicted in Fig. 5d. Given the presence of Fe at 

approximately 0.1 wt% in both alloys, the precipitation of Al6(Fe,Mn), 
especially in the case of Al-Mg-Sc-Zr with higher content of Fe and Mn, is 
feasible according to the equilibrium phase diagram presented using 
Thermo-Calc Software by Turani et al. [32]. The impact of these pre
cipitates on the mechanical properties becomes noticeable when the 
composition of Al-Mg-Sc-Zr is reinforced with 1.8 wt% of Fe. 

In summary, both Al-Mg-Sc-Zr and AlSi10Mg alloys exhibit an 
α-Aluminum solid solution as the primary phase and form precipitates. 
However, due to differences in composition and alloying elements be
tween them, the nature of these precipitates varies. The high silicon 
content in AlSi10Mg facilitates the formation of Mg2Si precipitates, 
which significantly contribute to strengthening the alloy. Conversely, 
the presence of scandium and zirconium in Al-Mg-Sc-Zr allows for the 
precipitation of Al3(Sc,Zr) phases. Furthermore, heat treatments applied 
to both alloys play a crucial role in promoting the formation of the 
aforementioned precipitates, thereby influencing their mechanical 
properties. 

The grain size distribution in the two alloys was measured using 
EBSD. The differences between AlSi10Mg and Al-Mg-Sc-Zr in both 
horizontal and vertical geometries with a view parallel to the building 
direction are illustrated in Fig. 6a–d. Al-Mg-Sc-Zr exhibits finer, and 
narrower grains compared to AlSi10Mg, particularly between the melt 
pool and the HAZ. The average size of the equiaxed grains distributed 
along the melt pool boundaries is < 5 μm. This fine grain structure is 
attributed to the near-eutectic scandium content, which facilitates 
nucleation of strengthening phases and inhibits recrystallization, lead
ing to grain refinement [33]. 

The grain size histograms obtained by EBSD are depicted in Fig. 6e. 
The average grain size of Al-Mg-Sc-Zr is 2.3 μm, nearly four times 
smaller than that of AlSi10Mg. The fine microstructure of Al-Mg-Sc-Zr is 
achieved through the combination of scandium and rapid solidification 
from the PBF-LB process. In comparison, AlSi10Mg, which underwent 
laser processing using optimized parameters and heat treatment to 

Fig. 5. SEM micrographs parallel to the building direction of a) AlSi10Mg and c) Al-Mg-Sc-Zr. b) Detail of the Si network in the coarse melt pool for AlSi10Mg and d) 
of the HAZ in Al-Mg-Sc-Zr where the Al3(Sc,Zr) is indicated by arrows. In this case only AlSi10Mg was etched with a Keller solution to reveal the Si phase. 
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enhance mechanical properties, exhibits a microstructure approxi
mately 3.5 times coarser than that of Al-Mg-Sc-Zr. 

The XRD spectra of the raw powder and the printed parts of 
AlSi10Mg and Al-Mg-Sc-Zr alloy powders exhibit several reflections 
typical of the face-centered cubic aluminum phase (Fig. 7). In the case of 
AlSi10Mg, reflections related to the eutectic Si phase are also visible 
(Fig. 7a). Interestingly, the AlSi10Mg specimens show a higher relative 
intensity of the Al (200) Bragg peak compared to the raw powder. This 

suggests a texture with {200} planes parallel to the sample surface, 
potentially indicating preferential solidification in the 〈100〉 direction 
perpendicular to the sample surface. This texturing phenomenon in laser 
melted grains is attributed to the thermal dissipation gradient and has 
been reported in various studies on AlSi10Mg [34–36]. 

In contrast, there were no significant differences in the phases and 
texture of the Al-Mg-Sc-Zr samples, including raw powder and samples 
from horizontal and vertical building directions (Fig. 7b). The detected 
diffraction peaks indicate a higher intensity of the {111} peaks 
compared to the {200} peaks, unlike AlSi10Mg, although both alloys 
primarily consist of aluminum. The diffractogram resembles that of an 
isotropic material, comparable to standard aluminum alloys. Similar 
results were reported by Li et al. [37] and Martucci et al. [38], where 
PBF-LB samples also exhibited a (111) orientation after processing. This 
comparison of the ratios of the intensity of the strongest peaks, 
{111}/{200}, in the powder versus the PBF-LB builds suggests that 
texture development in the case of Al-Mg-Sc-Zr is relatively weak. 

3.2. Mechanical properties 

The use of miniaturized AM tensile specimens has been instrumental 
in conducting a series of tensile tests to determine the mechanical 
properties of both alloys. While these miniaturized specimens facilitate 
comparisons between different alloys within the same study and enable 
in-situ response studies, it’s important to note that the results obtained 
may not be directly comparable to literature results obtained with 
standard macro specimens. 

The tensile tests conducted demonstrate exceptional mechanical 
properties for Al-Mg-Sc-Zr, particularly in the horizontal building di
rection, where it outperforms AlSi10Mg by doubling the UTS values. 
Fig. 8a illustrates one engineering stress-strain curve for each material 
direction. As evidenced in previous sections, Al-Mg-Sc-Zr exhibits a finer 
microstructure, a higher number of precipitates, and smaller pores 
compared to AlSi10Mg. While the building direction does not appear to 
have a significant impact on the UTS results, as also observed by Kempen 
et al. [4], deformation to failure appears to be higher for the horizontal 
building direction (Fig. 10b) in both materials, albeit with a large 
variation that prevents a definitive conclusion regarding significant 
differences. 

Furthermore, in this study, Al-Mg-Sc-Zr also demonstrates a near- 
isotropic mechanical behavior during static loading (Fig. 8b), consis
tent with previous reports by Best et al. [39]. Despite some scatter due to 
high porosity, the materials exhibit overlap in the values of the vertical 
and horizontal directions. However, differences in elongation appear to 

Fig. 6. Overview of the microstructure obtained by EBSD for AlSi10Mg in (a) 
horizontal, (b) vertical direction and Al-Mg-Sc-Zr in (c) horizontal, (d) vertical 
direction. Notice that the magnification for Al-Mg-Sc-Zr is twice that for 
AlSi10Mg. (e) Grain size distribution plots, including mean grain size values. 

Fig. 7. Phase identification by X-ray diffraction (XRD) of the metal powders, specimens built in horizontal (H) direction and specimens built in vertical (V) direction 
for both a) AlSi10Mg and b) Al-Mg-Sc-Zr materials. 
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be more pronounced than differences in UTS, confirming previous ob
servations by Tang and Pistorius [40], who noted differences between 
the two orientations regarding initial plastic flow and final elongation to 
failure. 

Additionally, the correlation between Vickers hardness and UTS 
values is depicted in Fig. 8c. As noted by Shakil et al. [17], the strain 
hardening effect was not accounted for in the hardness-strength corre
lation factor C1 = σ

HV, assuming the material is fully in the plastic 
domain. Consistent with the tensile test results, the Vickers hardness 
values for Al-Mg-Sc-Zr are almost twice those for AlSi10Mg, with 
average values of 142 and 75 HV30, respectively. Thus, based on both 
literature and experimental evidence, it is shown that the layering 
process of the PBF-LB is not expected to contribute significantly to dif
ferences in yield strength, tensile strength, and elastic modulus. 

Previously reported UTS values for AlSi10Mg specimens are 289 MPa 
and 358 MPa for the vertical and horizontal directions, respectively, 
with an associated elongation to failure of less than 3.9% [41] In 
contrast, the UTS values found in this study (Fig. 8) are significantly 
lower, although the elongation to failure is much higher. The static 
properties reported for Al-Mg-Sc-Zr in the literature are similar to the 
values obtained in this study, although the UTS after heat treatment 
reported in Ref. [42] is slightly higher. It appears that the elastic to 
plastic transition is better defined (i.e., more localized) in Al-Mg-Sc-Zr 
than in AlSi10Mg, as observed in Fig. 8a. 

The comparison of the miniaturized tensile specimens results with 
values from macro tests found in the literature indeed showed some 
differences. However, these differences may well be attributed to vari
ations in heat treatment, porosity level, or grain size instead of specimen 
geometry. In this study, the AlSi10Mg specimens were subjected to stress 
relief, and the Al-Mg-Sc-Zr specimens to stress relief and precipitation 
hardening treatment. In fact, AlSi10Mg specimens heat treated for 2 h at 
450 ◦C are reported to have UTS values below 300 MPa and high 

Fig. 8. (a) Stress-strain engineering curves for one specimen of each type: AlSi10Mg and Al-Mg-Sc-Zr in horizontal (H) and vertical (V) building directions. (b) UTS 
and elongation at break values, including the standard deviation of each datapoint. (c) Vickers hardness to ultimate tensile strength (UTS) correlation. 

Fig. 9. In-situ test of AlSi10Mg in horizontal building direction (top). The 
necking formed (at elongation of 8.8 and 10%) before fracture is indicated. 
Dotted arrows show the displacement of a superficial defect during the test. 
Detail picture of the crack (bottom). The single arrow indicates an internal pore 
on the fracture surface. 
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elongations to failure (>15%) [16]. Moreover, the as-received values of 
UTS usually decrease for AlSi10Mg when applying heat treatment, 
which is attributed to microstructural coarsening [30]. Hardness values 
found in the literature exhibit higher values than those obtained from 
the tests, indicating that the studied material also presents a coarser 
microstructure, fewer precipitates, or higher porosity, leading to worse 
mechanical properties. 

As a result, the deviation in mechanical properties between the 
AlSi10Mg in this study and the literature may have multiple causes, 
which does not disqualify the use of miniaturized tensile specimen 
testing. 

One of the main advantages of the tensile tests using miniaturized 
specimens is the possibility of carrying out in-situ tests to study the role 
of pores in the fracture behavior. Representative series of images for 
AlSi10Mg at different amounts of deformation are shown in Fig. 9. The 
surface porosity, which plays an important role in fracture mechanics, 
was monitored during the test. Here, the material deforms while cracks 
initiate and propagate perpendicularly to the building direction, and 
necking is observed just before fracture. The locations where the largest 
pores are visible at the surface are not those where fractures occur. It 
appears that internal pores, which cannot be observed in these SEM 
images, caused the specimen to fracture at a different location. 

Additionally, a small surface crack occurring at ε = 8.8 %, which is 

clearly visible at ε = 10% and after fracture, is not responsible for the 
fracture itself, indicating that the toughness of the material is sufficient 
to withstand a certain degree of porosity. For example, the toughness 
value (KIC) of PBF-LB processed AlSi10Mg alloy was found to be close to 
40 MPa m1/2 by Hitzler et al. [43], which clearly suffices. The detailed 
view of the fracture surface (Fig. 9, bottom) reveals one of the internal 
pores (indicated by an arrow) that may have caused the initiation of the 
fracture. The Al-Mg-Sc-Zr specimens exhibit similar behavior to that of 
the AlSi10Mg shown in Fig. 9. 

3.3. Porosity and fractographic analysis 

The optical micrographs in Fig. 10 depict the superficial pores on a 
polished surface, near the crack, and in the clamped areas of both hor
izontal and vertical building directions. Since the images were captured 
after the tensile test, the pores close to the crack appear elongated, 
resulting from the plastic deformation in this zone. 

The small spherical pores observed on the specimens can be attrib
uted to overheating and gas entrapped during the melting process. This 
type of pore is typically referred to as metallurgical or hydrogen pores 
[10]. The gas entrapped in the pores may originate from the powder bed 
or from powder reactions. Both alloys contain Mg, which can also be 
evaporated by the heat applied with the laser source. Therefore, opti
mization of energy density is necessary to avoid lack of fusion (resulting 
from too low heat input) and overheating of the molten material 
(resulting from too high heat input), which can lead to lack-of-fusion 
pores or metallurgical pores, respectively [44]. Visually, AlSi10Mg 
specimens exhibit more and larger pores than Al-Mg-Sc-Zr. The crack 
views (Fig. 10a, b, e, and f) show how the crack changes direction to
wards the pores, as indicated in the figures by blue arrows. 

The mean and maximum pore sizes, as indicated in the histograms of 
Fig. 11, are derived from the micrographs of the polished clamped areas 
shown in Fig. 10. Only micrographs of the clamped area are considered 
for the calculation to prevent the size and shape parameters from being 
affected by distorted porosity due to the plastic deformation produced in 
the gauge section of the tensile test. 

The pore size distribution plot (Fig. 11) highlights clear differences 
between the studied materials. AlSi10Mg exhibits a higher mean pore 
size than Al-Mg-Sc-Zr, with values of 55.6 μm and 33.9 μm, respectively. 
While this was already observed in the micrographs in Figs. 4, 5 and 10, 
the cumulative distribution also reveals that the pore size values vary 
much more in AlSi10Mg than in Al-Mg-Sc-Zr. In the latter, more than 
80% of the pores are sized below 40 μm, while in AlSi10Mg, the pore size 

Fig. 10. Porosity in the crack area of AlSi10Mg and AlSi10Mg in the (a,e) 
horizontal and (b,f) vertical building direction. Porosity in the clamped area in 
the (c, g) horizontal and (d,h) vertical building direction. The blue arrows 
indicate voids located at the crack path. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 11. Porosity distribution measured in specimens of both building di
rections for AlSi10Mg and Al-Mg-Sc-Zr. 
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is distributed over a much wider range of 20 μm–100 μm. 
The larger pores encountered in AlSi10Mg might have a strong in

fluence on the mechanical properties. However, in addition to the pore 
size, the shape of the pores is also a key parameter to investigate. 
Irregular pores with sharp ends will be more likely to act as crack ini
tiators than rounded pores. Aboulkhair et al. [45] compared the me
chanical properties of as-built, heat-treated PBF-LB AlSi10Mg samples 
with a die-cast alloy. The UTS decreases from 333 MPa to 292 MPa after 
the heat treatment while the elongation increases from 1.4% to 3.9% in 
the heat-treated specimens. These values are comparable to the die-cast 
material, which exhibits a UTS of 320 MPa and elongation of 3%. It 
appears that the mechanical properties of the PBF-LB and convention
ally manufactured specimens have similar properties, despite the 
porosity level. In general terms, porosity affects more severely the 
ductility of the material, its ability to deform, than resistance. From that 
point of view, if the final shape is reached, (no secondary deformation is 
required to make the part) it is not critical that it has pores if the strength 
of the component is reached. 

Table 3 shows the values of the fshape index, which is the inverse 
aspect ratio (AR) value that quantifies the pore shape. A value close to 1 
represents a spherical pore. The fshape values for both materials are very 
similar and between 0.77 and 0.83, implying a high level of sphericity of 
the pores. Al-Mg-Sc-Zr specimens built in the horizontal direction 
exhibit a relatively high value, which in combination with the low pore 
size of this material will be favorable for the mechanical properties. The 
maximum pore size, which is shown in the final column of Table 3, 
might influence the mechanical properties. In this case, these large pores 
are caused by overheating, as can be concluded from the spherical shape 
of the pores. It is expected that a lower energy density would reduce this 
number considerably. 

Fracture mechanics and crack propagation are strongly dependent on 
the size, shape, and distribution of pores, which can accelerate crack 
initiation and propagation. Fractography of broken samples shows the 
presence of surface and/or sub-surface pores that likely contributed to 
the failure. In Fig. 12, the internal large and spherical pores that were 
present on the crack propagation path and fracture surface are shown. 
As was also observed in Fig. 10, AlSi10Mg again shows the largest pores 
and the largest number of pores. 

When loading the specimens built in horizontal and vertical di
rections, the static force is applied parallel and perpendicular to the 
building direction, and therefore to the direction of growth, as shown in 
Fig. 13a and b, respectively. Although anisotropy was not found in the 
studied literature on these materials, the results of the present work 
suggest a tendency toward longer elongation of specimens built in the 
horizontal direction (Fig. 8b). For the horizontal building direction, 
Fig. 13b, the force is applied perpendicularly to the building direction. 
In that case, it is more difficult for the crack to propagate along the melt 

Table 3 
Morphology fshape index and maximum size of pores measured from the surface 
of the specimens both in horizontal and vertical building directions. The values 
and standard deviations are calculated from samples of about 200 pores.  

Materials Build direction fshape (AR− 1) Max Pore (μm) 

AlSi10Mg horizontal 0.77 ± 0.16 121.5 
vertical 0.81 ± 0.16 196.5 

Al-Mg-Sc-Zr horizontal 0.83 ± 0.16 145.7 
vertical 0.78 ± 0.16 101.9  

Fig. 12. Internal porosity on the fracture surfaces of the tensile specimens: (a) AlSi10Mg in H building direction, (b) AlSi10Mg in V building direction, (c) Al-Mg-Sc- 
Zr in H building direction and (d) Al-Mg-Sc-Zr in V building direction. Note that the pore shape might be distorted towards an ellipsoid shape by the plasticity of the 
tensile test. 

L. Cordova et al.                                                                                                                                                                                                                                



Journal of Materials Research and Technology 30 (2024) 348–359

357

pool boundaries than for the vertical building direction as indicated by 
the dotted line. 

Nonetheless, from the analysis of the fracture surfaces, it was found 
that the crack can also propagate both along differently sized grains 
(Fig. 12), leaving dimples of various sizes, and can also propagate along 
large pores (Fig. 11), which deform to an ellipsoid shape due to plastic 
deformation. The tensile test curves show a considerable amount of 
plastic deformation. This suggests that the material is capable of plastic 
deformation despite the presence of the pores. Apparently, the pores do 
not cause a crack to grow, even though the stress is at the level of the 
yield point. Due to the size of the tensile specimens, only a few melt 
pools are supporting the load (circa ten melt pools in a width of 1 mm), 
and any large pore can be decisive to provoke failure. 

Fig. 14 shows the crack opening in a direction perpendicular to the 
melt pool growing direction. The crack growth path appears to change 
drastically, leaving sharp surfaces promoted by internal pores and 
microstructure, as indicated by the arrows. Thus, in metal PBF-LB ma
terials, cracks propagate along the intersections of grains and melt pool 
boundaries, as well as in the presence of pores, especially the irregularly 
shaped ones as shown in Fig. 13. 

Porosity development during the PBF-LB process is critical for 
improving mechanical behavior. The type of porosity observed is 

associated with high energy and gas trapping, thus pore formation is 
associated with gas solubility and melt pool surface tension. This can be 
attributed to trapping of argon from the build chamber due to the active 
flow of molten metal or to dissolved hydrogen degassed from the pow
ders at the time of melting. In this case, two aluminum alloys processed 
with optimized process parameters revealed a considerable porosity 
difference. It seems that porosity is more prone to form in AlSi10Mg than 
in Al-Mg-Sc-Zr, or at least the energy density must be decreased for the 
first material, as overheating causes most of the porosity. 

After a closer look at the fracture surfaces of the tensile tests, a 
ductile fracture micro-mechanism is observed (Fig. 15). The fracture 
surfaces of both materials are covered by dimples, although this is more 
predominant in AlSi10Mg. This material presents two different sizes of 
dimples, as indicated by the dashed rectangles, in agreement with the 
different microstructural zones. Microvoid coalescence (MVC) is the 
mechanism of ductile transgranular fracture that is observed here. 
Often, both ductile and brittle fracture occur together on a single frac
ture surface. In fact, Al-Mg-Sc-Zr exhibits quasi-cleavage areas indicated 
by dotted arrows. These cleavage facets form steps along the crystallo
graphic planes of the material. They are more common in the vertical 
building direction, as the melt pools form perpendicular to the applied 
load, so the crack can also propagate through the melt pool boundaries. 
As observed, a few micropores are found in the fracture surface, which 
probably also contributed to the crack propagation. 

4. Conclusions 

In this work, near net shape miniaturized tensile specimens of 
AlSi10Mg and Al-Mg-Sc-Zr were produced by PBF-LB to study their 
processability after a powder drying treatment and to examine their 
mechanical properties. The conclusions drawn from this study are as 
follows.  

1. Microstructural Differences: The addition of scandium in the AM- 
specific material Al-Mg-Sc-Zr resulted in a strengthened micro
structure caused by precipitation hardening, with an average grain 
size of 2.3 μm. In contrast, the AlSi10Mg alloy exhibited a coarser 
microstructure with an average grain size of 8.0 μm and longer grains 
along the melt pools.  

2. Superior Mechanical Properties of Al-Mg-Sc-Zr: Al-Mg-Sc-Zr 
showed superior mechanical properties compared to AlSi10Mg, 
with Ultimate Tensile Strength (UTS) exceeding 450 MPa, whereas 
AlSi10Mg exhibited UTS values of around 225 MPa. Additionally, Al- 
Mg-Sc-Zr demonstrated twice the hardness of AlSi10Mg. Although 
the elongation to failure was similar for both materials, at approxi
mately 12–16%, the printing orientation slightly affected elongation 
due to the presence of large pores. 

Fig. 13. Crack propagating through the melt pool boundaries when applying a tensile load (F): (a) Vertical building direction and parallel to the applied load (F). (b) 
Horizontal building direction and perpendicular to the applied load (F). 

Fig. 14. In-situ test of AlSi10Mg in vertical building direction. The crack is 
observed at an elongation value of 9.5% and fracture. The arrow indicates in
ternal pores on the fracture surface. 
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3. Impact of Porosity: The level of porosity in AlSi10Mg was not only 
high but also contained large pores that were detrimental to me
chanical properties. This could be attributed to overheating of the 
molten material during printing, which promotes pore coalescence 
and growth. The average pore sizes for AlSi10Mg and Al-Mg-Sc-Zr 
were 55.6 μm and 33.9 μm, respectively.  

4. Fracture Mechanics Analysis: Both AlSi10Mg and Al-Mg-Sc-Zr 
exhibited ductile fracture surfaces, although the latter displayed 
cleavage facets due to high localized strength caused by small grain 
size. Internal pores were found to play a crucial role in the formation 
and propagation of cracks. 

5. Suitability of Miniaturized Tensile Specimens: Miniaturized ten
sile specimens proved suitable for characterizing AM parts, allowing 
the mechanical properties of small features in complex parts to be 
studied. In-situ SEM tensile tests provided insights into fracture 
behavior. While results from micro specimens may not be directly 
comparable with macro specimens due to sensitivity to large pores, 
they still allow for comparison between different alloys within the 
same study. 

Overall, the study highlights the importance of microstructural 
optimization, porosity control, and fracture mechanics analysis in un
derstanding and improving the mechanical performance of AM 
materials. 
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