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Abstract: Aluminum alloys are key materials in additive manufacturing (AM) technologies thanks
to their low density that, coupled with the possibility to create complex geometries of these
innovative processes, can be exploited for several applications in aerospace and automotive fields.
The AM process of these alloys had to face many challenges because, due to their low laser
absorption, high thermal conductivity and reduced powder flowability, they are characterized by
poor processability. Nowadays mainly Al-Si alloys are processed, however, in recent years many
efforts have been carried out in developing new compositions specifically designed for laser based
powder bed AM processes. This paper reviews the state of the art of the aluminum alloys used in the
laser powder bed fusion process, together with the microstructural and mechanical characterizations.

Keywords: laser powder bed fusion; additive manufacturing; aluminum; composition;
mechanical properties

1. Introduction

Additive manufacturing (AM) defines a class of production technologies that can create 3D
components layer by layer based on 2D patterns defined by slicing the 3D computer aided design
(CAD) of the component. Among the different AM technologies, powder bed technologies such as
laser powder bed fusion (LPBF) and electron beam melting (EBM) are the most used to process metallic
alloys [1]. A schematic representation of the LPBF process is reported in Figure 1.
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Figure 1. Schematic representation of a laser powder bed fusion (LPBF) process. Adapted from [1], 
with permission from © 2014 Springer Nature. 

Figure 1. Schematic representation of a laser powder bed fusion (LPBF) process. Adapted from [1],
with permission from © 2014 Springer Nature.

Materials 2019, 12, 1007; doi:10.3390/ma12071007 www.mdpi.com/journal/materials

http://www.mdpi.com/journal/materials
http://www.mdpi.com
https://orcid.org/0000-0002-0347-4821
https://orcid.org/0000-0002-4637-5532
https://orcid.org/0000-0001-7135-1316
https://orcid.org/0000-0002-2876-143X
https://orcid.org/0000-0003-1840-7717
https://orcid.org/0000-0002-1546-8525
http://www.mdpi.com/1996-1944/12/7/1007?type=check_update&version=1
http://dx.doi.org/10.3390/ma12071007
http://www.mdpi.com/journal/materials


Materials 2019, 12, 1007 2 of 19

The advantages from a design perspective of LPBF and in general of AM processes have been
widely addressed in recent years [2,3]. However, it is important to underline that AM brings many
interesting aspects also from a material science perspective. The high cooling rate (103–106 K/s [4]) of
the melt pool generated by the successive laser scan tracks is also a key factor of the success of these
technologies. From a metallurgical point of view in fact, the rapid cooling generates the solidification
of peculiar microstructures characterized by extremely interesting features which will be discussed
more in details in the paper.

LPBF showed to be very successful with many alloys such as titanium, aluminum, nickel, steels,
and refractory materials [1]. In the case of titanium and nickel alloys, the poor machinability and
the issues related to their formability drove the success of AM processes. On the contrary, most of
the aluminum alloys can be easily formed by conventional processes. Furthermore, many studies
reported that the LPBF process of Al alloys are generally critical. One of the main issues faced when
processing Al by AM is related to difficulties in spreading the powder bed due to the poor flowability
of the powders [5]. Furthermore the LPBF process of aluminum alloys generally requires high laser
power because of the high reflectivity of the powder and the high thermal conductivity of the solidified
material [6]. Finally, the presence of a thin oxide film on the gas atomized particles and on the solidified
layers might reduce the processability as it reduces the wettability and hinders the remelting of the
previous layer, causing some porosities in the built parts [7–9]. The thickness of the oxide layer on
both, the melt pool and the particles, strongly depends on the processing conditions [10,11]. Uslan et
al. for example showed that on aluminum gas atomized particles the oxide thickness is in the range
of 2.75–2.96 nm and it is correlated to the particles size [11]. Notwithstanding these issues, the LPBF
processing of Al alloys gained much interest in recent years mainly due to the peculiar microstructure
and enhanced mechanical properties it is possible to achieve.

Among commercial aluminum alloys, mainly near eutectic Al-Si alloys, such as AlSi10Mg, Al-12Si,
A357, and A356, are generally used in AM processes and in particular in LPBF and, among them,
the most studied composition is certainly AlSi10Mg [12–16]. The success of this composition is mainly
related to the Si content, which is close to the eutectic one and hinders the solidification cracking
phenomenon. It is well-known that this cracking mechanism is related to the solidification range of the
alloy, to the fluidity of the molten phase, the solidification shrinkage and to the coefficient of thermal
expansion (CTE) of the alloy [17]. In AlSi10Mg, the presence of 10 wt.% Si implies a fine solidification
range (∆T = Tliquidus − Tsolidus) of this alloy, which was calculated to be about 30 ◦C [18]. This value is
extremely low with respect to other high strength aluminum alloys such as the 2024 (∆T = 135 ◦C) [19].
In addition, it well-known that Si improves the fluidity of molten aluminum, reduces the solidification
shrinkage and the coefficient of thermal expansion [19]. Furthermore, Sercombe et al. suggested that Si
is also fundamental for the AlSi10Mg LPBF processing because it is responsible for the laser absorption.
Silicon in fact has a low solubility in Al, and it is mainly contained in the alloy as pure particles which
are characterized by a high laser absorption (~70%) [20].

The microstructure and properties of AlSi10Mg by LPBF have been widely investigated in recent
years [12,21]. It is well-accepted that as-built AlSi10Mg LPBF microstructure is made by large columnar
grains with 10–20 microns width and hundreds of microns length (Figure 2a). These grains, which can
be detected only by electron backscatter diffraction (EBSD) analyses, are formed during the building
process thanks to the epitaxial grain growth along the building direction. It is well known that these
large columnar grains contain a fine dendritic structure, due to the rapid and directional cooling
that arises during the laser scanning and implies enhanced mechanical properties. The effect of
the laser scanning can be detected by optical or scanning electron microscope (SEM) images by a
network of interconnected melt pools that contain an extremely fine cellular structure. The size and
the morphology of the cells strongly depend on the building parameters and on the position within
the melt pool [18,22]. Kim et al. for example distinguished three regions of the melt pool defined as,
fine melt pool (FMP), heat affected zone (HAZ) and coarse melt pool (CMP) characterized by cells
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with different size and morphology (Figure 2b) [22]. EDS analyses showed that this cellular structure
is made of Al cells surrounded by Si-rich regions (Figure 2c–e).

It was demonstrated that as-built samples are characterized by higher mechanical properties with
respect to cast plus conventional solution-ageing T6 treatment samples with the same composition [23].
Hadadzadeh et al. attributed the high mechanical performances of AlSi10Mg LPBF samples to the
Hall-Petch mechanism, due to the eutectic cells boundaries, to the Orowan effect due to the presence
of Si and Mg2Si and to the dislocation hardening [24,25].

Because of this reason, LPBF AlSi10Mg was deeply investigated in terms of post process heat
treatments, surface roughness, residual stresses, corrosion and fatigue resistance [26–29].

Despite the results obtained with AlSi10Mg showed the great potentiality of the LPBF process of
Al alloys, only other few casting alloys have been processed, without meeting the strict requirements
of high strength and ductility of the aerospace industry. In fact, most of the high strength aluminum
alloys such as 2000, 6000, and 7000 series are hardly processable by LPBF because of their solidification
cracking susceptibility. In addition, 2000, 6000, and 7000 series contain volatile alloying elements such
as Zn, Mg, and Li that can easily evaporate during the building process [17,30].
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Figure 2. (a) Electron backscatter diffraction (EBSD) inverse pole figure (IPF), adapted from [31],
with permission from © 2016 Elsevier, (b,c) SEM images and (d) Al- and (e) Si EDS maps of an as-built
AlSi10Mg sample, adapted from [22], with permission from © 2016 Elsevier.

Because of these reasons, there is a strong industrial interest in the development of high strength
aluminum alloys to be processed by LPBF. Even if the research on this topic started only a few years
ago, there has been a significant increase in the number of scientific publications on this topic. Figure 3
reports the number of publications per year on new Al alloys specifically designed for AM processes
and clearly demonstrates the increasing interest on this topic.

The purpose of this review is to discuss the approaches used in the selection of the alloy
composition and to sum up the main results obtained in recent years. The major outcomes are
here discussed as follows. At first the main methodologies used to study new aluminum alloys
compositions are discussed. Afterwards, the advantages of the rapid solidification processes to which
LPBF belongs will be presented. Then, the limitations related to the LPBF processability of high
strength aluminum alloys (e.g., 7075, 2024) will be presented together with the consequent investigated
composition adjustments. Finally, the design of new aluminum alloys obtained by the addition of rare
earth (RE) and transition metals (TM) will be examined together with Al-based metallic glasses. As a
conclusion the mechanical properties of the alloys will be compared and discussed on the basis of the
microstructural results and with emphasis on the key findings.
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2. Methodologies

One of the main issues related to the development of a new aluminum alloy for LPBF process
is the difficulty to source gas atomized powders with customized compositions. Furthermore, in
some cases, gas atomization of specific compositions might be difficult [32]. Because of these reasons,
in recent years many researchers mixed commercial powders with different chemical compositions
to obtain a batch with the final required alloying elements content [32–38]. The phenomena that
arise in the melt pool, such as the Marangoni flow and the recoil pressure effects, generally allow the
distribution of the alloying elements within the melt pool [39]. Despite this, some of the published
studies reported some alloying elements mixing issues [33,38]. Wang et al., for example, produced
Al-xCu alloys using mixed Al-4.5Cu and Cu particles and found some Cu rich areas in as-built samples
(Figure 4). The inhomogeneity of the composition is strongly undesired not only because it alters the
results, but also because it hinders the production of large samples due to the formation of some areas
rich in brittle phases.
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Figure 4. Backscattered Electrons (BSE) SEM micrographs of LBF (a) Al-6Cu and (b) Al-40Cu
alloy (inset: Cu distribution across the Cu-rich zone), adapted from [38], with permission from ©
2018 Elsevier.

Furthermore, another critical aspect in developing a new composition is the quantity of powder
required for an LPBF build. Accordingly, some researchers used an alternative method to reduce the
powder quantity needed to investigate the processability and the properties of a new alloy: laser single
scan tracks (SSTs) [40–44]. In these experiments, the laser scans a powder bed with a single track and
thereafter the SSTs are generally cut perpendicularly to the scanning direction, polished and analyzed.
The morphological observations of the melt pool indicate the processability of the compositions, based
on the type melting and solidification phenomena. This method leads to the identification of the most
suitable scanning parameters that brings to the formation of a stable melt pool and of a continuous
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scan track. These types of track are generated when the material melts in conduction melting mode.
On the contrary, when high power associated with low scan speed are used the powder bed melts
in a keyhole mode, causing a strong evaporation of some alloy elements, the formation of deep melt
pools and many undesired effects [45]. The sets of parameters that, because of surface tension effects,
cause the rupture of the scan track into separated balls are also undesired as they strongly increase the
porosity of the final part. This morphology is generally identified as balling [46].

The main geometrical feature of the cross-section of SSTs can be evaluated in order to select the
most suitable hatching distance and layer thickness for the production of dense bulk components.
Finally, the melt pool microstructure is generally observed by SEM and EBSD analyses and the
mechanical properties are evaluated by nanoindentation measurements [41,42,47].

This approach is very useful to have a first insight on the processability, properties and
microstructures of a new alloy by LPBF. However, some aspects have to be taken into account:

• the dimension of the laser scan in a real part might be slightly larger with respect to the SSTs due
to the heat accumulated during the scanning of the previous layers;

• the microstructure of a SST might be slightly different from the real part one because it does not
undergo the intrinsic heat treatment due to the melting and solidification of the following layers.

Notwithstanding this, if these aspects are considered, the SSTs analysis showed to be a promising
methodology for the development of new alloys for LPBF. Nie et al. confirmed the applicability of
single scan methods by selecting the building parameters for the production of an Al-Cu-Mg alloy on
the basis of single and multi-tracks morphology and crack density [41].

In literature there are different methods and approaches to create the powder surface to be scanned.
Aversa et al. for example used a film depositor with a 50 µm gap to spread the powders mixed with 50
vol.% ethanol in order to facilitate the deposition [40]. In this case, in order to simulated as much as
possible a scan in a real AM part, specific attention has to be payed to the platform composition. Li et
al. slightly consolidated a pre-alloyed powder in order to be able to remove the scan track for further
analyses (Figure 5) [42]. This approach may facilitate the analyses as it does not involve the platform,
but it must be carefully used for the selection of building parameters because the partially consolidated
powder bed has a different thermal behavior with respect to the bulk material. Finally, Jia et al. did not
create a powder bed but performed SSTs on cast platforms [48]. This method has many advantages
from a homogeneity point of view; furthermore critical alloying elements can be added without too
many safety issues. However, the lack of the powder bed may modify the laser absorption and the
melting phenomena. It is well-known that the laser absorption depends on the surface quality and
strongly changes when a powder bed is used [43]. Notwithstanding this, this method is mainly useful
for the understanding of the solidification phenomena and microstructure analyses.
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3. Rapid Solidification

In recent years many studies modelled the melt pool temperature during LPBF revealing the
extraordinary temperature profile and cooling rates of these technologies [49–51]. Li et al. for example
calculated that the melt pool maximum temperature for an AlSi10Mg is in the range 1000–1800 ◦C and
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the cooling rate is in the range 1.2 × 106–6.1 × 106 K/s, depending on the main building parameters of
the LPBF system employed [49].

These results suggested that LPBF may be considered a rapid solidification process (RSP).
As reported in literature, RSPs have been deeply investigated in past years because of their many
advantages such as [52]:

• the extension of the solid solubility;
• the formation of non-equilibrium and metastable phases;
• the reduction of number and size of segregated phases;
• the changes in grain morphology such as grain refinement, location and distribution of the phases;
• the reduced phase crystallinity.

The main RSPs are the following: melt spinning (or planar flow casting), splat quenching,
laser surface melting and several types of atomization [52]. These technologies produce ribbons or
powders and have many limitations in terms of the shape and size of the final products. Nevertheless,
because of the possibility to obtain peculiar microstructures and interesting mechanical properties,
these processes and their thermodynamic phenomena received much attention in past years in
metallurgy literature [53,54]. Many studies in fact focused the attention on the selection of the most
suitable composition that can be processed by RSPs and that can take advantage of these extremely
high cooling rates [52].

Recently, Marola et al. compared the microstructure of LPBF AlSi10Mg samples with AlSi10Mg
specimens produced with common RSPs, in particular melt spinning (MS) and copper mold casting
(CMC) [55]. The comparison was carried out by means of Field Emission Scanning Electron Microscopy
(FESEM) micrographs and consequent evaluation of the eutectic percentage, X-Ray Diffraction (XRD)
and differential scanning calorimetry (DSC) analyses. This study demonstrated that the LPBF samples
have a higher extension of the Si solid solubility in Al with respect to the conventional RSPs. This result
was verified by the released enthalpy during DSC analyses. These findings confirm that LPBF can be
fully considered as a RSP and that it can therefore benefit, from a material point of view, of the above
discussed advantages of these techniques.

4. Aluminum Alloys for LPBF

4.1. Processability of High Strength Aluminum Alloys

Many studies already revealed that most of the high strength aluminum alloys are hardly
processable by LPBF as they suffer from solidification cracking during the laser scanning [17,30].
This cracking mechanism, deeply investigated in welding, arises when, during the melt pool
solidification, the thin liquid film that forms on the grain boundaries cannot accommodate the
solidification shrinkage, generating a crack [56]. It was demonstrated that solidification cracking
is mainly due to some alloy characteristics, i.e., the large solidification range, the solidification
shrinkage, the CTE value, and to the poor fluidity of the molten phase [56]. Furthermore, high strength
aluminum alloys usually contain volatile alloying elements such as Zn, Mg, and Li. These elements
can evaporate during the LPBF process causing a modification of the composition and consequently of
the microstructure and the properties. In some cases, the modification of the composition due to the
evaporation might even increase the susceptibility to the cracking mechanism [30].

The occurrence of the cracking mechanism during LPBF of high strength aluminum alloys was
demonstrated in several studies [57–59]. The processability of an Al-Cu-Mg alloy (with a composition
close to 2024) has been investigated by Zhang et al. who observed long cracks formed along the
building direction with most of the parameters [57].

Kaufmann et al. studied the LPBF process of the 7075, an aluminum alloy known thanks to its
outstanding strength [58,60]. It was demonstrated that with high power (P > 300 W) nearly dense
samples (porosity < 1%) can be obtained using a 7075 powder. However, the high cooling rate
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causes the generation of long cracks, oriented along the building direction also on samples built on a
preheated platform (T = 200 ◦C) [58]. Furthermore, in this study energy-dispersive X-ray spectroscopy
(EDS) analyses revealed that LPBF samples contain a lower Zn content with respect to the starting
powder, confirming that Zn evaporates during the building process. Qi et al. deeply studied the
cracking phenomena that arise during the laser scanning of a 7075 powder [59]. They proved that
three different types of cracks could generate in 7075 LPBF samples, all oriented along the grain
boundaries. The melting mode was also evaluated on the basis of the geometrical features of the last
layers melt pools and was correlated with the crack density. The lowest crack density was observed
in samples in which the keyhole melting mode (Figure 6a) arose due to the solidification of fine and
irregular grains [45,59]. With high energy density, therefore with high laser power and low scan speed,
the keyhole phenomenon takes place due to the evaporation of metal and the consequent creation of a
deep melt pool which enhances the laser absorption (Figure 6a) [45]. The EBSD maps of samples built
in conduction mode (Figure 6b,c) show that cracks are present along the columnar grain boundaries.
On the contrary, the keyhole melting mode causes the formation of irregular grains due to the strong
the fluctuation of the melt pool. The different microstructure causes a reduction in the crack density
(Figure 6d,e).
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4.2. High Strength Aluminum Alloys Modification

Considering the difficulties in LPBF processing high strength aluminum alloys, many studies
tried therefore to modify their composition in order to make it processable by AM [4,32,34,36,37,41,57].

Montero Sistiaga et al. and Aversa et al. modified the composition of the 7075 alloy increasing
the Si content, trying in this way to change the solidification range and the fluidity of the molten
phase [36,37]. In both cases, the introduction of Si has been obtained by dry mixing the 7075 powders to
Si or to a Si-rich aluminum alloy powder. It was demonstrated that Si is very effective in reducing the
cracks density of the alloy. DSC analyses confirmed the reduction of the solidification range and EBSD
analyses performed on samples with different Si contents showed that silicon also causes a strong grain
refinement. This microstructure refinement might also contribute to the improved processability of this
alloy. Based on Martin et al. [32] and Qi et al. [59] results, cracks propagated along columnar grains.
However, the effect of Si on the laser absorption has also to be taken into account. In fact, the alloy
with higher Si content might melt in a keyhole melting mode with a consequent grain refinement [59].
The microstructure of these Si modified 7075 alloys is similar to the AlSi10Mg one, consisting of fine
α-Al cells surrounded by the eutectic phase. Thanks to the high cooling rates, the as-built samples are
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constituted by an α-Al solid solution, whereas a direct ageing heat treatment allows the precipitation
of strengthening phases. The tensile tests performed on Si modified samples showed that the as-built
alloy has the yield and ultimate tensile strengths of 315 and 387 MPa, respectively, and these values
can increase up to 11% and 7%, respectively, after the appropriate ageing treatment [37].

On the other hand, Martin et al. studied a new approach, based on the refinement of the
microstructure, to produced crack-free 7075 and 6061 parts by LPBF [32]. The authors introduced
hydrogen stabilized Zr nanoparticles to the powder batches. Zr reacts with Al forming Al3Zr fine
particles which act as nucleant for the aluminum alloy. The microstructure of Zr modified alloy
consists then in equiaxed grains that can easily accommodate the solidification shrinkage allowing the
production of crack-free samples. A similar approach was used by Zhou et al. who added 1wt.% Sc +
Zr to an Al-6Zn-2Mg alloy [61]. This composition showed to have a good processability and promising
mechanical properties which can be further increased by a T6 heat treatment.

Similar approaches were used for the alloys belonging to the 2000 series. Dense and crack-free
Al-Cu-Mg samples were produced by Zhang et al. only with a reduced range of parameters; with high
scan speed, long cracks, oriented along the building direction, were observed [57]. In more recent
studies, two main ways to enlarge the process window of this alloy have been studied [4,34,35]. On one
hand, Zhang et al. added Zr to its composition in order to form Al3Zr precipitates which act as seeds
for the heterogeneous nucleation [34]. The experimental results showed that the introduction of Zr is
effective in the production of crack-free sample when high scan speed is used [34]. XRD and EBSD
analyses confirmed the precipitation of Al3Zr which act as a grain refiner for the alloy, allowing to
reach extremely high mechanical properties. The EBSD maps of the cross section of Al-Cu-Mg and
Zr/Al-Cu-Mg samples processed using different scan speeds are reported in Figure 7. The comparison
of the images clearly shows the reduction of the grain size obtained by the introduction of Zr and by
using high scan speed values. The reason for the success of the introduction of Zr to the alloy was
also clarified by Nie et al. on a similar composition, for which a reduced process windows could be
found (Al-4.24Cu-1.97Mg-0.56Mn) [35]. The authors investigated the effect of different Zr contents and
different scan speeds on the crack density, revealing that higher scan speed can be used with higher Zr
contents [41]. The solidification phenomena have been deeply investigated by EBSD and simulations,
confirming that Zr allows the crack reduction thanks to the reduction of the solidification range and
the refinement of the microstructure due to heterogeneous nucleation during solidification.
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In another recent study, Wang et al. investigated a different approach to increase the processability
of Al-Cu-Mg alloys investigating the effect of the introduction of Si on the consolidation and the
microstructure of the starting material [4]. This modification of the composition might reduce the
crack density due to the increase in the fluidity of the molten phase and to the reduction in the
liquation cracking phenomena. The authors demonstrated that this new Al-3.5Cu-1.5Mg-1Si can be
successfully processed by LPBF and that dense and crack-free samples can be produced with the
optimized parameters. Concerning the microstructure, it was demonstrated that as-built samples
are made of α-Al and strengthening phases and EBSD analyses showed again that large columnar
grains are formed upon cooling. XRD and TEM analyses revealed that, in the as-built condition, the
strengthening phase is an unknown group identified as Q phase and rich in Cu, Mg, and Si. After the
T6 heat treatment, only Mg2Si and AlxMny were detected.

Finally, the LPBF processability of the alloys belonging to the 6000 series was also investigated
and results revealed that these compositions are also very critical [62–64]. Louvis et al. reported
a poor consolidation and large delamination issues in 6061 samples processed by laser-based AM
processes [65]. Fulcher et al. and Maamoun et al. compared the 6061 and the AlSi10Mg processability
showing that, because of the larger solidification range, the 6061 alloy suffers from solidification
cracking during LPBF [63,66]. In their studies, it was also demonstrated that the cracking mechanism
was related to the building parameters and thanks to the rapid cooling, the as-built 6061 microstructure
is characterized by fine Al cells and nanometric Si particles [63]. The processability of the 6061 alloy was
firstly improved by Martin et al. following the same approach used for the 7075 alloy [32]. The authors
introduced Zr nanoparticles in order to cause the precipitation of Al3Zr and control the solidification
process favoring the heterogeneous nucleation [32]. The 6061 LPBF cracking issues were also recently
overcome by Uddin et al. by increasing the building platform temperature at 500 ◦C and selecting the
most suitable building parameters [62]. However, the building platform heating completely altered the
solidification mechanism eliminating the melt pool features and leading to a reduced texture, larger
grains and precipitates.

All these studies showed that the three main approaches have been studied for the reduction
of the crack density of high strength aluminum alloys processed by LPBF. The methods, based on
different microstructural mechanisms, are summarized here:

• Control of the solidification process by the formation of nucleant phases (e.g., Al3Zr);
• Modification of the solidification processes by the reduction of the solidification range;
• Reduction of the thermal gradient by preheating the building platform.

4.3. Effect of Transition Metals and Rare Earth Elements to Aluminum Alloys

A different approach for the development of new Al-based compositions can be defined on the
basis of the results obtained with rapid solidified alloys, introducing transition metals (TM) and rare
earth elements (RE) to the alloys compositions [67–69].

It is well known that TM and RE elements are extremely suitable alloying elements for rapidly
solidified Al alloys. Because of this reason, recently, many works focused on the investigation of
the microstructure and the properties of aluminum alloys containing RE and TM processed by LPBF.
The main advantages of RE are related to the strongly coherent and stable precipitates they form with
Al that allow a grain refinement of the alloy.

The most known application of the approach based on TM and RE addition is certainly the
Scalmalloy®, a new composition developed and patented by the Airbus Group and deeply investigated
in recent years. In 2011 Schmidtke et al. proofed the applicability of an Al-Mg alloy containing Sc and
Zr through LPBF process (Al4.5Mg0.7Sc0.4Zr0.5Mn) [70].

The main idea behind this alloy is related to the obtainment of a supersaturated solid solution due
to the rapid cooling and the precipitation of Al3Sc by direct ageing. Scandium was selected because,
together with erbium and zirconium, is a promising alloying element for aluminum as it gives L12
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Al3X ordered structures strongly coherent with the Al matrix [71]. This high coherency reduces the
tendency of particles to grow, so that these precipitates are stable up to 350 ◦C. It is worthy to remind
that the most common Mg-, Si-, and Cu-based precipitates are stable only up to about 250 ◦C. Moreover,
thanks to their high coherency with aluminum, Al3(Sc,Zr) precipitates act as seed crystals for the Al
heterogeneous nucleation implying high degrees of grain refinement [72].

The peculiar microstructure and the properties of Scalmalloy® samples processed by LPBF were
investigated in various works by Spierings et al. [72–74]. The authors demonstrated that the as-built
Scalmalloy® microstructure is made of fine grain (FG) and coarse grain (CG) regions (Figure 8).
This bimodal microstructure is probably due to the formation of MgO and Al3Sc seeds that cause
the formation of fine grains. The CG region, on the contrary, is due to the lack of seeds and to
the temperature gradient that cause a columnar grain growth [73]. The authors also investigated
the effect of LPBF building parameters on Scalmalloy® microstructure and properties, revealing
that the scan speed has an important effect on microstructure and in particular on the size of Al3Sc
particles. However, this difference only slightly affects the mechanical properties of the as-built
alloy in terms of hardness and yield strength [74]. Li et al. also observed the effect of process
parameters on the microstructure of as-built LPBF samples with a composition close to the Scalmalloy®

(Al-6.2Mg-0.36Sc-0.09Zr). The authors demonstrated that the building parameters have an effect on
the texture and on the Mg content of LPBF samples [75]. In particular high energy density caused the
evaporation of Mg from the melt pool and a reduction of the Al lattice parameter and the solidification
of a structure characterised by a weaker texture [75]. Shi et al. studied the relation between the building
parameters and the microstructure and the properties of this composition in the aged condition [76].
It was demonstrated that a balance between the low densification obtained at low energy density and
the low supersaturated solid solution obtained at high energy density has to be found in order to reach
the highest mechanical performances [76].
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A similar bimodal microstructure was observed by Griffiths et al. in Sc-free Al-Mg-Zr
(AddalloyTM) LPBF samples [77]. The authors focused the attention on the effect of laser rescanning
on the microstructure of AddalloyTM observing a refinement of the microstructure thanks to the
remelting of columnar grains and the precipitation of Al3Zr seeds. Croteau et al. also investigated the
strengthening mechanisms of Al-Mg-Zr alloys processed by LPBF [78]. The results suggested that the
Mg acts as solid solution strengthener while Zr strengthens the alloy based on two main mechanisms,
i.e., grain refinement thanks to the precipitation of coherent Al3Zr phase during solidification and by
precipitation strengthening.

Because of the extremely promising results obtained with Scalmalloy®, various works followed
the same idea. Jia et al., for example, investigated the laser processability and the microstructure of



Materials 2019, 12, 1007 11 of 19

Al-Sc-Zr and Al-Er-Zr alloys [48]. Sc and Er form similar L12 precipitates with Al, both extremely
coherent with the Al lattice structure [71]. Despite this, the microstructure analyses showed that these
compositions have an extremely different behavior: Er has, in fact, a lower solubility in Al with respect
to Sc and this causes the reduced thermal stability of these precipitates that easily grow with ageing
treatments. Furthermore, EBSD maps confirmed that Er has a different effect with respect to Sc on the
solidification mechanisms of Al alloys, implying the solidification of larger grains.

Zheng et al. investigated the microstructure and the properties of the FVS0812 alloy
(Al-8.5Fe-1.3V-1.7Si) processed by LPBF [79]. This alloy, developed by Allied Signal Inc., was deeply
studied in the 1990s by RSP and powder metallurgy, reaching elevated strengths at high temperature
due to the nanoscale Al12(Fe,V)3Si precipitates [80,81]. Zheng et al. stated that dense and crack-free
FVS0812 samples can be successfully produced by LPBF and that as-built samples have a hardness
value similar to the planar flow casting one. In the as-built sample microstructure three zones can be
recognized: the laser melted zone made of α-Al and fine and round Al12(Fe,V)3Si, the melt pool border
made of fine Al13Fe4 precipitates and the heat affected zones (Figure 9a) [82].
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closest to the eutectic (Al-33Cu). Despite the sensitivity of Al-Cu alloys to cracking mechanisms, no 
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Figure 9. SEM images of (a) FVS0812, adapted from [82], with permission from © 2015 Cambridge
University Press; (b,c) Al-Si-Ni-Fe water quenched and aged at 250 ◦C for 5 h, adapted from [83],
with permission from © 2019 Elsevier; (d,e) Al-Si-Ni, adapted from [33], with permission from © 2017
Elsevier; and (f) Al-20Si-Fe-Cu-Mg adapted from [68], with permission from © 2016 Elsevier.

Manca et al. recently proofed the potentiality of a new Al-Si-Ni-Fe alloy containing Cu
minor addition, which presented not only a good LPBF processability but also high mechanical
performances [83]. The high hardness value of this alloy (186 HV) was attributed to the fine Si, Al5Fe
(Ni,Cu), and Al3(Ni,Cu) phases (Figure 9b,c).

Aversa et al. studied the processability and the properties of an Al-Si-Ni alloy with a composition
close to the ternary eutectic one using AlSi10Mg and Ni particles [33]. From a microstructural point of
view, the as-built samples are constituted by α-Al cells surrounded by the eutectic and Al3Ni particles.
Similarly to what was observed on the FVS0812 alloy, slightly larger precipitates were recognized at the
melt pool boundary (Figure 9d,e). The hardness measurements revealed that the introduction of 5 wt.%
Ni to the AlSi10Mg composition caused an increase of 23% in Vickers hardness. Nanoindentation
measurements were then used to demonstrate that the high hardness value is induced by the presence
of fine Al3Ni particles.

On the other hand, Ma et al. studied the effect of Fe, Cu, and Mg addition on the microstructure
of an Al-20Si alloy processed by LPBF [68]. It was demonstrated that the microstructure consists of
α -Al, Si bulk particles, Al-Si eutectic and coarse acicular δ-Al4FeSi2 phase (Figure 9f). The size of
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these phases is strongly lower with respect to the cast ones thanks to the high cooling rate of the LPBF
process. Furthermore, the presence of Fe, Cu, and Mg hinders the growth of Si phase.

Wang et al. investigated the microstructure and the properties of Al-Cu samples with different
Cu contents (4.5–40 wt.%) produced by LPBF starting from mixed Al and Cu particles [78].
The microstructures of the low Cu content alloys were made of an Al matrix and Al2Cu particles.
Moreover, the microstructure became fine eutectic as the Cu content increases. The highest mechanical
properties, evaluated by compression tests, were recorded in the case of the compositions closest to the
eutectic (Al-33Cu). Despite the sensitivity of Al-Cu alloys to cracking mechanisms, no consolidation
issues of these alloys were reported in this paper.

These studies showed that the success of the Scalmalloy® composition is related not only to the
precipitation of L12 coherent strengthening phases but also to the strengthening effect of Mg which
is contained in a supersaturated solid solution in the α-Al matrix. Subsequent studies on the effect
of other RE elements such as Er demonstrated that the relatively high solubility of Sc in Al is also a
key-point for the success of AlMgScZr compositions.

The introduction of TM to the LPBF alloys compositions can be then considered a promising
method to improve the mechanical properties of the alloy by maintaining a good processability.
The composition studied up now were mainly based on the most promising alloys processed by
RSP. The microstructural and mechanical investigations demonstrated that, due to rapid cooling, fine
microstructures and by high mechanical properties can be achieved by LPBF.

4.4. Metallic Glasses and Nanocrystalline Materials

Metallic glasses (MGs) and nanocrystalline materials (NCMs) are two class of materials that
received great attention in recent years thanks to their unique properties due to the lack of a
conventional metal structure characterized by long-range order [84]. The LPBF processability of
a few materials belonging to these class was studied in recent scientific publications.

Prashanth et al. studied the microstructure and the properties of thermally stable Al85Nd8Ni5Co2

nanocrystalline material produced by pre-alloyed gas atomized powder. The authors reported a
composite like microstructure made of Ni, Nd and Co-rich sub micrometric platelets like intermetallic
precipitates [85]. These particles implied an increase in the mechanical properties of the alloys and
a reduction of the microstructure coarsening. Furthermore, the elongated particles, characterized
by a strong interface with the matrix, were very effective in deflecting cracks and increasing the
mechanical strength.

Li et al. investigated the possibility to process an Al-based metallic glass (Al86Ni6Y4.5Co2La1.5)
by LPBF [42]. The authors firstly performed SSTs and observed that some process parameters caused
cracks within the SSTs. It was also demonstrated that the microstructure and the hardness strongly
depend on the position within the melt pool: some areas crystallize due to a different thermal history.
In a second study, the same authors investigated the effect of low energy density rescanning in the
processing of bulk metallic glass composites (BMGCs) [86]. It has been demonstrated that for these
materials rescanning with low power allows the reduction of residual stresses.

5. Mechanical Properties

The main mechanical properties of the above-described alloys in terms of hardness (HV and
HB), yield strength (YS), ultimate tensile strength (UTS) and elongation (ε) are reported in Table 1.
Undoubtedly, the heat treated Scalmalloy® samples showed the highest YS and UTS values together
with a high elongation. The authors attributed this extraordinary mechanical strength to Sc and
Zr which form Al3Sc and Al3(ScxZry), to Zr that creates a shell around Al3Sc particles, and mainly
to the presence of Mg which causes a solid solution strengthening effect [70]. It is important to
underline that the post processing heat treatment plays a crucial role in determining the properties of
the alloy [76], it can be noticed indeed that the as-built Scalmalloy® properties are similar to the as-built
AlSi10Mg ones [76]. The comparison of the Scalmalloy® with the Al-Sc-Zr confirms the relevance
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of both strengthening effects. Furthermore Jia et al. demonstrated that Er does not imply the same
strengthening effect of Sc on LPBF Al alloys mainly because of the large size and reduced volume
fraction of the strengthening phase [48].

Table 1. Mechanical properties of modified aluminum alloys processed through LPBF. Hardness (HV
and HB), yield strength (YS), ultimate tensile strength (UTS) and elongation (ε).

Composition Heat
Treatment HV HB YS [MPa] UTS

[MPa]
ε

(%) Reference

AlSi10Mg H 135.0 ± 0.9 128.6 ± 1.9 270 ± 10 460 ± 20 9 ± 2 [33]
AlSi10Mg H S.R. ~95 93 ± 3 230 ± 15 345 ± 50 12 ± 2 [12]
Scalmalloy® - - 100–115 276–287 403–427 14–17 [74]
Scalmalloy® 325 ◦C 4 h ~180 - 520 530 14 [70]
AlScZr L.R. 5 h 300 ◦C 113 HV0.5 - - - - [48]
AlErZr L.R. 2 h 300 ◦C 91 HV0.5 - - - - [48]
AlCuMgMn - - 276.2 ± 41 402.4 ± 9.5 6 ± 1.4 [57]

Zr/AlCuMgMn - - 446 ± 4.3 451 ± 3.6 2.7 ± 1.1 [34]
Zr/AlCuMgMn - 153.6 464.06 ± 2 493.30 ± 10 4.76 ± 1 [35]

2219 - 94 ± 6.6 [87]
2219 T6 147 ± 2.3 [87]

Al-3.5Cu-1.5Mg-1Si - 223 ± 4 366 ± 7 5.3 ± 0.3 [4]
Al-3.5Cu-1.5Mg-1Si T6 368 ± 6 455 ± 10 6.2 ± 1.8 [4]

7075+Zr T6 130–140 - 32–373 383–417 3.8–5.4 [32]
Si mod. 7075 6 h 150 ◦C ~170 - - - - [36]
Si mod. 7075 6 h 160 ◦C 140–150 350 415 - [37]

Al-8.5Fe-1.3V-1.7Si - 135–175 - - - - [79]
AlSiNi - 158.7 ± 3.0 179.5 ± 3.0 - - - [33]

Al-3.60Mg-1.18Zr 400 ◦C 8 h - - 353 ± 5 386 ± 3 18.6 ± 0.9 [78]
Al-3.66Mg-1.57Zr 400 ◦C 8 h - - 365 ± 11 389 ± 4 23.9 ± 4.4 [78]

6061 - 67–84 246.7 392 [63]
6061 500 ◦C platform - 54 ± 2.5 66–75 133–141 11–15 [62]
6061 500 ◦C platform T6 119 ± 6 282–290 308–318 3.5–5.4 [62]

* H = Horizontal, S.R. Stress Relieved (300 ◦C 2 h), L.R. Laser remelted.

The comparison of the YS values of Al-Cu-Mg-Mn and Zr-Al-Cu-Mg-Mn highlights the positive
effect of Zr on the mechanical properties of as-built materials. In this case, the increase in the high
mechanical properties was attributed to the grain refinements and to the strengthening effect of the
precipitates [34,35]. On the other hand, the increase in the processability obtained by adding Si to the
Al-Cu-Mg-Mn composition also allows a slight increase in YS and UTS values, especially after a T6
heat treatment [4]. In this case the strengthening effect was mainly attributed to the Q phase, in the
as-built state, and to the Mg2Si and AlxMny precipitation in heat-treated samples [4]. Contrarily, Zr and
Si showed to have a similar strengthening effect on the 7075 composition [32,36]. The comparison of
the 6061 properties suggests that similar YS and UTS can be obtained by as-built 6061 (T = 200 ◦C) and
T6 6061 built at 500 ◦C [62,63]. The high mechanical properties obtained by processing materials with
lower building platform temperatures are related to the fine microstructure that solidifies thanks to the
rapid cooling. However, it must be pointed out that in this case the authors reported the presence of
small micro-cracks in as-built samples.

Finally, the strengthening effect of the transition metals can be clearly seen by comparing the
Vickers hardness values of AlSi10Mg with the AlSiNi and Al-8.5Fe-1.3V-1.7Si ones. In both cases the
high mechanical properties were attributed to the fine Al3Ni, Al12(Fe,V)3Si, and h-Al13Fe phases.

6. Conclusions

This review aims to demonstrate the strong interest and the great possibilities related to new
alloys development specifically designed for AM processes, and in particular Al alloys for LPBF
process. It could be stated that, up to now, the several approaches based on the following effects have
been used:

1. The reduction of the solidification cracking mechanism of commercial high strength aluminum
alloys (e.g., 7075, 2024, and 6061) thanks to the modification of the melting behavior. This effect
was obtained mainly by the introduction of Si which increases the fluidity of the molten phase
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and reduces the alloy melting range, its coefficient of thermal expansion and its solidification
shrinkage. The decisive effect of Si was demonstrated on the 7075 and 2024 compositions.

2. The reduction of the solidification cracking obtained thanks to the reduction of the grain size of
commercial high strength aluminum alloys achieved as a result of the precipitation of strongly
coherent phases. Zr was mainly employed in order to obtain fine coherent Al3Zr particles which
act as nucleant during the solidification process. This method demonstrated to be promising for
the processability of 7075, 2024, and 6061 alloys.

3. The reduction of the solidification cracking by the increase in the building platform temperature.
This method implies a reduction of the thermal stresses and therefore of the cracking density.
The high temperature of the building platform causes however a reduction in the cooling
rate and precludes the solidification of fine microstructures. This method was however
successfully applied to the 6061 composition which could achieve high mechanical properties in
the T6 condition.

4. The introduction of rare earth and transition metallic elements to standard Al alloys compositions,
which implied a strong increase in the mechanical properties of LPBF samples. The most
promising composition was undoubtedly produced by the introduction of Sc and Zr to an
Al-Mg alloy leading to the patented Scalmalloy® composition. The high mechanical properties
of this alloy are mainly due to the precipitation of coherent Al3(Sc,Zr) particles and to the Mg
solid solution strengthening effect. Furthermore, this composition resulted to be stable up to high
temperatures thanks to the Al3(ScZr) poor tendency to grow. On the basis of the success of this
composition, many authors focused on the study of similar compositions containing Sc, Er, and Zr
and obtained promising results. The introduction of less expensive TM elements seems to be also
a promising approach for the production of high strength LPBF Al alloys. The rapid solidification
achieved during the laser scanning allows the precipitation of extremely fine strengthening
phases and therefore high mechanical properties.

5. The production of metallic glass and nanocrystalline materials. Thanks to the rapid solidification
that arises as a consequence of the laser scanning, it seems that the LPBF process might be a
promising production technology for these materials. However, because of the peculiar thermal
history to which the material undergoes, different microstructures can be obtained. This aspect
has to be carefully taken into account if complex parts have to be built.

The analyses of the mechanical properties of newly designed alloys showed that it is possible to
produce high strength Al alloys by LPBF. The mechanical performances of LPBF Al alloys are mainly
due to the fine microstructure and the supersaturated solid solution obtained by the rapid solidification
and by the strengthening effect of fine strongly coherent particles. It must also be underlined that,
in most of the cases, non-standard heat treatments were used on these materials because of the peculiar
microstructure of as-built components.

Furthermore, the results highlight that the microstructure and the properties of LPBF compositions
strongly depend on the building parameters used during the AM process. On the basis of this
consideration, it is important to underline that a promising composition must be coupled together with
the most suitable parameters that allow the solidification of a fine microstructure and a supersaturated
solid solution in order to achieve the highest mechanical properties.

The industrial scalability of these compositions also has to be taken into account. The cost of
some elements such as Sc, Er, and Zr, used as grain refiners, has to be considered when evaluating
the applicability of these compositions. In AM however, unlike conventional processes, the usage
of more expensive materials is admitted thanks to a low buy-to-flight ratio close to 1. Furthermore,
as demonstrated by the Scalmalloy® example, the high mechanical performances achieved by these
compositions can often justify the high cost of the powder. On the other hand, the introduction
of silicon is certainly a less expensive modification; however a complete characterization of this
composition is necessaire. Finally, when considering the increase in the building platform temperature
for the production of crack-free high strength Al alloy parts, the technological limit of this approach
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has to be considered. Up to now, in fact, most of the commercial systems do not reach sufficiently
high temperatures.

To conclude, it must be pointed out that, up to now, data about advanced characterizations,
such as fatigue and high temperature properties, on these materials are not available in scientific
publications. This knowledge is extremely important to meet the strict requirements of the aerospace
industry. This lack of data might be due, on the one hand, to the novelty of these studies and, on the
other hand, to the strong industrial interest in this topic which causes to the non-disclosure of specific
materials properties. Only advanced mechanical characterizations will allow the definition of the best
approach for improving strength and fatigue values of Al alloys for LPBF.

Author Contributions: Writing—Original Draft Preparation, A.A., G.M. and A.S.; Data Curation, A.A., E.B. and
D.U.; Writing—Review and Editing, D.M., M.L. and S.B.; Project Administration, M.L. and P.F.

Funding: This research and the APC was funded by STAMP (Sviluppo Tecnologico dell’Additive Manufacturing
in Piemonte).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Frazier, W.E. Metal Additive Manufacturing: A Review. J. Mater. Eng. Perform. 2014, 23, 1917–1928.
[CrossRef]

2. Adam, G.A.O.; Zimmer, D. Design for Additive Manufacturing—Element transitions and aggregated
structures. CIRP J. Manuf. Sci. Technol. 2014, 7, 20–28. [CrossRef]

3. Chu, C.; Graf, G.; Rosen, D.W. Design for additive manufacturing of cellular structures. Comput. Aided. Des.
Appl. 2008, 5, 686–696. [CrossRef]

4. Wang, P.; Gammer, C.; Brenne, F.; Prashanth, K.G.; Mendes, R.G.; Rümmeli, M.H.; Gemming, T.; Eckert, J.;
Scudino, S. Microstructure and mechanical properties of a heat-treatable Al-3.5Cu-1.5Mg-1Si alloy produced
by selective laser melting. Mater. Sci. Eng. A 2018, 711, 562–570. [CrossRef]

5. Aboulkhair, N.T.; Everitt, N.M.; Maskery, I.; Ashcroft, I.; Tuck, C. Selective laser melting of aluminum alloys.
MRS Bull. 2017, 42, 311–319. [CrossRef]

6. Li, X.P.; Ji, G.; Chen, Z.; Addad, A.; Wu, Y.; Wang, H.W.; Vleugels, J.; van Humbeeck, J.; Kruth, J.P. Selective
laser melting of nano-TiB2 decorated AlSi10Mg alloy with high fracture strength and ductility. Acta Mater.
2017, 129, 183–193. [CrossRef]

7. Tang, M.; Pistorius, P.C. Oxides, porosity and fatigue performance of AlSi10Mg parts produced by selective
laser melting. Int. J. Fatigue 2016, 94, 192–201. [CrossRef]

8. Olakanmi, E.O.; Cochrane, R.F.; Dalgarno, K.W. A review on selective laser sintering/melting (SLS/SLM) of
aluminium alloy powders: Processing, microstructure, and properties. Prog. Mater. Sci. 2015, 74, 401–477.
[CrossRef]

9. Gu, D.D.; Meiners, W.; Wissenbach, K.; Poprawe, R. Laser additive manufacturing of metallic components:
Materials, processes and mechanisms. Int. Mater. Rev. 2012, 57, 133–164. [CrossRef]

10. Vreeling, J.A.; Ocelik, V.; Pei, Y.T.; Agterveld, V.D.T.L.; de Hosson, J.T.M. Laser Melt Injection in Aluminum
Alloys: On the Role of the Oxidaton Skin. Acta Mater. 2000, 48, 4225–4233. [CrossRef]

11. Uslan, I.; Saritas, S.; Davies, T.J. Effects of variables on size and characteristics of gas atomised aluminium
powders. Powder Metall. 2013, 42, 157–163. [CrossRef]

12. Trevisan, F.; Calignano, F.; Lorusso, M.; Pakkanen, J.; Aversa, A.; Ambrosio, E.P.; Lombardi, M.; Fino, P.;
Manfredi, D. On the Selective Laser Melting (SLM) of the AlSi10Mg Alloy: Process, Microstructure, and
Mechanical Properties. Materials 2017, 10, 76. [CrossRef] [PubMed]

13. Aversa, A.; Lorusso, M.; Trevisan, F.; Ambrosio, E.; Calignano, F.; Manfredi, D.; Biamino, S.; Fino, P.;
Lombardi, M.; Pavese, M. Effect of Process and Post-Process Conditions on the Mechanical Properties of an
A357 Alloy Produced via Laser Powder Bed Fusion. Metals 2017, 7, 68. [CrossRef]

14. Vora, P.; Mumtaz, K.; Todd, I.; Hopkinson, N. AlSi12 in-situ alloy formation and residual stress reduction
using anchorless selective laser melting. Addit. Manuf. 2015, 7, 12–19. [CrossRef]

15. Kempen, K.; Thijs, L.; van Humbeeck, J.; Kruth, J.-P. Mechanical Properties of AlSi10Mg Produced by
Selective Laser Melting. Phys. Procedia 2012, 39, 439–446. [CrossRef]

http://dx.doi.org/10.1007/s11665-014-0958-z
http://dx.doi.org/10.1016/j.cirpj.2013.10.001
http://dx.doi.org/10.3722/cadaps.2008.686-696
http://dx.doi.org/10.1016/j.msea.2017.11.063
http://dx.doi.org/10.1557/mrs.2017.63
http://dx.doi.org/10.1016/j.actamat.2017.02.062
http://dx.doi.org/10.1016/j.ijfatigue.2016.06.002
http://dx.doi.org/10.1016/j.pmatsci.2015.03.002
http://dx.doi.org/10.1179/1743280411Y.0000000014
http://dx.doi.org/10.1016/S1359-6454(00)00278-0
http://dx.doi.org/10.1179/003258999665512
http://dx.doi.org/10.3390/ma10010076
http://www.ncbi.nlm.nih.gov/pubmed/28772436
http://dx.doi.org/10.3390/met7020068
http://dx.doi.org/10.1016/j.addma.2015.06.003
http://dx.doi.org/10.1016/j.phpro.2012.10.059


Materials 2019, 12, 1007 16 of 19

16. Rao, J.H.; Zhang, Y.; Zhang, K.; Huang, A.; Davies, C.H.J.; Wu, X. Multiple precipitation pathways in an
Al-7Si-0.6Mg alloy fabricated by selective laser melting. Scr. Mater. 2019, 160, 66–69. [CrossRef]

17. Olabode, M. Weldability of High Strength Aluminium Alloys. Ph.D. Thesis, Lappeenranta University of
Technology, Lappeenranta, Finland, 2015.

18. Tang, M.; Pistorius, P.C.; Narra, S.; Beuth, J.L. Rapid Solidification: Selective Laser Melting of AlSi10Mg.
J. Miner. Met. Mater. Soc. 2016, 68, 960–966. [CrossRef]

19. Guo, H.; Yang, X. Preparation of semi-solid slurry containing fine and globular particles for wrought
aluminum alloy 2024. Trans. Nonferrous Met. Soc. China 2007, 17, 799–804. [CrossRef]

20. Sercombe, T.B.; Li, X. Selective laser melting of aluminium and aluminium metal matrix composites: Review.
Mater. Technol. 2016, 31, 77–85. [CrossRef]

21. Manfredi, D.; Ambrosio, E.P.; Calignano, F.; Krishnan, M.; Canali, R.; Biamino, S.; Pavese, M.; Atzeni, E.;
Iuliano, L.; Fino, P.; et al. Direct Metal Laser Sintering: An additive manufacturing technology ready to
produce lightweight structural parts for robotic applications Memorie. La Metall. Ital. 2013, 10, 15–24.

22. Kim, D.-K.; Woo, W.; Hwang, J.-H.; An, K.; Choi, S.-H. Stress partitioning behavior of an AlSi10Mg alloy
produced by selective laser melting during tensile deformation using in situ neutron diffraction. J. Alloys
Compd. 2016, 686, 281–286. [CrossRef]

23. Tradowsky, U.; White, J.; Ward, R.M.; Read, N.; Reimers, W.; Attallah, M.M. Selective laser melting of
AlSi10Mg: Influence of post-processing on the microstructural and tensile properties development. Mater.
Des. 2016, 105, 212–222. [CrossRef]

24. Hadadzadeh, A.; Baxter, C.; Shalchi, B.; Mohammadi, M. Strengthening mechanisms in direct metal laser
sintered AlSi10Mg: Comparison between virgin and recycled powders. Addit. Manuf. J. 2018, 23, 108–120.
[CrossRef]

25. Hadadzadeh, A.; Amirkhiz, B.S.; Mohammadi, M. Contribution of Mg2Si precipitates to the strength of
direct metal laser sintered AlSi10Mg. Mater. Sci. Eng. A 2019, 739, 295–300. [CrossRef]

26. Li, W.; Li, S.; Liu, J.; Zhang, A.; Zhou, Y.; Wei, Q.; Yan, C.; Shi, Y. Effect of heat treatment on AlSi10Mg
alloy fabricated by selective laser melting: Microstructure evolution, mechanical properties and fracture
mechanism. Mater. Sci. Eng. A 2016, 663, 116–125. [CrossRef]

27. Brandl, E.; Heckenberger, U.; Holzinger, V.; Buchbinder, D. Additive manufactured AlSi10Mg samples using
Selective Laser Melting (SLM): Microstructure, high cycle fatigue, and fracture behavior. Mater. Des. 2012,
34, 159–169. [CrossRef]

28. Cabrini, M.; Lorenzi, S.; Pastore, T.; Pellegrini, S.; Ambrosio, E.P.; Calignano, F.; Manfredi, D.; Pavese, M.;
Fino, P. Effect of heat treatment on corrosion resistance of DMLS AlSi10Mg alloy. Electrochim. Acta 2016, 206,
346–355. [CrossRef]

29. Salmi, A.; Atzeni, E.; Iuliano, L.; Galati, M. Experimental analysis of residual stresses on AlSi10Mg parts
produced by means of Selective Laser Melting (SLM). Procedia CIRP 2017, 62, 458–463. [CrossRef]

30. Mauduit, A. Study of the suitability of aluminum alloys for additive manufacturing by laser powder bed
fusion. Sci. Bull. 2017, 79, 219–238.

31. Wu, J.; Wang, X.Q.; Wang, W.; Attallah, M.M.; Loretto, M.H. Microstructure and strength of selectively laser
melted AlSi10Mg. Acta Mater. 2016, 117, 311–320. [CrossRef]

32. Martin, J.H.; Yahata, B.D.; Hundley, J.M.; Mayer, J.A.; Schaedler, T.A.; Pollock, T.M. 3D printing of
high-strength aluminium alloys. Nature 2017, 549, 365–369. [CrossRef] [PubMed]

33. Aversa, A.; Lorusso, M.; Cattano, G.; Manfredi, D.; Calignano, F.; Ambrosio, E.P.; Biamino, S.; Fino, P.;
Lombardi, M.; Pavese, M. A study of the microstructure and the mechanical properties of an AlSiNi alloy
produced via selective laser melting. J. Alloys Compd. 2017, 695, 1470–1478. [CrossRef]

34. Zhang, H.; Zhu, H.; Nie, X.; Yin, J.; Hu, Z.; Zeng, X. Effect of Zirconium addition on crack, microstructure
and mechanical behavior of selective laser melted Al-Cu-Mg alloy. Scr. Mater. 2017, 134, 6–10. [CrossRef]

35. Nie, X.; Zhang, H.; Zhu, H.; Hu, Z.; Ke, L.; Zeng, X. Effect of Zr content on formability, microstructure
and mechanical properties of selective laser melted Zr modified Al-4.24Cu-1.97Mg-0.56Mn alloys. J. Alloys
Compd. 2018, 764, 977–986. [CrossRef]

36. Montero-Sistiaga, M.L.; Mertens, R.; Vrancken, B.; Wang, X.; Van Hooreweder, B.; Kruth, J.P.;
Van Humbeeck, J. Changing the alloy composition of Al7075 for better processability by selective laser
melting. J. Mater. Process. Technol. 2016, 238, 437–445. [CrossRef]

http://dx.doi.org/10.1016/j.scriptamat.2018.09.045
http://dx.doi.org/10.1007/s11837-015-1763-3
http://dx.doi.org/10.1016/S1003-6326(07)60177-0
http://dx.doi.org/10.1179/1753555715Y.0000000078
http://dx.doi.org/10.1016/j.jallcom.2016.06.011
http://dx.doi.org/10.1016/j.matdes.2016.05.066
http://dx.doi.org/10.1016/j.addma.2018.07.014
http://dx.doi.org/10.1016/j.msea.2018.10.055
http://dx.doi.org/10.1016/j.msea.2016.03.088
http://dx.doi.org/10.1016/j.matdes.2011.07.067
http://dx.doi.org/10.1016/j.electacta.2016.04.157
http://dx.doi.org/10.1016/j.procir.2016.06.030
http://dx.doi.org/10.1016/j.actamat.2016.07.012
http://dx.doi.org/10.1038/nature23894
http://www.ncbi.nlm.nih.gov/pubmed/28933439
http://dx.doi.org/10.1016/j.jallcom.2016.10.285
http://dx.doi.org/10.1016/j.scriptamat.2017.02.036
http://dx.doi.org/10.1016/j.jallcom.2018.06.032
http://dx.doi.org/10.1016/j.jmatprotec.2016.08.003


Materials 2019, 12, 1007 17 of 19

37. Aversa, A.; Marchese, G.; Manfredi, D.; Lorusso, M.; Calignano, F.; Biamino, S.; Lombardi, M.; Fino, P.;
Pavese, M. Laser Powder Bed Fusion of a High Strength Al-Si-Zn-Mg-Cu Alloy. Metals 2018, 8, 300. [CrossRef]

38. Wang, P.; Deng, L.; Prashanth, K.G.; Pauly, S.; Eckert, J.; Scudino, S. Microstructure and mechanical properties
of Al-Cu alloys fabricated by selective laser melting of powder mixtures. J. Alloys Compd. 2018, 735, 2263–2266.
[CrossRef]

39. Zhou, J.; Tsai, H.-L.; Wang, P.-C. Transport Phenomena and Keyhole Dynamics during Pulsed Laser Welding.
Trans. Am. Soc. Mech. Eng. 2006, 128, 680–690. [CrossRef]

40. Aversa, A.; Moshiri, M.; Librera, E.; Hadi, M.; Marchese, G.; Manfredi, D.; Lorusso, M.; Calignano, F.;
Biamino, S.; Lombardi, M.; et al. Single scan track analyses on aluminium based powders. J. Mater. Process.
Technol. 2018, 255, 17–25. [CrossRef]

41. Nie, X.; Zhang, H.; Zhu, H.; Hu, Z.; Ke, L.; Zeng, X. Analysis of processing parameters and characteristics of
selective laser melted high strength Al-Cu-Mg alloys: From single tracks to cubic samples. J. Mater. Process.
Technol. 2018, 256, 69–77. [CrossRef]

42. Li, X.P.; Kang, C.W.; Huang, H.; Zhang, L.C.; Sercombe, T.B. Selective laser melting of an Al86Ni6Y4.5Co2La1.5

metallic glass: Processing, microstructure evolution and mechanical properties. Mater. Sci. Eng. A 2014, 606,
370–379. [CrossRef]

43. Boley, C.D.; Khairallah, S.A.; Rubenchik, A.M. Calculation of laser absorption by metal powders in additive
manufacturing. Appl. Opt. 2015, 54, 2477–2482. [CrossRef]

44. Bartkowiak, K.; Ullrich, S.; Frick, T.; Schmidt, M. New Developments of Laser Processing Aluminium Alloys
via Additive Manufacturing Technique. Phys. Procedia 2011, 12, 393–401. [CrossRef]

45. King, W.E.; Barth, H.D.; Castillo, V.M.; Gallegos, G.F.; Gibbs, J.W.; Hahn, D.E.; Kamath, C.; Rubenchik, A.M.
Observation of keyhole-mode laser melting in laser powder-bed fusion additive manufacturing. J. Mater.
Process. Technol. 2014, 214, 2915–2925. [CrossRef]

46. Gu, D.; Shen, Y. Balling phenomena during direct laser sintering of multi-component Cu-based metal powder.
J. Alloys Compd. 2007, 432, 163–166. [CrossRef]

47. Aboulkhair, N.T.; Maskery, I.; Tuck, C.; Ashcroft, I.; Everitt, N.M. On the formation of AlSi10Mg single
tracks and layers in selective laser melting: Microstructure and nano-mechanical properties. J. Mater. Process.
Technol. 2016, 230, 88–98. [CrossRef]

48. Jia, Q.; Rometsch, P.; Cao, S.; Zhang, K.; Huang, A.; Wu, X. Characterisation of AlScZr and AlErZr alloys
processed by rapid laser melting. Scr. Mater. 2018, 151, 42–46. [CrossRef]

49. Li, Y.; Gu, D. Parametric analysis of thermal behavior during selective laser melting additive manufacturing
of aluminum alloy powder. Mater. Des. 2014, 63, 856–867. [CrossRef]

50. Scipioni, U.; Guss, G.; Wu, S.; Matthews, M.J.; Schoenung, J.M. In-situ characterization of laser-powder
interaction and cooling rates through high-speed imaging of powder bed fusion additive manufacturing.
Mater. Des. 2017, 135, 385–396. [CrossRef]

51. Masoomi, M.; Thompson, S.M.; Shamsaei, N. Laser powder bed fusion of Ti-6Al-4V parts: Thermal modeling
and mechanical implications. Int. J. Mach. Tools Manuf. 2017, 119, 73–90. [CrossRef]

52. Srivastava, V.K. A Reviev on Advances in Rapid Prototype 3D Printing of Multi-Functional Applications.
Sci. Technol. 2017, 7, 4–24.

53. Tawfik, N.L. Mechanical properties of rapidly solidified ribbons of some Al–Si based alloys. J. Mater. Sci.
1997, 32, 2997–3000. [CrossRef]

54. Ovecoglu, M.L.; Necip, U.; Niyazi, E.; Eruslu, N.; Genc, A. Characterization investigations of a melt-spun
ternary Al–8Si–5.1Cu (in wt.%) alloy. Mater. Lett. 2003, 57, 3296–3301. [CrossRef]

55. Marola, S.; Manfredi, D.; Fiore, G.; Poletti, M.G.; Lombardi, M.; Fino, P.; Battezzati, L. A comparison of
Selective Laser Melting with bulk rapid solidification of AlSi10Mg alloy. J. Alloys Compd. 2018, 742, 271–279.
[CrossRef]

56. Ghaini, F.M.; Sheikhi, M.; Torkamany, M.J.; Sabbaghzadeh, J. The relation between liquation and solidification
cracks in pulsed laser welding of 2024 aluminium alloy. Mater. Sci. Eng. A 2009, 519, 167–171. [CrossRef]

57. Zhang, H.; Zhu, H.; Qi, T.; Hu, Z.; Zeng, X. Materials Science & Engineering A Selective laser melting of high
strength Al–Cu–Mg alloys: Processing, microstructure and mechanical properties. Mater. Sci. Eng. A 2016,
656, 47–54.

http://dx.doi.org/10.3390/met8050300
http://dx.doi.org/10.1016/j.jallcom.2017.10.168
http://dx.doi.org/10.1115/1.2194043
http://dx.doi.org/10.1016/j.jmatprotec.2017.11.055
http://dx.doi.org/10.1016/j.jmatprotec.2018.01.030
http://dx.doi.org/10.1016/j.msea.2014.03.097
http://dx.doi.org/10.1364/AO.54.002477
http://dx.doi.org/10.1016/j.phpro.2011.03.050
http://dx.doi.org/10.1016/j.jmatprotec.2014.06.005
http://dx.doi.org/10.1016/j.jallcom.2006.06.011
http://dx.doi.org/10.1016/j.jmatprotec.2015.11.016
http://dx.doi.org/10.1016/j.scriptamat.2018.03.035
http://dx.doi.org/10.1016/j.matdes.2014.07.006
http://dx.doi.org/10.1016/j.matdes.2017.09.044
http://dx.doi.org/10.1016/j.ijmachtools.2017.04.007
http://dx.doi.org/10.1023/A:1018605407728
http://dx.doi.org/10.1016/S0167-577X(03)00051-X
http://dx.doi.org/10.1016/j.jallcom.2018.01.309
http://dx.doi.org/10.1016/j.msea.2009.04.056


Materials 2019, 12, 1007 18 of 19

58. Kaufmann, F.; Imran, N.; Wischeropp, M.; Emmelmann, T.; Siddique, C.; Walther, S. Influence of process
parameters on the quality of aluminium alloy EN AW 7075 using selective laser melting (SLM). Phys. Procedia
2016, 83, 918–926. [CrossRef]

59. Qi, T.; Zhu, H.; Zhang, H.; Yin, J.; Ke, L.; Zeng, X. Selective laser melting of Al7050 powder: Melting mode
transition and comparison of the characteristics between the keyhole and conduction mode. Mater. Des.
2017, 135, 257–266. [CrossRef]

60. Rajan, K.; Wallace, W.; Beddoes, J.C. Microstructural study of a high-strength stress-corrosion resistant 7075
aluminium alloy. J. Mater. Sci. 1982, 17, 2817–2824. [CrossRef]

61. Zhou, L.; Pan, H.; Hyer, H.; Park, S.; Bai, Y.; McWilliams, B.; Cho, K.; Sohn, Y. Scripta Materialia
Microstructure and tensile property of a novel AlZnMgScZr alloy additively manufactured by gas
atomization and laser powder bed fusion. Scr. Mater. 2019, 158, 24–28. [CrossRef]

62. Uddin, S.Z.; Murr, L.E.; Terrazas, C.A.; Morton, P.; Roberson, D.A.; Wicker, R.B. Processing and
characterization of crack-free aluminum 6061 using high-temperature heating in laser powder bed fusion
additive manufacturing. Addit. Manuf. J. 2018, 22, 405–415. [CrossRef]

63. Maamoun, A.H.; Xue, J.; Elbestawi, M.; Veldhuis, S.C. The Effect of Selective Laser Melting Process
Parameters on the Microstructure and Mechanical Properties of Al6061 and AlSi10Mg Alloys. Materials 2019,
12, 12. [CrossRef] [PubMed]

64. Loh, L.E.; Liu, Z.H.; Zhang, D.Q.; Mapar, M.; Sing, S.L.; Chua, C.K.; Yeong, W.Y. Selective Laser Melting of
aluminium alloy using a uniform beam profile Selective Laser Melting of aluminium alloy using a uniform
beam profile. Virtual Phys. Prototyp. 2014, 9, 11–16. [CrossRef]

65. Louvis, E.; Fox, P.; Sutcliffe, C.J. Selective laser melting of aluminium components. J. Mater. Process. Technol.
2011, 211, 275–284. [CrossRef]

66. Fulcher, B.A.; Leigh, D.K.; Watt, T.J. Comparison of AlSi10Mg and Al 6061 processes trough DMLS.
In Proceedings of the Solid Freeform Fabrication (SFF) Symposium, Austin, TX, USA, 4–6 August 2014;
pp. 404–419.

67. Lee, T.H.; Hong, S.J. Microstructure and mechanical properties of Al–Si–X alloys fabricated by gas
atomization and extrusion process. J. Alloys Compd. 2009, 487, 218–224. [CrossRef]

68. Ma, P.; Jia, Y.; Gokuldoss, K.; Scudino, S.; Yu, Z. Microstructure and phase formation in
Al–20Si–5Fe–3Cu–1Mg synthesized by selective laser melting. J. Alloys Compd. 2016, 657, 430–435. [CrossRef]

69. Rajabi, M.; Vahidi, M.; Simchi, A.; Davami, P. Effect of rapid solidification on the microstructure and
mechanical properties of hot-pressed Al-20Si-5Fe alloys. Mater. Charact. 2009, 60, 1370–1381. [CrossRef]

70. Schmidtke, K.; Palm, F.; Hawkins, A.; Emmelmann, C. Process and Mechanical Properties: Applicability of a
Scandium modified Al-alloy for Laser Additive Manufacturing. Phys. Procedia 2011, 12, 369–374. [CrossRef]

71. Kendig, K.L.; Miracle, D.B. Strengthening mechanisms of an Al-Mg-Sc-Zr alloy. Acta Mater. 2002, 50,
4165–4175. [CrossRef]

72. Spierings, A.B.; Dawson, K.; Voegtlin, M.; Palm, F.; Uggowitzer, P.J. Microstructure and mechanical properties
of as-processed scandium-modified aluminium using selective laser melting. CIRP Ann. Manuf. Technol.
2016, 65, 213–216. [CrossRef]

73. Spierings, A.B.; Dawson, K.; Heeling, T.; Uggowitzer, P.J.; Schäublin, R.; Palm, F.; Wegener, K. Microstructural
features of Sc- and Zr-modified Al-Mg alloys processed by selective laser melting. Mater. Des. 2017, 115,
52–63. [CrossRef]

74. Spierings, A.B.; Dawson, K.; Uggowitzer, P.J.; Wegener, K. Influence of SLM scan-speed on microstructure,
precipitation of Al3Sc particles and mechanical properties in Sc- and Zr-modified Al-Mg alloys. Mater. Des.
2018, 140, 134–143. [CrossRef]

75. Li, R.; Wang, M.; Yuan, T.; Song, B.; Chen, C.; Zhou, K.; Cao, P. Selective laser melting of a novel Sc and Zr
modified Al-6.2 Mg alloy: Processing, microstructure, and properties. Powder Technol. 2017, 319, 117–128.
[CrossRef]

76. Shi, Y.; Rometsch, P.; Yang, K.; Palm, F.; Wu, X. Characterisation of a novel Sc and Zr modified Al–Mg alloy
fabricated by selective laser melting. Mater. Lett. 2017, 196, 347–350. [CrossRef]

77. Griffiths, S.; Rossell, M.D.; Croteau, J.; Vo, N.Q.; Dunand, D.C.; Leinenbach, C. Effect of laser rescanning
on the grain microstructure of a selective laser melted Al-Mg-Zr alloy. Mater. Charact. 2018, 143, 34–42.
[CrossRef]

http://dx.doi.org/10.1016/j.phpro.2016.08.096
http://dx.doi.org/10.1016/j.matdes.2017.09.014
http://dx.doi.org/10.1007/BF00644656
http://dx.doi.org/10.1016/j.scriptamat.2018.08.025
http://dx.doi.org/10.1016/j.addma.2018.05.047
http://dx.doi.org/10.3390/ma12010012
http://www.ncbi.nlm.nih.gov/pubmed/30577519
http://dx.doi.org/10.1080/17452759.2013.869608
http://dx.doi.org/10.1016/j.jmatprotec.2010.09.019
http://dx.doi.org/10.1016/j.jallcom.2009.07.108
http://dx.doi.org/10.1016/j.jallcom.2015.10.119
http://dx.doi.org/10.1016/j.matchar.2009.06.014
http://dx.doi.org/10.1016/j.phpro.2011.03.047
http://dx.doi.org/10.1016/S1359-6454(02)00258-6
http://dx.doi.org/10.1016/j.cirp.2016.04.057
http://dx.doi.org/10.1016/j.matdes.2016.11.040
http://dx.doi.org/10.1016/j.matdes.2017.11.053
http://dx.doi.org/10.1016/j.powtec.2017.06.050
http://dx.doi.org/10.1016/j.matlet.2017.03.089
http://dx.doi.org/10.1016/j.matchar.2018.03.033


Materials 2019, 12, 1007 19 of 19

78. Croteau, J.R.; Griffiths, S.; Rossell, M.D.; Leinenbach, C.; Kenel, C.; Jansen, V.; Seidman, D.N.; Dunand, D.C.;
Vo, N.Q. Microstructure and mechanical properties of Al-Mg-Zr alloys processed by selective laser melting.
Acta Mater. 2018, 153, 35–44. [CrossRef]

79. Zheng, L.; Liu, Y.; Sun, S.; Zhang, H. Selective laser melting of Al-8.5Fe-1.3V-1.7Si alloy: Investigation on the
resultant microstructure and hardness. Chin. J. Aeronaut. 2015, 28, 564–569. [CrossRef]

80. Leng, Y.; Porr, W.C.; Gangloff, R.P. Tensile Ddeformation of 2618 and Al-Fe-Si-V Aluminium Alloys at
Elevated Temperatures. Scr. Metall. Mater. 1990, 24, 2163–2168. [CrossRef]

81. Pickens, J.R.; Marietta, M. High-Strength Aluminum P/M Alloys. Adv. Mater. Process. 1999, 155, 200–215.
82. Sun, S.; Zheng, L.; Liu, Y. Characterization of Al-Fe-V-Si heat-resistant aluminum alloy components fabricated

by selective laser melting. J. Mater. Res. 2015, 30, 1661–1669. [CrossRef]
83. Manca, D.R.; Churyumov, A.Y.; Pozdniakov, A.V.; Ryabov, D.K.; Korolev, V.A.; Daubarayte, D.K. Novel

heat-resistant Al-Si-Ni-Fe alloy manufactured by selective laser melting. Mater. Lett. 2019, 236, 676–679.
[CrossRef]

84. Inoue, A. Amorphous, nanoquasicrystalline and nanocrystalline alloys in Al-based systems. Prog. Mater. Sci.
1998, 43, 365–520. [CrossRef]

85. Prashanth, K.G.; Shahabi, H.S.; Attar, H.; Srivastava, V.C.; Ellendt, N.; Uhlenwinkel, V.; Eckertae, J.; Scudino, S.
Production of high strength Al85Nd8Ni5Co2 alloy by selective laser melting. Addit. Manuf. 2015, 6, 1–5.
[CrossRef]

86. Li, X.P.; Kang, C.W.; Huang, H.; Sercombe, T.B. The role of a low-energy-density re-scan in fabricating
crack-free Al85Ni5Y6Co2Fe2 bulk metallic glass composites via selective laser melting. Mater. Des. 2014, 63,
407–411. [CrossRef]

87. Cornelius, M.; Karg, H.; Ahuja, B.; Wiesenmayer, S.; Kuryntsev, S.V.; Schmidt, M. Effects of Process
Conditions on the Mechanical Behavior of Aluminium Wrought Alloy EN AW-2219 (AlCu6Mn) Additively
Manufactured by Laser Beam Melting in Powder Bed. Micromachines 2017, 2219, 1–11.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.actamat.2018.04.053
http://dx.doi.org/10.1016/j.cja.2015.01.013
http://dx.doi.org/10.1016/0956-716X(90)90504-A
http://dx.doi.org/10.1557/jmr.2015.110
http://dx.doi.org/10.1016/j.matlet.2018.11.033
http://dx.doi.org/10.1016/S0079-6425(98)00005-X
http://dx.doi.org/10.1016/j.addma.2015.01.001
http://dx.doi.org/10.1016/j.matdes.2014.06.022
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodologies 
	Rapid Solidification 
	Aluminum Alloys for LPBF 
	Processability of High Strength Aluminum Alloys 
	High Strength Aluminum Alloys Modification 
	Effect of Transition Metals and Rare Earth Elements to Aluminum Alloys 
	Metallic Glasses and Nanocrystalline Materials 

	Mechanical Properties 
	Conclusions 
	References

