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Abstract: Metal additive manufacturing (AM)-fabricated high-strength aluminum (HS-Al) alloys
(2xxx, 6xxx, and 7xxx) tend to produce fatal metallurgical defects such as porosity and cracks. Since
Al is the most important lightweight structural material in automotive and aviation industries,
successful printing of HS-Al alloys is in high demand. Therefore, this review focuses on the for-
mation mechanisms and research advancements to address these metallurgical defects. Firstly, the
process optimization strategies, including AM parameter optimization, hybrid AM processes, and
post-processing treatment, and their effectiveness and limitations have been reviewed thoroughly.
However, process optimization can address defects such as porosity, surface roughness, and residual
stresses but has limited effectiveness on cracking alleviation. Secondly, the research efforts on compo-
sition modification to address cracking in AM of HS-Al alloys are critically discussed. Different from
process optimization, composition modification alters the solidification dynamics in AM of HS-Al
alloys and hence is considered the most promising route for crack-free printing.

Keywords: additive manufacturing; high-strength aluminum alloys; defects; process optimization;
composition modification

1. Introduction

High-strength aluminum (HS-Al) alloys, particularly 2xxx, 6xxx, and 7xxx, are revolu-
tionizing automotive and aviation industries due to their high specific strength [1,2] and
sustainable capabilities regarding pollution control and energy savings [3–5]; therefore, they
are widely used as lightweight structural materials [6]. Traditional manufacturing of HS-Al
alloys relies on thermomechanical processes (i.e., forging, stamping, forming, drawing) and
casting [7], which have inherent limitations in material wastage and geometric constraints.
Metal additive manufacturing (AM) is capable of addressing these limitations and provides
new possibilities in geometry design [8] and multi-material development [9,10]. It uses
a heating source (e.g., laser beam, electron beam, or arc beam) to melt powder or wire
feedstocks layer-by-layer and fuses the melt pool into the three-dimensional (3D) part of
a CAD model [11,12]. However, its unique thermal features (i.e., high cooling rates and
large thermal gradients) make it compatible with only a few metals, such as titanium (Ti)
alloys [13], stainless steel [14–16], superalloys [17,18], high entropy alloys [19] and tool
steels [20].

AM of HS-Al alloys is challenging due to the prevalent cracks and porosity. HS-Al
alloys are susceptible to hot cracking due to their extensive solidification range, high
coefficient of thermal expansion, and low melt fluidity [21,22]. The required high energy
input during AM of HS-Al alloys also tends to vaporize volatile alloying elements such as
magnesium (Mg) and zinc (Zn) [23], which will further aggravate cracking and deteriorate
the resultant mechanical properties [24]. Currently, among the various Al alloys, only
the cast grade can be printed successfully without metallurgical defects [25] because of
its higher silicon (Si) content that improves the melt pool’s fluidity and helps backfill the
regions prone to cracking [26]. Furthermore, cast Al alloys’ solidification ranges are smaller
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than those of high-strength Al alloys [27]. However, the relatively inferior mechanical
properties of as-printed cast Al alloys over HS-Al alloys make them less favorable for
structural applications [28,29].

Numerous research efforts have attempted to resolve the metallurgical defects—porosity
and cracks—in AM of HS-Al alloys. The strategies are mainly focused on process opti-
mization and composition modification. For process optimization, a high energy density
that links the AM parameters (laser power, scan speed, layer thickness, and hatch spacing)
is recommended for AM of HS-Al alloys [30,31]. The less energy input is prone to cause
incomplete melting of Al alloys due to their high surface reflectivity and low absorptiv-
ity [30,32,33]. However, higher energy density is favorable for porosity reduction [31] but
is less effective in cracking control [30]. Until now, Zhang et al. [34] successfully fabricated
a crack-free 2xxx alloy using the energy density above the threshold value of 340 J/mm3.
Scanning strategy is another crucial AM parameter to reduce porosity and cracks and
alter microstructure [35,36]. The optimum selection of scanning strategy will reduce the
formation of residual stresses and can alleviate the chances of crack formation but cannot
eliminate it.

Additionally, incorporating hybrid processes such as laser remelting [37] and pre-
heating [38] can improve printability in terms of higher density and fewer cracks. The
laser remelting technique could effectively reduce porosity but could not eliminate cracks.
Preheating the powder bed reduces crack formation significantly due to the reduction
in thermal gradients and cooling rates [38]. Recently, a novel laser-arc hybrid additive
manufacturing (LAHAM) process was developed to solve the cracking issues in AM of
HS-Al alloys [39,40]. Results showed the complete elimination of cracks from single-track
and multi-layer 2xxx and 7xxx alloys. The positive effects stem from the laser-arc hybrid
process, which provides stability to the arc and improves the laser absorption rate of HS-Al
alloys. Overall, altering the AM parameters, such as energy density and scanning strategy
in process optimization, is less effective in addressing cracking issues [30,32,41]. While
recent studies have demonstrated the effectiveness of hybrid AM processes in alleviating
cracking issues, their effectiveness regarding large-scale parts is yet to be explored.

Compared with process optimization, composition modification is more effective in
crack elimination and mechanical property enhancement. There are several ways to modify
the composition, such as elemental powder mixture and the addition of alloying elements.
Roberts et al. [42] showed that using optimal process conditions, the elemental combination
of 99.5 wt.% Al and 0.5 wt.% Si can effectively reduce cracking compared with commer-
cial AA6061 powders. The reduction in cracking was associated with congruent melting,
which resulted in an almost single freezing point temperature instead of a freezing range.
Therefore, the thermal stresses were eliminated, and hot tearing was avoided. Regarding
cracking alleviation, the most common alloying elements added to HS-Al alloys are zir-
conium (Zr) [43,44], scandium (Sc) [45,46], Si [47,48], Ti [49,50], tantalum (Ta) [51], erbium
(Er) [52], niobium (Nb) [53], and ceramic compounds [54,55]. These elements provide
favorable metallurgical conditions during non-equilibrium solidification in metal AM pro-
cesses, thus improving the printability of HS-Al alloys. For example, Wen et al. [56] showed
that adding TiB2 nanoparticles to AA2024 enhanced cracking resistance and mechanical
properties by promoting the columnar-to-equiaxed transition (CET) mechanism. Similarly,
the microalloying of Sc/Zr in the laser powder bed fusion (LPBF) fabricated HS-Al alloys
leads to the formation of equiaxed grains due to the precipitation of Al3(Sc, Zr) phase and
thus inhibits cracking [57].

The above discussion illustrates the substantial challenges in AM of HS-Al alloys and
the potential strategies in recent research efforts. Therefore, a thorough review of the latest
research breakthroughs regarding challenges and strategies is required. While a few review
papers are about AM of Al alloys, to the authors’ best knowledge, none focused on cracking
mechanisms, cracking elimination strategies, and strategy effectiveness for AM of HS-Al
alloys. For example, Aboulkhair et al. [28] discussed the LPBF processability of cast Al
alloys regarding defect formation, microstructure, and mechanical properties. Still, it was
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not related to HS-Al alloys. Zhang et al. [58] also studied the microstructural evolution
and mechanical properties of AM-fabricated Al alloys, but the focus was on the Al-Si alloy
series. Galy et al. [59] discussed the causes and consequences of the defects formed in the
LPBF of Al alloys, including porosities, hot cracking, anisotropy, and surface roughness;
however, their suppression mechanisms were not articulated. Aversa et al. [60] studied the
inclusion of nanostructures in HS-Al alloys and their effects on microstructural evolution;
however, new methodologies to improve the printability of HS-Al alloy, such as adding
grain refiners and incorporating hybrid AM processes, were not mentioned. In a recent
review by Kotadia et al. [61], the composition-dependent microstructural evolution and
grain refinement mechanisms in the cast and HS-Al alloys were discussed, but the cracking
mechanisms and crack-alleviation strategies were not included. Altiparmak et al. [62]
discussed the recent progress in hybrid AM processes to fabricate HS-Al alloys. The study
showed that hybrid AM could reduce porosity but cannot eliminate cracks.

This work will conduct a thorough literature review on cracking mechanisms and
crack-alleviated strategies in AM of HS-Al alloys (i.e., 2xxx, 6xxx, 7xxx). The focus will
be on the laser-based metal AM of HS-Al alloys, in which feedstock materials experience
melting and solidification. In order to prevent duplication, the readers are encouraged
to refer to the following literature for more details on different fusion-based metal AM
processes [12,13,63]. The major findings of this paper are illustrated in seven sections.
Section 2 covers the material selection criteria for metal AM processes and introduces repre-
sentative Al compositions and their properties, as well as the promising Al alloys with good
printability. Section 3 discusses the challenges in AM of HS-Al alloys, mainly focusing on
the formation mechanisms associated with cracking and porosity. Sections 4 and 5 will thor-
oughly discuss the strategies—process optimization and composition modification—that
can reduce defects, respectively. The conclusions drawn from this study are summarized in
Section 6. Finally, an outlook is provided in Section 7.

2. Material Selection Criteria for Metal AM
2.1. Al Alloy Compositions and Properties

As there is a high emphasis on sustainable development, lightweight materials that can
improve fuel efficiency and reduce gas emissions are gaining increasing attention in various
industries, particularly for automotive, aerospace, and defense applications [13,28,64]. The
most popular lightweight metals are Al, Ti, and Mg alloys. Table 1 summarizes their density,
cost, applications, and limitations in automotive components. Compared with Ti alloys, Al
alloys are lighter and much cheaper despite the lower strength-to-mass ratio. Mg is even
lighter than Al, but it is easy to suffer from low creep resistance and galvanic corrosion.
Overall, Al alloys are first-class lightweight materials with superior overall performances,
and their demand in the transportation industry for structural applications has increased
over time.

Table 2 summarizes the typical cast and wrought Al alloys and their representative
compositions and properties [28]. Pure Al (1xxx) exhibits meager strength. Appropriate
alloying elements must be added to enhance its strength. Depending on the primary
alloying elements, Al alloys come in volatile grades but are generally classified into wrought
and cast alloys [64]. Cast Al alloys are commonly produced by casting processes such as
high-pressure die casting and investment casting [65]. These alloys mainly contain Si as
a central alloying element, which helps in improving fluidity and castability. Wrought
Al alloys generally have high formability and workability, good machinability, and high
strength. Formability or workability refers to the ability to be fabricated into fashioning
parts through mechanical deformation, which is less critical for metal AM processes.
According to heat treatability, wrought Al alloys are grouped into non-heat-treatable
(1xxx, 3xxx, 5xxx) and heat-treatable (2xxx, 6xxx, 7xxx) series [60,66]. Non-heat-treatable
series is primarily hardened through mechanical treatment-induced forest dislocation
strengthening. On the contrary, heat-treatable Al alloys are mainly strengthened via
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precipitate hardening after aging heat treatment [67,68], which are widely used as structural
materials for automotive and aviation industries due to their excellent strength and ductility.

Table 1. A general comparison among steel, Al, Mg, and Ti alloys for automotive applications.

Density, g/cm3 Cost, $/lb. Applications Limitations

Steel 7.75–8.05 0.35–0.42 The main body and chassis
structural materials High density, low strength-to-mass ratio

Al 2.7 1.6
Engine blocks, transmission casings,

wheels, vehicle hoods, fenders
(exterior components)

Lower strength than high-strength steels

Mg 1.74 2.7 Steering wheels, seat structures,
instrument panels (interior components) Low creep resistance, galvanic corrosion

Ti 4.51 30 Connecting rods, valves, camshafts,
exhaust systems High cost

Table 2. Properties and performances of typical compositions in each Al category [28,69].

Grade Alloy # Weldability Castability Heat-Treatability Strength

Cast Al
AlSi10Mg Excellent Good Yes Medium
AlSi7Mg Excellent Excellent Yes Medium

1xxx 1100 Excellent Good No Low

2xxx
2011 Poor Excellent Yes High
2024 Poor Good Yes High
2618 Poor Good Yes High

3xxx 3003 Excellent Good No Medium
4xxx 4043 Excellent Good No Medium
5xxx 5052 Good Fair No Medium

6xxx
6061 Good Good Yes Medium
6063 Good Fair Yes Medium

7xxx 7075 Poor Fair Yes High
8xxx 8090 Fair Fair No High

2.2. Material Properties Required for Fusion-Based Metal AM

The popular high-energy metal AM processes include powder-based LPBF [70,71],
blown-powder directed energy deposition (DED) [72], electron beam melting [73,74], and
wire-based arc additive manufacturing [75]. During AM processes, the heating source
interacts with metallic feedstocks and creates a melt pool in each single-track scan is
produced. The highly localized heat input and short interaction time will produce high
cooling rates and large temperature gradients [13]. This highly non-equilibrium thermal
history will provide different and unfavorable thermodynamic and kinetic behaviors, which
necessitate the material candidates with unique properties to ensure a good printability
with reduced defects. In general, the material selection criteria for metal AM should
consider weldability, castability, heat treatability, mechanical properties (for structural
applications), and economic effectiveness. It should be noted that all these considerations
could only increase the probability but cannot guarantee a successful print.

Weldability is the ultimate vital property to ensure good printability since the nature
of metal AM is defined as a form of a multi-pass micro-welding process with preset scan
strategies [28]. However, welding is generally applied to a seam, and filling material may
be used. In other words, the weldability may be improved depending on the base and
filler materials. Castability is the second vital property to project good printability since the
feedstock materials experience melting and resolidification during metal AM and casting
processes. The primary difference between AM and casting lies in the more extreme thermal
features (i.e., higher cooling rate and larger temperature gradient) of metal AM than casting.
Generally, excellent weldability and castability could reduce defects such as shrinkage
pores and thermal cracks after a rapid heating and cooling cycle. Heat treatability is another
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critical property for selecting a suitable AM material because the as-printed material tends
to experience property degradation due to the formed anisotropic microstructure [13,76–79]
and defects [58,59,62]. Therefore, heat treatment becomes a necessary strategy to recover
the mechanical properties of AM parts.

In addition to the abovementioned three properties, mechanical properties also play
an important role in material selection since they directly determine the performance
and applications of the final products. After AM processing and post-heat treatment, the
qualified materials are expected to have improved mechanical properties or little property
deterioration. Based on the discussion of the desired material properties for fusion-based
metal AM, several Al alloys have demonstrated high compatibility with different laser AM
methods. These Al alloys offer defect-free printing in their original compositions. Table 3
summarizes these Al alloys, corresponding AM methods, and their printing conditions.
Detailed discussions will be covered in the following sections.

Table 3. Printable Al alloys and their corresponding AM methods.

Al Alloys AM Methods Conditions References

AlSi10Mg LPBF, DED As printed [80,81]
AlSi7Mg LPBF As printed [82]

Al7Si0.6Mg LPBF As printed [83]
AlSi12Mg LPBF As printed [84]
AA6061 Hybrid AM Powder-bed preheating [38]
AA2219 Hybrid AM Single track [39]
AA7075 Hybrid AM Singletrack [40]

2.2.1. Suitable Al Alloys for Metal AM Processes—Cast Al Alloys

Based on the material selection criteria for metal AM, the soundest Al alloys should be
the cast grade Al-Si-MgCuZn [85]. Until now, cast Al-Si alloys, e.g., AlSi10Mg [80,86–89],
AlSi7Mg [82,83], and AlSi12Mg [84] have been widely studied for different AM processes,
and solid AM parameters have been identified. The better AM processability of cast Al
alloys than HS-Al alloys is due to the formation of eutectic composition, higher Si con-
tent, and lower solidification range. Moreover, low melting point phases will provide
extra liquid feeding and resist crack formation by filling the gaps between interdendritic
films [61]. Figure 1 presents the microstructure of AlSi10Mg printed by the 3D SYSTEMS
DMP printer. The part is free from cracks, and the density is up to 99.3%. However, cast
Al-Si alloys generally have lower mechanical properties than HS-Al alloys. Table 4 sum-
marizes the mechanical properties of die-casting AlSi10Mg as compared with the LPBF
counterparts and the wrought AA6061 alloy. Compared with AA6061 alloy after T6 aging
treatment, the die-casting AlSi10Mg has a much lower yield strength and ductility. The
as-printed AlSi10Mg alloys are broadly reported to have higher strength than their cast
counterparts [87,90–94] (Table 4). The underlying reason is associated with the as-solidified
microstructure that exhibits a cellular structure with Si precipitating at the grain boundary,
thereby increasing the strength by impeding the dislocation motion [88]. Moreover, the
dislocation networks formed in the solidification cells contribute to dislocation harden-
ing [95]. Applying solution heat treatment will coarsen grains and relieve residual stresses
while trading off the high strength; therefore, the heat treatment does not improve the
performance of AlSi10Mg parts.

Table 4. Mechanical properties of the LPBF-built and cast AlSi10Mg after solution and T6 aging heat
treatment compared with wrought counterparts and AA-6061 alloys.

Manufacturing Condition YS, MPa UTS, MPa εbreak, % Reference

As-built LPBF AlSi10Mg 322.17 ± 8.1 434.25 ± 10.7 5.3 ± 0.22 [87]
As-built LPBF AlSi10Mg after 450 ◦C solution for 2 h 196.58 ± 3.6 282.36 ± 6.1 13.4 ± 0.51 [87]
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Table 4. Cont.

Manufacturing Condition YS, MPa UTS, MPa εbreak, % Reference

As-built LPBF AlSi10Mg after 500 ◦C solution for 2 h 126.00 ± 2.1 213.75 ± 4.6 23.5 ± 0.81 [87]
As-built LPBF AlSi10Mg after 550 ◦C solution for 2 h 90.52 ± 1.6 168.11 ± 2.4 23.7 ± 0.84 [87]

High-pressure die casting 175 300–350 3–5 [96]
High-pressure die casting after T6 aging heat treatment - 330–365 3–5 [97]

Wrought AA6061-O 55 124 30 [98]
Wrought AA6061 after T6 treatment 276 310 12 [98]
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Figure 1. SEM images of cast Al alloy—AlSi10Mg printed by the 3D SYSTEMS DMP printer:
(a) As-printed overall microstructure shows a high density. Microstructural details reveal (b) cellular
grains at the melt pool center (MPC) and (c) columnar dendritic grains at the melt pool boundary
(MPB) and heat-affected zone (HAZ). Reproduced with permission from Springer Nature [95].

2.2.2. Suitable Al Alloys for Metal AM Processes—6xxx Series Al Alloys

According to the material selection criteria for metal AM, 6xxx series Al alloys are also
promising candidates due to their good weldability, reasonable castability, heat treatability,
and superior overall mechanical properties. Indeed, AM of the 6xxx series (e.g., AA6061)
is gaining increasing attention from various industries and is intensively studied by re-
searchers from the AM community [42]. Currently, laser welding of AA6061 is successful
regardless of the filling materials. As shown in Figure 2, for the joint welding of 4 mm
thick 6061 plates, the seam is free from cracks and pores. However, when subjected to the
AM process, AA6061 experiences thermal cracking issues [38,42] (Figure 3). Cracking is
associated with the thermal features of AM process, such as high cooling rates and large
thermal gradients, which promote the formation of long columnar grains along the scan
and build directions, making them more prone to solidification cracks [28]. Therefore, it is
readily seen that weldability is necessary but insufficient for metal AM of HS-Al alloys. The
underlying reasons associated with the limitations in AM of 6061 and other HS-Al alloys,
i.e., 2xxx and 7xxx, will be discussed in the “Challenges” section. The effective strategies to
address these challenges will be presented in the “Strategies” sections.
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Figure 3. Microstructure of the LPBF-fabricated AA6061: (a) XY plane (perpendicular to build
direction); (b) ZX plane (build direction). Reproduced with permission from Elsevier [38].

3. Challenges in AM of HS-Al Alloys

Challenges regarding the poor printability of HS-Al alloys are primarily related to the
formed metallurgical defects, including cracking, porosity, oxidation, element vaporization,
balling, and satellite generation, among which cracking and porosity are most disastrous.
The underlying reasons associated with the cracking in AM of high-strength Al alloys are
majorly attributed to the elongated grain structure, large freezing range, high coefficient of
thermal expansion, and oxide film [100–102]. Differently, the presence of moisture is the
primary reason behind porosity in Al alloys due to Al affinity towards oxygen [103]. This
review paper will focus on the dominant defects—cracking and porosity—in AM of HS-Al
alloys. Concerning the common defects in metal AM processes, such as residual stresses,
non-equilibrium microstructure, and anisotropy, please refer to Refs. [58,59,62].

3.1. Cracking

Hot cracking or solidification cracking is common in AM-processed HS-Al alloys. For
example, Zhang et al. [104] reported long cracks along grain boundaries of large columnar
grains towards the build direction in the LPBF-fabricated Al-Cu-Mg alloy. A similar crack
morphology was also observed in the LPBF of 7075 [30]. The primary factors leading to hot
cracks in AM of HS-Al alloys are summarized in Figure 4.
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Cracking in AM of Al alloys is divided into two categories, i.e., liquation and solidi-
fication cracking [105]. Liquation cracking selectively happens to the low melting point
substances in the matrix or segregates at grain boundaries. During heating cycles, these
regions first melt locally and destroy the main body’s integration, becoming the crack
initiation points. Conversely, solidification cracks, also known as thermal cracks or hot
tears, occur during the solidification stage rather than in the melting cycle. They are formed
when insufficient backup liquid is left to fill the gaps between the solidified metal during
solidification shrinkage [62].

Despite the different features of liquation and solidification cracking, they share the
same feature of separating the continuous materials by generating a weak point. Liquation
cracking is thus considered a vital initiation site for solidification cracking [106]. For cracks
initiating along the grain boundary and propagating at the interdendritic liquid film, the
grains separate along the lateral direction due to the tensile strain. Li et al. [107] discussed
the role of strain theory in the rupture of the liquid film in the interdendritic region when
the strain reaches a threshold value. If the lateral growth of grains and liquid feeding along
grain boundaries fail to compensate for the local strain’s negative influence, the materials
are characterized by high cracking susceptibility. Soysal et al. [108] used the maximum
steepness [dT/d(fs1/2)] of the T-(fs)1/2 curve to describe the cracking susceptibility of
several representative high-strength Al alloys, where T is solidification temperature, and fs
is solidified fraction. Generally, a larger steepness indicates a higher cracking susceptibility.
As seen in Figure 5, the steepness peaks are formed at the terminal stage of solidification
when fs is close to 1, which confirms the occurrence of solidification cracking due to the
lack of backup liquid. Among all studied HS-Al alloys, 6061 has the highest susceptibility
for solidification cracking, followed by 7075 and 2xxx alloys.
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One general factor for the prevalent cracks in AM metals is related to grain misorien-
tation [109]. AM parts have a unique grain texture that features columnar grains spanning
over many layers along the build direction [13,76–79]. The formation of columnar grains
stems from a lack of sufficient undercooling for nucleation at the solidification front in a
continuously formed melt pool. Since the heat in the molten pool is primarily dissipated
downwards through the substrate, grains grow epitaxially along the maximum temperature
gradient during the deposition of subsequent layers [110,111] and hence form low-angle
grain boundaries. Since solidification cracks always propagate along grain boundaries, they
are therefore oriented towards the build direction. As illustrated in Figure 6, long columnar
grains have a smaller dihedral angle (∅) than short columnar grains and equiaxed grains.
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The resultant deeper channel between low-angle grain boundaries adds difficulty for liquid
feeding [44]; therefore, AM-generated columnar grains are inherently more susceptible to
cracking than equiaxed grains.
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Additionally, materials with a large solidification (freezing) range, known as the
difference between liquidus and solidus temperatures, tend to favor the formation of
liquation cracking [101,112]. The negative effect of the large solidification range is associated
with the formed complex dendritic structures in the mushy zone, which will retard the
transport of liquid metal to the shrinkage area. Figure 7 shows the solidification ranges
of the representative 2xxx, 5xxx, 6xxx, and 7xxx HS-Al alloys. Since 2024 and 7075 have
larger solidification ranges than 6061, they should be more prone to solidification cracking.
However, this contradicts the crack susceptibility in Figure 5. One main reason is that the
crack susceptibility graph (Figure 5) only demonstrates the terminal stage of solidification,
which is less representative of the entire solidification range. Anyway, additional reasons
other than the solidification range will also account for the crack susceptibility, which will
be discussed as follows.

Oxidation is another primary reason for the prevalent cracks in AM-printed Al alloys.
Al alloys are one of the most reactive metals with a high affinity for oxygen and moisture.
During metal AM processes, the atmosphere must be well controlled to reduce the oxygen
and moisture level; otherwise, hard and brittle Al oxides will be formed. Louvis et al. [85]
studied the LPBF of 6061, and the as-printed part was plagued with a low density of 89.5%
and extensive cracks. The presence of oxide film between layers was considered to be the
reason for delamination and subsequent crack propagation between layers. It was claimed
that this high melting-point oxide film broke down in the melt pool during the printing
of subsequent layers but could not be melted completely due to its high melting point.
During the subsequent solidification of the melt pool, this oxide will be embedded in the
fused deposition or between layers, breaking the material’s continuity and weakening
the bonding force. The oxygen pickup by the precursor powders during recycling is also
a source of the high oxygen concentration [103]. Therefore, Al recycling is less favored
compared with other non-reactive powders.

Another critical factor accounting for the prevalent cracks in AM-printed Al alloys is
the unique thermal property of Al alloys, which will lead to unfavorable thermal histories
during AM processes. Due to Al’s high thermal conductivity and reflectivity, an exceptional
high-energy input is required to melt Al powders; otherwise, a lack of fusion porosity will
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form, which acts as a site for crack nucleation and propagation. Additionally, the absorbed
energy will be quickly dissipated due to the high conductivity, imparting a significant
thermal gradient and corresponding thermal stresses, creating a favorable environment for
solidification cracking [113].
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3.2. Porosity

Compared with common AM metals, AM of Al alloys is particularly sensitive to
pore formation. Porosity is defined as the volume percent of pores present in the sample.
Generally, the porosity formation in all AM metals is divided into two categories: fusion
pores and gas pores [58]. Fusion pores are formed by insufficient energy supply, which
causes incomplete melting of powder particles. These pores are generally irregular and
large (several hundred microns). The gas pore is formed due to the entrapment of gas
molecules within the melt pool beyond solubilities. These gases may be produced due
to chemical reactions during AM processes and from the source of an inert atmosphere.
Moreover, high laser power is required for AM of Al alloys due to Al’s high thermal
conductivity and reflectivity. Therefore, fusion pores are prevalent when inappropriate
parameters result in an insufficient energy density (Figure 8). However, excessively high
energy will cause the evaporation of alloying elements and may lead to the formation of
gas pores.
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Another critical source of porosity in AM of Al alloys is the hydrogen (H) pickup [115].
During the heating cycle, the high temperature induced by the laser energy will decompose
moisture into H, and the melt pool will be enriched with H. Since the solubility of H in
liquid Al is much higher than that of solid Al, H atoms will be rejected from the fused metal
and form H gases in the deposition. Additionally, the high energy input during AM of Al
alloys is easy to form a key-hole mode [28], where the Marangoni force tends to drive the H
gas to the bottom of the melt pool [115]. Along with a fast solidification rate resulting from
a high scan speed, the H gas will have less time to escape from the melt pool, significantly
increasing the chance of pore formation.

To counter the effect of H pickup in the melt pool, Weingarten et al. [116] suggested
proper powder cleaning and drying. Yang et al. [115] also proved that drying powder
particles before processing will reduce porosity in AM of Al parts by a significant amount.
Dai et al. [117] also discussed the effect of different shielding gases on melt pool dynamics.
Results showed that argon (Ar) and nitrogen (N2) lead to a more uniform recoil pressure
and a more stable melt pool compared with helium (He) gas.

4. Strategies to Improve Printability of HS-Al Alloys—Process Optimization

This section will comprehensively review the processing capabilities in alleviating
defects, including AM parameter optimization, hybrid AM processes, and post-processing
treatment. Their effectiveness and limitations in eliminating or reducing the defects, such
as porosity, cracking, surface roughness, and residual stresses, will be thoroughly discussed.
Regarding AM parameter optimization, all the AM parameters will be studied. In addition
to the scanning strategy, all other AM parameters will be synergistically considered through
the parameter of energy density. In general, optimizing AM parameters have little to do
with cracking alleviation. Therefore, the emerging hybrid AM processes, and the popular
post-processing treatment will also be introduced.
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4.1. AM Parameter Optimization
4.1.1. Energy Density

AM process involves multiple parameters. In addition to the scanning strategy, the
synergistic effect of all other AM parameters, including laser power (P), scan speed (V),
hatch spacing (H), layer thickness (T), and laser absorptivity (α), is commonly studied using
the parameter of volumetric energy density (EVol = Pα/VHT). Since Al generally has a low
absorptivity coefficient but a very high reflectivity regarding the standard laser wavelengths
for metal AM, printing Al requires a high laser power and a low scan speed. It is worth
noting that an optimized printing condition and a relatively high energy density will
produce a high-density part free from cracks for most printable metals [118,119]. However,
for most HS-Al alloys, optimization of AM parameters can only reduce porosity rather than
cracking. Pekok et al. [31] investigated the effect of energy density on the processability
of the LPBF-fabricated AA-2024 while keeping layer thickness constant. Under optimal
conditions, a successful printing produced a high density of up to 99.8%, but minor cracks
were still observed.

Similar studies were carried out on 6061 [33,120] and 7075 [32,41] in terms of energy
density optimization that correlates with part density, dimensional accuracy, surface rough-
ness, and crack formation. The optimum energy density for minimizing cracks in AM 6061
is around 55–70 J/mm3 [121], while 7075 is about 83.3 J/mm3 [48]. However, none of these
studies could eliminate cracks in AM of commercial HS-Al alloys [30,32,41]. In addition to
commercial compositions, exciting research by Zhang et al. [34] on the LPBF of Al-Cu-Mg
(belongs to the 2xxx series) alloy has solved the cracking issue. This work focused on the
densification of printed samples by adjusting the volumetric energy density. Above the
threshold value of 340 J/mm3, the printed samples were 99.8% dense without any porosity
or solidification cracks. It is essential to highlight that the improved printability may be
due to the modified composition, which will be discussed in detail in Section 5.

4.1.2. Scanning Strategy

The scanning strategy is defined as the path that laser traces over the powder bed
or during the deposition process. The selection of optimum scanning strategy influences
the porosity formation, microstructure evolution, and residual stresses in AM of Al alloys.
Residual stress is one of the dominant factors for crack formation in AM-fabricated parts.
Residual stresses are produced due to AM’s large thermal gradients and high solidification
rates [28].

Different scanning strategies were explored to reduce residual stresses, which ulti-
mately reduced the thermal gradient in AM process. For example, Lu et al. [122] showed
that incorporating the island strategy effectively reduced the residual stresses by dividing
each layer into smaller tracks and shortening the length of a single scan track. Moreover,
varying the island sizes based on the scan vector affects the crack and pore formation
from the LPBF-fabricated Inconel-718 alloy. Chen et al. [123] illustrated that increasing the
overlap between island borders in a 25–50% range would also reduce the residual stress in
the x-direction for the LPBF-fabricated Ti6Al4V. In the case of Al alloys, Koutny et al. [36]
demonstrated the effectiveness of using a meander and island scanning strategy on the
cracking behavior of AA2618. Results showed that scanning strategies could not effectively
eliminate cracks. Although the scanning strategy reduces the residual stresses, other fac-
tors, such as the large solidification range and low melt fluidity in AM of HS-Al alloys,
will remain unaffected. Therefore, to reduce cracking in HS-Al alloys, the solidification
thermodynamics needs to be changed [101], which will be discussed in detail in Section 5.

4.2. Hybrid AM Processes

Hybrid AM is the use of AM with one or more secondary processes or energy sources
that are fully coupled and synergistically affect part quality, functionality, and/or process
performance [124], which is not limited to additive plus subtractive processes. Since
optimizing AM processes solely fails to eliminate cracking in commercial HS-Al alloys,
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recent research efforts seek assistance from hybrid processes by incorporating a beneficial
second heat source or process with AM processes. One effective method to prevent cracking
is preheating. Uddin et al. [38] successfully solved the cracking problem by heating the
powder bed to a high temperature of 500 ◦C, as shown in Figure 9. Table 5 summarizes
the mechanical properties of AM-built preheated AA6061 after T6 aging compared with
wrought counterparts. The positive effect of preheating lies in the reduced cooling rate
and relieving residual stresses. Preheating also reduces moisture in precursor Al powders,
reducing porosity and cracks associated with H absorption.
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Figure 9. Microstructure of AA6061 fabricated with preheated laser powder-bed at 500 ◦C: (a) XY
plane; (b) ZX plane (build direction). Reproduced with permission from Elsevier [38].

Table 5. Mechanical properties of the LPBF-built and cast AA6061 after annealing and T6 aging
heat treatment. YS is yield strength, UTS is ultimate tensile strength, and εbreak is the elongation
at fracture.

Manufacturing Condition YS, MPa UTS, MPa εbreak, % Reference

Heated powder bed-LPBF-built AA6061 70.5 137 13

[38]
Heated powder bed-LPBF-built AA6061-T6 286 313 4.45

Wrought AA6061-O 55 124 30
Wrought AA6061 after T6 treatment 276 310 12

Porosity can also be reduced by using an oscillating laser beam instead of a linear beam.
Figure 10 demonstrates the effect of different oscillating laser beam files on porosity [125].
It is readily seen that the infinity oscillating path showed the best response in terms of
reduced porosity, and it is attributed to the formed steady key-hole mode during laser
welding. Although this study does not focus on welding, a similar strategy could also be
applied to AM processes.
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Figure 10. (a) Oscillating laser beam profile; (b) Porosity variation with different beam profiles.
Reproduced with permission from Elsevier [125].

Concerning the second heat source, remelting finds its wide application in reducing
porosity. Through this process, the laser beam passes over each layer after the layer has
already solidified and remelts the layer. The liquid metal will fill the pores during remelting
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and improve surface quality. Optical micrographs of the LPBF parts with and without
laser remelting are shown in Figure 11 [37]. It was found that the surface roughness
went down from 12 µm to 1.5 µm by introducing remelting passes. The relative porosity
was reduced from 0.77% to 0.036%. A similar methodology can also be applied to Al
alloys. Yu et al. [126] investigated the effect of laser remelting on the surface roughness
and porosity of AlSi10Mg fabricated by the LPBF process. Results showed that remelting
decreases the surface roughness from 20.67 µm to 10.87 µm. Moreover, remelting allows the
spherical pores to escape from the melt pool. A similar improvement in surface roughness
due to remelting in AM of Al alloys was observed in other studies [127,128]. However,
none of the studies related to remelting can address cracking in AM of HS-Al alloys.
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Figure 11. Microstructure of the LPBF-printed 316L stainless steel: (a) The as-printed part shows a
high surface roughness; (b) the as-printed part with remelting of the top layer; (c) One remelting scan
reduces porosity to 0.036%; (d) Three remelting scans produce 0.043% porosity. Reproduced with
permission from Elsevier [37].

Apart from incorporating a secondary heat source into the existing AM methods, there
are several attempts in which a secondary process is added by doing process hybridization.
Wu et al. [39] fabricated the Al-Cu (AA2219) alloy using a novel hybrid-AM process, where
pulsed laser and TIG process were combined and called laser-arc hybrid-AM (LAHAM).
Results showed no cracks on the cross-section view and improved mechanical properties
of the fabricated part. The improved printability and mechanical properties are related to
the refined grain structure, uniform Cu distribution, and small eutectics in the fusion zone.
Similarly, Liu et al. [40] have incorporated the LAHAM to fabricate the crack-free 7xxx Al
alloys. 7xxx series offer limited manufacturing potential for AM due to the cracking issue,
which is attributed to the significant Zn vaporization during the AM process, resulting
in the loss of Zn element up to 30.8%. In the LAHAM process, the Zn loss is reduced to
2.3%. Zn is the primary strengthening element for the 7xxx series. Apart from the reduced
element vaporization, the LAHAM process provides grain refinement and reduced <100>
texture along the build direction. Moreover, the even distribution of AlZnMgCu-eutectics
and the formation of nano precipitates also contribute to the higher mechanical properties.

It should be noted that despite the promising results, hybrid AM processes are still
in their infancy. It is still an open question whether they have the universal capability to
address cracking and porosity for different HS-Al alloys. Additionally, the current studies of
hybrid AM processes of HS-Al alloys are primarily focused on single-track or several-layer
samples. Although the current fabrication route does not show any metallurgical defects, it
is required for scale-up investigation and validation. However, the current methodology
can effectively eliminate surface defects in HS-Al alloys for surface modification and
coating applications.

4.3. Post-Processing Treatment

The post-processing treatment is essential in eliminating or reducing defects such as
porosity, surface roughness, and residual stresses of the as-printed HS-Al alloys. The two
main post-processing techniques are surface treatment and heat treatment. Surface treat-
ment that implements peening, remelting, and milling is one of the critical post-processing
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techniques to alleviate defects and improve microstructure. In shot peening and laser
shock peening, compressive force is applied at the surface by accelerated spherical media
(e.g., metallic balls) or an intense pulsed laser beam, resulting in plastic deformation at the
deposition surface [124]. Implementing the peeing techniques reduces porosity and im-
proves the AM parts’ fatigue performance by introducing compressive residual stresses and
inhibiting crack initiation and propagation. For example, Damon et al. [129] investigated
the influence of shot peening on the porosity reduction in the LPBF-fabricated AlSi10Mg.
Results showed a significant decrease in porosity at the top surface up to 500 µm. Moreover,
considerable shrinkage of pores was observed along with the change in pore orientation.
Apart from peening, laser remelting in a hybrid AM process can be used to improve the
printed parts’ surface finish, which was discussed in detail in Section 4.2. Another aspect
of surface treatment can be achieved by incorporating machining and abrasive finishing
methods, which can significantly improve the surface finish of the printed parts. For exam-
ple, Teng et al. [130] studied a combination of the grinding process and magnetic abrasive
finishing to reduce surface roughness. Results showed that implementing grinding reduced
the surface roughness of the LPBF AlSi10Mg from 7 µm to 0.6 µm. Further on, applying
the magnetic abrasive finishing provided an excellent surface finish free from spheroids,
pits, scratches, and pores, and the surface roughness was 0.155 µm. A detailed analysis of
post-processing surface treatments can be found in [131,132].

Different from surface treatment, post-heat treatment will effectively reduce residual
stresses and alter the microstructure of LPBF HS-Al alloys [133]. The reduction in resid-
ual stresses will prevent shape distortion and improve fatigue performance [134]. Heat
treatment also modifies the non-equilibrium or metatable microstructure into a stable mi-
crostructure, which will affect the part strength and ductility. For example, Wang et al. [135]
investigated the effect of T6 aging heat treatment on the mechanical properties of the
LPBF-fabricated cast Al alloys. Results showed an increase in elongation by 155%, while
the tensile strength decreased by 20%. The change in the resultant mechanical properties
of the heat-treated sample was attributed to a change in microstructural features. Before
T6 heat treatment, large brittle flakes of Si serve as crack initiation sites, thus reducing
the ductility of the samples. During T6 heat treatment, the spheroidization and diffusion
of Si precipitates will ensure ductility enhancement. Mehta et al. [44] showed a 42.7%
increase in YS and a 22% increase in UTS for T6-aged Zr-modified AA6061. However, the
elongation decreases by 49%. This mechanical response for the heat-treated sample was
due to the precipitation of the Mg2Si and Al3Zr phases. Similar observations were also
reported for the LPBF-fabricated AA6061 supported by powder-bed preheating, and the
resultant mechanical properties are shown in Table 5 [38].

It is important to emphasize that despite the abovementioned effectiveness of post-
surface and heat treatment in alleviating defects and improving microstructure [136,137],
none of them can thoroughly address the cracking issue in AM of HS-Al alloys. As ex-
plained in the cracking section, post-processing techniques cannot change the factors
affecting cracking in HS-Al alloys, such as high thermal expansion and contraction, exten-
sive solidification range, and low melt fluidity. Therefore, an effective strategy must be
adapted, such as changing the alloy composition, to address cracking in HS-Al alloys.

5. Strategies to Improve Printability of HS-Al Alloys—Composition Modification

Compared with process optimization, composition modification is more effective in
obtaining a defect-free printing of HS-Al alloys. This paper reviews research progress on
modifying existing alloys such as the 2xxx, 6xxx, and 7xxx series and developing new alloys
such as Scalmalloy®. Figure 12a summarizes the typical benefits of composition modifi-
cation to address the cracking problem by decreasing the solidification range, increasing
fluidity, and generating equiaxed grain morphology. The alloying elements and additions
that have the above benefits include Si, Ti, Sc, Zr, and Ti compounds. Other transitional
elements, such as Ta [51], Er [52], and Nb [53], can also act as potential grain refiners in AM
of HS-Al alloys.
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Figure 12. Benefits of modification of HS-Al alloys for AM processes: (a) Addressing cracking issues;
(b) Improving strength.

The composition modification in HS-Al alloys can also improve strength through the
solid solution, grain boundary, and precipitation strengthening mechanisms [60], as shown
in Figure 12b. These strengthening phenomena can achieve higher mechanical properties
of as-printed samples than the wrought alloys. Table 6 summarizes AM-fabricated com-
positionally modified HS-Al alloys with various additions and different concentrations,
as well as the resultant mechanical properties. The metallurgical effect of representative
elements (Si, Ti, Zr, and Sc) on crack alleviation will be discussed in detail.

Table 6. Mechanical properties of compositionally modified HS-Al alloys using different alloying
additions such as Si, Zr, Ti, Sc, and Ti-based ceramic particles. UTS, YS, STA, and DA represent
ultimate tensile strength, yield strength, solution treatment aging, and direct aging, respectively.

Alloying Element Alloy Series Manufacturing Condition YS (MPa) UTS (MPa) Elongation (%) References

5 wt.% Si 7075 As printed 360 537 9.7 [138]
50 wt.% AlSi10Mg 6061 As printed 219.25 353.01 7.3 [26]

4wt.% Si + 2 wt.% TiB2 7xxx As printed 361 445 2.9 [47]
4wt.% Si + 2 wt.% TiB2 7xxx T6-heat treated 453 541 5.3 [47]

1.5 wt.% Ti 2xxx As printed 293 426 9.1 [139]
1.82 wt.% Ti 7xxx As printed - 427 3.9 [140]

2 wt.% Ti/TiN 7xxx As printed - 540–550 10 [140]
4 wt.% Ti/TiN 7xxx As printed - 595–613 8.8 [140]
6 wt.% Ti/TiN 7xxx As printed - 390–402 13.6 [140]
2 wt.% Ti/TiC 6xxx As printed - 562 8.8 [54]

3 wt.% TiB2 2xxx As printed 163 284 18.7 [56]
1.3 wt.%Zr 2xxx As printed 376 441 14.1 [141]
1.3 wt.%Zr 2xxx STA 402 483 6.9 [141]
1.3 wt.%Zr 2xxx DA 435 445 7.5 [141]
1.3 wt.% Zr 2xxx As printed 376 ± 7 441 ± 7 14.1 ± 1.6 [43]
1.3 wt.% Zr 2xxx T6-heat treated 402 ± 9 483 ± 37 6.9 ± 1.8 [43]
1 wt.% Zr 6xxx As printed 210 268 26.5 [44]
1 wt.% Zr 6xxx T6- heat treated 300 327 14 [44]

0.5 wt.% Zr 2xxx As printed 293 448 11.8 [142]
2 wt.% Zr 2xxx As printed 464.06 ± 2.04 493.3 ± 10.45 4.76 ± 1.3 [142]

1 wt.% (Sc + Zr) 7xxx As printed 283 385 18.4 [143]
1 wt.% (Sc + Zr) 7xxx T6-heat treated 418.3 435.7 11.1 [143]

0.15 wt.% Sc 6xxx As printed 300 350 31 [121]
1.1 wt.% Sc +0.42 wt.% Zr Scalmalloy As printed 306 334 12.2 [144]

Wrought 2024 T6-heat treated 393 476 10 [34]
Wrought 6061 T6-heat treated 276 310 12 [98]
Wrought 7075 T6-heat treated 480–505 560–572 8–11 [98]

5.1. Si

Adding Si has proved to be an effective strategy to reduce cracks in AM of HS-Al alloys.
In the case of cast alloys, Si forms a classical eutectic system, rendering high castability
and weldability. The formed eutectic will decrease the melting point and solidification
range [145]. The DSC analysis indicates a 17 ◦C decrease in melting point for 4 wt.% Si
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added to the AA7075 alloy. Additionally, the formed low melting-point phases Mg2Si and
Al5Cu2Mg8Si6 also improve fluidity by providing additional liquid feeding to fill the cracks
initiated along the dendritic grain boundary and thus reduce the cracking [138,146].

Compared with Al, Si has a lower coefficient of thermal expansion. Therefore, adding
Si will effectively reduce the volumetric change under AM-induced thermal effects and
decreases the driving force for crack formation. Moreover, Si can also decrease the cooling
rate of AM processes as Si releases four times less latent heat than Al during solidification.
As a result, cracking will be alleviated due to the reduced thermal stresses.

Another benefit of Si in increasing resistance to cracking is related to grain refine-
ment [48]. Figure 13 shows the electron backscatter diffraction (EBSD) results of the
LPBF-fabricated 7075 alloys with 1–4 wt.% Si additions. The feedstock powders were
prepared by mechanical mixing 7075 and Si powders. It can be seen from Figure 13 that
the increased Si concentration reduces the quantity of large columnar grains and promotes
the formation of small equiaxed grains at melt pool boundaries. The retained columnar
grains in the central region of the melt pool are also reduced into short columnar grains.
As illustrated in Figure 6, the high-angle grain boundaries of small grains create a larger
dihedral angle and shallower liquid-feeding channel, reducing the chance of solidification
cracking. Similar grain refinement was also observed in the LPBF-printed 50%-7075 and
50%-AlSi10Mg mixture [60], which was free from cracks and had improved mechanical
properties (Table 6). Instead of premixed powders, Otani et al. [138] pre-alloyed 7075 with
different contents of Si additions and focused on the influence of Si on printability. The
resultant microstructure was characterized by a more uniform composition and grain
distribution. Additionally, the required laser energy density to produce dense parts from
pre-alloyed powders is less than that of premixed feedstocks. The lower energy density is
advantageous for AM of Al alloys since it can reduce the evaporation of low-melting-point
elements (e.g., Mg and Zn) and prevent the formation of undesirable precipitates.
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5.2. Ti

Ti is another popular grain refiner used in the conventional cast Al alloys. Similarly,
it can also be employed in AM of HS-Al alloys. The addition of Ti will lead to the forma-
tion of Al3Ti precipitates, acting as the heterogeneous nucleation site for the subsequent
solidification of the α-Al matrix and promoting columnar grain to equiaxed transition. It
is well known that solute addition is essential in grain refinement as it provides the melt
pool with constitutional undercooling, favoring the formation of nucleation sites in the
solidification front and reducing the grain size. [147]. As discussed in the previous texts
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about the positive effect of grain refinement on reducing defects, the addition of Ti and
Ti-based ceramic particles will thus help eliminate cracks and improve the mechanical
properties of Al alloy (Table 6). The strengthening effect is achieved by grain refinement
provided by Al3Ti precipitates and can be defined by a parameter known as the growth
restriction factor (Q). This factor determines the final grain size (d) of the fabricated alloy as
d = k 3

√
1/Q [148]. The higher Q value of Ti demonstrates its capability of restricting grain

growth. A slight lattice mismatch between the matrix material and nuclei would ensure a
coherent/semi-coherent interface by minimizing the interfacial energy [149]. While more
Ti additions tend to form more nucleation sites, the excessive Al3Ti precipitates will deteri-
orate ductility. Based on the thermodynamic calculation, 1.5 wt.% Ti addition is optimum
to achieve an effective grain refinement effect without brittleness transition.

Like Ti particles, Ti-based ceramic particles such as TiC, TiN, and TiB2 can also be
added to high-strength Al alloys to enhance strength and solidification behaviors during
AM processes [55,56,150]. The study by Li et al. [54] illustrated that the inclusion of ceramic
particles enhanced the mechanical properties of the Al matrix by forming metal matrix
composites. However, the interfacial bonding between the ceramic particles and fused
metal depends upon the wettability of particles and surface tension. Using mixed grain
refiners (Ti and TiN) can limit the weak bond as Ti provides sufficient wettability to ceramic
particles by introducing intense Marangoni convection and also contributes to resisting the
agglomeration of ceramic particles, thereby increasing the nucleation efficiency [140]. The
obtained micrographs comparing the grain refinement effects among Ti, TiN, and Ti/TiN
mixture for AM of AA7050 are shown in Figure 14.
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5.3. Zr

The addition of Zr also improves the AM processability of HS-Al alloys. The addi-
tion of 1wt.% Zr and a heated build plate at 100 ◦C have significantly reduced porosity
and cracks for AM AA-6061 [44]. Adding 2 wt.% Zr to the Al-Cu-Mg alloy reduced the
solidification range and produced higher density and a larger processing window [142].
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DSC analysis shown in Figure 15 confirmed these observations, where the solidification
temperature range for 2 wt.% Zr was minimum, inhibiting the formation of a large den-
dritic structure and suppressing the chances of forming solidification cracks. Moreover, the
thermal conductivity decreases with an increase in Zr content. Lower thermal conductivity
will stabilize the melt pool dynamics due to low Marangoni force and improve the liquid
flowability because of the decreased viscosity with regards to the mechanical properties of
Zr-modified alloy. 2wt.% Zr addition showed the highest yield strength (YS) and ultimate
tensile strength (UTS) but with the lowest ductility [142] (Table 6).
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Additionally, Zr has a lower Q value than Ti, which indicates a less effective restriction
on grain growth [61]. However, the lattice mismatch between the formed Al3Zr and α-Al
is smaller than that between Al3Ti and α-Al, favoring a coherent/semi-coherent interface
between precipitates and matrix [149]. The positive effect of Al3Zr in grain refinement has
been discussed by Wang et al. [43], where a heterogeneous grain structure was formed
by adding Zr to the AM of Al-Cu-Mg alloy. The equiaxed structure is visible at the melt
pool boundaries, while the columnar structure is still retained near the center of the melt
pool. Based on the constitutional undercooling and time-dependent nucleation theory,
it is postulated that the high intensity of nucleating agents Al3Zr at the fusion zone is
responsible for the equiaxed morphology at melt pool boundaries [151]. The precipitation
of metastable Al3Zr precipitates is associated with AM’s high cooling rate. However, in
the inner region of the melt pool, no precipitation of primary Al3Zr precipitates occurs
due to a lower cooling rate. The shorter columnar grains in Zr-modified alloy are formed
because a fine-equiaxed structure of the previous fused layer will inhibit epitaxial grain
growth during subsequent deposition. Additionally, Zr has a high oxygen affinity and is
easy to form ZrO2, contributing to heterogeneous nucleation sites and promoting grain
refinement [152].

Similar to Al3Zr, adding yttria-stabilized zirconia (YSZ) and ZrH2 particles to an Al
powder also showed tremendous benefits in crack reduction [153,154]. However, special
powder pre-processing is required for these compounds; for example, YSZ particles should
be first electrostatically stuck to Al powder to ensure uniform distribution and prevent
agglomeration. A mixing duration of 10 h to 20 h was required to provide a good grip
between YSZ particles and Al powders.

5.4. Sc

Adding Sc to cast and HS-Al alloys during conventional manufacturing has been
adopted for a long time. It is a rare earth element and has proved to be one of the most
effective grain refiners when added to Al in an optimum quantity. Qbau et al. [121] also
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claimed that Sc helped improve the stability and powder flowability of Sc-modified AA6061
alloy. The improved powder flowability is attributed to the presence of fewer satellites, thus
requiring less energy in the rheological test compared with unmodified alloy. Additionally,
the formation of Al3Sc also effectively reduces the hot cracking susceptibility and provides
grain refinement. During AM processing of Al-Sc alloys, a supersaturated Al-Sc solid
solution with minor coherent Al3Sc precipitates may be formed due to the high cooling rate
of metal AM processes. These Al3Sc precipitates will serve as heterogeneous nuclei and
reduce the grain size. Based on this theory, the airbus group has developed Scalmalloy®,
which exhibits excellent ductility and tensile strength due to precipitate strengthening
(Table 6). In several studies, Zr was also added along with Sc since both elements show
remarkable effects in grain refinement, and Zr helps stabilize and intensify the effects of
Sc by contributing to columnar to equiaxed transition [155]. Zhou et al. [57] showed that
the formation of equiaxed grains is process-dependent, especially by using higher energy
density, which plays a crucial role in distributing the Sc and Zr nanoparticles within the
melt pool. An even distribution of added elements was achieved for higher energy density
due to the fluid flow associated with the Marangoni convection [156]. Therefore, the as-
printed Sc-modified Al alloy can have more equiaxed grains with high energy density, as
shown in Figure 16.

J. Manuf. Mater. Process. 2022, 6, x FOR PEER REVIEW 21 of 29 
 

 

developed Scalmalloy® , which exhibits excellent ductility and tensile strength due to pre-

cipitate strengthening (Table 6). In several studies, Zr was also added along with Sc since 

both elements show remarkable effects in grain refinement, and Zr helps stabilize and 

intensify the effects of Sc by contributing to columnar to equiaxed transition [155]. Zhou 

et al. [57] showed that the formation of equiaxed grains is process-dependent, especially 

by using higher energy density, which plays a crucial role in distributing the Sc and Zr 

nanoparticles within the melt pool. An even distribution of added elements was achieved 

for higher energy density due to the fluid flow associated with the Marangoni convection 

[156]. Therefore, the as-printed Sc-modified Al alloy can have more equiaxed grains with 

high energy density, as shown in Figure 16. 

 

Figure 16. EBSD orientation maps of Sc- and Zr-modified 7075 alloy at different energy densities: 

(a) 44 J/mm3; (b) 167 J/mm3; (c) 375 J/mm3; (d) magnified zone. Reproduced with permission from 

Elsevier [156]. 

6. Conclusions 

In this review paper, the metallurgical challenges and effective strategies adapted to 

improve the printability of HS-Al alloys are discussed in detail. The primary findings are 

summarized below: 

1. Metal AM of HS-Al alloys suffers from poor printability that features cracking and 

porosity due to the extensive solidification range, high thermal conductivity, signifi-

cant thermal expansion, low absorptivity, poor fluidity, and oxide formation in the 

melt pool. 

2. Ideal material candidates for metal AM should have good weldability, castability, 

and heat treatability; however, these criteria are necessary but insufficient to guaran-

tee good printability. 

3. Optimizing process conditions through improving AM parameters and incorporat-

ing hybrid processes such as preheating, remelting, and laser beam oscillation can 

reduce porosity significantly but fail to eliminate cracks thoroughly. 

4. Composition modification is the most effective strategy to address cracking. Si pri-

marily improves the melt pool fluidity and reduces the solidification range by form-

ing a eutectic mixture. Ti, Zr, Sc, Ta, Er, Nb, and their compounds provide heteroge-

neous nucleation agents such as Al3Ti, Al3Zr, and Al3Sc, which refine grain structure 

by transforming columnar grain into equiaxed morphology, suppressing the crack 

formation and strengthening the Al matrix by forming precipitate reinforcements.  

7. Outlook 

Numerous research efforts have been carried out on the challenges and strategies 

regarding AM of HS-Al alloys. These attempts are focused on AM technologies and ma-

terial innovations. Therefore, it is necessary to provide confinement and direction for fu-

ture research based on the current breakthroughs reviewed in this work. 

Regarding AM technologies, optimization of AM parameters has little effect on the 

complete removal of cracks due to the inherent incompatible thermal and metallurgical 

 

 (a)  (b)  (c)  (d) 

Figure 16. EBSD orientation maps of Sc- and Zr-modified 7075 alloy at different energy densities:
(a) 44 J/mm3; (b) 167 J/mm3; (c) 375 J/mm3; (d) magnified zone. Reproduced with permission from
Elsevier [156].

6. Conclusions

In this review paper, the metallurgical challenges and effective strategies adapted to
improve the printability of HS-Al alloys are discussed in detail. The primary findings are
summarized below:

1. Metal AM of HS-Al alloys suffers from poor printability that features cracking and
porosity due to the extensive solidification range, high thermal conductivity, signifi-
cant thermal expansion, low absorptivity, poor fluidity, and oxide formation in the
melt pool.

2. Ideal material candidates for metal AM should have good weldability, castability, and
heat treatability; however, these criteria are necessary but insufficient to guarantee
good printability.

3. Optimizing process conditions through improving AM parameters and incorporating
hybrid processes such as preheating, remelting, and laser beam oscillation can reduce
porosity significantly but fail to eliminate cracks thoroughly.

4. Composition modification is the most effective strategy to address cracking. Si primar-
ily improves the melt pool fluidity and reduces the solidification range by forming
a eutectic mixture. Ti, Zr, Sc, Ta, Er, Nb, and their compounds provide heteroge-
neous nucleation agents such as Al3Ti, Al3Zr, and Al3Sc, which refine grain structure
by transforming columnar grain into equiaxed morphology, suppressing the crack
formation and strengthening the Al matrix by forming precipitate reinforcements.
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7. Outlook

Numerous research efforts have been carried out on the challenges and strategies
regarding AM of HS-Al alloys. These attempts are focused on AM technologies and
material innovations. Therefore, it is necessary to provide confinement and direction for
future research based on the current breakthroughs reviewed in this work.

Regarding AM technologies, optimization of AM parameters has little effect on the
complete removal of cracks due to the inherent incompatible thermal and metallurgical
properties of HS-Al alloys with metal AM. Another attempt is to develop hybrid AM
processes by incorporating favorable secondary processes or energy sources to help inhibit
crack formation and reduce porosity. For instance, preheating the powder bed at a high
temperature of around 500–550 ◦C will decrease the cooling rate and thermal stresses,
which will reduce crack formation’s driving force. However, the research on hybrid AM
processes is still limited. Since the processing window is narrow, in-process monitoring,
and quantitative studies will help control and optimize the process.

At present, composition modification is an effective strategy to terminate cracking in
AM of HS-Al alloys. Many suitable elements can be added; however, they should satisfy
the following characteristics: (i) ability to reduce solidification range, (ii) capability to form
precipitates with Al, (iii) capacity to improve mechanical properties, and (iv) potential to
reduce cost. Si, Zr, Ti, and Sc are reviewed in this work, and their abilities to resist cracking
are discussed in detail. All these elements or their precipitates provide heterogeneous
nucleation sites and promote grain refinement. However, Sc is a costly rare earth element.
From the metallurgical viewpoint, the potential nucleating agent should have a high
growth restriction factor (Q) that favors the formation of equiaxed grains. Ti has a higher
Q value than Zr, and thus it is more effective in suppressing cracks. Compared with
Si and Ti, Si can effectively reduce the solidification range but fails to form precipitate
reinforcements. Therefore, Ti is the best addition to modify HS-Al compositions. Instead
of in-situ alloying, ex-situ introduction of inclusions such as TiC, TiN, and SiC can also
be used as crack suppressants and mechanical reinforcements. It is also important to
highlight that composition modification belongs to new material development. Mechanical
properties of composition-modified HS-Al parts should be thoroughly evaluated compared
to non-modified counterparts.

Since process optimization and composition modification produce extensive data, ma-
chine learning (ML) algorithms have been intensively employed to establish the composition-
process-microstructure-property relationship [157], which has significantly reduced the
overall experimental cost [158]. Commonly used ML models in AM processes include
K-means clustering (KNN) [159], linear support vector machine (SVM) [160], gaussian
process (GP) [161], random forest (RF) [162], artificial neural network (ANN) [163], and
convolutional neural network (CNN) [164]. The selection of these ML models depends on
specific requirements such as accuracy, efficiency, and cost. Regarding process control and
optimal parameter prediction, Liu et al. [161] developed a GP model for optimizing the
processing window for the LPBF of Al alloys. The model provided a much larger processing
window with an almost wholly dense part and an excellent combination of strength and
ductility compared with other ML techniques. For property prediction based on microstruc-
tural features, Muhammad et al. [163] successfully developed an ANN model to predict
local strains, plastic anisotropy, and failure during tensile deformation for AlSi10Mg while
taking the experimental input data from digital image correlation and X-ray computed
tomography scans. It is worth noting that data quality and quantity significantly affect the
accuracy of ML prediction. For example, using an experimental microstructure dataset to
train an ML model, the 2D material characterization will be less representative than the
3D material design space. Using only AM parameters as inputs cannot predict cracking
tendency accurately, as cracking also depends on the solidification thermodynamics in AM
of HS-Al alloys [138]. Therefore, it is necessary to understand the critical physics required to
accurately predict the cracking behavior by creating a new physics-augmented ML process
optimization and design platform that can be trained with reduced experimental data.
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Vanmeensel, K. Unravelling the multi-scale structure–property relationship of laser powder bed fusion processed and heat-treated
AlSi10Mg. Sci. Rep. 2021, 11, 6423. [CrossRef]

96. Kaufman, J.G. Properties of Aluminum Alloys: Tensile Creep and Fatigue Data at High and Low Temperatures; ASM International:
Almere, The Netherlands, 1999.

97. Lumley, R.N. Technical Data Sheets for Heat-Treated Aluminum High-Pressure Die Castings. Die Cast. Eng. 2008, 32, 1–36.
98. ASM International Handbook Committee. Properties and Selection: Nonferrous Alloys and Special-Purpose Materials; ASM Interna-

tional: Almere, The Netherlands, 1990.
99. Wang, L.; Gao, M.; Zhang, C.; Zeng, X. Effect of beam oscillating pattern on weld characterization of laser welding of AA6061-T6

aluminum alloy. Mater. Des. 2016, 108, 707–717. [CrossRef]
100. Fulcher, B.A.; Leigh, D.K.; Watt, T.J. Comparison of ALSI10MG and AL 6061 processed through DMLS. In Proceedings of the 25th

Annual International Solid Freeform Fabrication Symposium: An Additive Manufacturing Conference, Austin, TX, USA, 4–6
August 2014; SFF. 2014.
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