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Abstract

The growing adoption of additive manufacturing (AM) has increased the demand for
efficient and sustainable powder management, particularly for aluminum alloys used in
lightweight and high-performance applications. Despite their attractive strength-to-weight
ratio, corrosion resistance, and recyclability, aluminum powders are highly sensitive to
degradation during repeated reuse. This review examines the main physical and chemical
changes occurring in aluminum alloy powders during AM, including oxidation, morpho-
logical evolution, agglomeration, moisture uptake, contamination, and porosity-related
effects. Their influence on powder flowability, spreadability, packing behavior, laser ab-
sorption, and final part quality is critically discussed. The study also reviews current and
emerging powder recycling and reconditioning strategies, including sieving, top-up blend-
ing, Hydride–Dehydride processing, plasma spheroidization, annealing, and chemical
surface treatments. In addition, best practices for powder handling, storage, and quality
assessment are summarized to support reliable reuse. Particular attention is given to
aluminum powders used in laser powder bed fusion. Unlike earlier reviews that address
powder degradation, recycling, or aluminum AM separately, this review provides an in-
tegrated framework connecting degradation mechanisms, reconditioning strategies, and
qualification methods for reused aluminum powders. It also highlights key knowledge
gaps and future directions for developing more reliable and sustainable powder lifecycle
management in aluminum-based AM.

Keywords: additive manufacturing; aluminum alloys; powder degradation; powder recycling;
laser powder bed fusion; sustainable manufacturing

1. Introduction
Additive manufacturing (AM) is a layer-wise manufacturing approach in which

components are produced directly from digital model data [1,2]. Over the past decades,
AM has evolved from a rapid prototyping tool into a broader manufacturing platform
capable of producing functional components with complex geometries, reduced material
waste, and high design flexibility [3,4]. Among its different process families, metal AM
has gained particular importance for high-value engineering applications where material
efficiency and geometric complexity are critical.

In metal AM, powder-based routes such as laser powder bed fusion (L-PBF), directed
energy deposition (DED), electron beam powder bed fusion, and binder jetting are com-
monly used, each with specific requirements regarding powder size, morphology, chemistry,
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and flow behavior [5,6]. Among metallic feedstocks, aluminum alloys are especially at-
tractive because of their low density, high specific strength, recyclability, and industrial
relevance in transportation and aerospace sectors. At the same time, they are among
the most challenging powders to manage because of their high reflectivity, high thermal
conductivity, strong affinity for oxygen, and sensitivity to moisture-related degradation
during repeated reuse and handling [7–12].

Aluminum plays a crucial role in energy transitions and lightweight applications,
particularly in the transportation and aerospace industries. Recognized for its high strength-
to-weight ratio, durability, and recyclability, aluminum is a key material for sustainable
development [13,14]. Recycling aluminum requires only 5% of the energy needed for
primary production, significantly reducing carbon emissions and overall energy consump-
tion [15]. Its lightweight properties further enhance energy efficiency, leading to lower fuel
consumption and emissions in the automotive and aerospace sectors. Beyond transporta-
tion, aluminum is also vital in energy-efficient buildings, solar panels, and electric vehicles,
reinforcing its significance in promoting global efficiency and environmentally friendly
industries [16–19]. Currently, some of the key alloying elements used in the production of
important aluminum alloys, such as silicon, magnesium, and scandium, are classified as
critical raw materials (CRMs). Additionally, aluminum holds significant economic impor-
tance. Although its current supply risks are relatively low, it remains a material of strategic
interest, already recognized as a CRM by U.S. authorities and considered a potential CRM
for the European Union in the near future [20,21]. Processing aluminum alloys through
L-PBF offers significant opportunities to reduce environmental impacts, particularly in
industries where weight reduction is critical, such as automotive and aerospace [22]. How-
ever, despite these advantages, only a limited number of aluminum alloy systems have so
far achieved robust processability in powder-based AM, which makes powder selection,
powder reuse, and powder quality control particularly important for this class of materials.

Because of these material-specific challenges, powder reuse in aluminum AM cannot
be discussed in the same way as powder reuse in broader multi-metal systems [23–25]. Al-
though previous reviews have addressed powder recycling, reuse strategies, or aluminum
additive manufacturing separately, a more focused discussion linking degradation mecha-
nisms, reconditioning approaches, and powder qualification methods for reused aluminum
powders remains limited [26,27]. This review was therefore undertaken to provide an inte-
grated overview of powder degradation and recycling strategies for aluminum alloy pow-
ders in additive manufacturing, with particular emphasis on L-PBF, where aluminum pow-
der reuse is both most relevant and most extensively documented [28–30]. This emphasis
on L-PBF was adopted because it remains the most mature and most widely used powder-
based AM route for aluminum alloys, and it also provides the most substantial body of
literature on powder reuse, degradation behavior, and powder qualification [31–33]. The
discussion is centered primarily on Al–Si-based powders, especially AlSi10Mg, AlSi7Mg,
and AlSi12, because these remain the most mature and most extensively studied aluminum
systems in powder-based AM and form the main basis of current reuse and recycling inves-
tigations, while selected emerging systems such as Scalmalloy and modified high-strength
aluminum alloys are discussed more selectively to illustrate future alloy-development op-
portunities [33–38]. In addition to summarizing degradation pathways and reconditioning
methods, the present work highlights aluminum-specific challenges, discusses their impli-
cations for powder-bed behavior and final part quality, and identifies key research gaps
and future directions for more reliable and sustainable powder lifecycle management. For
this reason, the review intentionally combines a concise mechanistic overview of powder
degradation and recycling with an aluminum-specific analysis, so that broader powder-
reuse concepts are included only where they are necessary to interpret the behavior of
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reused aluminum powders. The scope of the present review is limited to reused aluminum
alloy powders in powder-based additive manufacturing, with primary emphasis on L-PBF
and secondary reference to DED only where it provides useful comparative context. The
discussion is centered mainly on Al–Si-based powders, especially AlSi10Mg, AlSi7Mg,
and AlSi12, because these systems currently provide the most robust basis for analyzing
degradation, reuse, and reconditioning behavior. Non-aluminum systems are referred
to only when they offer mechanistic insight that is not yet sufficiently documented for
aluminum powders.

Review Methodology

This manuscript was prepared as a focused critical narrative review addressing pow-
der degradation, reuse, recycling, reconditioning, and qualification strategies for aluminum
alloy powders in powder-based additive manufacturing. The review was structured to
prioritize studies directly relevant to reused aluminum powders, with primary emphasis
on laser powder bed fusion (L-PBF) and secondary reference to directed energy deposition
(DED) only where it provides useful comparative context. Particular attention was given
to Al–Si-based systems, especially AlSi10Mg, AlSi7Mg, and AlSi12, because these alloys
currently provide the most substantial body of evidence on degradation behavior, powder
reuse, reconditioning, and final part performance.

The reviewed literature was organized thematically according to the main objectives of
the manuscript, including degradation mechanisms, recycling and reconditioning strategies,
powder handling and storage, aluminum-specific powder behavior, quality assessment
methods, and the influence of reused powder on final part microstructure and mechanical
properties. Priority was given to peer-reviewed journal articles and recent review papers
reporting experimentally supported observations relevant to reused aluminum powders.
Broader studies on other metallic systems were retained only when they provided mecha-
nistic insights not yet sufficiently documented for aluminum powders. Accordingly, this
review is intended to provide an integrated, aluminum-centered critical synthesis rather
than an exhaustive systematic survey of all metal-powder reuse literature.

Powder reuse in additive manufacturing involves recovery of the unfused feedstock
after a build, removal of out-of-spec fractions such as spatter, agglomerates, or excessive
fines, optional blending with virgin powder, and re-qualification before reuse. The suit-
ability of the recycled powder depends on whether key properties such as particle size
distribution, morphology, flowability, and chemical condition remain within an acceptable
processing window. As summarized schematically in Figure 1, this workflow is not a single
recovery step but a controlled sequence of extraction, reconditioning, qualification, storage,
and reintroduction into the next build cycle. Because repeated reuse can progressively alter
powder characteristics and thereby affect process stability and final part quality, effective
reuse requires systematic monitoring and application-specific quality control throughout
the powder lifecycle [23,24,39–47].
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Figure 1. Schematic illustration of the powder reuse workflow in AM.

2. Powder Degradation Mechanisms
Although many powder degradation mechanisms are broadly relevant to metal ad-

ditive manufacturing, the present section discusses them primarily from the perspective
of aluminum alloy feedstocks and their reuse in powder-based AM. Cross-material exam-
ples are retained only where they clarify mechanistic aspects that are not yet sufficiently
documented for aluminum itself. Particular emphasis is placed on oxidation, morphology
evolution, sintering/agglomeration, moisture uptake, and contamination, because these
mechanisms are the most consistently linked to powder-bed behavior, reuse stability, and
final part quality in aluminum AM [25,43]. Figure 2 schematically summarizes the main
degradation pathways relevant to repeated reuse of aluminum alloy powders in powder-
based additive manufacturing and their effects on powder properties, process stability, and
final part quality.

 
Figure 2. Schematic illustration of the main powder degradation pathways relevant to repeated reuse
of aluminum alloy powders in powder-based additive manufacturing and their effects on powder
properties, process stability, and final part quality.
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2.1. Thermal Effects
2.1.1. Oxidation of Powder Feedstock

Oxidation involves the formation of oxide layers or the absorption of oxygen by
metal particles. This phenomenon is particularly pronounced in reactive metals such
as titanium and aluminum, which are highly susceptible to oxidation upon exposure to
oxygen, whether at ambient or elevated temperatures. In AM processes like L-PBF and DED,
powders are subjected to high temperatures and may come into contact with atmospheric
oxygen or residual gases within the build chamber. Even in environments that are nominally
inert, trace amounts of oxygen or moisture can still promote oxidation. With repeated reuse,
oxygen accumulation becomes more significant, leading to the development of thicker
oxide layers on the powder surface or the diffusion of oxygen into the subsurface of the
particles [48]. Oxidation is a significant concern in PBF processes, both laser-based and
electron beam-based (E-PBF), as well as in DED, particularly when shielding is inadequate.
In L-PBF, the build chamber is typically filled with an inert gas such as argon or nitrogen
to minimize oxidation. However, impurities or residual oxygen and moisture in the
shielding gas can still lead to unintended oxidation of the metal powder [49,50]. In E-
PBF, which operates under a partial vacuum, oxygen ingress during the build process
is minimal. However, moisture retained in the powder or within the build chamber
can decompose under high temperatures, releasing oxygen and thereby contributing to
oxidation [51,52]. DED processes, such as laser cladding, also employ inert gas shrouds
to protect the molten material. However, any exposure to air either before or during
powder delivery can result in oxidation of the heated particles, whether in flight or upon
deposition on the build surface [53]. Oxidation alters the chemical composition of the
powder by increasing its oxygen content and by thickening the oxide film that covers the
particle surface. In reactive alloys, especially aluminum, this oxide layer is particularly
detrimental because it behaves as a refractory barrier during both solid-state contact and
laser melting. In the case of aluminum powders, the native Al2O3 film remains solid at
temperatures far above the melting point of aluminum itself, so it can hinder intimate
metallic contact between neighboring particles and reduce effective wetting during melting.
As a result, inter-particle bonding becomes less efficient, particle coalescence is delayed,
and the continuity of the molten region may be locally disrupted. During partial melting or
sintering, such oxide films can also restrict mass transport across contact points, thereby
slowing neck growth and limiting densification. During full melting, oxide skins may
remain partially intact on molten droplets or break into fine entrained oxide fragments,
which can then act as inclusions inside the melt pool. These oxide-related barriers and
inclusions may interfere with melt-pool flow, weaken bonding between adjacent molten
regions, and promote lack-of-fusion defects or pore formation in the final part [54–56].
Consequently, oxidation is closely monitored in studies involving reused powders, with
oxygen content often serving as a critical quality indicator. For example, one study found
that the oxygen concentration in Ti-6Al-4V powder increased from 0.08 wt% to 0.19 wt%
after 21 reuse cycles, a change that is correlated with a measurable decline in the ductility
of the produced parts. Therefore, effective oxidation management through storage in inert
environments, controlled atmosphere handling, and strict limitations on powder reuse
cycles is essential to preserving both powder integrity and the mechanical performance of
the final components [48].

2.1.2. Morphological Changes (Particle Shape and Size Evolution)

By examining the effects of thermal degradation caused by the interaction between
the energy beam and the powder (Figure 3), it becomes evident that the primary impact is
associated with the formation of molten metal droplets. These droplets are rapidly expelled
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from the energy source and solidify almost instantly, contributing to degradation phenom-
ena [57,58]. In this scenario, several phenomena simultaneously influence the powder
composition as well as its size and geometry. For instance, a molten metal droplet may
be ejected directly from the melt pool. Upon ejection, the droplet undergoes independent
solidification, and depending on the degree of overheating reached by the metal, this can
result in the formation of a new crystalline structure or a phase transformation [59]. During
AM processing and subsequent powder recycling, the physical shape and PSD of the pow-
der can undergo significant changes. Studies on reused AM powders consistently show
that morphology evolves away from the near-spherical and tightly controlled condition
typical of virgin gas-atomized feedstock. For example, studies cited in [60,61] reported
PSD shifts toward coarser sizes during reuse, mainly because of fine-particle depletion
and agglomerate formation. Likewise, ref. [48] associated repeated reuse with reduced
sphericity and increased surface roughness, while [42,62] linked these changes to both
thermal exposure and mechanical actions such as sieving, scraping, and powder recovery.

Figure 3. Simplified illustration of the interaction between a high-energy beam and metallic pow-
ders. The green area indicates the heat-affected zone (HAZ), while the red region represents the
melted material.

The consequences of these changes are not purely geometric. As reported in [48]
rougher and less spherical particles generally show poorer flowability and packing be-
havior than smooth spherical particles. However, ref. [60] also noted that flowability may
occasionally improve after reuse when the loss of ultra-fine particles reduces cohesive
interparticle forces. This indicates that the net effect of reuse on powder flow depends
on the balance between shape degradation and fines depletion, rather than on a single
morphological descriptor alone.

Specific observations further illustrate this point. In a Ti-6Al-4V study, it was found
that repeated reuse increased particle surface roughness while the overall particle shape
remained largely spherical, and few large agglomerates were formed. The same study
emphasized that such roughened particles may trap more air or moisture and exhibit altered
thermal absorption behavior, which increases the likelihood of incomplete melting and local
lack-of-fusion defects [43]. In contrast, the effects of adhered spatter, condensate, and other
foreign particulates are discussed separately in Section 2.2.2, where contamination-related
chemical and compositional changes are addressed more directly.
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2.1.3. Sintering and Agglomeration of Particles

Partial sintering is also recognized as a form of thermal degradation in metal AM pro-
cesses [63]. Partial melting or thermal fusion of particles is a common form of degradation
in AM. When particles are exposed to temperatures approaching their melting point for
extended periods, they can undergo sintering, forming solid necks at points of contact
or even fuse completely into larger clusters. In metal PBF processes, this phenomenon
may occur either by design or unintentionally as a result of the processing conditions.
For example, E-PBF is carried out at elevated powder-bed temperatures and typically
produces a sintered powder cake that must be mechanically broken apart after the build.
Even in L-PBF, particles located close to the melt pool or exposed to local overheating may
partially sinter. In practice, this behavior is usually observed in two forms: satelliting and
agglomeration. Satelliting occurs when small particles attach to the surfaces of larger ones,
whereas agglomeration refers to several particles, often of comparable size, joining together
to form a single irregular mass. In both cases, the underlying cause is usually partial
melting at particle contact points, followed by solidification that creates bridges between
them [43]. Although controlled partial sintering can sometimes be beneficial for improving
powder flowability, packing density, and interlayer bonding, excessive or uncontrolled
sintering is generally harmful. These include reduced flowability, increased porosity, poor
surface finish, and dimensional inaccuracies in the final parts. Therefore, it is crucial to
precisely control and optimize thermal conditions during the AM process to minimize
the adverse effects of partial sintering and maintain the quality and structural integrity of
AMed components [63–65]. Agglomerated particles effectively act as “oversized” powder,
skewing the PSD toward larger, often irregular shapes. This gives rise to several adverse
effects. First, large agglomerates flow poorly through recoaters or nozzles and can disturb
powder spreading, producing surface irregularities such as streaks or local bumps in the
powder bed. Second, these agglomerates may be retained by fine sieves during powder
recycling, which leads to material loss; if they are not removed, they can also block powder
delivery systems and interfere with process stability. Third, because of their larger size,
agglomerated particles generally require more energy to melt completely. When process
parameters are tuned for smaller, individual particles, these larger clusters may melt only
partially, increasing the risk of inclusions or lack-of-fusion defects in the final part. Finally,
sintered clusters may exhibit thermal conductivity and absorption behavior that differ from
that of individual particles, which can alter their interaction with the laser or electron beam
during the build process. Overall, powder sintering reduces the volume of free-flowing,
reusable powder and concentrates alloying elements into fewer, larger masses, potentially
leading to microsegregation and reduced material homogeneity [66–69].

2.2. Chemical Effects
2.2.1. Moisture Absorption and Hydrolysis

Many powders exhibit hygroscopic behavior, meaning they easily absorb moisture
from the surrounding air. This moisture can either physically adhere to the surface of the
particles or become chemically adsorbed. Fine powders, which have a high surface area,
are especially prone to absorbing moisture quickly [70]. In metal powders, moisture usually
refers to a thin film of water coating the particles. Upon heating, this moisture can initiate
oxidation reactions, as water serves as a source of both oxygen and hydrogen [71]. Moisture
can enter metal powders during storage, particularly if containers are not properly sealed
or lack desiccants, as well as during handling between build cycles. In PBF systems, once
a build is complete and the chamber is opened, the exposed powder can rapidly absorb
moisture from the ambient air. Within just a few minutes of exposure, fine metal powders
are capable of adsorbing a measurable amount of water [72]. Moisture alone can cause

https://doi.org/10.3390/app16136822



Appl. Sci. 2026, 16, 6822 8 of 53

powders to clump or cake. When water molecules form bridges between particles, capillary
forces cause them to adhere to one another, leading to the formation of larger agglomerates.
This negatively impacts both flowability and spreadability of the powder [73]. When
heated, moisture within the powder can vaporize, potentially generating pressure that
disrupts powder layering or leads to spattering. More critically, moisture introduces both
oxygen and hydrogen. In reactive metals such as titanium or aluminum, the presence
of water on the powder surface promotes oxidation (metal + H2O → metal oxide + H2).
The resulting hydrogen gas can dissolve into the melt pool or form pores if it escapes as
bubbles, ultimately compromising the integrity of the final part [49,74]. Aluminum alloys
are particularly sensitive to moisture adsorption. A study on Al-6061 powder used in
L-PBF found that even slight increases in powder moisture could lead to the formation
of aluminum hydroxides and result in small spherical pores within the printed parts.
Although the moisture content of reused aluminum powder was reported to be comparable
to that of virgin powder in the study, the researchers emphasized that any moisture uptake
could increase the risk of porosity-related defects in aluminum components [25].

2.2.2. Contamination (Foreign Particles and Impurities)

Another chemical degradation mechanism in AM is powder contamination, which
can alter the chemical composition of the material and negatively impact the quality and
performance of the final part [75–77]. Contamination refers to the presence of unwanted
foreign materials or impurities introduced into the powder. This can result from various
sources, including process byproducts such as spatters or condensates, mechanical wear
from components like recoater blades or nozzles, environmental exposure to dust and
dirt, or cross-contamination with different types of powders. Such contaminants can alter
the powder’s chemical and physical properties, potentially compromising the integrity
and performance of the final printed parts [78]. Contaminants can be detrimental in
several ways. For instance, large spatter particles mixed into the powder can behave
like agglomerates, disrupting the smoothness of the powder layer and potentially failing
to fully melt during processing, which can lead to defects in the final part [79]. If the
spatter has a different chemical composition, such as being rich in oxides, it can lead to
the formation of inclusions within the final microstructure, potentially compromising the
material’s mechanical properties and performance [80]. Fine condensate particles can coat
otherwise good powder particles, potentially hindering proper melting or altering the
local chemical composition during processing [81]. Overall, contamination often results in
increased porosity and reduced mechanical properties in the final parts. This occurs because
foreign particles may not melt and fuse properly, leading to voids or lack-of-fusion defects
around them. Alternatively, if they do melt, they can form brittle phases or inclusions that
compromise the structural integrity of the material [82–84].

2.3. Mechanical Effects

In AM, mechanical degradation of powder specifically refers to the decline in powder
quality and characteristics caused by repeated use, handling, and exposure to environ-
mental factors throughout the manufacturing process. Unlike the mechanical degradation
of finished parts, powder degradation affects the feedstock material itself, which in turn
can impair the mechanical properties and overall performance of the final AMed compo-
nents [27,43,85].

The mechanical degradation of powder in AM primarily results from several intercon-
nected factors. Repeated recycling causes deformation, fragmentation, and size variation in
powder particles, which diminishes flowability and packing density [43,86]. Additionally,
mechanical handling and thermal exposure can lead to particle fracture or agglomeration,
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resulting in irregular shapes and clusters that disrupt layer uniformity and hinder smooth
powder flow [62]. Environmental exposure further introduces contaminants such as mois-
ture and gases, while promoting oxidation of particle surfaces; these changes adversely
affect the thermal and mechanical behavior of the powder, ultimately reducing the mechan-
ical performance of the printed parts [87]. Over successive usage cycles, powder particles
also experience surface roughening, which increases inter-particle friction and leads to poor
flowability and uneven powder layer deposition [27].

Mechanical degradation of powder can negatively affect both the AM process itself and
the quality of the final components [43]. As the powder deteriorates, its flowability tends to
decline, which can result in uneven spreading, irregular layer formation, and defects such
as porosity and incomplete fusion. At the same time, changes in particle morphology and
PSD can further increase porosity in the printed material, creating stress concentration sites
that reduce mechanical strength and fatigue resistance [27]. Degraded powder may also
lead to less uniform thermal behavior during processing, which can intensify residual stress
buildup and increase the likelihood of crack initiation and growth in the final part [88].
In addition, powder degradation can introduce microstructural heterogeneity, which may
adversely affect key properties such as ductility, toughness, and tensile strength, ultimately
reducing the reliability and overall performance of AMed components [89].

Several measures can be adopted to limit powder degradation and preserve the
mechanical properties of AM parts. A controlled recycling strategy typically involves
restricting the number of reuse cycles, monitoring changes in particle morphology, and pe-
riodically adding virgin powder to maintain feedstock consistency [90,91]. Regular quality
checks, including PSD measurements, chemical composition analysis, and morphological
inspection, are also important for identifying early signs of degradation [92]. Proper storage
and handling under controlled conditions, such as vacuum or inert atmospheres, can fur-
ther reduce the risk of oxidation and contamination [72]. In addition, careful optimization
of process parameters, including scan speed, laser power, and layer thickness, can help
offset variations in powder condition and support stable, high-quality part production [93].

A common form of mechanical powder degradation in AM is attrition, which occurs
when repeated handling and mechanical agitation during storage, transport, or processing
gradually abrade and fragment the particles [94,95]. This can alter PSD, particle shape,
and surface roughness, all of which negatively influence flowability and packing behavior.
The problem may be intensified by friction between the powder and machine components,
such as feed systems, recoaters, and metallic blades, which can cause wear on both the
powder and the equipment. These interactions often generate fine debris and airborne
particles, increasing the risk of contamination and further reducing feedstock consistency.
Taken together, these effects can compromise the quality, repeatability, and mechanical
performance of the final AMed parts [27].

3. Powder Recycling Strategies and Advances in Powder
Recycling Techniques

For aluminum alloy powders, recycling and reuse strategies are especially important
because powder degradation can directly affect flowability, oxidation state, melt-pool sta-
bility, and the quality of AMed parts. Although many recycling concepts were originally
developed across broader metal AM systems, their relevance to aluminum varies signif-
icantly because aluminum powders are particularly sensitive to oxide growth, moisture
pickup, and morphology-related spreadability problems. In Section 3, therefore, reviews
the main recycling and reconditioning routes with emphasis on their practical relevance
to aluminum powders, especially in L-PBF, while retaining a limited number of broader
metal-AM examples only where they provide useful comparative context [26,48]. Figure 4
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provides an overview of the main powder recycling methods used in metal additive
manufacturing, including mechanical, thermal, and chemical approaches discussed in
this section.

 

Figure 4. Overview of the main powder recycling methods in metal additive manufacturing.

3.1. Methods for Powder Recycling

Powder recycling methods used in additive manufacturing can be broadly classified
into mechanical, thermal, and chemical approaches, depending on whether powder recov-
ery is achieved mainly through physical separation and reshaping, heat-based restoration,
or chemically assisted cleaning and reduction. For clarity and direct comparison, the
main recycling routes discussed in this review are summarized in Table 1. The compari-
son includes not only technical advantages and limitations, but also economic feasibility,
scalability, and practical suitability for aluminum alloy powders.

Table 1. Summary of the main powder recycling methods used in additive manufacturing.

Recycling
Category Method Main

Principle
Main

Advantages
Main Limita-
tions/Risks

Typical
Suitabil-

ity/Remarks

Economic
Feasibility

Industrial
Applicabil-

ity/Suitability
for Aluminum

Powders

Scalability/
Implementation

Level

Mechanical
Reuse and

blending/top-
up

Recovery of
unfused
powder

followed by
contaminant
removal and
reuse, often

with controlled
addition of

virgin powder

Simple,
industrially

practical, low
cost, and

preserves most
of the original

feedstock

Does not fully
restore

degraded
morphology or

chemistry;
requires strict

quality
monitoring

Widely used
in PBF

workflows;
effective when
degradation is
still moderate

High

Very high;
currently the

most practical
route for
routine

aluminum
L-PBF reuse

under
controlled

qualification

High; already
widely

implemented in
industrial
powder-
handling

workflows

Mechanical
Ball milling/
mechanical

grinding

Conversion of
bulk scrap,
machining
chips, or

oversized
particles into
finer powder

by mechanical
comminution

Cost-effective
route for

turning scrap
into powder

feedstock

Produces
irregular or

angular
particles; may

introduce
contamination
from milling

media; usually
requires
further

treatment

More suitable
for routes

that tolerate
non-spherical
powders; less

suitable for
L-PBF without
post-treatment

Medium

Limited for
direct

aluminum
L-PBF reuse

because
irregular

morphology
usually
requires

additional
reconditioning

Medium;
scalable for

bulk powder
production or

scrap
conversion, but
less suitable as a

direct in-line
AM reuse route
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Table 1. Cont.

Recycling
Category Method Main

Principle
Main

Advantages
Main Limita-
tions/Risks

Typical
Suitabil-

ity/Remarks

Economic
Feasibility

Industrial
Applicabil-

ity/Suitability
for Aluminum

Powders

Scalability/
Implementation

Level

Mechanical/
hybrid

Hydride–
Dehydride

(HDH)

Hydrogenation
of Ti scrap to
form brittle

hydride,
followed by
crushing or

milling and de-
hydrogenation

Enables direct
recycling of

titanium scrap
with limited

alloy loss

Often
produces
angular
particles;

oxygen pickup
and further

conditioning
may be

required

Particularly
relevant for

Ti-based
systems; may

require sieving
or spheroidiza-

tion before
PBF use

Medium

Low for
aluminum;

mainly
relevant to
titanium-

based systems
rather than

routine
aluminum

powder reuse

Medium;
scalable in
dedicated
powder-

production
chains, but not

commonly
implemented

for routine
aluminum AM

reuse

Mechanical Centrifugal
separation

Particle
separation
based on
density

differences
under

high-speed
rotation

High-
throughput

bulk
classification

Limited
efficiency for
removing fine
contaminants
such as oxides,

satellites, or
broken

particles

More common
in

conventional
powder

processing
than in

AM-specific
workflows

Medium

Moderate for
bulk

classification,
but limited as a

standalone
solution for

oxidation- or
morphology-

driven
aluminum

degradation

Medium to high;
scalable for bulk

classification,
though limited
in selectivity for

AM-specific
degradation

features

Thermal

Plasma
spheroidiza-

tion/ICP
spheroidiza-

tion

Surface or full
melting of
degraded

particles in
a high-

temperature
plasma,

followed by
spheroidiza-
tion through

surface tension
and rapid

solidification

Improves
sphericity,
flowability,

packing
density, and
may reduce

attached
satellites

High energy
demand;

requires tight
control of

atmosphere
and

temperature;
risk of further
oxidation or

coalescence if
poorly

controlled

Suitable for
restoring

morphology of
irregular or
degraded
powders

Low to
medium

Promising for
severely

morphology-
degraded
aluminum

powders, but
currently more

specialized
than routine

industrial
reuse

Low to medium;
scalable mainly
in specialized

external
powder-

treatment
facilities

Thermal

Annealing/
vacuum
thermal

treatment

Heat treatment
under

controlled
atmosphere to

reduce
adsorbed

species, relax
surface-related

degradation,
and partially

restore powder
behavior

Less resource-
intensive than

full
re-atomization;
may improve

flowability and
surface

condition

Cannot fully
recover
severely

degraded
powder; risk of

oxidation,
sintering, or
microstruc-

tural changes if
improperly
controlled

Useful when
degradation is

mainly
surface-related

rather than
morphological

Medium

Potentially
useful for
aluminum

powders when
degradation is
mainly surface-

related, but
requires
careful

oxidation
control

Medium;
potentially

scalable with
batch furnace
systems, but

dependent on
atmosphere
control and

powder
sensitivity

Thermal

Re-
atomization/

remelting-
based recovery

Melting of
scrap or

degraded
powder

followed by
atomization

into new
powder
particles

Can
substantially
reset powder
morphology
and particle

size
distribution

High cost and
energy

demand;
effectively
closer to re-

manufacturing
than routine

in-house reuse

More suitable
when powder

is heavily
degraded or
large waste

volumes
accumulate

Low

Limited to
high-value or
large-volume

recovery
scenarios; not

generally
suitable for

routine
in-house

aluminum
powder reuse

Low to medium;
scalable mainly

at large
industrial

volumes or
centralized

recovery
operations

Chemical
Acid etch-

ing/surface
cleaning

Selective
removal of

oxide layers or
surface

contaminants
by controlled

chemical
treatment

Can clean
oxidized
particle

surfaces and
improve
powder
usability

Risk of
hydrogen

uptake,
residue

contamination,
or morphology

alteration
during

washing and
drying

Promising for
oxidized

powders if
carefully

controlled

Low to
medium

Scientifically
promising for

oxidized
aluminum

powders, but
industrial
adoption
remains

limited by
residue control

and safety
concerns

Low; industrial
scalability is
limited by

wet-chemical
handling,
washing,

drying, and
waste-treatment

requirements
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Table 1. Cont.

Recycling
Category Method Main

Principle
Main

Advantages
Main Limita-
tions/Risks

Typical
Suitabil-

ity/Remarks

Economic
Feasibility

Industrial
Applicabil-

ity/Suitability
for Aluminum

Powders

Scalability/
Implementation

Level

Chemical

Oxide
reduction

using reducing
atmospheres

Removal or
thinning of
oxide layers

through
hydrogen-

containing or
otherwise
reducing

environments

May restore
cleaner

surfaces and
reduce oxygen-

related
degradation

Risk of
sintering,
hydrogen

pickup, and
safety or

processing
complexity

More relevant
for reactive
alloys and

heavily
oxidized
powders

Medium

Potentially
relevant for

oxidized
aluminum

feedstocks, but
requires strict

control
because of
hydrogen-

related risks
and process
complexity

Low to medium;
scalability

depends on
strict

atmosphere
control, safety
management,

and alloy
sensitivity

Chemical

Leaching/
selective
impurity
removal

Chemical
dissolution of
undesirable
species or

contamination
from degraded

powder
streams

Can target
specific

contaminant
phases

Requires
hazardous

chemicals and
waste

handling; not
always

practical for
routine AM
workflows

More suitable
for external
recycling or
specialized

recovery
operations

Low

Limited for
routine

aluminum AM;
more suitable
for specialized

external
recovery rather
than standard
powder reuse

workflows

Low; generally
more suitable
for specialized

off-line recovery
than routine

industrial
powder reuse

Mechanical recycling methods are generally the simplest and most industrially ac-
cessible approaches for powder recovery. They are mainly based on physical separation,
screening, classification, blending, or reuse-oriented conditioning, and are particularly
useful when powder degradation is still moderate. Their main advantage lies in their prac-
ticality and relatively low cost; however, they cannot fully restore severe morphological
degradation or surface-related chemical changes.

Thermal recycling methods become more relevant when powder degradation extends
beyond simple contamination or PSD deviation and includes more severe morphology-
related changes, such as reduced sphericity, satellite formation, or surface roughening. In
these cases, the objective is not only powder cleaning but also morphological restoration
through melting, remelting, or spheroidization. Representative process schematics for
selected thermal routes are shown in Figures 5 and 6.

 
Figure 5. Schematic of the RF plasma spheroidization process.
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Figure 6. Schematic diagram of the HTRS device and process.

Figure 5 illustrates a plasma-based spheroidization route, in which irregular feedstock
particles are exposed to a high-temperature plasma and are reshaped into more spherical
particles through melting and surface-tension-driven solidification. This type of process
is mainly valuable when poor particle morphology has become a dominant limitation
for reuse.

Figure 6 shows the HTRS device and process, representing a hydrogen-assisted thermal
treatment route intended for oxide reduction and powder surface recovery rather than
direct morphological spheroidization. Compared with direct powder reuse or simple
sieving-based reconditioning, such approaches are more intensive but may be effective
when powder degradation is dominated by surface oxidation and chemically altered
surface layers.

Chemical recycling methods are mainly intended to remove oxide layers, surface
contamination, or specific impurity phases that cannot be adequately addressed by purely
mechanical approaches. These methods can be effective when degradation is dominated
by surface chemistry rather than severe particle-shape changes, but they generally require
tighter process control, careful post-treatment, and attention to residue management and
safety considerations.
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From a critical standpoint, the currently most industrially viable powder-management
route for aluminum AM is not aggressive powder regeneration, but controlled reuse
supported by sieving, top-up blending, drying, and oxidation-aware handling. These
approaches are attractive because they can be integrated directly into existing L-PBF
workflows, require comparatively limited process complexity, and match the dominant
degradation pattern observed in Al–Si powders, which is usually gradual surface oxida-
tion, fines-related flow deterioration, and moderate morphology evolution rather than
catastrophic bulk chemistry loss [23,26,27,54]. For this reason, the practical strategy for
aluminum powders is often not to “fully restore” every degraded particle, but to keep
powder quality within an acceptable processing window through regular reconditioning
and qualification.

By contrast, more intensive thermal and chemical recovery routes offer higher restora-
tion potential but currently have narrower industrial windows for aluminum powders.
Plasma spheroidization and remelting-based routes may improve particle morphology and
flowability, yet their higher energy demand and added equipment complexity can limit
their economic attractiveness for routine in-house reuse. Likewise, chemical oxide-removal
or reduction approaches are scientifically promising for severely oxidized powders, but
their wider industrial implementation for aluminum remains constrained by residue con-
trol, hydrogen-related risks, waste handling requirements, and the lack of broadly accepted
post-treatment qualification criteria [27,96–98]. A major knowledge gap, therefore, lies in
defining aluminum-specific decision thresholds: when simple reconditioning is sufficient,
when intensive recovery becomes justified, and when the powder should be retired. Future
work should also extend beyond the currently dominant AlSi10Mg datasets and establish
cost-aware, alloy-specific, and application-specific qualification frameworks for reused
aluminum powders [26,29,99].

3.2. Powder Sieving, Filtration, and Reconditioning

For aluminum alloy powders, the most practically relevant reconditioning routes
are those that can be integrated directly into routine additive manufacturing workflows
with limited process complexity. In most industrial settings, powder reuse is therefore
based primarily on sieving, optional top-up blending with virgin powder, and drying or
controlled de-gassing before reuse. These measures are intended to remove spatter and
agglomerates, limit the accumulation of excessive fines or oxidized debris, and maintain
acceptable flowability, spreadability, and powder-bed consistency over repeated build
cycles [23,26,27,54,96].

Among these methods, sieving remains the most widely adopted first-line strategy
because it is simple, inexpensive, and effective in removing oversized particles and fused de-
bris that would otherwise disturb recoating and melt-pool stability [25,27,100–103]. Blend-
ing with virgin powder is likewise important when repeated reuse begins to shift particle
size distribution or surface condition beyond the desired processing window [26,104,105].
Drying is particularly relevant for aluminum powders because moisture adsorption can
aggravate cohesion, surface reactions, and hydrogen-related defect risks during melt-
ing [72,74,96,106,107].

More advanced approaches may provide additional control in specific situations,
especially when finer debris or weak agglomerates accumulate. In this context, fluidized-
bed-assisted classification can help remove highly cohesive fine particles and weak clusters
while preserving the build-relevant powder fraction. As shown schematically in Figure 7,
this approach relies on controlled gas flow to separate lighter particles from the denser
reusable fraction [108–110]. For aluminum powders, however, such methods should be
viewed mainly as auxiliary options rather than as the core of a reuse strategy. In practice, the
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key issue is not the adoption of increasingly complex reconditioning routes, but maintaining
powder quality within an acceptable processing window through simple, repeatable, and
application-oriented control measures [23,26,27,54,96].

 

Figure 7. Schematic illustration of fluidized-bed-assisted powder classification and fine-particle removal.

3.3. Powder Handling and Storage Considerations

Effective powder recycling of aluminum alloy powders depends not only on recondi-
tioning operations such as sieving, blending, drying, or classification, but also on proper
handling and storage throughout the reuse cycle. Because aluminum powders are highly
sensitive to oxygen and moisture uptake, even brief exposure during transfer, depowder-
ing, storage, or reuse can accelerate oxidation, promote moisture adsorption, and increase
particle cohesion, thereby reducing flowability and compromising the consistency of subse-
quent builds. For this reason, powder reuse protocols should be supported by controlled
environmental conditions, including humidity management, clean handling practices, and
minimization of unnecessary air exposure [72,106,107,111–113]. In practice, maintaining
inert-gas protection during sensitive powder-handling steps is one of the most effective
ways to preserve powder integrity between build cycles. Sealed containers, argon-purged
handling systems, gloveboxes, and oxygen-controlled transfer procedures can all help
reduce further oxidation and limit chemical drift during reuse. These measures are particu-
larly relevant for aluminum powders, where progressive oxide-layer thickening can alter
wetting, flow behavior, and process stability if reuse is not carefully controlled. In addition,
safe handling procedures remain essential, both to reduce the risk of introducing foreign
contamination and to protect operators during powder recovery, sieving, and transfer
operations [97,106,114–117].

Storage time and recycling logistics also play an important role in powder quality
preservation. Reused powder should be stored in sealed, moisture-limited conditions,
retested when held for extended periods, and handled promptly during recycling opera-
tions to avoid unnecessary degradation. In particular, delays between depowdering and
sieving may allow partially sintered particles to consolidate into harder agglomerates or
permit fine particles to absorb moisture, both of which can reduce reuse quality. Accord-
ingly, proper powder handling and storage should be regarded not as an independent
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recycling route, but as enabling conditions that determine whether a nominal recycling
strategy can remain effective and reliable under real AM production conditions [97,117].

3.4. Emerging Technologies and Future Perspectives

Future improvements in aluminum powder recycling are expected to rely on more
integrated, alloy-specific strategies rather than isolated recovery steps. In particular, closed-
loop powder handling, better monitoring of oxygen and moisture pickup, and selective
reconditioning methods tailored to the degradation behavior of aluminum feedstocks
may improve reuse reliability while reducing unnecessary powder discard. Because these
developments are closely linked to broader qualification and sustainability challenges, their
implications are discussed further in Section 6.

4. Aluminum Powder in Am
Aluminum and its alloys have emerged as essential materials in metal AM owing to

their superior strength-to-weight ratio and the growing demand in aerospace and automo-
tive applications [31]. Despite these advantages, the AM of aluminum remains challenging
due to its high thermal conductivity, low laser absorptivity, and the persistence of a stable
oxide layer. These inherent properties collectively constrain the range of aluminum alloys
that can be processed efficiently through AM technologies [28]. To date, only a limited
number of aluminum alloys have exhibited consistent compatibility with AM, whereas
traditional high-strength grades, such as the 7xxx series, are susceptible to hot cracking,
porosity, elemental vaporization, and other processing-related defects in the absence of
tailored modifications [29]. Although recent progress has introduced promising solutions
to overcome these limitations in high-performance aluminum alloys, the predominant
feedstocks in AM continue to be those with excellent castability and weldability, most
notably Al–Si–Mg casting alloys [30].

4.1. Aluminum Alloys Commonly Used in Am and Processes Utilizing

Aluminum Powder
Among aluminum powders used in additive manufacturing, Al–Si-based alloys re-

main the most relevant reference systems for powder reuse studies, particularly AlSi10Mg,
AlSi7Mg, and AlSi12. Their importance stems not only from their comparatively good
printability but also from the fact that they currently provide the most consistent body of
literature on powder degradation, reuse behavior, reconditioning, and final part perfor-
mance. By contrast, higher-strength or more specialized systems, including Scalmalloy and
modified 7xxx-series alloys, are increasingly attracting research interest but remain less es-
tablished from the perspective of repeated powder reuse and lifecycle management [28–38].

Figure 8 illustrates a representative application-oriented example of aluminum AM. Its
relevance in the context of the present review is not primarily the specific component itself,
but the fact that such lightweight structural applications are highly sensitive to defects,
porosity, and process inconsistency. This makes powder condition and reuse reliability
especially important when aluminum AM is considered for function-critical parts [118].

Among powder-based AM routes, L-PBF is by far the dominant process for aluminum
powder reuse studies and therefore serves as the primary reference framework throughout
this review. This is because L-PBF combines high industrial relevance with the largest
available evidence base on powder aging, oxidation, morphology evolution, spreadability,
defect formation, and the resulting implications for part quality. DED is also relevant as a
secondary comparative route, particularly for larger-scale deposition and repair-oriented
applications, but it remains less systematically documented in the specific context of
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repeated aluminum powder reuse [29,31,32,119]. Table 2 summarizes the aluminum alloy
systems and AM routes most commonly reported in the literature.

Figure 8. (a) Topology-optimized AlSi10Mg bracket produced by L-PBF; (b) conventional AlSi10Mg
bracket manufactured by machining, showing geometry adapted to traditional processes. (Repro-
duced from [118], licensed under CC BY 4.0).

Table 2. List of the most common alloys used in 3D printing and their techniques.

Alloys Ref Technique

AlSi10Mg

[120,121] L-PBF

[122–124] DED

[125] BJ

AlMg1SiCu [126] L-PBF

AlSi12 [127–129] L-PBF

AlSi7Mg
[130] L-PBF

[131] BJ

2024 [132,133] L-PBF

2011 [134] L-PBF

2219 [135] L-PBF

3003 [136] L-PBF

3104 [137] DED

5005 [138] L-PBF

5052 [138] L-PBF

5183 [139] L-PBF

5087 [140,141] L-PBF

5754
[140] L-PBF

[142] DED

6061
[143–145] L-PBF

[146] DED
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Table 2. Cont.

Alloys Ref Technique

6063 [147–149] L-PBF

6082 [150] L-PBF

7075
[151] L-PBF

[152] DED

7050
[153] L-PBF

[38] DED

From the perspective of powder degradation and recycling, the main practical impli-
cation of this alloy/process landscape is that current evidence is strongest for Al–Si-based
powders processed by L-PBF. These systems, therefore, provide the most robust basis
for discussing how repeated reuse affects powder condition, process stability, and final
part performance. The following sections are consequently focused primarily on these
aluminum systems rather than on a broad survey of all printable aluminum alloys.

A concise quantitative trend can also be identified from the aluminum-specific studies
reviewed in this work. Fresh gas-atomized AlSi10Mg powders typically show native oxide
thicknesses of about 2–5 nm and oxygen contents at or below about 0.05 wt.%, whereas
long-term reused powders may reach oxygen levels of about 0.06–0.12 wt.% and oxide
thicknesses approaching 38 nm, with bulk oxygen increasing from roughly 500 to 1250 ppm.
Even so, under controlled reuse conditions, AlSi7Mg0.6 and AlSi10Mg systems often
retain low porosity, high density, and largely stable tensile properties over moderate reuse
intervals, while more noticeable mechanical losses are mainly reported for long-term or
poorly controlled reuse conditions [54,99,154,155].

4.2. Morphological and Physical Characteristics and Powder Reusability of Aluminum Alloy Powders
4.2.1. Morphological Characteristics

The morphological characteristics of aluminum alloy powders, such as their degree
of sphericity, surface smoothness, and the presence of satellites or agglomerates, play a
critical role in determining not only the efficiency of powder handling and layer deposition
but also the quality and mechanical performance of the final parts. High-quality aluminum
powders with controlled morphology ensure enhanced process stability, reduced defect
formation, and improved microstructural homogeneity. On the other hand, deviations in
morphology can cause poor powder bed density, incomplete melting, or defects such as
porosity and cracking in the AMed components [128].

Powder Size Distribution

Powder size is a fundamental physical parameter that represents the average equiva-
lent diameter of a powder batch. For spherical particles, this diameter can be measured
directly. However, in the case of irregularly shaped particles, an equivalent diameter is
typically calculated to characterize their size [156]. Powder size varies depending on the
specific AM method, primarily due to differences in the process energy and deposition
mechanisms. For example, L-PBF commonly utilizes powders with particle sizes ranging
from 15 to 53 µm, whereas DED processes typically employ coarser powders, with sizes
ranging from 20 to 200 µm [157]. PSD is a widely used parameter to characterize powder
size, providing a statistical description of particle dimensions within a given powder batch.
PSD plays a crucial role in determining the density and compactness of the fabricated part,
directly influencing the quality and mechanical properties of AMed components [158]. As
illustrated in Figure 9, beyond the commonly observed Gaussian distribution, powder
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batches can also exhibit skewed and multi-modal distributions depending on the sieving
or mixing methods used during preparation [159]. In the case of a Gaussian distribution,
shown in Figure 9a, the curve features a single central peak with an axis of symmetry,
where the peak corresponds to the mean particle size of the batch. For skewed distributions,
depicted in Figure 9b,c, the peak shifts positively or negatively relative to the mean size,
indicating a predominance of either coarser or finer particles, respectively. In multi-modal
distributions, such as bi-modal or tri-modal cases shown in Figure 9d,e, two or three
distinct peaks are present, reflecting multiple dominant particle size ranges within the
powder batch.

 

Figure 9. Examples of powder size distribution (PSD) types: (a) Gaussian distribution; (b) positively
skewed distribution; (c) negatively skewed distribution; (d) bimodal distribution; and (e) trimodal
distribution. (Reproduced from [159], licensed under CC BY-NC-ND 4.0—non-commercial use only).

The PSD of aluminum alloy powders is a critical factor influencing flowability, packing
density, and layer uniformity in AM processes. For L-PBF applications, powders with a
narrow PSD, typically ranging from 10 to 45 µm, are preferred to ensure stable process
conditions. A study on L-PBF of 6061 aluminum alloy powders demonstrated that most
particles within this size range contributed to consistent layer deposition and minimized
the occurrence of defects in the final parts [160].

Surface Roughness

Given that AM is intrinsically a layer-by-layer process, the quality and integrity of each
deposited layer critically affect the subsequent build and the overall performance of the
component. Surface roughness is widely recognized as a key parameter for assessing single-
layer formability. Owing to the high energy input and steep thermal gradients inherent
in AM, surface roughness often emerges as a major challenge, adversely affecting surface
quality. Excessive roughness not only weakens interlayer adhesion but also degrades the
mechanical performance of the manufactured part, most notably by reducing its fatigue
resistance [161].

Surface roughness represents a significant challenge in AM of aluminum alloys, es-
pecially in processes such as L-PBF and DED, due to the intrinsic physical properties of
aluminum [162]. Alloys such as AlSi10Mg and Scalmalloy possess high thermal conduc-
tivity and reflectivity, which complicate laser–material interactions and promote process
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instabilities, including balling and spattering [163]. Additionally, the presence of a native
aluminum oxide (Al2O3) layer on particles impedes complete melting and fusion, often
leading to partially sintered particles adhering to the component surface and increasing
surface roughness [164]. Geometric factors, such as the stair-stepping effect on inclined and
curved surfaces, further degrade surface finish, especially when larger layer thicknesses are
employed. Consequently, as-built surface roughness values for aluminum alloys typically
range from 10 to 25 µm (Ra), which is higher than those observed in titanium or steel alloys
fabricated under similar conditions [165].

To address these challenges, various strategies are implemented, including the opti-
mization of laser power, scan speed, and layer thickness, as well as advanced techniques
like contour scanning and laser remelting to improve surface quality. Nevertheless, post-
processing methods such as machining, abrasive blasting, chemical etching, and laser
polishing are often essential to meet the surface finish requirements for functional appli-
cations [166,167]. Achieving consistent surface quality, however, necessitates a careful
balance between powder characteristics, process parameter optimization, and effective
post-processing techniques [118].

Porosity

Powder porosity denotes the presence of small internal voids within individual parti-
cles, which must be distinguished from the porosity observed in the AMed components. It
is typically quantified either as the volume fraction or as the number of pores contained
within the powder material. A range of characterization techniques has been employed to
examine and quantify porosity in metal powders intended for AM [168]. For instance, in the
case of AlSi10Mg powder, researchers employed a combination of optical microscopy, SEM,
and transmission electron microscopy (TEM) to identify entrapped gas pores within indi-
vidual particles. Their analysis revealed spherical gas inclusions with diameters ranging
from sub-micrometer to several micrometers, originating primarily from the atomization
process. These pores were shown to reduce the apparent density of the powder and to
influence powder flowability, which in turn affected the homogeneity of powder bed layers
during L-PBF. The study further emphasized the strong link between powder internal
porosity and the occurrence of defects, such as lack-of-fusion or gas-induced pores, in
the final AlSi10Mg components [169]. A representative example of internal porosity in
aluminum powder particles is shown in Figure 10. These internal defects are inherited from
powder production and should be distinguished from process-induced porosity in the final
AMed component. However, trapped gas within powder particles may still contribute to
residual porosity in the final part.

Porosity is one of the most critical defects in AMed aluminum alloys because it can
significantly reduce tensile strength, ductility, and especially fatigue life [170]. Alloys such
as AlSi10Mg and Scalmalloy are particularly vulnerable to this issue because of their high
thermal conductivity, low density, and the presence of a stable Al2O3 film on the powder
surface. These characteristics make complete melting and wetting more difficult during
laser processing, which in turn promotes lack-of-fusion defects and increases internal poros-
ity [171,172]. In addition, the high reflectivity of aluminum limits laser energy absorption,
often producing a shallower and less stable melt pool than those typically observed in
materials such as titanium or steel [32]. In aluminum AM, the most common pore types are
keyhole pores, which are associated with excessive laser power and localized vaporization,
and lack-of-fusion pores, which arise from insufficient energy input or poor bonding be-
tween adjacent layers [173]. Gas entrapment, originating from entrained gases within the
powder or the processing atmosphere, also contributes to the formation of spherical gas
pores. In general, the volumetric porosity of as-built aluminum parts ranges from 0.5 to

https://doi.org/10.3390/app16136822



Appl. Sci. 2026, 16, 6822 21 of 53

3%, depending on factors such as process parameters and powder quality [174]. Advanced
process control strategies, including the optimization of laser power, scan speed, and hatch
spacing, as well as preheating the build plate to mitigate thermal gradients, have proven
effective in reducing porosity in aluminum AMed [175]. Moreover, post-processing tech-
niques such as Hot Isostatic Pressing (HIP) and heat treatments are commonly employed
to eliminate internal porosity and enhance the mechanical integrity of AMed aluminum
components. Despite these mitigation methods, porosity continues to be a significant
challenge, particularly in critical applications within aerospace and automotive industries,
where high reliability and structural performance are essential [176].

Figure 10. Representative images of aluminum alloy powder particles showing internal porosity
and trapped gas: (a) 2D image of powder particles with internal pores; (b) 3D reconstructed image
highlighting trapped gas and internal porosity within the particles; and (c) magnified view of an
individual powder particle showing internal trapped gas pores. (Reproduced from [130], licensed
under CC BY 4.0).

Satellite Particles

Satellite particles refer to small particles that become attached to the surfaces of larger
primary particles in powders used for AM processes [177], as highlighted in Figure 11.
In aluminum alloys, satellites are especially common due to the low viscosity of molten
aluminum and the turbulent conditions during gas atomization [178,179]. These attached
satellites negatively affect powder flowability, resulting in irregular powder layering and
inconsistent recoating during PBF processes [68,180]. In addition, satellite particles may de-
tach during powder spreading and contribute to defects such as higher surface roughness,
lack-of-fusion porosity, and inclusions in the AMed part. Their irregular shape also in-
creases interparticle friction, which lowers apparent density and reduces packing efficiency.
As a result, powder layer uniformity is compromised, and the interaction with the laser
can become less consistent, ultimately affecting the overall quality of the fabricated com-
ponent [68,181]. From a quality-control standpoint, satellite particles are also problematic
because they increase the total surface area of the powder, which can accelerate oxidation
and promote the growth of thicker Al2O3 films. These oxide layers further limit proper
melting and bonding during the AM process, making it more difficult to produce parts of
consistently high quality [155]. To reduce the presence of satellites and improve powder
quality, advanced powder production and conditioning methods such as plasma atomiza-
tion and ultrasonic sieving are often employed [182]. Despite their relatively small size,
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satellite particles in aluminum alloys present a considerable challenge to achieving high
surface quality, dimensional accuracy, and mechanical reliability in AMed components [68].

Figure 11. Topography of the as-received AA7075 showing a mostly spherical morphology with
some satellite particles. (Reproduced from [183], licensed under CC BY 4.0).

Agglomeration and Clustering

In aluminum powders, agglomeration and clustering are mainly observed as soft or
hard particle assemblies formed by oxide-covered fines, moisture-assisted adhesion, or
partially sintered contacts between particles. The general degradation mechanism and its
process-related origins were discussed earlier in Section 2.1.3. In the present aluminum-
focused context, the main significance of agglomeration is morphological and practical:
it reduces powder mobility, disturbs recoating uniformity, and can locally alter energy
absorption during processing. These effects are particularly relevant in fine aluminum
powders because surface oxidation and particle cohesion can intensify clustering during
reuse and storage. Therefore, for aluminum alloy feedstocks, agglomeration is best regarded
as an indicator of declining powder handling quality and reuse stability rather than as
a separate degradation mechanism in itself [68,107,184–187]. The main morphological
characteristics of aluminum alloy powders and their associated challenges in additive
manufacturing are summarized in Table 3.

Table 3. Summary of the main morphological characteristics of aluminum alloy powders and their
associated challenges in additive manufacturing.

Morphological
Characteristic

Typical Manifestation
in Aluminum Powders

Main Challenge
in AM

Representative
Consequences Ref.

Powder size
distribution (PSD)

Excessively fine
particles, broad

distributions, or poorly
balanced size ranges

Increased
cohesiveness,

moisture uptake,
and unstable

powder spreading

Reduced flowability,
non-uniform powder

bed, increased
porosity, and

inconsistent part
quality

[158,159,188]

Particle shape
/sphericity

Irregular, angular, or
rough-surfaced particles

instead of smooth
spherical ones

Greater interparticle
friction and
mechanical
interlocking

Lower apparent
density, poor

packing efficiency,
and less

uniform recoating

[68,128,181,189]
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Table 3. Cont.

Morphological
Characteristic

Typical Manifestation
in Aluminum Powders

Main Challenge
in AM

Representative
Consequences Ref.

Internal
porosity

Gas-filled voids trapped
within individual
powder particles

Reduced powder
quality and potential

gas contribution
during melting

Lower density and
possible residual

porosity in the
AMed part

[169,170]

Satellite
particles

Small particles attached
to larger

primary particles

Disturbed powder
flow and increased

effective surface area

Irregular layer
deposition, oxidation

sensitivity,
inclusions,

lack-of-fusion
defects, and poorer

surface quality

[68,155,177–182]

Agglomeration
/clustering

Soft or hard clusters
formed by fines,

oxide-covered particles,
or moisture-assisted

adhesion

Poor powder
mobility and

non-uniform energy
absorption during

processing

Reduced
powder-bed

uniformity, melt-pool
instability, porosity,
lack of fusion, and
poor surface finish

[68,107,184–187]

4.2.2. Physical Characteristics
Apparent Density

The apparent density of aluminum powder, defined as the mass per unit volume in
its loose and uncompacted state, is a critical parameter for assessing its processability in
powder-based AM techniques such as L-PBF. For commonly used aluminum powders,
including AlSi10Mg and Scalmalloy, apparent density values typically fall within the range
of 1.0–1.5 g/cm3, depending on factors such as the production route (e.g., gas atomization)
and the resulting powder morphology [190]. Owing to aluminum high surface reactivity,
particles frequently develop a thin Al2O3 layer, which influences interparticle interactions
and may further lower the apparent density, particularly in the presence of irregular
morphologies or satellite particles [128].

Spherical morphology is essential for achieving higher apparent density, as it promotes
efficient packing and smooth powder flow [69]. However, aluminum powders frequently
exhibit surface roughness and satellite particles due to their low melt viscosity during
atomization. These satellites prevent the close packing of particles and introduce voids,
which lead to a lower apparent density [181]. Fine aluminum powders, especially those
below 20 µm, often show even lower apparent densities due to increased cohesiveness,
which further reduces flowability and packing uniformity in the powder bed [188].

Low apparent density in aluminum powders can adversely affect layer uniformity
during AM, often resulting in defects such as incomplete melting, lack-of-fusion porosity,
and a consequent reduction in the mechanical performance of the fabricated part. In
contrast, powders with optimized apparent density enable uniform spreading, improved
laser energy absorption, and minimized porosity, all of which are essential for producing
dense and mechanically robust components [191,192]. However, excessively high apparent
density may also be undesirable, as it can reflect the presence of oversized particles or
agglomerates, potentially reducing resolution and promoting particle segregation during
the recoating process [189].

Therefore, controlling and optimizing the apparent density of aluminum powders
through careful selection of atomization parameters, powder classification, and moisture-
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free storage is essential to ensure process stability and mechanical reliability in aluminum-
based AM applications [193].

Flowability

Flowability describes the ease with which metallic powders spread to form a smooth
and uniform layer during the recoating stage of powder bed AM. This property is essen-
tial for ensuring consistent layer thickness, geometric accuracy, and reliable mechanical
performance of the final component [69]. In the case of aluminum-based alloys commonly
employed in AM, such as AlSi10Mg, Al7075, and Scalmalloy, flowability is of particular sig-
nificance owing to the distinctive physical and chemical characteristics of aluminum [194].

Compared to denser metallic powders such as titanium or steel, aluminum powders
generally exhibit inferior flowability. This limitation arises primarily from their lower
density, pronounced surface oxidation, and greater susceptibility to moisture uptake. The
immediate formation of a native Al2O3 layer upon air exposure further increases particle
surface roughness and interparticle friction, thereby impeding smooth powder flow [180].
These satellite particles create a rough and irregular surface texture and increase the
likelihood of mechanical interlocking between particles, which further impairs powder
flowability [68]. In aluminum powders, flowability is commonly evaluated using standard
methods such as the Hall flowmeter and the angle of repose. The Hall flowmeter measures
the time required for a fixed mass of powder, usually 50 g, to pass through a calibrated
funnel, while the angle of repose indicates how steeply the powder accumulates when
poured freely. For high-quality aluminum powders, a Hall flow time below 30 s is generally
considered acceptable. However, very fine powders or powders with irregular particle
shapes may show such poor flow behavior that they do not pass through the Hall funnel at
all, highlighting serious handling and processing limitations [195].

Poor flowability can directly affect powder layer quality, leading to non-uniform
deposition, uneven energy absorption, incomplete fusion, and increased surface rough-
ness. These effects can ultimately translate into dimensional inaccuracies and reduced
mechanical performance in the final part, which is particularly critical for AMed aluminum
components [180,196]. To improve flowability, manufacturers usually optimize the gas
atomization process to produce more spherical particles and to minimize satellite forma-
tion. Additional treatments, such as plasma spheroidization, may further smooth particle
surfaces. Powder conditioning steps, including sieving, drying, and handling under inert
atmosphere, are also important for removing fines, limiting moisture uptake, and reducing
agglomeration. In summary, achieving high flowability in aluminum powders is both more
challenging and more critical than with many other metals, and it directly influences the
print quality, process stability, and final performance of AMed components [193,197].

Optical Reflectivity

Aluminum and its alloys exhibit inherently high optical reflectivity, particularly in
the infrared (IR) wavelength range employed in AM processes such as L-PBF [32]. At
wavelengths of around 1.06 µm, commonly used in fiber lasers, aluminum can reflect up
to 95% of the incident energy, thereby limiting energy absorption and hindering efficient
melting. This pronounced reflectivity contributes to melt pool instability, excessive spatter-
ing, and incomplete interlayer fusion. The challenge is especially critical during the initial
build layers, when the substrate remains relatively cool, and heat conduction is high, often
resulting in weak interlayer adhesion and diminished surface quality [198].

The high reflectivity of aluminum not only reduces laser energy absorption but also
contributes to process instabilities such as keyhole formation and balling. Due to poor initial
coupling between the laser beam and the powder surface, the applied energy often fails to
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achieve uniform melting, leading to discontinuous melt tracks and increased porosity in
the AMed components [199,200]. In addition, part of the incoming laser energy is scattered
at the powder surface, especially when the particles are irregular in shape or non-uniform
in size, which further increases reflective losses. As shown schematically in Figure 12, fresh
aluminum powder with smooth particle surfaces generally exhibits high reflectivity and
relatively low effective absorption. By contrast, reused powder, with rougher surfaces and
thicker oxide layers, can encourage multiple reflections within the powder bed, which
may locally increase energy absorption and assist melt-pool initiation. To compensate,
higher laser power is often required to achieve sufficient energy density, which can in turn
exacerbate issues such as spatter and material vaporization. Therefore, careful optimization
of scan speed, beam focus, and hatch spacing is essential to mitigate reflectivity-related
defects and to stabilize the melt pool in aluminum AM processes [201].

 

Figure 12. Schematic comparison of laser interaction with fresh and reused aluminum powders
in L-PBF.

Several approaches have been proposed to reduce the negative effect of aluminum’s
high reflectivity in AM. One promising route is to modify the powder surface, either
chemically or morphologically, to improve laser absorption. For example, applying light-
absorbing coatings such as carbon black or certain metal oxides has been shown to lower
reflectivity and promote more efficient energy uptake. Another effective strategy is to use
lasers with shorter wavelengths. Compared with conventional infrared lasers, green and
blue lasers are absorbed more readily by aluminum. Recent studies have shown that blue
diode lasers (∼450 nm) can achieve absorption values above 60% on aluminum surfaces,
highlighting their strong potential for more stable and energy-efficient AM processing.
Overall, these developments can reduce the laser power required and improve process
reliability [202].

4.2.3. Powder Reusability of Aluminum Alloy Powders

Powder reusability denotes the ability to recycle and reutilize metal powders across
multiple AM build cycles without inducing significant deterioration in powder character-
istics or compromising the mechanical performance of the fabricated components. This
concept is central to enhancing cost-effectiveness, promoting material sustainability, and
supporting scalable metal AM production [25]. Nevertheless, achieving high levels of
reusability in aluminum powders, such as AlSi10Mg and Scalmalloy, is considerably more
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challenging than in more stable systems like stainless steel or titanium alloys. The diffi-
culty arises from aluminum’s inherently high chemical reactivity, its strong affinity for
oxygen, and the rapid formation of Al2O3, all of which are exacerbated during repeated
reuse [24,155]. Over successive recycling cycles, aluminum powders undergo both physical
and chemical degradation. A notable transformation is the progressive thickening of the
native oxide layer, which impairs powder meltability. In parallel, particle coarsening may
occur as a result of partial melting, sintering, or redeposition of spattered material, leading
to deterioration in particle morphology. The formation of satellite particles also becomes
more prevalent, further disrupting powder sphericity and negatively affecting flowability
and packing behavior [25,155].

As the number of build cycles increases, the likelihood of contamination also rises
because partially melted particles, condensate, and spatter droplets gradually accumulate in
the powder. These contaminants can interfere with uniform powder spreading, destabilize
the melt pool, and eventually contribute to defects such as higher porosity and lack-
of-fusion in the printed parts [81,102]. As a result, key powder properties, including
flowability, apparent density, and laser absorptivity, can deteriorate in a measurable way.
Reduced flowability hampers uniform layer deposition during the recoating process, while
lower packing density can result in incomplete melting and inconsistencies in the density
of the fabricated parts [25,81]. Due to its low melting point and high thermal conductivity,
aluminum is particularly sensitive to process inconsistencies. Unlike steels, which tend to
maintain their morphological and chemical stability over multiple reuse cycles, aluminum
alloys often exhibit noticeable degradation after as few as 5 to 10 cycles, even under inert
processing conditions, especially if the powder is exposed to air during handling, storage,
or recycling [25,99].

To enhance the reusability of aluminum powders while maintaining the integrity of
printed parts, strict powder management protocols must be implemented. These include
regular sieving to eliminate oversized or irregular particles, blending recycled powder with
virgin feedstock to dilute the effects of degradation, and handling powders under inert
gas environments (such as argon or nitrogen) to minimize additional oxidation during
processing and storage [26,154]. In addition, routine evaluation of powder condition before
reuse should include techniques such as SEM, flow rate measurements, Hall flowmeter
testing, and oxygen analysis. At present, standardized criteria for powder reusability
are still evolving. Establishing such guidelines is important, since maintaining consistent
powder quality is critical not only for ensuring reliable mechanical performance, but also for
improving the economic and environmental sustainability of aluminum AM in large-scale
industrial practice.

4.3. Chemical and Surface Properties of Fresh and Reused Aluminum Powder, Including
Laser–Powder Interactions
4.3.1. Surface Chemistry

One of the most critical aspects influencing the reusability of aluminum powders is
the evolution of surface chemistry, particularly the formation and thickness of oxide layers.
Fresh aluminum powders are naturally coated with a thin native Al2O3 film, typically
2–5 nm in thickness for gas-atomized particles [155]. This passive oxide layer forms almost
instantaneously upon exposure to air and provides initial stabilization of the powder
surface. In virgin AlSi10Mg powder, the oxygen content associated with the native surface
oxide is typically quite low, usually remaining within a few hundred parts per million by
weight (≤0.05%) [203]. With repeated reuse in AM, however, the oxygen level gradually
rises as a result of continued surface oxidation and the accumulation of oxidized process
by-products. For example, Fiegl et al. reported that the oxygen content in AlSi10Mg
nearly doubled after extended reuse, increasing from about 0.06 to 0.12%, which indicates
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a marked thickening of the oxide layer on the particle surfaces [154]. In a long-term
30-month investigation of AlSi10Mg reuse in L-PBF, Raza et al. likewise found a substantial
increase in oxide thickness, from roughly 4 nm in virgin powder to nearly 38 nm in reused
powder. Over the same period, the bulk oxygen content rose from around 500 ppm to
about 1250 ppm. The authors linked this pronounced oxide growth mainly to two factors:
continued oxidation of the powder during handling and repeated thermal exposure, and
the gradual accumulation of oxide-rich spatter and condensate particles on the powder
throughout successive build cycles. Notably, the oxide layer on aged aluminum particles
may consist not only of Al2O3 but also of MgO or spinel phases such as MgAl2O4, as
AlSi10Mg contains a minor amount of magnesium, which readily oxidizes during repeated
use [155]. X-ray photoelectron spectroscopy (XPS) analysis in Raza’s study confirmed that
the surface of reused particles was covered with a thick, mixed Al–Mg oxide scale, whereas
the virgin powder exhibited only a very thin Al2O3 film [155].

4.3.2. Chemical Stability vs. Contamination

Notably, apart from oxygen uptake, reused aluminum powders generally show no
evidence of significant contamination or phase transformation. Multiple analytical inves-
tigations, including X-ray diffraction (XRD) and energy-dispersive X-ray spectroscopy
(EDS), consistently confirm the absence of foreign elements or undesirable intermetallic
phases in AlSi10Mg powders, even after repeated reuse cycles. The bulk alloy composition
comprising aluminum with approximately 10% silicon and 0.4% magnesium remains essen-
tially stable. Losses of low-boiling-point elements such as magnesium or zinc are minimal
in AlSi10Mg, with any slight magnesium depletion largely restricted to surface oxide
formation [29]. This behavior stands in contrast to higher-alloyed systems; for example,
processing 7075 aluminum alloy often results in the evaporation of volatile elements like
zinc and magnesium, which alters powder chemistry and compromises print quality [28].

Standard AlSi10Mg, however, demonstrates considerable thermal stability during
L-PBF. Studies have reported no significant change in the silicon or magnesium content
of reused powders, aside from the portion oxidized at the surface. As a result, the core
chemical composition of the aluminum powder remains largely unchanged throughout
multiple reuse cycles, with the primary chemical alteration being an increase in the surface
oxygen content [29,155].

4.3.3. Surface Oxide and Moisture

As described, the oxide layer on aluminum powder thickens progressively with each
reuse cycle. In addition, exposure to the atmosphere during recycling steps such as sieving
or storage between builds, can introduce moisture into the powder environment. Over time,
this can lead to the accumulation of hydroxide species on the powder surface, including
Al(OH)3 and Mg(OH)2, particularly in the presence of ambient humidity [25]. As stated
by Raza et al., evidence of Mg(OH)2 formation on reused AlSi10Mg powder has been
reported, correlating with moisture absorption. This hydroxide formation is particularly
concerning, as it can lead to hydrogen release during melting, potentially contributing to
porosity in the final part [155]. Hydrogen exhibits high solubility in molten aluminum and
is a well-known contributor to porosity during solidification. The study further cautioned
that the increased hydroxide content in aged powders could elevate hydrogen levels in the
alloy melt, thereby promoting gas porosity in the AMed components [203].

These findings underscore the importance of proper storage, specifically, maintaining
a dry, inert environment for minimizing moisture-induced degradation of aluminum
powders between reuse cycles. Nevertheless, even with careful handling under argon,
some degree of oxygen ingress is inevitable during processes such as recoating and powder
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recovery. As a result, gradual oxide layer growth over time remains an expected outcome
in aluminum AM operations [204].

4.3.4. Laser–Powder Interactions

During the AM process, the intense interaction between the laser and aluminum
powder bed generates various by-products that can significantly alter the surface chemistry
of the surrounding powder. Chief among these by-products are spatter particles and
condensate fume.

Spatter Particles

Spatter refers to larger droplets of molten or partially molten metal that are ejected from
the melt pool during processing. In L-PBF of aluminum, spatter particles are particularly
prevalent. High-speed imaging has revealed both forward ejection from the front of the
melt pool and backward ejection from the rear, driven by recoil pressure and Marangoni
convection effects. These droplets typically solidify into near-spherical or irregularly
shaped particles, ranging in size from tens to hundreds of microns [31]. Spatter particles
often exhibit non-uniform chemical composition; for instance, they may be enriched in
alloying elements with lower boiling points or may contain entrained oxides originating
from the melt pool [205]. From a powder reuse perspective, spatter particles pose a critical
concern, as many of them either settle back onto the powder bed or become mixed with
the unused powder during collection. Because they are ejected at high temperatures into
the chamber atmosphere, spatter particles typically develop thick oxide scales while in
flight. In Raza’s study, spatter particles in reused AlSi10Mg powder were found to have
oxide layers ranging from 50 to 125 nm, significantly thicker than those on unused powder.
Although spatter accounted for only approximately 3% of the total powder volume in
long-term aged samples, its presence notably increased the overall oxygen content of the
powder batch [155].

Condensate Fume

Condensate, also referred to as fume, is an ultrafine particulate generated from metal
vapor during the AM process. In the case of aluminum, the vapor plume produced under
intense laser irradiation can condense into nanoparticles composed of metal or metal oxides,
which subsequently settle onto surrounding surfaces, including the powder bed. Santecchia
et al. describe condensate in L-PBF as “a vapor plume due to evaporation of metals, which
literally condenses inside the chamber,” subsequently depositing on both the powder bed
and AMed parts. Condensate particles are extremely fine, ranging from the nanometer to
micron scale, and often adhere to the surfaces of powder particles, forming a coating that
resembles a layer of fine dust [31]. If significant amounts of condensate redeposit onto the
powder, they can substantially alter the surface chemistry and flow behavior of the powder.
For example, a thin film of oxide condensate on aluminum particles can increase surface
area and friability, ultimately reducing powder flowability and compromising uniform
layer deposition during the AM process [81].

Condensate primarily consists of aluminum oxide and hydroxide in finely divided
form, as aluminum vapor readily oxidizes upon cooling. Consequently, it contributes to
the overall increase in oxygen content in reused powders. While modern AM systems are
equipped with gas flow mechanisms designed to remove much of the condensate from
the build chamber, some deposition on the powder bed is unavoidable. Over multiple
build cycles, if not properly removed, this accumulation can progressively degrade powder
quality [41,100].

Overall, the main chemical consequence of repeated reuse in aluminum powders is
the gradual accumulation of surface-related degradation rather than a major bulk-alloy
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transformation. In practical terms, the significance of these changes becomes most impor-
tant when they begin to affect powder flowability, spreadability, melt-pool behavior, and
defect formation, as discussed in the following section [29,54,154,155,206].

4.4. Flowability and Spreadability of Fresh and Reused Aluminum Powder, Including Defect Formation

Figure 13 schematically illustrates the cause-and-effect relationship between the evolu-
tion of reused aluminum powder characteristics, powder-bed behavior, melt-pool response,
and final part quality. As the powder undergoes repeated reuse, changes in particle size dis-
tribution, morphology, surface oxidation, roughness, and cohesiveness may progressively
reduce flowability and spreadability, leading to non-uniform layer deposition and local
packing-density variations during recoating. These changes, together with altered laser
absorptivity/reflectivity, can promote melt-pool instability, balling, spatter generation, and
lack-of-fusion, which ultimately contribute to porosity, oxide-related defects, surface deteri-
oration, microstructural variability, dimensional inconsistency, and reduced mechanical
reliability in the fabricated components. The following subsections discuss these interre-
lated effects in greater detail, with particular emphasis on flowability, spreadability, and
the resulting defect formation in reused aluminum powders.

 

Figure 13. Schematic illustration of how reused powder characteristics influence powder-bed behav-
ior, melt-pool response, and final part quality in metal additive manufacturing.

The practical importance of powder degradation in aluminum AM lies in the fact that
its consequences are transmitted to the final part through a sequential process chain rather
than through an immediate one-step effect. Changes such as PSD drift, loss of sphericity,
surface roughening, oxide-layer thickening, moisture uptake, and particle clustering first
modify powder flowability, spreadability, and local packing density during recoating.
These powder-bed changes then affect laser–powder interaction and melt-pool stability,
increasing the likelihood of lack-of-fusion defects, oxide-related inclusions, gas porosity,
and local microstructural heterogeneity. As a result, the final component may exhibit
reduced density, greater defect sensitivity, less stable mechanical performance, and in
particular a higher risk of fatigue-relevant imperfections. For aluminum alloys, this link is
especially important because degradation often remains moderate and surface-dominated
at the powder level before becoming measurable in part performance; therefore, powder
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qualification must be interpreted not only in terms of powder condition itself, but also in
terms of its likely consequences for the final AMed part [25,54,99,154,155].

4.4.1. Flowability

Aluminum powders are generally recognized for their good flowability when fresh,
owing to their spherical morphology and low density [207].

However, with reuse, changes in particle shape and surface condition can alter their
flow behavior. Reused aluminum powder typically shows a slight reduction in flowability
compared to the virgin powder [29]. Several factors contribute to this decline: particles
tend to lose their spherical shape, increasing inter-particle friction; surface oxidation and
roughness intensify, leading to higher surface friction and cohesion; and the presence of
very fine particles or agglomerates can obstruct or hinder powder flow [31]. The most
significant decline in flowability occurred after the first reuse, aligning with previously
noted changes in particle size and aspect ratio. Beyond this point, flow characteristics
stabilized, indicating that most problematic particles such as excessive fines or large spatter
were likely introduced during the initial cycle and subsequently removed through sieving.
Nonetheless, even slight reductions in flowability can be critical: Kiani et al. reference earlier
studies showing that minor decreases in powder flow can result in disproportionately large
reductions in the mechanical properties of fabricated parts [29,208].

Fine small particles, typically less than 10 µm, are often preferentially lost during
recycling, either as spatter ejecta, through capture in filtration systems, or during sieving
processes [54]. A reduction in the fine particle fraction can actually enhance flowability, as
fine particles tend to absorb moisture, interlock, and agglomerate behaviors which lead to
poor flow and increased cohesiveness [99]. By reducing or eliminating fines, the remaining
powder becomes more free-flowing. For instance, Weiss et al. reported that after ten reuse
cycles of AlSi10Mg, the powder flow behavior measured using the rotating drum avalanche
angle improved noticeably. This improvement was correlated with the gradual loss of fine
particles and a slight coarsening of the PSD [54]. Smolina et al. similarly observed that
multiple reuses of AlSi7Mg0.6 powder did not lead to any deterioration in flow properties;
in fact, the literature indicates that flowability can actually improve between approximately
6 to 15 reuse cycles, as the PSD becomes more favorable [99]. These findings highlight PSD
as a key determinant of flowability: a narrow or refined PSD, free from excessive fines,
helps to minimize the cohesive forces that hinder powder flow [54].

At the same time, other morphological changes in reused aluminum powders can
negatively impact flowability. Repeated recycling and prolonged exposure to the AM
environment often lead to more irregular particle shapes and rougher surface textures [209].
During laser processing, some particles partially melt or sinter into clusters; others are
ejected as spatter and subsequently mix with the base powder, while some may experience
superficial melting or oxidation [154]. As a result, reused powder often includes elongated
or teardrop-shaped particles, along with spherical particles bearing smaller satellite parti-
cles attached to their surfaces. In AlSi10Mg powder reused 6 times, Cordova et al. reported
an increase in non-spherical (deformed) particles and the appearance of fused satellite
particles on their surfaces [42,210]. In a comparative study, Yusuf et al. quantified that
the average particle circularity a measure of sphericity of AlSi10Mg powder, decreased
by approximately 17% after reuse, while a stainless steel powder exhibited only about a
2% reduction in circularity under similar reuse conditions [210]. The reused aluminum
powder particles exhibited rougher surfaces and more irregular shapes, which can increase
inter-particle friction and impede flow. Irregular or jagged particles are more likely to
mechanically interlock, thereby enhancing the powder cohesive strength and resistance to
movement [211]. Olakanmi reported that highly irregular aluminum particles resulted in
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more defect-prone parts, primarily due to poor particle packing and reduced powder-bed
densities [212]. Thus, while the loss of fine particles during reuse may enhance flowability,
the simultaneous increase in particle asphericity can partially counteract this benefit. In
practice, however, researchers often observe that the overall flowability of recycled alu-
minum powder is either maintained or slightly improved compared to the virgin powder,
as the positive impact of reduced fines often outweighs the negative effects of increased
shape irregularity [54]. This suggests that, with proper handling such as sieving and the
removal of fines and coarse debris, the flowability of aluminum powder can remain stable
over multiple reuse cycles, which is a promising outcome for sustainable powder recycling.

4.4.2. Spreadability

Spreadability refers to the capability of a powder to form a uniform and defect-free
layer during the recoating stage. While funnel-based flow tests may indicate good powder
flow, this does not guarantee effective spreading, as segregation, streaking, or void forma-
tion can still occur within the powder bed. Critical factors influencing spreadability include
particle cohesion, size distribution, and morphology. A broad PSD, for example, a bimodal
mixture of coarse and fine particles, can improve packing density; however, fine particles
may occupy interstitial sites between larger ones, resulting in localized density fluctuations
or “wedging” effects during layer deposition [211,213]. Extremely fine or lightweight
particles are also prone to displacement by the recoating blade or carrier gas flow, causing
non-uniform powder coverage. Likewise, cohesive powders may adhere to the recoater
or agglomerate, hindering smooth spreading [214]. Reused aluminum powders, due to
changes in morphology and PSD, must therefore be carefully evaluated for spreadability.
Talebi et al. emphasized that an excess of fine or irregularly shaped particles can produce
uneven layer coverage and increase powder bed surface roughness [211]. Similarly, Ahmed
et al. reported that patchy powder distribution impairs particle bonding during melting or
sintering, ultimately degrading the quality of the manufactured part [215]. Experimental
studies further confirm that powders with poor spreadability tend to generate powder
layers containing thin regions or voids, which subsequently evolve into internal defects
and surface irregularities in the finished component [191]. Importantly, insufficiently free-
flowing powders exacerbate these issues under high recoating speeds or increased blade
pressure, leading to further disruption in layer uniformity [213]. In aluminum alloys, which
are inherently prone to oxide formation, surface oxides on powder particles can further re-
duce spreadability by increasing inter-particle adhesion and overall powder cohesion. With
repeated reuse, the oxide layer on aluminum particles tends to thicken, potentially making
them less able to roll or rearrange during the spreading process. However, this effect is
generally secondary to mechanical factors such as particle size and shape. In practice, many
researchers have reported that reused aluminum powders can still produce consistently
uniform layers. For instance, Grainger et al. observed minimal degradation in powder bed
quality across multiple reuse cycles of AlSi powder, provided that proper recycling proce-
dures such as sieving and maintaining a controlled atmosphere were followed [52,216,217].
They also noted that conditioning the powder through shaking or gentle mixing before
a build can help break up soft agglomerates formed during storage, thereby enhancing
the first-layer spreading performance of reused powder. Overall, consistent spreadability
with reused aluminum powder can be maintained through proper powder handling and
maintenance, allowing the powder bed to retain a high relative density.

4.4.3. Defect Formation

A critical link between powder reuse and defect formation in aluminum alloys is the
progressive increase in oxygen content during repeated build cycles. Fresh aluminum
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powders are naturally coated with a thin native Al2O3 film; however, successive exposure
to high temperatures and atmospheric conditions in L-PBF promotes additional oxygen
uptake. Cordova et al., for example, observed that the oxygen concentration in AlSi10Mg
nearly doubled after six reuse cycles, rising from ~0.06 to ~0.11 wt%. This increase is
primarily attributed to the thickening of surface Al2O3 layers on powder particles, which
can negatively influence melt dynamics and contribute to defect formation [54]. Although
powder handling during printing typically occurs in an inert gas environment, brief but
unavoidable exposures, such as during powder recovery, sieving, or transfer, and high-
temperature contact with atmospheric oxygen can lead to an increased oxide content. As
discussed earlier in Section 2.1.1, thickened oxide films on aluminum particles interfere
with wetting, inter-particle fusion, and melt-pool stability. In the context of repeated
powder reuse, these effects become increasingly relevant because the accumulated oxide
content can intensify the tendency toward oxide-related defects and pore formation during
processing. Because reused powder typically contains a higher oxide content, it is generally
linked to an increased risk of oxide-induced porosity in printed parts. For example, Leung
et al. observed that extensively reused Al–Mg powder, particularly when exposed to air,
introduced fine oxide particles into the melt pool, which then acted as nucleation sites for
pore formation in the fabricated samples [206]. That said, it is important to recognize that
even virgin aluminum powder carries a native oxide layer on each particle, and the L-PBF
process inherently incorporates some oxides into the solidified material. The main issue
is the degree of oxidation, since excessive oxide buildup during prolonged powder reuse
can eventually drive the material beyond acceptable limits. In practice, however, many
studies performed under controlled argon atmospheres and proper storage conditions
have not reported a noticeable increase in oxidation-related defects until the powder has
undergone a relatively high number of reuse cycles. For example, Smolina et al. found
no statistically significant change in porosity after up to five reuse cycles of AlSi7Mg0.6
powder, with the overall volumetric porosity remaining very low, at about 0.1% or less in
all cases. Interestingly, they found that samples from the fifth reuse cycle exhibited the
lowest average porosity (~0.03%), compared to ~0.06–0.09% in earlier cycles. This reduction
was attributed either to random variability or to improved powder packing, which may
have helped mitigate pore formation [99]. In Weiss’s 10-cycle study on AlSi10Mg, the
authors likewise observed no decrease in bulk part density with continued powder reuse
the relative density consistently remained around 99.8–99.9% across all cycles, indicating
no significant increase in lack-of-fusion voids [54]. These findings suggest that, under
well-controlled reuse conditions, defect formation can be effectively minimized over a
substantial number of reuse cycles. In such cases, the positive factors such as consistent
powder layering, removal of out-of-spec particles, and strict atmospheric control appear
to outweigh the negative impact of gradual oxidation. Nonetheless, other studies have
reported a slight increase in defect content associated with reused powder [154].

The evidence discussed above shows that the effect of powder reuse on final part
quality is mainly indirect and process-mediated. The following sections, therefore, examine
whether these powder-level changes produce measurable consequences at the microstruc-
tural and mechanical levels.

4.5. Microstructural Changes in Am Parts Produced with Reused Aluminum Powder

Given the flow-, chemistry-, and defect-related mechanisms discussed in Sections 4.2–4.4,
the key question is whether these powder-level changes translate into measurable mi-
crostructural differences in the final aluminum AMed parts. AM of aluminum alloys, such
as Al-Si-Mg compositions, generally leads to a rapidly solidified microstructure charac-
terized by fine cellular-dendritic grains and dispersed silicon-rich phases. In L-PBF, the
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as-built microstructure of alloys like AlSi10Mg typically comprises an α-Al matrix with an
interconnected network of interdendritic silicon-rich eutectic phases situated along the cell
boundaries [123,218]. This occurs due to the high cooling rates, which trap supersaturated
silicon within the aluminum matrix. Upon solidification, this silicon precipitates as fine
filamentary structures along the grain boundaries. The grains in as-printed AlSi alloys
typically exhibit a columnar morphology elongated along the build direction, a result of
epitaxial growth. The dendrite arm spacing in these alloys generally measures just a few
micrometers [219,220]. This intrinsic microstructure largely determines the alloy mechan-
ical properties; for instance, the high strength arises from the presence of fine dendrites
and silicon particles. Consequently, any modifications to the powder characteristics or pro-
cessing conditions that influence solidification behavior could impact these microstructural
features. A critical question, therefore, is whether the use of reused powder leads to any
significant changes in the microstructure of the fabricated parts [154].

Current evidence indicates that powder reuse has little, if any, effect on the main
microstructural features of aluminum parts produced by L-PBF, as long as the processing
parameters are kept unchanged [54]. Smolina et al. carried out a detailed microstructural
study on AlSi7Mg0.6 samples manufactured using both virgin powder and powder reused
for up to five cycles. Based on optical microscopy and SEM observations, they found
that the microstructure remained typical of AMed aluminum alloys, consisting of a fine
semi-cellular dendritic α-Al matrix with intermetallic networks. The morphology was
identical between parts built with virgin powder and those produced using reused powder.
No new phases or grain structures emerged with powder reuse, and both grain size and
dendrite arm spacing (DAS) exhibited no systematic variation related to the powder age.
Quantitative DAS measurements across samples S0 (virgin) to S1, S2, S3, and S4 (reused 1
to 4 times) were all within the experimental margin of error. Figure 14 presents the average
secondary DAS for each sample, showing that any minor differences were random and
within the approximate ±1 µm standard deviation. The study concluded that powder
reuse had no measurable effect on microstructural characteristics such as grain texture or
cell spacing [99].

Figure 14. Microstructure of AlSi7Mg0.6 samples, SEM/BSE: (a) S0; (b) S1; (c) S2; (d) S3; (e) S4; and
(f) an example of DAS measurement and the average DAS obtained from six random measurements
for each sample from series S0 to S4. (Reproduced from [99], licensed under CC BY 4.0).
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One potential microstructural concern associated with reused powder is the introduc-
tion of oxide inclusions or other impurities into the material matrix. As previously noted,
reused aluminum powder generally exhibits a higher oxygen content due to the buildup of
surface oxides over repeated use. If these oxides become entrained in the melt pool during
processing, they may solidify as non-metallic inclusions such as Al2O3 particles or oxide
films within the final microstructure [221]. Although such inclusions may not significantly
alter the overall microstructure, particularly if they are sub-micron in size and sparsely
distributed, they can still function as defects or stress concentrators [222].

However, most studies have reported that the oxide content, even after multiple reuse
cycles, remains low and does not result in the formation of any new observable phases.
For example, Mohd Yusuf et al. conducted XRD analyses comparing virgin and recycled
AlSi10Mg powders. Their results showed no phase changes between the two powders
(see Figure 15); the recycled powder exhibited only the expected face-centered cubic (FCC)
aluminum phase and silicon peaks. No additional crystalline oxide peaks were detected,
suggesting that any oxides present were either amorphous or present in quantities below
the detection limit of the technique [210].

 

Figure 15. XRD spectra of virgin and recycled 316L SS (a) and AlSi10Mg (b) powders. (Reproduced
from [210], licensed under CC BY 4.0).

Microstructural fidelity when using reused powder also applies to defect structures,
such as porosity and cracking. One of the primary indicators of microstructural quality in
AMed parts is porosity, both in terms of total volume and pore morphology. As previously
mentioned, well-processed aluminum parts can reach densities exceeding 99.5%. While
powder reuse could theoretically affect porosity by altering powder packing characteristics
or introducing a higher number of inclusions (which may act as nucleation sites for pores),
studies thus far have shown that such effects are minimal under controlled processing
conditions [25]. In Barile’s study, the use of reused powder did not lead to any increase
in porosity or defect content within the microstructure. Neutral salt spray corrosion
testing, together with microscopic examination, showed that surface roughness, density,
and porosity were essentially the same in parts produced from virgin and recycled powder.
In both cases, the porosity was around 0.2%, and the pore size distribution was also very
similar. Most of the pores were small and spherical, consistent with gas porosity, while a
few larger and more irregular voids were also observed, likely originating from process-
related instabilities. These features appeared in both virgin and recycled powder specimens,
with no evident increase in defect occurrence in the reused-powder builds [223]. These
results are consistent with other studies, such as those by Kiani et al., who reported no
significant changes in part density (approximately 99%) or pore morphology across five
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reuse cycles of AlSi10Mg powder in DED. Although a slight increase in oxygen content
was observed, it did not lead to the formation of widespread oxide inclusions or additional
porosity detectable through density measurements or optical microscopy. In summary, as
long as the process parameters remain constant and optimized, powder reuse does not
significantly affect part density or defect levels, and the AMed components remain nearly
fully dense [29].

Another important microstructural factor to consider is the elemental segregation
or composition drift within the fabricated parts. If powder reuse led to the depletion or
concentration of alloying elements, it could alter the resulting microstructure, for example,
a loss of magnesium could reduce the material’s age-hardening capability. This is particu-
larly relevant for aluminum alloys such as AlSi10Mg, where magnesium plays a key role
in precipitation hardening. However, studies have consistently shown that the overall
composition remains stable throughout multiple reuse cycles, with no significant loss or
accumulation of key alloying elements [29,224]. Smolina et al. specifically examined the Mg
and Si contents in both the powder and the fabricated samples after multiple reuse cycles
using X-ray fluorescence (XRF) analysis. They found that any variations in composition
were within the margin of instrumental error. While they acknowledged that evaporation
of volatile elements such as magnesium or zinc can be a concern in L-PBF processes, their
results showed that magnesium loss was minimal. This negligible reduction in Mg content
did not produce any measurable changes in the microstructure or degrade the mechan-
ical properties of the material [99]. Similarly, no enrichment of impurity elements was
detected, indicating that there was no unexpected segregation of contaminants such as iron
or other trace elements. The only notable chemical change observed was a slight increase
in oxygen content in the reused powder, which, as previously discussed, was minimal and
also reflected as a modest rise in oxygen levels in the built parts still within the range of
a few hundred parts per million (ppm). XRD analysis conducted by Yusuf et al. further
confirmed that no undesired precipitates, such as Mg2Si or other intermetallic compounds
beyond those typically present in AlSi10Mg alloys, were formed in the recycled powder or
in the AMed components. The recycled AlSi10Mg parts retained a supersaturated α-Al
matrix with finely dispersed silicon, identical to that observed in parts produced from
virgin powder. In essence, the alloy microchemistry remained stable despite powder reuse,
which accounts for the observed consistency in microstructural characteristics [210].

Lastly, post-processing can effectively eliminate minor microstructural differences
introduced by powder reuse. When parts undergo solution heat treatment followed by
aging, a common practice for AlSi10Mg to enhance ductility, the as-built microstructure
is homogenized, diminishing any residual effects of powder history. For instance, in
both virgin and reused powder samples, subjected to aging will cause Mg2Si precipitates
and silicon particles to coarsen, ultimately resulting in metallurgically comparable mi-
crostructures. Therefore, from a microstructural perspective, any subtle variations caused
by powder reuse can be mitigated through standard thermal post-treatment processes, if
necessary [225].

In summary, the microstructure of aluminum AMed parts remains largely stable when
reused powder is employed, at least within the typical reuse limits tested in research (com-
monly 5–10 cycles, and in some cases even more). The characteristic fine cellular-dendritic
morphology and uniform dispersion of silicon particles in Al-Si alloys are preserved. No
new phases, such as excessive oxides or unexpected intermetallics, have been observed to
form as a result of powder reuse. Porosity levels remain low, with no significant increase,
provided the powder continues to spread and melt effectively during processing.

These findings are encouraging because they indicate that moderate powder reuse
does not significantly affect the bulk microstructural integrity of AMed aluminum compo-
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nents. At the same time, it should be kept in mind that most published studies have been
carried out under carefully controlled conditions, including inert-atmosphere handling,
regular sieving, and limited exposure to ambient humidity. In more variable industrial
environments, especially when powder is reused many times or handled without strict
control, gradual microstructural degradation may still develop. Possible effects include a
higher level of oxide inclusions or changes in precipitation behavior caused by the loss of
important alloying elements such as magnesium.

Therefore, while current evidence supports the microstructural reliability of reused
powder within practical limits, it is advisable to conduct periodic quality assessments when
extending powder life. Overall, the research to date indicates that any changes in material
properties due to powder reuse are more likely attributable to subtle variations in defect
content or chemistry rather than significant microstructural transformations.

4.6. Mechanical Properties of Amed Parts Made from Aluminum Powder (Fresh vs. Reused)

The mechanical performance of AM aluminum components, including tensile strength,
yield strength (YS), ductility, hardness, and fatigue resistance, is primarily dictated by
the underlying microstructure and defect distribution. Given that powder reuse has
been shown to exert minimal influence on the microstructure of aluminum alloys under
controlled processing conditions, the corresponding mechanical properties also remain
largely unaffected. Observed variations are generally minor and are typically linked to
slight changes in porosity or the presence of inclusions rather than to substantial structural
transformations. Over the past decade, numerous systematic studies have compared the
mechanical behavior of parts fabricated from virgin and reused aluminum powders to
assess the viability of powder recycling in AM. The prevailing consensus indicates that
mechanical properties are reliably preserved over multiple reuse cycles. Even after extended
recycling, variations in strength, ductility, and hardness remain small and within acceptable
engineering limits. These findings underscore the feasibility of powder reuse from a
mechanical standpoint, highlighting its potential to support cost-efficient and sustainable
AM production [54,226–228]. When differences have been observed, they are typically
minor, usually within a few percent, and often fall within the normal variability seen in
AM test results. The following summarizes key findings from notable studies.

As summarized in Table 4, the literature does not support a single universal mechanical
response to powder reuse in aluminum AM. Instead, the reported trend depends strongly
on the severity of powder aging and on whether reuse is performed under controlled
conditions. Most studies on AlSi10Mg and AlSi7Mg-based systems report little or no
significant deterioration in static tensile properties and hardness over moderate reuse
intervals, whereas noticeable mechanical losses tend to appear only in long-term or strongly
degraded powder conditions. This comparison also shows that fatigue remains the least
systematically documented property, highlighting an important gap between current
powder qualification practice and the requirements of safety-critical applications.

Critical Interpretation

The literature indicates that the mechanical response of aluminum AM parts to powder
reuse is governed mainly by the degree of powder aging and by the level of process control.
Under controlled reuse conditions, especially in AlSi10Mg- and AlSi7Mg-based L-PBF
systems, tensile strength, hardness, and general part integrity remain largely stable over
moderate reuse intervals. In some cases, slight improvements in strength have even been
reported, usually in connection with improved powder packing and reduced lack-of-fusion
susceptibility [54,99,228].
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Table 4. Representative literature summary of changes in the mechanical properties of AMed
aluminum parts produced from reused powder.

Study Alloy/AM Route Reuse Condition Tensile Response
(YS/UTS/Elongation)

Hardness
Response Fatigue Response Overall

Trend/Interpretation

[99] AlSi7Mg0.6/L-
PBF

Powder reused
up to 4 times

(S0–S4)

UTS remained about
390–400 MPa; YS
remained about

230–240 MPa;
elongation stayed

around 8–9%, with no
statistically meaningful

degradation.

HV0.3 remained
about 120–125,

with no
systematic
variation.

Not specifically
reported.

Mechanical properties
remained stable and
repeatable over the

studied reuse range.

[54] AlSi10Mg/L-PBF
Up to 10 reuse
cycles, without
virgin top-up

YS and UTS showed a
modest increase;

elongation remained
generally stable or

showed only a slight
decrease with scatter.

Microhardness
remained within

about 170–195
HV0.01, with no

deterioration
trend.

No direct
fatigue dataset
was reported;
the authors
highlighted

fatigue as a future
research need.

Controlled reuse did
not degrade static

properties and may
slightly improve

strength because of
improved powder

packing and
densification.

[228] AlSi10Mg/L-PBF

Multiple reuse
cycles with

fresh-powder
addition; up to 8
cycles reported in

the discussion

Static tensile properties
remained nearly

constant; only a small
reduction was observed,

with no consistent
deterioration trend.

Not specifically
emphasized.

Slight reduction
in fatigue

endurance limit
after repeated

reuse.

Under controlled
top-up conditions, the
mechanical effect of

powder reuse
remained limited.

[29] AlSi10Mg/DED
Multiple reuse

cycles in the
DED context

Mechanical properties
remained broadly
comparable across
reuse conditions.

Slight hardness
increase after the

first reuse,
followed

by essentially
stable values.

Not specifically
reported.

Reuse appeared
mechanically feasible

when powder
handling and

process conditions
were controlled.

[154] AlSi10Mg0.4/PBF-
LB/M

Long-term
reused/aged

powder

UTS, YS, and elongation
declined; the reduction

in mechanical
performance was

reported to reach about
10–15% in the more
degraded condition.

Microhardness
also decreased.

Not specifically
reported.

Excessive long-term
degradation can

eventually lead to
measurable

mechanical-property
loss, especially when

porosity and
oxide-related

degradation become
severe.

In contrast, more noticeable property losses are mainly associated with long-term or
poorly controlled reuse, where oxidation, morphology deterioration, or porosity-related
effects become sufficiently severe to influence final part quality [154]. Available evidence
therefore suggests that the main practical limitation of powder reuse is not an immediate
collapse of mechanical performance, but the gradual emergence of conditions under which
powder degradation begins to propagate into defect-sensitive properties. This point is
especially relevant for fatigue, which remains less systematically documented than static
tensile behavior and hardness [54,228].

5. Quality Assessment Methods for Reused Aluminum Powder
Ensuring the quality of reused aluminum powders is vital for the fabrication of reli-

able, defect-free components in AM. With successive build cycles, powder characteristics
inevitably evolve due to processes such as oxidation, particle agglomeration, and repeated
sieving. As a result, implementing rigorous powder quality evaluation protocols is essential
to determine whether a feedstock remains suitable for reuse or requires rejuvenation or dis-
posal [42,224]. In the absence of established international standards specifically dedicated to
powder reuse, an area that remains under active development, both industry and academia
rely on a combination of conventional powder characterization techniques and AM-specific
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testing to assess powder condition. Key properties that require continuous monitoring
include PSD, morphology, flowability, bulk and tapped density, and, critically, chemical
composition with an emphasis on oxygen content [229]. Figure 16 schematically summa-
rizes this multi-parameter characterization and qualification framework, highlighting the
main property domains that should be evaluated before further powder reuse. Below is an
overview of the commonly used methods for evaluating each of these characteristics in the
context of reused Al powder.

 

Figure 16. Multi-parameter characterization and qualification framework for reused metal powders
in AM.

5.1. PSD Analysis

Since changes in PSD, typically a shift toward coarser particles and a reduction in fine
particles, are among the most noticeable effects of reuse, it is essential to measure the PSD of
the powder after each build or following a defined number of reuse cycles [25]. Widely used
techniques for evaluating PSD include laser diffraction and sieve analysis. Laser diffraction,
conducted according to ASTM B822 [230], offers a fast and reliable means of determining
D10, D50, and D90 values, corresponding to the particle sizes below which 10%, 50%, and
90% of the particles are found, together with the full particle size distribution curve. In the
reused powder, it is common to observe an increase in the D50 value and a reduction in
the fine particle tail of the distribution curve [231]. Sieve analysis, such as using ASTM
E11 [232] mesh sieves, serves as a complementary method by quantifying the proportion of
powder below or above specific size thresholds (e.g., below 20 µm or above 63 µm). Many
users routinely incorporate a sieving step, typically using a 63 µm or 75 µm mesh after
each build to remove spatter particles and large agglomerates, helping to maintain powder
consistency across reuse cycles [105,233]. The oversize material retained on the sieve
can be weighed to assess the powder quality. An unusually high proportion of oversize
particles may indicate abnormal events during the build process, such as excessive particle
fusion, spatter formation, or contamination [234]. By monitoring PSD across reuse cycles, it
becomes possible to establish thresholds for continued powder usability. For example, if
D90 exceeds a specific limit or the fine fraction (percentage of particles < 10 µm) drops below
a defined threshold, the powder may be approaching the end of its useful life for forming
uniform layers. Since PSD has a direct impact on powder packing and flow behavior, it
is crucial to keep it within the range for which the machine and process parameters were
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originally optimized. Some companies implement a rapid screening process involving both
a sieve cut and laser diffraction analysis on returned powder before approving it for reuse
in the next build. This approach helps to ensure that the powder still meets critical size
distribution criteria and is suitable for consistent layer deposition [62,235].

5.2. Particle Morphology and Surface Characterization

The shape and surface texture of particles are typically evaluated using SEM or optical
imaging techniques. With repeated reuse, the powder can develop distinct features such as
irregular particle shapes, the presence of satellites, and increased surface roughness due to
oxide layer formation [236]. Image analysis software can be used to quantify particle shape
descriptors such as circularity, aspect ratio, and roundness based on SEM micrographs
or data obtained from dynamic image analyzers. These metrics provide objective assess-
ments of morphological changes in reused powder that may affect flowability and packing
behavior [237].

Many industrial laboratories use digital microscopes or particle image analysis systems
to automatically capture and evaluate thousands of particle outlines. These tools generate
detailed statistical information on shape-related parameters such as circularity, convexity,
and aspect ratio. To ensure good flow behavior, the powder should remain largely spherical,
with most particles showing a circularity above 0.9 [211].

If the morphological analysis shows an increasing amount of spatter, often identified
by its rough, irregular, or shrapnel-like appearance, or reveals more fractured particles, this
may indicate the need for additional sieving or blending with virgin powder to limit its
effect. Surface chemistry is also an important factor. Techniques such as EDS or XPS can
be used to detect oxide layers or trace contaminants on particle surfaces. For aluminum
powders, a thin alumina layer is normal; however, an unusually thick oxide film or the
presence of nitrides may be a sign of powder degradation. In practical settings, a quick
EDS scan using SEM can be employed to compare the oxygen-to-aluminum (O: Al) ratio
on the surfaces of fresh versus reused powder, providing a semi-quantitative measure
of increased oxide content [238,239]. In a manufacturing environment, it is common
practice to microscopically inspect a small powder sample from the hopper after each
build. If the sample primarily contains smooth, spherical particles with only minor satellite
attachments, the powder is typically approved for reuse. However, if the inspection reveals
a high number of irregularly shaped particles or the presence of foreign debris, corrective
measures such as additional sieving, blending, or disposal may be required to maintain
build quality.

5.3. Flowability Tests

Powder flow behavior can be evaluated using both standardized and advanced tech-
niques. A commonly used traditional method is the Hall flow rate, defined by ASTM
B213 [240]. This test provides a quick indication of the powder flowability, with faster flow
rates generally indicating better performance in spreading and recoating processes [195].
Many gas-atomized AlSi10Mg powders do not easily flow through the Hall funnel be-
cause of their fine particle size and slight cohesiveness. In such cases, the powder may
be reported as having “no flow” if it takes longer than 15 min to pass through the funnel
or if it forms arches that block flow. However, when the powder is coarser or contains
flow-enhancing additives, the Hall flow time becomes a useful diagnostic. An increase in
flow time over successive reuse cycles may indicate rising cohesiveness, potentially due to
oxide buildup or moisture absorption. Conversely, a decrease in flow time could suggest
improved flowability, often resulting from the loss of fine particles [72,216].
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Modern powder rheometers, such as the Freeman FT4, offer a more detailed and
comprehensive assessment of powder flow behavior by providing advanced flowability
indices, including basic flow energy, specific energy, and conditioned bulk density. Ad-
ditionally, rotating drum methods that measure avalanche angle and avalanche stability
are particularly sensitive to inter-particle cohesion. A lower avalanche angle generally
indicates better flowability, as it reflects reduced internal resistance and smoother move-
ment of the powder mass. These techniques are valuable for detecting subtle changes in
flow properties that may arise from repeated powder reuse. The Hausner ratio, calculated
as the ratio of tapped density to loose (bulk) density, is a quick and practical indicator of
powder flowability [241,242]. A Hausner ratio between 1.00 and 1.15 typically reflects very
good flow behavior with low cohesion, while values exceeding 1.25 suggest poor flow and
high cohesiveness. Monitoring the Hausner ratio of reused powder can provide useful
insight into changes in cohesiveness, which may arise from oxidation, moisture absorption,
or similar degradation effects. Paccou et al. proposed a five-step powder qualification
procedure in which flowability and tapped density are treated as key indicators. According
to their approach, reused powder should retain tap density and flow index values close to
those of virgin powder in order to remain suitable for continued use and to ensure stable
performance during AM processing [229].

If reused aluminum powder starts to show a noticeably higher Hausner ratio, this
usually means that the powder compacts more readily under tapping, which is a sign
of increased cohesiveness. In most cases, this may point to a larger fraction of fine or
irregularly shaped particles that interfere with loose packing and may indicate developing
problems in flowability and spreadability. In practice, many AM facilities monitor flow
behavior using a layered or multi-step assessment approach. A quick Hall flow test (when
the powder type allows) and a bulk density check are often performed routinely after
each build. These are supplemented by more advanced flow tests, such as rheometry or
avalanche angle measurements, when anomalies are detected or when deeper insight is
needed to ensure the powder performance remains within acceptable limits [42,52].

5.4. Chemical Composition and Purity

Across successive reuse cycles, the chemical composition of powders may evolve
through two primary pathways: the accumulation of interstitial elements such as oxygen,
nitrogen, and hydrogen, and contamination from external sources, including foreign metal-
lic particles, lubricants, or processing residues. In the case of aluminum powders, oxygen
uptake represents the most critical issue, as previously highlighted. To monitor this, oxygen
and, in some cases, nitrogen can be quantitatively assessed using inert gas fusion analysis,
most commonly performed with LECO analyzers. Although ASTM E1409 [243] was origi-
nally developed for oxygen determination in titanium, its methodology can be effectively
adapted for aluminum powders. This approach offers a highly sensitive and reliable means
of detecting increases in interstitial elements that may impair powder processability and
compromise the quality of AMed components [244,245].

Nitrogen uptake in aluminum powder is generally minimal, unless the powder has
been exposed to a nitrogen-rich atmosphere or air during handling or processing. In such
cases, measuring nitrogen content becomes relevant, as elevated levels may lead to the
formation of aluminum nitride (AlN), which can affect material properties [246].

Hydrogen content in the powder is not usually measured directly. Nevertheless,
hydrogen-related defects, particularly porosity in printed parts, are often associated with
moisture absorbed by the powder. During melting, especially in laser-based AM processes,
this moisture can promote hydrogen entrapment in the melt. To reduce this risk, some
quality control procedures include drying or baking the powder to remove absorbed
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moisture before reuse. Additional checks may then be performed to confirm that the
powder does not release excessive hydrogen during processing. These checks can include
trial builds or analytical techniques such as differential scanning calorimetry combined
with mass spectrometry, which help detect hydrogen outgassing under simulated thermal
conditions [74,247].

Another important factor in preserving the quality of aluminum powder is avoiding
contamination by foreign metals. This type of contamination may occur when the same
AM machine is used for different powders without proper cleaning between builds, or as a
result of wear in machine components, which can introduce particles such as steel debris.
To identify this issue, techniques such as XRF or SEM coupled with EDS are commonly
employed, as they can detect unexpected elemental signals, including iron, copper, or other
metallic contaminants in the powder sample [43,248]. For particularly sensitive or high-
specification applications, some users also perform a ferrous contamination test by passing
a strong magnet through the aluminum powder. While aluminum itself is non-magnetic,
any ferrous contaminants, such as steel spatter from build plates or tooling wear, can be
captured by the magnet. This provides a quick, practical way to detect potential steel-based
contamination in reused powder [249].

5.5. Powder Bed Quality Tests

Beyond characterizing powders in isolation, certain quality assessment methods
emphasize evaluating powder behavior directly within the machine environment. A
prominent example is spreadability testing, in which a powder sample is deposited under
controlled conditions designed to replicate the recoating process in AM. The resulting
layer is then examined for uniformity, either through optical imaging to evaluate visual
consistency or via surface profilometry to quantify roughness and thickness variations.
Poor spreadability, manifested as uneven or patchy layers, may indicate elevated particle
cohesion, irregular morphology, or contamination factors not always captured by con-
ventional powder characterization techniques. As such, spreadability testing provides an
important link between intrinsic powder properties and in-process performance during
AM builds [213,215,250].

A practical method for assessing powder performance is the execution of test spreads
on a flat substrate, designed to replicate the recoating stage of AM. In this method, the
powder is spread using a recoater blade or a similar device, and the deposited layer is
then examined with a high-resolution camera or laser scanner to detect streaks, gaps, or
non-uniform coverage. This provides a direct and measurable way to assess spreadability.
If reused powder continues to form a smooth and uniform layer similar to that produced
by virgin powder, it can be considered suitable for further reuse. On the other hand,
visible irregularities may indicate problems such as poor flowability, increased cohesion, or
contamination, and should prompt further assessment or corrective action [251].

Some researchers employ calibration prints or witness specimens as part of their
powder reuse assessment strategy. This involves printing standardized test geometries,
such as small coupons or density cubes, using reused powder under fixed machine param-
eters. These specimens are then analyzed for part density and surface quality, providing
a direct, application-based evaluation of powder performance. If, for example, a simple
cube consistently achieves less than 99% density, it may indicate that the reused powder
has degraded or that machine parameters need recalibration. In contrast, consistently high
densities suggest that the powder remains viable. For instance, in the study by Smolina
et al., all bulk sample densities measured via X-ray computed tomography (XCT) were
approximately 99.9%, demonstrating that their reused powder met quality expectations
and passed this form of functional validation with each cycle [99].
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In industrial practice, companies may perform a qualification build when using recy-
cled powder. For instance, EOS and other OEMs sometimes suggest printing a standard
geometry, such as a stair-step or a pin array, and inspecting it for any defects when re-
claimed powder is used. Although this is not done for every batch, it serves as part of the
initial validation process in a powder reuse strategy.

6. Summary and Future Directions
The literature reviewed in this work shows that powder reuse in aluminum AM

is governed by the coupled evolution of morphology, oxidation, moisture sensitivity,
contamination, and flow-related behavior. Under controlled reuse conditions, especially for
Al–Si-based powders processed by L-PBF, these changes are often gradual and manageable;
however, they can eventually affect powder-bed uniformity, melt-pool stability, defect
formation, and part reliability if degradation is allowed to accumulate without qualification.

Future progress should therefore focus on aluminum-specific qualification thresholds,
improved control of oxygen and moisture pickup, and more application-oriented powder
management strategies. In particular, closed-loop handling systems, real-time monitoring
of powder-condition indicators, and clearer criteria for powder end-of-life are likely to
become central to safer, more consistent, and more sustainable reuse of aluminum powders
in additive manufacturing [96,97,99,252,253].

7. Conclusions
This review examined powder degradation and reuse in aluminum alloy powders

used in powder-based additive manufacturing, with primary emphasis on L-PBF feedstocks.
The available literature indicates that reused aluminum powders are primarily affected by
progressive surface oxidation, morphological evolution, moisture sensitivity, and changes
in flow-related behavior, whereas severe bulk-chemistry changes are less common under
controlled conditions. Accordingly, the practical feasibility of powder reuse depends less
on any single powder metric than on the combined effect of these changes on powder-bed
behavior, defect formation, and final part performance. Overall, the evidence supports
the mechanical and microstructural viability of moderate powder reuse in well-controlled
aluminum AM workflows, while also highlighting the need for stronger critical qualification
frameworks and alloy-specific reuse criteria.
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