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Abstract

Metal additive manufacturing (AM) plays an increasingly important role in sustainable
production owing to its material efficiency, design freedom, and compatibility with circular
economy (CE) strategies. Yet the high cost and environmental burden of producing virgin
metallic powders remain major barriers to large-scale adoption. This review synthesizes
current and emerging approaches for recycling metallic powder feedstocks within AM,
organizing them into four pathways: reusing, reconditioning, repurposing, and resourcing.
Reusing preserves powders within the AM loop through controlled handling and qualifica-
tion strategies, whereas reconditioning applies mechanical, thermal or chemical treatments
to restore powder properties. Repurposing redirects powder to alternative value-added
routes, including wire feedstock, metal-polymer composites, extrusion materials, and
elemental or oxide recovery. Resourcing generates new powder from end-of-life powder,
printing scrap, and waste through mechanical size reduction, atomization-based processes,
or solid-state conversion routes. Across these pathways, the review highlights techno-
logical advances, process limitations, and cross-cutting challenges related to oxidation,
morphology deterioration, contamination, and scalability, and identifies underexplored
methodologies with potential for AM-specific recycling. By integrating insights across
the field, this work outlines the expanding landscape of metallic powder circularity and
demonstrates how diversified recycling strategies can reduce environmental impact, lower
material costs, and support a more sustainable AM ecosystem.

Keywords: metal powder; reusing; reconditioning; repurposing; resourcing; recycling;
additive manufacturing

1. Introduction

Sustainable development has been interpreted in terms of three main dimensions:
economy, society and environment [1]. In this context, the main sustainability benefits of
metal additive manufacturing (AM) are its resource and energy efficiency; design flexibility;
extended product life via lifecycle engineering and reconfigured value chains; and potential
contributions to circular economy (CE) models [2,3]. Still, comprehensive evaluations of
sustainability, including other economic, environmental, and social dimensions, remain
essential [4].

The CE paradigm has emerged as a viable model to align industrial practices with
sustainability. CE promotes reduction of non-renewable inputs, encourages renewable
alternatives, and keeps products and materials in circulation as long as possible [5]. The
“9R” framework (refuse, rethink, reduce, reuse, repair, refurbish, remanufacture, repurpose,
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recycle) offers a useful lens for identifying intervention points across product lifecycles [6].
With AM’s layered manufacturing and design freedom, it has the potential to integrate
well with these CE principles, especially in reducing waste, promoting reuse, and enabling
remanufacturing [5,6].

Despite this potential, the practical integration of AM into CE models remains underex-
plored. Questions persist around the feasibility, required methods, and actual sustainability
gains of such integration [5]. AM’s green image, due to low material waste and potential
for energy efficiency, is often counterbalanced by the high cost and energy expenditure of
feedstock (specifically powder) production, especially in metal AM [7]. Today, CE models
increasingly rely on material recycling and energy reduction to meet the UN’s Sustainable
Development Goals, but conventional AM powder production still requires substantial
energy and emits high carbon emissions [8].

Powder production methods, such as water, gas, and plasma atomization, are essential
for creating the metal powder feedstocks used in AM. The quality of the feedstock directly
influences the quality of parts produced by AM. Understanding atomization and optimizing
it is thus one key approach to improving both performance and sustainability of metal AM [9].
Alternatively, given the energy intensity of virgin powder production, avoiding new material
generation via recycling for reuse presents both environmental and economic advantages.
Reusing is increasingly being adopted in high-demand sectors like aerospace, automotive,
and electronics, helping reduce costs, emissions, and dependence on virgin materials [10,11].
Circular metal AM models that incorporate recycling of raw materials and parts can push
production toward near-zero waste and even significant energy savings [7,12].

Recycling in powder-based AM offers a pathway to lower material costs and envi-
ronmental impact. It transforms low-value or waste materials into useful ones, reducing
raw material demand and energy usage while lowering emissions and pollution [7]. By
extending the usable life of metal powders, manufacturers can significantly cut costs and
minimize the environmental footprint associated with metal extraction and processing [12].

However, recycled powders for reuse may not always meet quality standards and
might require further processing, an energy-intensive step that needs to be evaluated
from a sustainability perspective [2,13]. Furthermore, the degradation of powder qual-
ity depends on many variables, making it difficult to determine a clear end-of-life (EoL)
point [13]. Different mechanisms have been suggested for powder degradation during
printing that need to be evaluated and addressed when considering recycling: physi-
cal/mechanical (deformation, contamination, fragmentation, wear), thermal/chemical
(oxidation, sintering, dealloying) and metallurgical (phase transformation, segregation).
Considering these deficiencies, the following printing defects could arise as a result: distor-
tions, roughening, cracks, inclusions, delamination, staining, and porosities. These, in turn,
would affect surface roughness, microstructure, mechanical properties, and degradation
(e.g., corrosion) [12].

There is a growing body of research into extending the lifespan of materials, under-
scoring the critical need for more efficient and industrially scalable recycling strategies,
especially in high-value applications. Review studies have been previously published cov-
ering different aspects of recycling in metal AM [2,4,5,10,14,15]. Although multiple studies
have examined individual aspects of metal powder recycling in AM, such as powder reuse,
material recovery, or specific reconditioning techniques, the field remains fragmented.
Several review articles have focused on select recycling approaches or specific materials,
offering valuable insights into particular processes or alloy systems [1,9,11,12,16-23]. How-
ever, these works typically address only isolated segments of the recycling landscape. To
date, no comprehensive review has unified all recycling strategies applicable to metal
powders in AM into a single, coherent framework.

https://doi.org/10.3390 /met16080871


https://doi.org/10.3390/met16080871

Metals 2026, 16, 871

3 o0f41

The present review fills this gap by introducing four overarching categories of recy-
cling pathways relevant to metal powder-based AM. Within each category, both established
methods already explored in AM research and additional techniques drawn from adjacent
fields that have not yet been applied to AM but hold considerable potential are synthe-
sized. This review not only synthesizes existing approaches but also establishes a unified
conceptual framework for categorizing and comparing recycling strategies in metal AM.

The remainder of this review is organized as follows: Section 2 introduces the four
recycling pathways and examines each in turn: powder reusing (Section 2.1), including
reusability across different AM methods; powder reconditioning (Section 2.2), covering me-
chanical, thermal and chemical treatments and fluidized bed reactors; powder repurposing
(Section 2.3), spanning friction-stir and sintering-based processes, wire and filament produc-
tion, elemental recovery and further alternative uses; and powder resourcing (Section 2.4),
addressing the production of new powder from EoL powder, printing scrap and AM waste.
Section 3 discusses the findings across four themes: a comparison of the pathways and
their cascading sequence (Section 3.1), process-specific degradation and end-of-life cri-
teria (Section 3.2), technological trade-offs between energy demand and powder quality
(Section 3.3), and industrial qualification, traceability and digital tools (Section 3.4). Section 4
summarizes the main conclusions, and Section 5 outlines directions for future research.

2. Recycling Routes Related to Metallic Powder Feedstocks in AM

Because the recycling pathways described below apply across several powder-based
AM processes, it is useful to first identify the processes considered and how each interacts
with powder. Powder bed fusion (PBF) builds parts within a full powder bed and is subdi-
vided by energy source into laser powder bed fusion (LPBF) and electron beam powder
bed fusion (EB-PBF); in both, the loose powder surrounding the part is exposed to elevated
temperature, affecting its thermal history [24], most severely in EB-PBF, where preheating
could also partially sinter the powder [25]. Binder jetting (B]JT) also employs a full powder
bed, but parts are formed by selective binder deposition at room temperature, so the sur-
rounding powder undergoes no melting and is recovered before any sintering stage [26].
Directed energy deposition (DED) does not use a bed: powder is delivered into a melt pool
directly [27], and the recoverable fraction consists mainly of uncaptured overspray.

The recycling techniques described in the following sections are, for the most part, not
specific to any one of these processes. Process identity matters principally at two points
in the framework: in determining when a powder is judged to have reached the end of
its useful life within its original process, since thermal history and specification limits
differ; and in determining which process can subsequently accept the recycled material.
The pathways are therefore presented by recycling route rather than by process, with the
relevant process noted where a technique has been demonstrated for a specific case.

In this context, recycling involves converting used, waste, scrap or EoL raw materials
and products into AM feedstock, or into material input for other manufacturing routes,
including non-AM processes such as thermal spray, powder metallurgy, and metal injec-
tion molding, or for elemental recovery. There have been attempts to distinguish these
previously [16], but to avoid terminological confusion, four categories of recycling relevant
to powder-based metal AM are outlined below:

1.  Reusing: This refers to the repeated use of a single powder batch (initially virgin and
then used) across multiple cycles in an AM machine, typically until it falls outside
predefined specifications. Reusing takes advantage of any powder remaining outside
the printing geometry. Depending on the process, this material is more precisely
described as unmelted powder in PBF and DED, and as unbound powder in B]T;
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where the discussion applies to all powder-based processes, it is referred to here
collectively as loose powder.

2. Reconditioning: This refers to the recovery of non-reusable EoL powder through
mechanical, thermal or chemical processes that alter its morphology, chemistry and/or
microstructure, resulting in a metal powder suitable for re-entering the printing
and reusing cycles. Unlike reusing, reconditioning therefore involves a deliberate
modification of the powder itself rather than its separation and requalification alone.
Mechanical routes reshape or deagglomerate particles, thermal routes remelt and
spheroidize them in flight or within a powder bed, and chemical routes target surface
contamination and dissolved oxygen. The reconditioned powder is intended to meet
the specifications of the same, or another, powder-based AM process.

3. Repurposing: This involves modifying reusable or EoL powder for other applications,
such as employing it as input in fabricating feedstock types other than initial powder,
in engineering or industrial processes or for extracting valuable metals. Here, the pow-
der leaves its original process and, in most cases, leaves the powder form altogether: it
may be consolidated into wire or filament, incorporated into polymer or metal-matrix
composites, used as a reinforcement or reducing agent, or dissolved to recover its con-
stituent elements or oxides. Repurposing therefore accommodates a wider range of
powder conditions than reusing or reconditioning, since AM feedstock specifications
no longer apply, but it also entails the loss of the powder’s original function.

4. Resourcing: This category encompasses the production of metal powder from waste
generated during AM processes, such as faulty components (post-production), sup-
port structures and EoL powder. Rather than restoring an existing powder, resourcing
returns the material to a feedstock state through routes such as mechanical size re-
duction, atomization of remelted scrap, or solid-state conversion. It therefore closes
the loop most completely of the four pathways, since the output is new powder
rather than treated powder, but it is also the most energy- and equipment-intensive,
and the resulting material must be qualified as new feedstock before returning to a
powder-based AM process.

The four recycling routes discussed in this review represent complementary ap-
proaches rather than independent solutions. Their practical implementation depends
on the condition of the powder, the requirements of the intended application, and the
available processing infrastructure. Understanding the interplay between these pathways
is essential for developing integrated circular strategies in metal additive manufacturing.

2.1. Powder Reusing

Powder reusing strategies aim to optimize the reutilization of loose metal powders to
produce high-quality 3D-printed parts while maintaining agility. Each strategy comes with
its own advantages and limitations, depending on how it is implemented. In industrial
production, one of the key factors is powder batch traceability, alongside simplicity and
low material loss. The most common strategies used in both industry and academia are the
single-batch method, the collective aging method, and the replenishment method, which
require a physical sorting step (such as magnetic separation, air classification, and sieving)
followed by optionally drying and mixing [12,19].

Mechanical separation strategies are commonly used to remove large particles and
contaminants. Two main techniques include:

e  Sieving: The most widely adopted approach involves passing powder through a mesh
to classify particles by size. Often paired with other techniques, it is effective but may
cause particle damage due to mechanical wear and introduce contamination from
the equipment.
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e  Centrifugal separation: This relies on density differences to separate particles, though
it is less effective for fine contaminants and is rarely used in current AM workflows
due to its suitability for larger volumes [12].

Powder-based AM processes impose strict requirements on material properties such
as chemical composition, particle size distribution (PSD), porosity, flowability, morphology,
and apparent density. As the quality of metal powder critically affects the consistency and
performance of AM parts, sourcing high-quality powder is essential, justifying the use of
virgin powder. Despite the rapid growth of the metal powder market, accessing virgin
powder remains both challenging and costly. Reusing powders not only alleviates supply
constraints and reduces costs but also contributes to the reliability and sustainability of AM
processes [4,20].

However, powder degradation during manufacturing, physically or chemically, is
inevitable, with common issues including oxygen pickup, morphological changes, PSD
shifts, and reduced flowability. Researchers have also pointed out the contamination risk
that could come from powder handling and cross-contamination with other powders [18].
The possibility of altered physical or chemical properties compared to virgin powder ne-
cessitates rigorous assessment before reusing. A five-step protocol is typically followed
to determine reusability, evaluating parameters such as PSD, circularity, chemical com-
position, flowability, and tap density. Based on these evaluations, separation methods,
particularly sieving, are employed to recover reusable fractions [21]. The success of powder
reuse depends on multiple factors, including the initial quality of the feedstock, the extent
of powder degradation, the specific process parameters, and powder handling techniques.
Reusing is feasible only when the powder supports stable AM operation without com-
promising part quality over successive cycles. While powder reuse provides substantial
economic and environmental benefits, it must be carefully controlled to ensure it does not
negatively impact the performance of the printed parts [21,28].

Reusability depends not only on the AM method and its consolidation process; it also
depends on the material type: for instance, chemical degradation is a major concern when
recycling titanium and aluminum powders, whereas steel powders generally retain their
properties better. Using chemically degraded powders can negatively impact physical,
mechanical, and microstructural properties of printed parts [22,28]. Numerous studies
have evaluated degradation through parameters such as morphology, PSD, flowability, and
oxygen pickup. There is an abundance of research and review articles already available on
the technical details of reusing, and the reader is referred to those, since this will not be the
focus of this article [16,17,19,21,23].

2.1.1. Reusability in Laser Powder Bed Fusion

Powder reuse in LPBF is by some margin the most extensively investigated case
and has been more critically attended to in PBF-dedicated reviews [18,19,21,29,30]; the
following sections therefore concentrate on processes for which reuse has received less
systematic attention, drawing on LPBF findings for comparison where relevant.

2.1.2. Reusability in Electron Beam Powder Bed Fusion

EB-PBF differs from other powder-bed processes in that the bed is preheated and
lightly sintered during the build; in the case of Ti-6Al-4V, the powder is preheated to
around 730 °C and held above 550 °C throughout the build [31]. The surrounding material
therefore forms a cake that must be mechanically broken up and blasted, typically with the
same powder, in a powder recovery system before sieving and reuse. Between 95% and 98%
of the unmelted powder can, in principle, be returned to the process [32], but the recovery
step is itself a degradation mechanism, and the reported changes in powder characteristics
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arise from the combined action of thermal exposure in the bed and mechanical damage
during recovery.

Morphological evolution is consistently reported but is not uniformly detrimen-
tal. Tang et al. found that particles became less spherical and rougher with increas-
ing reuse, with visible distortion after 16 and 21 cycles, while satellites were progres-
sively removed by the compressed-air recovery step, and the PSD became narrower [31].
Shanbhag and Vlasea similarly attributed deformed, broken and shattered particles to the
blasting procedure, and agglomerates to diffusion bonding during preheating, measuring
an increase in D10, D50 and D90 after three cycles [33]. Borrelli et al., comparing powder
reused approximately 100 times against a rejuvenation strategy, observed that satellites
had almost entirely disappeared while damaged particles increased; notably, the internal
porosity of the particles themselves decreased after extended reuse [34]. Loss of surface
dendritic features and the appearance of chipped, deformed surfaces have also been
reported after five cycles [35].

The consequences for flowability are less consistent, and the disagreement is instruc-
tive. Tang et al. recorded an unexpected improvement in Hall flow time after 21 reuses,
attributing it to satellite removal and to moisture loss during prolonged vacuum exposure
at elevated temperature [31]; Borrelli et al. and Soundarapandiyan et al. likewise reported
modest improvements [34,36]. By contrast, Shanbhag and Vlasea found that the Hausner
ratio, Carr index, basic flow energy and specific energy all increased with reuse, indicating
degraded flow, while the dynamic angle of repose and cohesive index decreased [33].
Rather than a contradiction, this reflects the fact that flowability is not an intrinsic material
property but a response measured in a particular instrument and flow regime [33].

Chemical degradation is more systematic, and it is what ultimately defines the reuse
limit. Oxygen content rises progressively with cycle number: from 0.08 to 0.19 wt.% over
21 cycles [31], by 37% over three cycles with nitrogen rising 44% [33], and to 0.30 wt.%
after approximately 100 reuses without rejuvenation, exceeding the 0.20 wt.% limit of
ASTM F2924 [34]. Extrapolation of the measured trend suggests the limit is reached
after five to six cycles for Grade 5 powder [33]. The pickup is attributed to moisture
adsorption during transfer to the recovery system and sieving, and to the dissolution
of surface oxides above 400 °C followed by diffusion of oxygen into the particle bulk at
the elevated bed temperature [33]; prolonged reuse produces a hard, oxygen-rich “alpha
case” around the particles that is more brittle than the particle interior [34]. Because the
applicable composition limit differs by material grade, the permissible number of cycles
differs accordingly [31].

A further complication is that degradation is not spatially uniform within the bed.
Soundarapandiyan et al. found that powder adjacent to the melt zone gained 0.04 wt.%
oxygen, while powder at the bed edges showed only marginal oxidation, with the former
exhibiting hard-sintered and partially melted morphology and a substantially wider PSD
than the latter [36]. Reuse cycle count alone is therefore an incomplete descriptor of
powder condition, since a recovered batch is a blend of material with markedly different
thermal histories.

The effects on parts are mixed rather than uniformly negative: increased oxygen raises
strength and microhardness, while high-cycle fatigue life declines through an increased
population of lack-of-fusion defects [31,34,36]. Taken together, the results indicate that the
practical end of life for EB-PBF powder is defined by compositional limits rather than by
morphology or flowability, a point developed further in Section 3.2.
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2.1.3. Reusability in Directed Energy Deposition

Powder circularity in DED is governed by a different set of boundary conditions than
in powder bed processes. In blown-powder DED, the feedstock is injected through coaxial
or discrete nozzles directly into the laser—melt pool interaction zone, so that the fraction
which is not captured has already traversed the beam, the vapor plume, or both before
landing on the substrate or collection tray [27,37]. Reported catchment efficiencies vary
widely: 40-90% under typical laser-beam DED conditions, falling to as little as 5% for thin
walls requiring very small melt pools [37,38], and 20-75% for multi-material deposition [27],
so the recirculating stream is normally larger than the deposited mass. Recovery is therefore
not an optional economy but a precondition for material viability, and DED is nonetheless
generally judged to offer poorer powder recyclability than PBF, particularly where blended
or multi-material feedstocks make post-build separation impractical [27]. Two asymmetries
should be borne in mind when comparing reuse data across process families: DED studies
typically re-run 100% collected powder without topping up with virgin material, unlike
common PBF practice [39,40], and many DED cells operate in open or only locally shielded
atmospheres [39], whereas PBF is inherently enclosed.

The morphological evolution of DED-recovered powder is consistently reported but
modest, and its direction depends on the interaction between thermal damage and the
sieving cut. Sphericity of Ti-6Al-4V was essentially unchanged after ten cycles, although
fused and fractured particles became visibly more numerous [37]. In AlSi10Mg processed
for five cycles, D50 rose from below 80 pm to above 100 pm, while the distribution narrowed
and the median aspect ratio increased [40]. Critically, the same study found that >99 mass%
of the recovered powder still fell within the 45-150 um working window after every cycle,
indicating that coarsening was driven by particle—particle fusion and progressive loss of
fines rather than by wholesale degradation [40].

Chemical degradation, by contrast, is both larger and more clearly attributable. Oxy-
gen uptake is the dominant mechanism, and its magnitude appears to be controlled princi-
pally by the process atmosphere rather than by the number of cycles per se. Under argon
purging, no phase change or measurable contamination arises [37,40]. In an uncontrolled-
atmosphere cell, however, three cycles progressively raised powder oxygen content in both
super duplex stainless steel and Stellite® 21 [39]. Powder oxidation is likewise an estab-
lished nucleation source for porosity in DED more generally, and simple drying protocols
have been shown to reduce deposit porosity substantially [27].

Taken together, the evidence supports a conditional rather than a fixed reusability
limit: super duplex stainless steel tolerated only a single cycle before unacceptable porosity,
whereas Stellite® 21 tolerated three [39], AlSi10Mg five [40] and Ti-6Al-4V ten [37] under
inert conditions. The determining variables are alloy oxygen affinity, atmosphere control
and sieve strategy, not cycle count alone. What remains unresolved, and was already
flagged as an open question in early DED reviews, is how many cycles are permissible for
a given alloy, how virgin-powder blending shifts that limit, and how flowability evolves
over long recirculation histories [27]. Existing studies use single, non-replicated recycling
sequences, which limits statistical power and makes the field’s contradictory PSD findings
difficult to adjudicate.

2.1.4. Reusability in Binder Jetting

Powder reuse in BJT remains under-researched. BJT does not use thermal fusion,
the primary cause of particle growth in LPBE, but it is prone to binder splashing, which
promotes agglomeration near the printed parts. This agglomeration alters PSD and can
degrade powder quality. Although BJT is often considered to have high recyclability,
experimental validation is still needed to support its scalability.
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Agote et al. reported a minor oxygen uptake in the SS316L powder, rising from
0.105 wt.% to 0.151 wt.% after 50 reuse cycles, along with a slight broadening of the PSD.
Overall, powder flowability showed improvement, while the densities of the sintered
parts remained unchanged throughout the 50 cycles [41]. Mirzababaei et al. reused
55316L powder 16 times in BJT and studied the powder and part properties. They noticed
coarsening of the particles, increased flowability and only a slight increase in oxygen
content due to binder exposure. They also reported higher density and tensile properties
when using fresh powder, which was closely followed by the reused powder. Also, a
couple of challenges were demonstrated in reusing powder in B]T, including large powder
agglomerates due to binder splash and morphological change during depowdering [42].

Zissel et al. studied the reusability of 17-4PH stainless steel powder in B]JT, empha-
sizing how variations in powder characteristics and surface conditions affect both process
consistency and the final part’s properties. They evaluated powder degradation over
multiple reuse cycles that included drying, sieving, printing, and curing, and compared the
resulting print quality and green density with those obtained using virgin powder. They
reported reduced green density after 20 reuse cycles, along with increased oxygen content
caused by curing in air. They also reported increased PSD and flowability [43].

Bidare et al. analyzed two different stainless-steel powders for reuse. They recorded
an increase in humidity of the virgin powder upon exposure to the environment, causing
minimal reduction in packing density. Moreover, fine particles were lost even after the first
print, caused by handling during printing and after depowdering, which in turn modifies
the PSD. They suggested mixing reusable powder with 20-30% virgin powder to ensure
the presence of fine particles in the new mixture. This is deteriorated by the effect of binder
residue, which creates agglomerates and adds contamination [44].

Janzen et al. studied powder recycling in BJT using a Ti64 alloy meant to be used in
the medical sector. They reported minimal change in PSD and enhanced flowability after
four reuse cycles. In their procedure, they incorporated a drying treatment step for the
virgin powder in the first use to reduce the water content. They also did 15 simulated reuse
cycles of the powder (without printing) to expose it to multiple thermal steps, i.e., drying
and curing. This was to measure the impact on oxygen and nitrogen pickup of the powder,
which was reported to be minimal [45].

2.1.5. Reusability Across Different AM Methods

Reusability is also not necessarily confined to the original process: because feedstock
requirements differ between AM methods, EoL powder from one process can in some cases
be transferred directly to another, a strategy referred to here as cross-process reuse, whose
prospects are examined further in the Section 5 (Future Directions). Nonetheless, chemical
composition and morphology also play a critical role in cross-process compatibility [46].

Metal powder waste or EoL includes loose or repeatedly used powder that has been
exposed to high temperatures and suffers chemical and physical degradation. Such de-
terioration can reduce recyclability and negatively affect part quality, causing porosity,
microcracks, and increased partially melted particles [6]. These powders may be better
suited for reconditioning, repurposing or resourcing rather than direct reuse.

Overall, the reviewed studies indicate that powder reuse represents the most indus-
trially established and immediately applicable recycling pathway in metal AM. Across
different processes, reusing can be sustained over multiple cycles when supported by
appropriate handling, sieving, and blending strategies. However, a consistent observation
across the literature is that reusing is inherently limited by cumulative degradation mecha-
nisms, particularly oxygen uptake, PSD shifts, and morphological changes. While these
effects may initially be manageable, they progressively reduce process stability and part
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quality, ultimately defining a practical end-of-life threshold for the powder. Consequently,
reusing should be regarded as a short- to medium-term circular strategy that delays, rather
than eliminates, the need for further interventions such as reconditioning or repurposing.

2.2. Powder Reconditioning

To enhance powder reusability in AM, reconditioning methods have been proposed,
aiming to rejuvenate waste or EoL powder and restore its original characteristics. Such
approaches are generally more environmentally favorable than disposing and can be
less expensive than purchasing new virgin powder, leading to significant cost savings
depending on the cost of the refurbishing process. However, in many cases, purchasing
new virgin powder may be more cost-effective than reconditioning used powder, posing a
major barrier to implementation and limiting research progress in this area [7,9].

Research has been conducted on numerous possible solutions to address mechanical,
thermal and chemical reconditioning that are meant for different purposes, laying the
path to future adoption by industries. There is also the possibility of conducting two or
more of these reconditioning methods to gain combined benefits from them. For instance,
low-energy, surface-selective treatment can be integrated with reshaping techniques to both
enhance flowability and reduce impurity levels.

It should be noted that many of the methods presented here have mostly been used
in treating virgin powders that are made with low-cost methods or need an extra step for
physical or chemical enhancement in relevant industries that employ powder metallurgy,
thermal spraying and AM. Therefore, they have not been widely explored to treat used AM
powder, creating unexplored opportunities to take advantage of their potential capabilities.

2.2.1. Mechanical Reconditioning

Among physical properties, powder morphology and PSD have been known to have
the most impact on feedstock characteristics, manufacturing process, post-processing
and final part properties [47,48]. Treatments have been employed to modify powder
morphology towards more spherical shapes, which also tends to affect PSD. Within these
methods, collision of particles with each other or elements from the process is the source
of modification.

With relatively simple and low-cost operation, along with the possibility of synthe-
sizing a broad range of nano-powders, metal-matrix composite and alloy powders have
made mechanical ball milling a preferred option to be considered for powder modifica-
tion [49]. Xu et al. used low-cost hydride-dehydride (HDH) Ti powders in the ball milling
process, where the sphericity of particles increases with no obvious angularity, and the
powders showed optimal flowability and apparent density for LPBF [50]. With the same
agenda, Hou et al. treated HDH Ti powder and managed to reach high mechanical prop-
erties in the printed part. They also reported minimal pickup of O, N and Fe during ball
milling and suggested the use of optimum levels of particle control agent (PCA) to avoid
agglomeration [51].

Ding et al. treated HDH Ti powder using a fluidized bed reactor (FBR) for morphol-
ogy and PSD modification (Figure 1). Under high-temperature inert gas flow, dynamic
interactions, including collisions, friction, and drag between particles and the surrounding
gas phase, were observed in the fluidized system. They realized that using this technique,
flowability of the powder increased while the oxygen pickup was minimal [52]. In their
study, Tao et al. applied a fluidized bed jet milling method to refine the shape of HDH Ti
powders, reducing impurity incorporation and generating localized plastic deformation
suitable for LPBF processing. The short-duration treatment, carried out in a nitrogen
environment, resulted in better powder flowability and effective impurity control [53].
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Figure 1. Fluidized bed reactor for powder treatment, showing gas inlet, distributor plate, fluidized

powder bed, and external heating system. Created with the assistance of Claude (Anthropic, Claude
Sonnet 5) and OpenAl Image Generation (integrated in ChatGPT (GPT-5.5)); prompt details are
provided in Table S1 (Supplementary Materials).

Mechanical spheroidizing with the possibility of fabrication of composite powder has
also been pursued by researchers. Wang et al. used a dry mechanical surface treatment
for mechanical surface treatment of irregular copper powders. The particles composite
system (PCS) used a high-speed airflow in a ring-shaped impact chamber. It was successful
in converting irregular particles into dense spherical ones with significantly improved
apparent and tap densities, while decreasing their average particle size [54]. The PCS
principles are shown in Figure 2. Gai et al. also used a PCS system that could be operated
at 2000-8000 rpm at temperatures from 45 to 75 °C, with a treatment time less than 20 min.
They modified the shape of Ti powder by removing the sharp edges, while reducing their
particle size. They also used this method to prepare reinforced Cu-based composite material
by feeding Al,O3/Cu powder mixture into PCS under an argon atmosphere. This helped
to make Al,Oj3 particles disperse homogeneously inside Cu particles, and spheroidized
afterward, accompanied by decreased Cu particle size [55]. Other proprietary equipment is
also considered to induce physical changes to precursors in an attempt to produce spherical
particles, which have the possibility of reconditioning metallic powder [56].

Runwal et al. took advantage of attrition milling with the help of a stationary rotating
disk with high wear resistance to cut out or fracture the powder particles (Figure 3). The
cyclic shearing of asperities of the particles during grinding gives rise to loss of material
from particle surfaces; hence, irregular particles can be made quasi-spherical using this
mechanical system. Irregular-shaped water-atomized powder was fed, leading to an
increase in degree of spheroidization from 33.77 to 88.65% [57].
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Figure 2. Schematic diagram of PCS basic functions. Created with the assistance of Claude (Anthropic,
Claude Sonnet 5) and OpenAlI Image Generation (integrated in ChatGPT (GPT-5.5)); prompt details
are provided in Table S1 (Supplementary Materials).
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Figure 3. Schematics of the device used for attrition milling of powder. Created with the assistance
of Claude (Anthropic, Claude Sonnet 5) and OpenAl Image Generation (integrated in ChatGPT

(GPT-5.5)); prompt details are provided in Table S1 (Supplementary Materials).

A related attrition-based approach is the SMART (surface modification and reinforce-
ment transplantation) process, which produces spherical core-shell powder that cannot
be obtained through conventional mechanical alloying. Unlike standard attrition milling,
SMART dispenses with milling balls: the feedstock is a bimodal powder in which the large
base particles themselves act as the milling medium, deforming the fine supplementary
particles upon blade-driven collision. Because the force required for deformation increases
with particle size, only the finer supplementary particles deform significantly, a behavior
termed size-selective milling. Successive pressure (cold) welding of these deformed par-
ticles onto the base powder surface builds up a mechanically mixed shell layer (MMSL),
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into which additional functional agents can also be loaded (Figure 4). By controlling this
mechanism, spheroidized, alloyed, coated (reinforced), and composite powders can all be
produced [58].

BIMODAL POWDER FEED SMART ATTRITION MILL SPHERICAL CORE-SHELL POWDER
( N 7 N
. MMSL: mechanically
=== Rotating N mixed shell layer of
blade heavily deformed
"‘) supplementary
Base particle i particles
(milling medium) A '
' » Core: base
] Flne‘supplementary g, powder
particle
4 Coarse base powder P ' .
+ fine supplementary powder il Not achievable by conventional
No milling balls are used; particle mechanical alloying.
the coarse base particles Functional agents can be
act as the milling medium. Collision + pressure welding loaded into the MMSL.
\ Ik N SN 7
i CONTROLLABLE PRODUCTS
Q COMPOSITE
@@ | SPHEROIDIZED ALLOYED EOXTEY
(= 75 t (REINFORCED) S g
REINFORCED)

Figure 4. Working principle of the SMART process, in which size-selective milling and successive
pressure welding of a bimodal powder form a mechanically mixed shell layer (MMSL), yielding
spheroidized, alloyed, coated, and composite powders. Created with the assistance of Claude
(Anthropic, Claude Sonnet 5) and OpenAI Image Generation (integrated in ChatGPT (GPT-5.5));
prompt details are provided in Table S1 (Supplementary Materials).

These techniques have been shown to enhance the flowability of irregular powders by
smoothing sharp particle edges through high-speed mixing or high-shear milling. However,
the resulting particles are only semi-spherical, which may restrict their usability in certain
applications. Currently, none of these have been employed to recondition used AM powder.

2.2.2. Thermal Reconditioning

Thermal reconditioning is particularly useful in addressing morphological degrada-
tion, where powders, originally spherical due to gas atomization, become distorted or
agglomerated during printing, resulting in larger and less usable particles. Such methods
that mostly focus on spheroidization can reverse morphological degradation post-AM
through in-flight surface melting, thereby recovering flowability and morphology. It could
also lower porosity by remelting and re-solidifying the powder particles, increasing powder
density. The earliest research on this approach dates back to the mid-20th century, where
particles were reshaped by dropping them through vertical furnaces [59,60].

Bao et al. applied high-temperature remelting spheroidization (HRS) to transform
irregular copper powders into spherical forms. The method involves melting particles as
they descend through a hot zone and allowing surface tension to reshape them before rapid
solidification in a cooled region under a reducing atmosphere. As depicted in Figure 5, the
controlled temperature profile enhances homogeneity, reduces elemental loss, and produces
high-quality spherical powders, which can also serve as recycled AM materials [61].
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Figure 5. Schematic diagram of HRS process. Created with the assistance of Claude (Anthropic,
Claude Sonnet 5) and OpenAl Image Generation (integrated in ChatGPT (GPT-5.5)); prompt details
are provided in Table S1 (Supplementary Materials).

Bao et al. later developed the flash remelting spheroidization (FRS) technique to
generate high-quality spherical powders while overcoming limitations of conventional
atomization and plasma spheroidization. In FRS, irregular particles are melted as they
descend through a high-temperature region, forming spherical droplets under surface
tension and solidifying upon cooling. Using pre-existing powder as feedstock, the process
introduces minimal changes in particle size and avoids the harsh impact of atomization
media, which typically causes hollow or satellite particles. The crucible-free design further
minimizes contamination. The lower operating temperature of FRS reduces elemental
loss and particle damage, making it a mild yet effective method for producing defect-free
spherical powders and rejuvenating recycled AM materials. Bao et al. managed to treat
water-atomized bronze alloy powder with FRS, increasing flowability and bulk density
while decreasing oxygen content using a reducing atmosphere [62].
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o  Liquid—solid low wettability spheroidization

Lei et al. introduced a liquid—solid (LS) method for producing spherical metal powders.
The approach exploits the poor wettability of molten metals on solid powders, enabling
the formation of spherical droplets through interfacial and surface tension effects [63,64].
This technique was demonstrated by Cheng et al. using copper, silver, aluminum, copper—
tin and copper—zinc alloys, as well as amorphous magnetic iron-silicon-boron materials,
highlighting the LS method as a versatile and broadly applicable route. In this method,
irregularly shaped raw metal particles are dispersed into a low-surface-energy solid powder
material (e.g., graphite) through mixing, where each metal particle is enclosed by the solid
powder within a loosely packed structure. The blended powders are then melted under
an argon atmosphere, forming spherical particles through liquid-solid interfacial tension
during cooling. The spherical metal particles are subsequently collected at the bottom of
the container. They also used graphene sheets as a solid surface instead of graphite, leading
to a smoother surface of the spherical Cu particles. The particles were fully dense without
any cracks, containing oxide and carbon contents of only 0.048 wt.% and 0.0053 wt.%,
respectively [65].

Qian et al. investigated the LS method to prepare spherical Ti powder. They in-
troduced Cu to form a low-melting-point alloy and conducted dealloying, sintering and
deoxygenation after the LS process. The titanium powder produced by this method exhibits
high sphericity, low oxygen content (<0.10 wt.%), and a controllable PSD (15-75 pm). It is
suitable for use as feedstock in titanium components manufactured by AM and injection
molding. Moreover, the method can be extended to fabricate spherical and spherical porous
powders of titanium alloys, such as Ti-6Al-4V [66].

e Plasma spheroidization

Plasma technology has been employed for materials processing and waste treatment.
In particular, it is primarily aimed at enhancing powder characteristics by reshaping
irregular particles into spherical geometries through surface tension effects in a high-
temperature plasma in a controlled environment. It has been used to produce spherical
powder for many applications, mostly using direct current (DC) arcs, radio frequency (RF)
induction discharges [67-70] and microwaves [71-73] as energy sources, favored for their
purity, PSD uniformity and flowability. Inductively coupled plasma (ICP) spheroidization
has emerged as a promising technique for reprocessing EoL powders in AM, with the
goal of restoring their properties to levels comparable to virgin powders. In this process,
as demonstrated in Figure 6, high-frequency induction coils generate high-temperature
plasma that melts the outer layers of irregular or degraded powder particles. These
molten surfaces form spherical droplets that solidify into finer, more uniform, and highly
flowable particles. Key process parameters, including powder feed rate, gas flow rates
(central, sheath, and carrier), plasma power, and chamber pressure, interact with initial
powder characteristics and collectively influence the outcome in terms of sphericity, yield,
chemical composition, and PSD. Despite its benefits, the process is energy-intensive and
may introduce new variability in morphology and PSD, which could impact the consistency
of downstream AM processes [74-77].

Plasma spheroidization has also been observed to produce secondary benefits. This
technique enhances both the sphericity and flowability of the powder while simultaneously
improving its purity. The purification occurs through selective or reactive vaporization of
impurities, achieved by raising the plasma melting temperature and adjusting the composi-
tion of the shielding gas [78]. Therefore, it can lower levels of oxygen impurities, which
are typically associated with oxide formation. A significant reduction was observed in the
levels of oxygen, nitrogen, and hydrogen between the initial feedstock and the resulting
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Sheath Gas

processed powder. The combined effect results in a more suitable powder feedstock for
AM applications, exhibiting both improved morphology and reduced contamination levels.
These claims are supported by the fact that spheroidization could improve flowability,
packing density, particle porosity, surface morphology and powder purity [79-81]. Further
extending the capabilities of PS, O’Dell et al. demonstrated that alloying elements can
be intentionally introduced into the feedstock to chemically tailor the resulting powder.
For instance, a composite feedstock of pure molybdenum and rhenium was successfully
processed into a homogeneous Mo-Re alloy powder using PS, achieving a remarkable 97%
reduction in oxygen content. This result suggests that PS can be used not only to enhance
powder morphology and reduce impurities but also to achieve chemical compositions that
meet or exceed specifications traditionally met by gas atomization [82].
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Figure 6. Schematic of RF plasma spheroidization and influencing parameters. Created with the
assistance of Claude (Anthropic, Claude Sonnet 5) and OpenAl Image Generation (integrated in
ChatGPT (GPT-5.5)); prompt details are provided in Table S1 (Supplementary Materials).

PS has been used previously to treat water-atomized, reaction-processed, crushed or
spray-dried powder, demonstrating its capabilities in enhancing powder properties [78].
For instance, Kobiela et al. used an atmospheric plasma spraying (APS) torch, which
produces DC arc-based plasma, for spheroidization of irregular tungsten powder parti-
cles. They evaluated shape, size and distribution of post-processed powder particles as
influenced by process conditions [83]. Also demonstrated by Vert et al., ICP was used for
spheroidizing treatment of titanium powder made by the HDH process. The apparent
density increased from 1.89 to 2.74 g/ cm?, the Hall flow rate improved from 50 to 23 's/50 g,
and oxygen content decreased from 3017 ppm to 2100 ppm. These enhancements under-
line the effectiveness of the technique in producing clean, flowable, densely packed and
chemically controlled powders suitable for reuse [76]. Park et al. studied spheroidization
behavior of water-atomized SS 316 powder with irregular shape using ICP treatment. The

https://doi.org/10.3390 /met16080871


https://doi.org/10.3390/met16080871

Metals 2026, 16, 871

16 of 41

spheroidization process caused a slight decrease in the powder size and a rapid increase
in flowability of the powder. Meanwhile, the oxygen content decreased due to the low
oxygen partial pressure at the high temperature, and Cr was prone to decrease due to
having the highest vapor pressure [84]. Getto et al. studied the effects of PS treatment
on the microstructure and mechanical properties of stainless steel 316L powder in LPBF.
The treatment improved sphericity and aspect ratio and produced lower porosity and
more consistent mechanical behavior compared to normal powder under non-optimized
conditions [85].

Supporting these findings aimed towards used powder, Garboczi et al. reconditioned
titanium and nickel alloy powders using ICP, reporting quantitative measurements of
particle morphology, reduced porosity and improvements in microstructural homogeneity,
which are crucial for mechanical performance. For IN718, Oxygen content was reduced,
and apparent density was raised after treatment [86]. Nkhasi et al. also reconditioned
contaminated Ti64 using a 15 kW Tekna ICP system and reported an increase in oxygen
content and unrecovered chemical composition within specification [87]. Sehhat et al.
showed that the plasma processing of used EB-PBF copper powder allowed for a strong
reduction in the oxygen content of the powder below the level of the virgin powder and at
the same time strongly improved the sphericity of the powder [81]. Additionally, Massard
et al. showed that PS effectively recycles oxidized 100Cr6 powder, restoring properties com-
parable to commercial powder. They also evaluated a post-treatment ultrasonic washing
step, which was carried out to clean the treated powder. Optimal parameters include a feed
rate of 4 kg/h and ethanol washing with vacuum drying, achieving an oxygen content of
281 ppm [88]. Kambara et al. used a hybrid plasma spray system to generate ICP and treat
Al-Si-Mg alloy powder, which had been used in AM production 14 times. They managed
to increase sphericity while avoiding nanoparticle satellite attachment. The oxygen content
was also decreased by 61%, possibly by an atomic hydrogen etching effect [89].

These studies collectively emphasize plasma spheroidization as a promising route for
improving powder properties, supporting sustainability in AM, and warranting further
investigation into its full potential. However, researchers have identified a number of techni-
cal obstacles that must be resolved before inductively coupled plasma (ICP) spheroidization
can be scaled up for continuous, high-volume recycling. These include issues such as exces-
sive melting that causes splashing, feed rates that are too high and lead to probe clogging,
and irregular gas flow resulting in material accumulation. Such complications can diminish
the efficiency of spheroidization, making precise optimization of ICP parameters essential
to ensure stable and effective operation [86]. Moreover, after ICP, there is almost always
some dust of nanoparticles (soot) covering the particles. This dust is very rich in oxygen
and has a negative impact on physical and chemical properties. A washing step has been
recommended to address this, which is effective, but adds an extra laborious step to the
process [78,88,90]. Another limitation, which is material-related, is that ICP has not been
successful in reducing the oxygen content of virgin and EoL Titanium powder [78].

o Beam spheroidization

Murray et al. applied low-energy, high-current electron-beam irradiation to refine
and smoothen metal powders without inducing porosity or contamination. Their results
showed that satellites present in Stellite 6 powder could be effectively removed, achieving a
more spherical morphology through pulsed electron irradiation [91]. Similarly, Zhang et al.
produced spherical powders suitable for AM via laser spheroidization combined with
coaxial powder feeding (Figure 7). By analyzing the laser-powder interaction, they suc-
cessfully spheroidized materials such as iron, dendritic nickel, reactive titanium alloys, and
refractory tungsten carbide, achieving controlled particle sizes under optimized processing
conditions [92,93].
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Figure 7. Schematics of laser spheroidization of metallic powder. Created with the assistance
of Claude (Anthropic, Claude Sonnet 5) and OpenAl Image Generation (integrated in ChatGPT
(GPT-5.5)); prompt details are provided in Table S1 (Supplementary Materials).

2.2.3. Chemical Reconditioning

Chemical reprocessing has emerged as a promising route for removing surface-level
heterogeneities introduced during AM processes, where thermal oxides, surface segrega-
tion, or environmental contamination can degrade powder performance. The fate of these
surface defects during high-temperature reprocessing techniques like plasma spheroidiza-
tion remains uncertain. As an alternative, chemical treatments that target only the surface
can help restore powder quality without altering bulk particle size or composition. This is
especially relevant for highly reactive materials such as copper and titanium, which are
prone to oxidation during both high-temperature treatment and ambient handling. When
oxygen levels exceed acceptable standards, reconditioning becomes essential. Technologies
involving thermochemical and electrochemical methods show promise in reducing oxygen
content in reactive metals. Those relevant to metallic powder recycling are emphasized
in this section, considering that these methods are also common in treating any kind of
sources, such as waste and low-cost manufactured feedstock [7,13,94].

o  Granulation-Sintering—Deoxygenation (GSD)

For certain alloys, such as Ti-Ta, producing spherical powders via conventional melting
is challenging due to issues like element segregation. To address this, a novel Granu-
lation-Sintering—Deoxygenation (GSD) process has been developed. In this method, fine
titanium hydride particles are agglomerated into spherical granules via binder-assisted
spray drying, sintered to densify, and then chemically deoxygenated to meet stringent
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oxygen limits required for additive manufacturing. This multi-step process (Figure 8)
enables the transformation of low-cost or scrap titanium into different forms, including
powder, into high-quality spherical feedstock. The oxygen content can be reduced to below
0.1 wt.%, which is acceptable for many Ti-based applications [95,96].

Pressurized Ar
TiH,
powder

Binder  Solvent

1. Attritor / Mixer 2. Spray Drying 3. Sinter & Deoxygenate 4. Spherical Ti-6Al-4V Powder
TiH, + binder + solvent spherical granules densify « remove oxygen Low oxygen (<0.1 wt.%)

Figure 8. Granulation-sintering-deoxygenation (GSD) process for transforming titanium scrap
into spherical Ti-6Al-4V powder with low oxygen content. Created with the assistance of Claude
(Anthropic, Claude Sonnet 5) and OpenAl Image Generation (integrated in ChatGPT (GPT-5.5));
prompt details are provided in Table S1 (Supplementary Materials).

In addition to titanium, this methodology has been extended to other alloys. For
example, a study successfully demonstrated the production of spherical Co-Cr-Mo alloy
powders using low-cost elemental Co, Cr, and Mo powders. These were mixed with a
binder, spray-dried into granules, and then sintered in a hydrogen atmosphere. The final
product met ASTM F75 standards for biomedical applications, showcasing the versatility of
the GSD method in transforming low-value powders into valuable feedstock for AM [97].

e  Reactive elements

Deoxygenation of Ti powder has been known as a method to enhance raw material or
decontaminate waste [98]. Exposure to elements with stronger affinity to oxygen than Ti,
such as Ca in molten or gas form, has been studied, including the deoxidation in solid state
(DOSS) process, which is conducted at high temperature using Ca in a Na carrier [99-101].
Xia et al. have introduced a low-temperature molten salt calcium deoxygenation of Ti
powder. They used commercially pure (CP) Ti powder produced by the GSD process
and used metallic Ca granules at temperatures below the melting point of Ca. They
managed to reduce oxygen levels from 20,000 ppm to less than 1000 ppm [102]. Mg-
based deoxygenation techniques have been applied by adjusting the oxygen potential
of the titanium phase. Studies have shown that the oxygen content in «-Ti powder can
be effectively reduced using Mg under pure H; and Ar atmospheres [103]. The ability
to achieve deoxygenation at lower temperatures and in shorter durations is particularly
advantageous when preserving the original particle size and morphology of the powder is
essential [98].

e  Hydrogen gas

Among the effective methods, hydrogen treatment involves exposing oxidized pow-
ders to flowing hydrogen gas to reduce surface oxides into water vapor. Upon heat-
ing, the resulting water molecules evaporate, significantly lowering the oxygen content.
Wendel et al. investigated oxide reduction and oxygen removal in water-atomized iron
powder compacted by a hydraulic press using pure hydrogen at high temperatures, focus-
ing on thermogravimetric and kinetic evaluations [104]. Maintaining low oxygen levels is
particularly critical in copper powders to ensure high electrical and thermal performance.
Ledford et al. fabricated high-purity copper for EB-PBF using hydrogen treatment to
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remove initial oxygen content. Surface oxides were successfully removed where oxygen
content was low. However, high initial oxygen led to internal H,O vapor formation, which
was released during printing [105]. Sehhat et al. employed a hydrogen treatment to lower
the oxygen content accumulated by copper powder during the EB-PBF process. The treat-
ment was conducted at 482 °C under a flowing forming gas atmosphere (Ar-5 vol.% H),
effectively reducing surface oxides. After reconditioning, the powder exhibited signifi-
cantly lower oxygen levels compared to both the virgin (140 ppm vs. 200 ppm) and used
(140 ppm vs. 370 ppm) powders [81].

o Wet chemical etching

Wet chemical etching has also been demonstrated as a surface-sensitive and low-
energy method (operating at ambient or near-ambient conditions) for modifying the surface
characteristics of metallic powders. In particular, this method enables the ‘resetting” of
surface chemistry and the modulation of powder topography. However, these processes
inherently remove material from the powder and may complicate drying. Nonetheless,
the resulting metal-rich filtrates (e.g., Cu-containing solutions) are often recoverable, so
mass loss does not necessarily represent the end of the material lifecycle. This approach
is expected to be applicable to a wide range of major engineering alloy systems and has
strong potential for straightforward industrial scale-up [13].

Speidel et al. used a wet chemical etching process with Nital etchant (5 wt.%) on
Cu powder that was used in LPBF. Results show that surface oxygen concentrations can
be effectively reduced through this approach, confirming its potential for extending the
usability of oxygen-sensitive powders like copper. However, based on their results, it is
possible that some treatment conditions alter the morphology of the powder, affecting
flowability and packing during subsequent printing. Another effect was the removal of
finer powder particles due to handling and dissolution [13].

A two-step process was conducted by Fang et al. twenty times using recycled 316L
stainless steel powders. The first step involved ball milling, performed for 1 h at a rotation
speed of 300 RPM using 5 mm milling balls. The second step was a chemical treatment
using a pickling solution—Kallings No. 2 (comprising 30% HCl and 10% CuCl,). Following
ball milling and pickling, the processed 316L powders exhibited improved sphericity and
reduced levels of surface impurities, indicating enhanced suitability for reuse in powder-
based manufacturing processes [11].

2.2.4. Fluidized Bed Reactors (FBRs)

FBR was explained previously as a mechanical reconditioning method with a major
milling effect in terms of shape modification, de-satelliting and reduction in agglomeration.
But the conditions in the FBR can be varied over a wide range of parameters, including
gas flow rate, gas type, temperature, pressure and methods of introduction/extraction of
powders from the bed. Therefore, it can be tuned to impose a rapid chemical or thermal
interaction between the gas flow and the particles using heating or reactive gases. Powders
can be heat treated, meaning heating and cooling at the desired rate without the sintering
that might be expected in a static bed of powder. However, the ability of FBRs to chemically
modify the existing surface of powders and then coat powders with a wide range of
compositions can be one of the most powerful applications of their capabilities. The use of
reducing reagents contained in the fluidizing gas of an FBR can be used to lower oxygen
levels of metal powders or remove the surface oxides [106].

In summary, reconditioning technologies provide a critical bridge between direct
reuse and full material recovery by targeting specific degradation mechanisms. Mechani-
cal approaches offer low-cost and scalable solutions for modifying powder morphology
but often fail to achieve the high sphericity required for advanced powder bed processes.
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Thermal techniques, particularly plasma-based spheroidization, are capable of produc-
ing near-virgin powder quality in terms of morphology and purity, yet their high energy
demand and process sensitivity present challenges for large-scale implementation. Chemi-
cal methods, on the other hand, are highly effective in addressing surface oxidation and
contamination, particularly in reactive metal systems, though they introduce additional
complexity related to chemical handling and environmental impact. Collectively, the litera-
ture suggests that no single reconditioning method is universally optimal; instead, hybrid
and application-specific combinations are likely required to balance performance, cost,
and sustainability. Despite the wide range of technologies reviewed, most reconditioning
approaches still remain at laboratory or pilot scale, highlighting a gap between technical
feasibility and industrial implementation.

2.3. Powder Repurposing

An alternate route for EoL or even reusable powder, besides returning to the AM cycle
with or without reconditioning, is to transform it into other forms of consumables than
powder to repurpose it for another AM method or another industry. Repurposing is also
possible with input from different materials to form composites [107]. Some of these routes
are described here, which have either been employed as such, or have the potential to be
considered for this purpose.

2.3.1. Powder for Friction-Stir (FS) Processes

In FS processes, friction-stir heating and compressive axial force are coupled for pur-
poses such as extrusion (FSE), welding (FSW) and deposition (FSD). These technologies
have the potential to be used for feedstock production and AM, known as friction-stir addi-
tive manufacturing (FSAM) and additive friction-stir deposition (AFSD) (Figure 9) [108,109].
FS is capable of using different forms of feedstock such as chips and powder via extensive
plastic deformation and heating to mix and consolidate the material. The relative flexibility
of feedstock allows for the use of lower quality materials, including recycled material in
the form of powder [110-112]. The AFSD, which has also been known as MELD, with
a dedicated rotating hollow shoulder (i.e., the tool) through which the filler material is
delivered, has been employed to use Al alloys and to produce metal-matrix composites,
such as Al-SiC, Al 6061-Mo, and Al 6061-W [113,114].
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Figure 9. Friction-stir processes coupled with AM: additive friction-stir deposition (AFSD) with a
non-consumable rotating hollow shoulder. Created with the assistance of Claude (Anthropic, Claude
Sonnet 5) and OpenAl Image Generation (integrated in ChatGPT (GPT-5.5)); prompt details are
provided in Table S1 (Supplementary Materials).
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2.3.2. Powder for Sintering-Based Processes

Field-assisted sintering technology (FAST), also known as spark plasma sintering (SPS),
is a long-established powder-consolidation method in which loose or lightly compacted
powders are placed in a typically graphite die and subjected simultaneously to uniaxial
pressure and an applied electric current. The electrical current generates rapid Joule
heating in both the die and the powder itself, enabling exceptionally high heating rates
and drastically shortening the time required for densification compared with conventional
sintering or hot pressing. Process control is achieved through a small set of key variables
(temperature, dwell time, applied load, heating rate, and current waveform), allowing the
technique to consolidate a wide range of metals and mixed-material systems. Because the
current can disrupt surface oxide films, FAST/SPS is particularly attractive for oxidized or
irregular feedstocks such as grinding swarf or crushed magnet scrap, where it has been
shown to produce dense components with far lower energy consumption than traditional-
route powder [115,116]. These attributes position FAST/SPS as a promising approach for
directly repurposing used AM metallic powder into fully dense, high-value parts.

2.3.3. Powder to Wire

Among the most promising powder metal recycling strategies is severe plastic de-
formation (SPD), with an example being equal-channel angular pressing (ECAP). ECAP
generally uses a metal billet, but particulate feedstock has also been used [117-119]. An al-
ternative SPD method is the Conform process, introduced as continuous extrusion-forming
of metal wires [120,121]. In the case of Ti, the Conform process has the potential to replace
conventional expensive wire manufacturing processes, with the possibility of improved
microstructure and mechanical properties. The Conform process has demonstrated the
capability of recycling almost all metal powder waste into fine-grained wire feedstock
suitable for metal wire deposition AM, fusion welding, and other industrial applications.
In this method, metal powders or chips are fed into the groove of an extrusion wheel using
a coining roll. The groove is tightly enclosed by a shoe, while an abutment ensures the
material passes through the die without bypassing it. The combined effect of heat and
pressure promotes plastic flow, resulting in the continuous formation of wire [6,122].

Wilson reported on the successful extrusion of titanium alloy wire from powder
at 900 °C in an argon atmosphere. The resulting wires exhibit mechanical properties
(e.g., tensile strength and hardness) comparable to titanium Grades 1-4, with reduced
porosity and improved structural integrity [123]. Thomas et al. used CP Ti powder to
produce wire from a Conform machine without the need for feedstock preheating or an
inert atmosphere (Figure 10) [124]. Smythe et al. further highlighted the Conform process
as a sustainable strategy that contributes to a circular economy by using pure titanium
hydride-dehydride (CP-Ti Gr 2 HDH) with irregular and angular morphology, among
other feedstocks, directly into wire [125].

Plastic deformation and heat can also be coupled with friction stir extrusion (FSE),
which was introduced in Section 2.3.1. In this process, the metallic powder can be fed into
a rotating die where a plunger exerts the axial force, leading to extrusion of the wire/rod
(Figure 11) [126,127]. Whalen et al. fabricated rods via FE using feedstock powder having a
composition of Al with 12.4 wt.% transition metals and additives [128]. Chan et al. used
aluminum gas-atomized 7075 powder with a particle size smaller than 106 um to extrude
fully consolidated wire with this method, showing defects only in the periphery of the wire
and with adequate mechanical properties compared to billet feedstock [129].

The described powder repurposing methods in Sections 2.3.1-2.3.3 have also been
introduced in the literature as Solid State Recycling (SSR) techniques initially aimed at low-
temperature recycling of metallic chips and swarf and later particulate materials [130-133].
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Figure 10. Schematic demonstrating Conform machine and the process. Created with the assistance of
Claude (Anthropic, Claude Sonnet 5), OpenAl Image Generation (integrated in ChatGPT (GPT-5.5)) and
FigureLabs (Web platform, Version 4); prompt details are provided in Table S1 (Supplementary Materials).
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Figure 11. Schematic of the friction extrusion process, from powder to wire. Created with the assistance of
Claude (Anthropic, Claude Sonnet 5), OpenAl Image Generation (integrated in ChatGPT (GPT-5.5)) and
FigureLabs (Web platform, Version 4); prompt details are provided in Table S1 (Supplementary Materials).

2.3.4. Powder to Reinforced Polymer Filament

Researchers have previously developed metal-reinforced polymer filaments for var-
ious purposes and processes [134-137], including extrusion-based AM methods, which
are solid freeform fabrication (SFF) techniques, also known as Fused Deposition Modeling
(FDM) [138-144]. While offering great benefits such as improved process stability and part
properties, the main challenges are homogeneous dispersion of particles, good viscosity of
the mixture, wearing of the equipment due to the presence of hard particles and clogging
of the tubes and nozzles due to overwhelming presence or metallic particle load, which
could be addressed by initial optimization [145-147]. It has therefore been considered to
repurpose waste metal powders by embedding them into polymer matrices as filaments.
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This method not only provides a route for powder recycling but also offers a potential
solution to polymer waste, extending its benefits beyond AM [148].

Singh et al. demonstrated this concept by incorporating iron powder into waste
polymers to fabricate filament wire suitable for structural engineering applications, as
well as for fused deposition modeling machine (FDM). The mixtures were fed to a single
screw extruder, and a filament wire of cylindrical shape was made [149]. Similarly, Pan
et al. integrated nanocrystalline powders of iron (Fe), silicon (5i), chromium (Cr), and
aluminum (Al) into a recycled polypropylene/high-density polyethylene (PP/HDPE)
matrix for extrusion into 3D-printing filaments. These modified filaments demonstrated
improved thermal stability and mechanical properties compared to their original recycled
counterparts [150]. In a related study, Khazdozian et al. proposed the fabrication of
filaments for 3D-printing permanent magnets using recycled rare earth elements, such as
Sm and Nd. They recycled Sm-Co powder recovered from swarfs and blended them into
polylactic acid (PLA) with up to 20 vol.% loading. Magnet filaments had good uniformity,
and magnetic properties were improved compared to recycled powder and un-extruded
mixture [151]. Chawla et al. used industrial waste of Fe powder to reinforce recycled ABS
polymer for fabrication of an FDM filament. They reported influencing parameters on the
filament properties such as porosity, mechanical strength and thermal behavior [152].

Metal extrusion AM (MEX or MEAM) or powder metal extrusion (PME), like powder
or metal injection molding (PIM or MIM), which is an industrialized powder metallurgy
(PM) technique, relies on a feedstock made from metallic powder, thermoplastic binder and
additives to fabricate green parts (Figure 12). The feedstock is different, based on hardware
such as pellets and rods, but the filament form is the most convenient and practical form.
Since it uses similar equipment as FDM, it has also been referred to as FDMet, Fused
Filament Fabrication (FFF) or Metallic Fused Filament Fabrication (MF3), when linked
with high loadings of metal powders into the feedstock [153-155]. The filaments used in
MEAM have high metal powder content (>50 vol.%) and are sometimes called highly filled
polymers. After printing the green parts, it requires further polymer removal (chemical
and thermal debinding) and sintering to reach a full-density metallic part [156-161]. In
principle, any metallic powder used for PIM could also be used for MEAM. Many attempts
were made to optimize materials and procedures to fabricate feedstock and enhance its 3D-
printing process and products using different metallic powders [162-166]. The challenges
that were mentioned for making reinforced filaments are escalated when dealing with
developing highly filled polymers, which needs to be considered when fabricating the
filaments [167,168].

There is limited research that has considered recycled raw materials to fabricate highly
filled polymeric filaments, which can be closely related to repurposing used AM powder.
Karimi et al. used environmentally extracted recycled nickel carbonyl powders with
75 wt.% content mixed with polylactic acid (PLA) to extrude filaments and were able to get
fully dense nickel parts after printing, debinding and sintering [168,169]. Tirado-Gonza'lez
et al. used chemically reduced iron/iron oxide from an industrial waste combined to make
filaments consisting of a polymer—powder proportion of 13-87 wt.% for a successful MEX
process [170]. Bocchi et al. proposed a different approach by recycling defective green
parts from MEX back to filaments. While the metallic particles were affected by the process
to some extent, the properties of the sintered parts remained constant compared to those
fabricated by virgin filaments [171].

These advantages are bounded, however, by the rheological consequences of high
solid loading. Achieving dense sintered parts typically requires 55-65 vol.% metal powder
since this concentration is needed to sustain diffusion during sintering [172,173]. However,
exceeding it reduces printability: melt viscosity rises because particle-particle interac-
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tions dominate as the available space for the polymer matrix to flow decreases [168,173].
High metal filling paradoxically reduces filament stiffness while increasing brittleness,
creating significant handling and processing challenges [173]. ]. Gonzalez-Gutierrez et al.
documented that adding high concentrations of metallic particles (>50 vol%) causes em-
brittlement of filaments in the solid state (lower modulus and elongation at break). This
means filaments become both less stiff (lower modulus) and more prone to breaking with
minimal deformation [162]. Xueying Wei et al. found that feedstock with 65 vol% metal
content was extremely brittle without the plasticizer, making filament production and
handling problematic [174]. Thomas Forstner et al. confirmed that high filler content
results in a significant decrease in ductility, limiting the filament’s ability to bend and flex
during feeding through the printer mechanism [175]. The elevated viscosity of metal-filled
feedstock also demands tighter control of extrusion parameters and nozzle properties due
to increased susceptibility to nozzle clogging [168,174], and rheological modeling has been
used to predict the maximum filler concentration a given system can accept before clogging
occurs [173]. While abrasive wear from hard metal particles would be a logical concern dur-
ing extrusion of high-filler composites, this specific failure mechanism is not investigated in
the relevant literature. The studies focus more on rheological challenges, viscosity increases,
and flow-related processing issues rather than equipment degradation [174,175]. Down-
stream, inhomogeneous particle dispersion introduced during compounding translates into
irregular shrinkage during debinding and sintering, producing excessive porosity, cracking
and warping in the final part [172]. Formulation is therefore a compromise between the
solid loading required for successful sintering and the processability of the filament, a

constraint that applies equally when recycled powder is used as the filler.

Metal powder

Mixing Feedstock Filament 3D printing
& pelletizing pellets extrusion (green part)

"

Evaluation Final part Sintering Debinding

(full density) (brown part)

Figure 12. Schematic diagram of metal extrusion using highly filled filaments. Created with the
assistance of Claude (Anthropic, Claude Sonnet 5) and OpenAl Image Generation (integrated in
ChatGPT (GPT-5.5)); prompt details are provided in Table S1 (Supplementary Materials).

2.3.5. Powder to Mixture for Other AM Methods

Using metal powder as reinforcement to fabricate composites is also possible through
methods such as Selective Laser Sintering (SLS) and Stereolithography (SLA), where re-
searchers have reported improved properties [145]. Surace used recycled AlSi10Mg and
316L for making metallic filled resin for SLA to fabricate metallic components. After stabi-
lizing the suspension, he optimized the printing, debinding and sintering processes [176].

https://doi.org/10.3390 /met16080871


https://doi.org/10.3390/met16080871

Metals 2026, 16, 871

25 of 41

2.3.6. Powder to Other Reinforcement Purposes

Melugiri-Shankaramurthy et al. investigated incorporating stainless steel micropow-
ders into cement paste to enhance its performance as a way to recycle AM metal powder.
They added the powder in the size range 40-100 um to the cement by up to 8 vol.% and
measured various properties. They introduced an optimum quantity of added powder to
improve the strength and durability of the mixture [177].

2.3.7. Powder to Elemental Recovery

Cai et al. developed a closed-loop approach for recovering Mo and reusing W from
waste alloy MAM powder. Their method combined mixed-alkali roasting with microwave-
assisted leaching, achieving recovery efficiencies of 98.4% for Mo and 99.3% for W. The
recovered Mo was converted back into powder suitable for MAM, while the W was utilized
to produce MnWOj for photocatalytic applications [178].

2.3.8. Powder to Fuel

Wang et al. investigated the use of waste Al-Si-Mg alloy powder from LPBF as a poten-
tial carbon-free fuel for energy generation. They found that, compared to micron-sized Al
particles of similar diameter, AlSi10Mg powder reacts with oxygen at a comparable onset
temperature (~1000 °C) and similar activation energy (316.9 k] /mol) but releases signifi-
cantly more energy (11.5 k] /g versus 4.2 k] /g). When combined with CuO nanoparticles,
both AlSi10Mg/CuO and Al/CuO mixtures exhibited similar reaction kinetics, governed
by the diffusion of gaseous oxygen from CuO thermal decomposition [179].

The reviewed repurposing routes demonstrate that the value of metallic powders can
be preserved even when their quality no longer meets the stringent requirements of powder-
based AM processes. A recurring theme across the literature is that many downstream
applications, such as solid-state processing, composite fabrication, or extrusion-based meth-
ods, exhibit greater tolerance to variations in powder morphology and size distribution.
This flexibility enables the utilization of degraded or off-spec powders that would other-
wise be discarded. Moreover, repurposing strategies often extend material functionality
beyond the original application, for example, by enabling the production of composite
materials or alternative feedstock forms. These findings highlight repurposing as a versatile
and resource-efficient pathway, particularly in cases where reconditioning is technically or
economically unfeasible.

2.4. Powder Resourcing

The virgin metal powders used in AM are traditionally derived from freshly processed
raw materials obtained through energy-intensive extractive metallurgy. A more sustainable
approach requires widening the notion of “resources” to include all metallic forms circulat-
ing within AM workflows—not just mined feedstock. In this context, powder resourcing
refers specifically to reclaiming metal from within the AM industry itself, leaving aside the
additional opportunities presented by cross-industry metal recycling.

Within AM operations, the material streams that can be redirected back into powder
production fall into three primary categories:

1. EoL AM powder (including reused, sieved-out and contaminated particles).
2. Scrap-built parts during printing (e.g., rejected components at different stages).
3. Waste from printing (e.g., support structures).

In current industry practice, these are typically discarded. However, converting these
materials into usable powder feedstock represents environmental, economic and strate-
gic opportunities. These include local and on-demand production of powder feedstock,
reduced lead times, reduced on-site powder storage, increased availability of new alloys,
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reduced waste, and improved industrial hygiene by limiting personal contact with metallic
powder [180].

One way to achieve this is either by melting the materials directly in a crucible prior
to re-atomization or blending them with a master alloy or elemental feedstock to correct
compositional imbalances. Regardless of the method, ensuring traceability throughout the
recycling process is essential, particularly in safety-critical industries such as aerospace,
where strict quality control and material certification are mandatory [16,181]. For instance,
Mohandas et al. used Inconel 718 powder in LPBF produced from failed printed parts,
disqualified powder and CNC machining waste using a vacuum induction-melting inert
gas atomization (VIGA) technology [182]. Benedetti et al. used EoL powder from AM
and other sources as a complementary source added to other scrap to produce Inconel
718 powder using VIGA. The LCA analysis showed lower energy consumption and carbon
footprint while restoring sources for critical materials such as Ni. Printed samples also
showed comparable results to conventionally processed powders in terms of microstructure
and mechanical properties [183]. Judd et al. used recycled Ti from different battlefield
scraps and LPBF built plate waste sources for gas atomization using a mobile foundry
system. The resulting powders were compliant with the applicable compositional standards
and suitable for usage in a further cold spray process [184].

Recently, ultrasonic atomization (UA) has been introduced as a new AM metal powder
production technique utilizing a vibration generator (such as a sonotrode) together with a
heat source (such as plasma, arc or induction) [185,186]. The general form of raw materials
has been in a wire or rod form, which has also been fabricated prior to the atomization using
recycled metallic waste of aluminum bronze [187], titanium [188] and copper [189]. While
currently there have not been any attempts to use AM waste or EoL powder, opportunities
exist for reconditioning and resourcing using this technique due to the possibility of small-
scale research in terms of feedstock and facilities [190,191].

Compared to atomization, which requires melting metals and thus consumes consid-
erable energy, mechanical methods are another approach that is significantly less energy-
intensive and environmentally preferable. Processing powders at room temperature offers
additional advantages, including the possibility of producing powders on-site, which
distributes the energy demand associated with maintaining stock materials and reduces
the need for long-distance transport of powdered metals, often restricted due to safety and
hazard concerns [180]. It enables low-energy on-demand local and distributed production
of powder from industrial stock or recyclable components.

A common mechanical procedure to produce or modify powder is ball milling, which
uses kinetic energy, typically from high-hardness balls rotating in a drum, to fragment
material into smaller particles. While this method does not produce powders with the
same spherical morphology as gas atomization, it enables the recovery of valuable metal-
lic feedstocks without requiring high-temperature processing [192-194]. The process is
especially suited for breaking down larger scraps, such as support structures, into fine
particulate matter. Yet, this powder is generally less spherical and exhibits a rougher surface
texture, which can negatively impact powder flowability and uniformity during printing.
Moreover, the PSD produced by ball milling often falls outside the narrow specifications
required for specific AM technologies, which might require further treatment [46]. Despite
its limitations, ball milling can be a viable first step in a broader scrap transformation chain.
Following initial mechanical size reduction, a second stage involving physical-chemical
treatments, such as pickling or annealing, can be employed to improve powder proper-
ties, including morphology, microstructure, and mechanical behavior [5]. Overall, while
transforming metallic scraps and waste into powder via ball milling and related techniques
offers considerable potential for sustainable manufacturing, several challenges remain.
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These include controlling oxidation, achieving suitable particle morphology and size dis-
tribution, and ensuring chemical consistency. Nevertheless, through post-processing and
careful blending strategies, such recycled powders can be reintroduced into AM feedstocks,
contributing to circular economy objectives while reducing material waste and energy
use [5,46,122].

Powell et al. used ball milling to break down support structures made from SS316L.
The results were promising, with the resulting powder having a morphology of water-
atomized powder, with minor contamination from WC balls and small particle size to
be suitable for LPBF. Reduced ball milling duration showed improvements in the quality
and suitability of the powder [46]. Cold mechanically derived (CMD) powders have been
developed to facilitate low-energy, room-temperature processing [195]. These powders
exhibit faceted particle shapes with higher aspect ratios, reflecting the characteristics of the
mechanical formation method. The overall process is illustrated in Figure 13 [196].
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Figure 13. Comparison of powder production routes: cold mechanically derived versus gas-atomized
powder, showing differences in yield and particle morphology alongside comparable tensile performance.
Created with the assistance of Claude (Anthropic, Claude Sonnet 5) and OpenAl Image Generation
(integrated in ChatGPT (GPT-5.5)); prompt details are provided in Table S1 (Supplementary Materials).

Gandha et al. demonstrated that cryogenic milling could be an effective method for
recycling Nd-Fe-B polymer-bonded magnets produced via AM, avoiding the need for high
temperatures or harsh chemicals. Their study started with magnets containing 65 vol%
isotropic Nd-Fe-B powder and 35 vol% Nylon-12, which were milled at liquid nitrogen
temperatures (—196 °C) for 30 min. The resulting recycled magnets displayed improved
density and magnetic remanence compared to the original bonded magnets, highlighting
the potential of this method for recovering material from end-of-life magnets or AM magnet
waste streams [197].

An additional innovative approach was proposed by Bidare et al. for recycling green
part waste from BJT into reusable powder, offering a more sustainable route for material
recovery. In this technique, broken or defective green parts (typically discarded as waste) are
first subjected to a debinding process to remove organic binders. The debound material is
then processed via ball milling to improve particle morphology and break up agglomerates.
This method has demonstrated the feasibility of converting green part waste into powders
of acceptable quality, which can be reused in subsequent BJT processes [44].
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As noted earlier, this review concentrates on material circulation within the AM sec-
tor itself. However, it is important to recognize that extensive expertise already exists
in other industries for converting metallic waste, such as machining chips, swarf, and
offcuts, into valuable raw materials for manufacturing [198-201], including powders for
AM [8,78,192-194,202-211]. The substantial body of literature documents these transfor-
mation pathways, offering technical and practical insights that could inform AM-focused
resourcing strategies. Leveraging this broader industrial knowledge base may acceler-
ate the development of new powder production routes from AM-derived scrap or en-
able the upscaling of existing methods to handle end-of-life or non-reusable AM powder
more effectively.

Overall, resourcing represents the most comprehensive approach to closing the ma-
terial loop in metal AM by converting waste streams into new powder feedstocks. The
literature indicates that atomization-based routes can successfully regenerate high-quality
powders comparable to virgin materials, albeit at the cost of significant energy input. In
contrast, mechanical methods offer lower-energy alternatives and enable localized or de-
centralized production but typically require additional post-processing to meet AM quality
requirements. This trade-off between energy intensity and powder quality emerges as
a central theme in resourcing strategies. Furthermore, the integration of resourcing into
industrial workflows remains dependent on robust traceability, compositional control, and
certification frameworks, especially for safety-critical applications. As such, resourcing is
technologically viable, but its widespread adoption will require coordinated advances in
both process engineering and quality assurance systems.

3. Discussion
3.1. Comparison and Cascading Sequence of Recycling Pathways

Metal powder recycling is increasingly recognized as a critical enabler for integrating
circular-economy principles into metal AM, yet this review shows that achieving true
material circularity requires navigating a complex interplay of material degradation mecha-
nisms, process limitations, and technological gaps. The four recycling pathways examined
in this review (i.e., reusing, reconditioning, repurposing, and resourcing) illustrate the
diverse strategies being developed to retain material value within AM. To facilitate a direct
comparison of the four recycling pathways introduced in this review, Figure 14 summarizes
their key characteristics, including input material condition, primary objectives, typical
processing routes, advantages, limitations, and levels of industrial maturity (Maturity levels
reflect a qualitative assessment of industrial adoption based on the reviewed literature).

Although powder reuse is already widespread and offers immediate economic and
environmental benefits [10,11], its effectiveness is inherently constrained by progressive
degradation, as also reflected in Figure 14. Oxygen pickup, PSD shifts, and morphological
irregularities accumulate with each cycle [12,18], and while sieving and blending can delay
rejection thresholds [19,21], they cannot restore chemical purity or reverse microstructural
deterioration. This reinforces a key insight: reusing alone cannot close the loop, and
sustained circularity depends on additional interventions.

Importantly, the four pathways should be understood not only as parallel alternatives
but as stages in a cascade: a single powder batch may be reused over multiple cycles,
reconditioned back into service one or more times, and ultimately repurposed or resourced
once restoration is no longer viable. Viewed this way, the framework describes a lifecycle
sequence ordered by degradation severity, and the total value extracted from a powder
batch depends on how effectively these stages are chained together.
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Figure 14. Comparison of recycling pathways for metallic powders in additive manufacturing, high-
lighting input material condition, primary objectives, processing approaches, advantages, limitations,
and levels of industrial maturity.

3.2. Process-Specific Degradation and End-of-Life Criteria

The severity of these constraints is, however, strongly process-dependent. Because
binder jetting does not melt the powder during printing, its unbound powder experiences
no thermal cycling and remains closer to virgin condition than in any beam-based pro-
cess [41,42,44]. This positions BJT both as the strongest candidate for extended reuse and as
a natural donor process for cross-process reuse, in which powder rejected by the stringent
requirements of LPBF can continue serving less-demanding processes. Recognizing such
process-specific degradation profiles is therefore essential when assigning powders to
recycling pathways, rather than applying uniform reuse limits across all AM technologies.

Regardless of the process, a fundamental obstacle underlying all pathway decisions is
the absence of standardized end-of-life criteria for metal powders [212]. Rejection thresh-
olds are currently defined empirically and vary between alloys, machines, and application
requirements, meaning that the point at which a powder transitions from reusable to re-
quiring intervention remains a subjective judgment rather than a quantified state [213,214].
Because the framework presented here routes powder into different pathways precisely on
the basis of this judgment, the lack of harmonized, alloy-specific acceptance criteria directly
limits systematic pathway selection. Establishing quantitative degradation thresholds
linked to each pathway, rather than a binary reusable/waste classification, represents a
prerequisite for industrially consistent circular powder management.

3.3. Technological Trade-Offs: Energy Versus Powder Quality

Reconditioning technologies attempt to bridge this gap, but each comes with trade-offs.
Mechanical methods such as ball milling provide low-energy routes to reshape or deag-
glomerate powders [49,50], yet the resulting irregular morphology limits use in powder-bed
fusion. Thermal and plasma-based techniques, especially ICP spheroidization, produce
near-virgin sphericity and often simultaneously reduce impurities [76,77], but they re-
main energy-intensive, sensitive to processing parameters, and sometimes introduce issues
like nanoparticle soot or overmelting [78,88]. Chemical and thermochemical treatments
excel where oxidation dominates, particularly for Ti and Cu, with Ca- or Mg-based deoxy-
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genation and hydrogen reduction enabling substantial oxygen removal while maintaining
particle integrity [80-87]. However, these methods introduce their own environmental
burdens through reagent use, chemical waste, or hydrogen management. Together, these
observations show that no single reconditioning technology is universally applicable, and
matching degradation type with the appropriate intervention remains a central challenge.

Where reconditioning becomes impractical, repurposing routes extend the functional
life of powders, even beyond AM. Severe plastic deformation and the Conform process
demonstrate that waste powders and even angular particles can be transformed into
wire feedstock for DED or welding applications [124,125]. Likewise, embedding metallic
powders into polymer matrices has proven effective for developing composite filaments
or highly filled MEAM feedstocks [149,169], offering a dual benefit of valorizing metal
waste and upgrading polymer recyclates. These approaches highlight an important pattern:
the value of AM powders can be preserved even when AM-specific quality requirements
cannot, expanding recycling options well beyond reconditioning.

Resourcing (i.e., converting AM-derived scrap and EoL powder into new feedstock
powder) represents the most complete recycling loop but also the most demanding one.
Atomization-based processes (e.g., VIGA) successfully regenerate high-quality powders
from failed builds, support structures, and mixed scrap [183,184], often with reduced carbon
footprint. Still, the high energy requirement of melting remains a barrier. Mechanical routes
such as ball milling introduce low-energy alternatives compatible with decentralized
production, even if they require additional steps to achieve AM-ready morphology. These
findings emphasize that resourcing effectiveness depends on both powder quality goals
and energy constraints, suggesting that hybrid mechanical-thermal workflows may become
increasingly important.

Beyond the performance of individual methods, the true sustainability benefit of recy-
cling depends on energy sourcing, transportation, and process efficiency [215]. Moreover,
existing assessments address individual technologies in isolation, and no systematic com-
parison yet exists of the environmental and economic performance of the four pathways
for a given powder condition. Integrated, cross-pathway LCA and techno-economic as-
sessment are therefore needed to evolve pathway selection from experience-based practice
toward quantitative decision support.

3.4. Industrial Qualification, Traceability, and Digital Tools

Powder traceability and certification remain major barriers to industrial adoption, par-
ticularly in the aerospace and medical sectors where historical data and material pedigree
are mandatory. Furthermore, the diversity of degradation mechanisms suggests that future
strategies must be more predictive and adaptive, leveraging in situ monitoring, powder-life
modeling, and digital-tracking frameworks to optimize recycling decisions in real time.

Overall, the reviewed evidence demonstrates that significant technological progress
has been made across all four recycling pathways, yet the AM field still lacks a unified,
industrially scalable framework for circular powder management. Achieving such integra-
tion will require coupling materials science advances with process engineering, data-driven
quality control, and coordinated standards development. As the AM industry grows and
powder demand increases, successful circularity will increasingly depend on diversified
recycling strategies, where reusing, reconditioning, repurposing, and resourcing act as
complementary, not competing, routes for retaining material value.

4. Conclusions

Metal powder recycling has become a foundation for enabling sustainable additive
manufacturing. Across the four principal pathways—reusing, reconditioning, repurposing,
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and resourcing—numerous technologies now exist to maintain metal powders within
productive cycles and reduce dependency on energy-intensive virgin powder production.
Reusing provides immediate gains, while mechanical, thermal, and chemical reconditioning
can restore key powder attributes. Repurposing expands the value of degraded powders
into new materials and applications, and resourcing closes the loop by regenerating pow-
ders from scrap or EoL materials.

Despite significant progress, obstacles remain in establishing robust recycling frame-
works. Powder degradation, contamination control, and variability in reconditioned
feedstock continue to pose barriers to industrial-scale adoption. Addressing these issues
will require integration of materials science, process engineering, digital quality control,
and sustainability assessment. With coordinated effort, AM can advance toward a fully
circular and resource-efficient production model, establishing a foundation for systematic
and scalable circular powder management in metal additive manufacturing.

5. Future Directions

Future research should prioritize the development of predictive models that quantify
powder degradation and lifecycle behavior under different AM conditions. Such models
would enable intelligent decisions regarding reusing, mixing, and reconditioning, ensuring
powder integrity while minimizing waste. Integrating in situ monitoring tools and digital
twin frameworks could further support real-time tracking of powder quality across the
AM workflow, bridging process data and material evolution. A concrete embodiment of
this vision could be the concept of “powder passport”: a digital record accompanying
each batch that accumulates reuse count, thermal exposure history, and measured prop-
erties across cycles. Such records would provide the empirical basis for the standardized
end-of-life criteria discussed above and enable data-driven routing of powder between
recycling pathways.

A further underexplored direction is systematic cross-process reuse, in which powders
reaching their end of life in one AM process are “handed down” to another with different
feedstock requirements. Because PSD requirements vary between processes, EoL powder
from laser powder bed fusion may remain suitable for EB-PBF, where it could yield parts
with better surface finish and reduced post-processing demand, while coarser particles
or agglomerates could serve directed energy deposition, and fine EoL fractions may suit
binder jetting; beyond AM, thermal spray applications, which typically accept much coarser
powder, offer an additional outlet. Such transfers, in which the powder remains unmodified
yet leaves its original process, occupy the interface between reusing and repurposing in the
present framework. Realizing this potential will require systematic compatibility mapping
that accounts not only for PSD but also for chemical composition and morphology, together
with qualification procedures for migrating powders between processes. Cross-process
reuse would thereby extend the cascade concept from pathways within a single process to
the AM ecosystem as a whole.

Advancements in plasma- and beam-based reconditioning should aim for reduced
energy consumption, increased automation, and improved scalability. Hybrid approaches
that merge mechanical activation with chemical or thermochemical treatments may offer
synergistic benefits by simultaneously enhancing morphology, purity, and microstruc-
tural uniformity. Expanding processes such as GSD and hydrogen-based reduction to a
broader range of alloys could establish versatile pathways for recycling reactive or oxygen-
sensitive powders.

In the context of repurposing, increased attention should be directed toward com-
posite feedstock development, particularly metal-polymer filaments, highly filled MEAM
feedstocks, and metal-cement systems, where AM waste can generate multifunctional
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materials for structural, magnetic, thermal, or energy applications. Resourcing research,
meanwhile, should focus on decentralized, low-energy powder production units capable of
operating close to AM facilities, reducing transport demands and supporting distributed,
circular manufacturing.

From an industrial perspective, a decisive bottleneck is that current qualification
frameworks in regulated sectors implicitly assume virgin or minimally reused feedstock;
certification routes remain largely undefined for parts produced from reconditioned or
resourced powder, making the barrier procedural as much as technical. Overcoming it
will require stronger collaboration among equipment manufacturers, powder suppliers,
standards organizations, and certification bodies to establish qualification protocols tailored
to recycled powders. These efforts must be supported by rigorous lifecycle assessment
and techno-economic analysis to verify that emerging recycling routes deliver genuine
environmental benefits rather than shifting burdens elsewhere.

Ultimately, the convergence of advanced recycling technologies, data-driven quality
control, and circular economy principles will shape the next stage of sustainable metal
additive manufacturing, transforming waste streams into valuable resources and enabling
a more resilient, efficient, and low-impact production ecosystem.
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