
IMMT International Journal of Extreme Manufacturing

Int. J. Extrem. Manuf. 6 (2024) 012003 (40pp) https://doi.org/10.1088/2631-7990/acfbc3

Topical Review

Characterization, preparation, and reuse
of metallic powders for laser powder
bed fusion: a review

Xiaoyu Sun1, Minan Chen1, Tingting Liu∗, Kai Zhang, Huiliang Wei,
Zhiguang Zhu∗ and Wenhe Liao∗

School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094,
People’s Republic of China

E-mail: liutingting@mail.njust.edu.cn, zhuzg@njust.edu.cn and cnwho@mail.njust.edu.cn

Received 16 June 2023, revised 2 August 2023
Accepted for publication 19 September 2023
Published 9 October 2023

Abstract
Laser powder bed fusion (L-PBF) has attracted significant attention in both the industry and
academic fields since its inception, providing unprecedented advantages to fabricate
complex-shaped metallic components. The printing quality and performance of L-PBF alloys
are influenced by numerous variables consisting of feedstock powders, manufacturing process,
and post-treatment. As the starting materials, metallic powders play a critical role in influencing
the fabrication cost, printing consistency, and properties. Given their deterministic roles, the
present review aims to retrospect the recent progress on metallic powders for L-PBF including
characterization, preparation, and reuse. The powder characterization mainly serves for printing
consistency while powder preparation and reuse are introduced to reduce the fabrication costs.
Various powder characterization and preparation methods are presented in the beginning by
analyzing the measurement principles, advantages, and limitations. Subsequently, the effect of
powder reuse on the powder characteristics and mechanical performance of L-PBF parts is
analyzed, focusing on steels, nickel-based superalloys, titanium and titanium alloys, and
aluminum alloys. The evolution trends of powders and L-PBF parts vary depending on specific
alloy systems, which makes the proposal of a unified reuse protocol infeasible. Finally,
perspectives are presented to cater to the increased applications of L-PBF technologies for
future investigations. The present state-of-the-art work can pave the way for the broad industrial
applications of L-PBF by enhancing printing consistency and reducing the total costs from the
perspective of powders.
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1. Introduction

Additive manufacturing (AM) enables the construction of
three-dimensional (3D) components in a layer-by-layer man-
ner from the computer-aided design file [1, 2], which boasts
the advantages of shorter lead time and fabricating complex-
shaped components [3, 4]. Furthermore, it provides a plat-
form to fabricate high-performance alloys with unprecedented
mechanical properties due to the non-equilibrium solidifica-
tion process and the corresponding metastable microstructure
[5]. Among the various AM technologies, laser powder bed
fusion (L-PBF) draws significant interest due to a lower sur-
face roughness and complex geometry for the printed parts
[6], making it account for about 85% of the metal AM mar-
ket share [7]. Till now, L-PBF has been broadly implemen-
ted to fabricate a variety of materials, such as titanium alloy
[8–11], nickel-based superalloy [12], aluminum alloy [13, 14],
magnesium alloy [15], metallic glass [16], and shape memory
alloy [17]. However, there are still several challenges prevent-
ing the broad industrial applications of L-PBF. One is the
lack of technological standards and certification approaches
to assure printing consistency since the forming quality and
property depend on a variety of factors, such as the powders,
process parameters, and post-treatment [18]. Alternation of
one variable may engender the interlocked influence of micro-
structure and performance, which makes the quality control
(QC) of variables important. The other is the high manu-
facturing cost which makes the L-PBF struggle to compete
with conventional manufacturing methods. In many cases, the
cost of L-PBF products is higher than that of conventionally-
fabricated counterparts [19]. The high cost of L-PBF has
restricted its applications to critical end users, such as the
aerospace and medical industries. Among the various factors,
metallic powders as the starting materials play a critical role
in influencing printing consistency and reducing manufac-
turing costs, which can pave the way for broader industrial
applications.

From the perspective of printing consistency, the powder
characteristics, such as the particle size distribution, flowab-
ility, and sphericity, significantly influence the spreadability
and recoatability of powders during the L-PBF process, which
can in turn impact the densification, microstructure, and prop-
erties of as-fabricated parts. Naturally, the QC of powders is
vital for achieving printing consistency, which relies on quant-
itative or semi-quantitative characterization of powder charac-
teristics. For one thing, the analysis of powder characteristics
can rule out the powders that are out of specification (OOS),
which might cause a knock-on effect on the quality of prin-
ted parts. For another, variation of powder characteristics may
result in different printability and even alter the microstruc-
ture and performance of as-printed samples [20]. Thus, the
quantitative characterization of powder characteristics batch-
to-batch is critical for achieving repeatable productions. In
consideration of its critical for printing consistency, the com-
mon powder characterization methods are briefly reviewed in
the beginning.

As for the total cost of L-PBF, it is dependent on the spe-
cific materials, building plate, inert gas, and other factors [21].
Generally, the powder cost takes up to 18% while the costs
of machine and post-processing are 63% and 8%, respectively
[19]. As a result, reducing the powder cost provides an efficient
way to make the total fabrication cost-effective, which can
be achieved by either reducing powder manufacturing costs
or enhancing powder usage efficiency. Up to now, the metal-
lic powders amenable to L-PBF mainly rely on the atomiz-
ation processes. The basic principle of the atomization pro-
cess is the breakup of molten liquid into fine particles. Apart
from the atomization process, a cost-affordable powder pre-
paration method named as a fluidized bed has been imple-
mented to modify the surface of the irregular-shaped powders
[22–25], making them printable. Moreover, the yield ratio of
powders based on the atomization process is generally in the
range of 20%–40% [26], and it is necessary to explore novel
powder manufacturing methods with a higher yield ratio to
reduce costs. Recently, a novel powder manufacturing method
termed cold mechanically derived (CMD) powder production
[26, 27] has emerged and been implemented for L-PBF. Apart
from the atomization process, fluidized bed, ball milling, and
CMD powder production, powder mixing has become popu-
lar to provide a cost-effective and convenient route to design
alloys with novel compositions [28]. The working principles,
pros, and cons of various powder manufacturing methods are
also reviewed in the present work.

Other than exploring novel powder manufacturing meth-
ods, increasing the powder usage efficiency also aids in redu-
cing the powder cost. During the L-PBF process, only a
fraction of the powders that have been spread are used for
constructing the component, while the rest of the powders
either remain on the building plate or are carried into an
overflow tank. Reuse of these powders that remain on the
building plate or in the overflow tank can maximize the
powder usage efficiency and reduce the powder cost to some
extent. During powder reuse, used powders are sieved and
then mixed with virgin powders, or put directly into the next
printing batch. However, the powders may undergo degrada-
tion in terms of physical and mechanical properties, such as
chemical composition, particle size distribution, and flowab-
ility, during the interaction between the laser and powders.
The powder degradation may influence mechanical proper-
ties, which makes it unable to meet the demands of indus-
trial applications. Furthermore, more cycles of powder reuse
reduce the cost, yet the characteristics of reused powders may
fall OOS [29], thus a maximum value of powder reuse iter-
ations needs to be specified to make sure that the mechan-
ical properties can meet the application demand. The evol-
ution of powder characteristics and the resultant mechanical
performance with powder reuse are dependent on a myriad
of factors, such as the materials used, powder management
protocol, powder handling condition (such as whether virgin
powders are introduced between batches), and printing condi-
tion. As a result, the evolution trend of powder characteristics
and part properties varies among different materials and even
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Figure 1. Flowchart of present work, including powder characterization [34–36], powder preparation [22, 27, 37], and powder reuse [31,
38]. Reprinted from [34], Copyright (2021), with permission from Elsevier. Reprinted from [35], Copyright (2022), with permission from
Elsevier. Reprinted from [36], Copyright (2020), with permission from Elsevier. Reprinted from [22], Copyright (2019), with permission
from Elsevier. Reproduced from [27], with permission from Springer Nature. Reproduced from [37], with permission from Springer Nature.
Reprinted from [31], Copyright (2020), with permission from Elsevier. [38] (2019), reprinted by permission of the publisher (Taylor &
Francis Ltd, www.tandfonline.com).

the same material under different investigations. For instance,
the strength of Ti alloys generally shows an increasing trend
with powder reuse [30], while that of Al alloy decreases [31].
In consideration of its important role in reducing the fabrica-
tion cost, the powder reuse of various alloys is reviewed.

As above-mentioned, powder characterization, prepara-
tion, and reuse are vital for reducing manufacturing costs
and ensuring printing quality and consistency. Given their
importance, there are already several papers reviewing the
recent progress [21, 32]. Sun et al [32] have systematically
reviewed the powder fabrication methods of Ti alloys, mainly
focusing on the gas atomization (GA) process. However, the
recent progress on fluidized bed, CMD methods, and powder
mixing is not mentioned. As for powder reuse, Moghimian
et al [33] have reviewed the effect of powder reuse on the
chemical composition (mainly oxygen content) and mech-
anical properties (mainly yield strength (YS) and ultimate
tensile strength (UTS)) for L-PBF and electron beam melted
titanium, nickel, and aluminum alloys. Yet the evolution bey-
ond these properties is seldom discussed. Douglas et al [21]

have reviewed the effect of powder reuse on the powder char-
acteristics and part properties, however, the dynamical mech-
anical properties were not investigated in that work. To fill the
gap, the present review mainly dedicates to investigating the
three aspects of powders, including characterization, prepara-
tion, and powder reuse. The flowchart of the present review
paper is concluded in figure 1. To begin with, the powder
characterization methods are briefly reviewed, serving as the
basis for understanding the properties of manufactured and
reused powders. Subsequently, the conventional and recently-
emerged powder preparationmethods for L-PBF are reviewed.
The manufacturing principles, advantages, and limitations of
each technology are reviewed and compared. Finally, the effect
of powder reuse on the powder characteristics and part prop-
erties is comprehensively analyzed on the four most stud-
ied alloys for L-PBF, namely, steels, nickel-based super-
alloys, titanium and titanium alloys, and aluminum alloys.
After presenting the recent progress on these three topics,
we close the review by presenting the conclusions and future
perspectives.
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2. Powder characteristics

The powder characteristics play a significant role in influen-
cing the spreadability and recoatability during L-PBF, which
influences the performance of L-PBF parts, and high-quality
powders are essential for fabricating high-quality parts [39].
Therefore, it is critical to investigate powder characteristics to
ensure the reliability and repeatability of the fabricated parts.
Furthermore, the characteristics of reused powders need to
be tracked to ensure they do not fall OOS to ensure reliable
processing. The powder characteristics can be mainly divided
into two categories: external and internal characteristics. The
external characteristics influence the powder spreadability and
indirectly affect the formation of defects in the final parts. In
contrast, internal characteristics are more directly relevant to
the microstructure and properties of the as-fabricated parts.
Among the various powder characteristics, PSD, sphericity,
flowability, and chemical composition are frequently used in
L-PBF. Thus, these four indexes and their corresponding char-
acterizationmethods are introduced. In the meantime, the rela-
tionship between powder characteristics and printability is also
briefly discussed.

2.1. Particle size distribution

PSD refers to the percentage of particles with different sizes
in the total amount of particles in the powders. The demand
for PSD for various AM technologies is different, which is
schematically shown in figure 2(a). The PSD is 20–45 µm
for L-PBF, 10–45 µm for cold spraying (CS), 45–106 µm
for electron beam melting (EBM) [32], around 50–150 µm
for directed energy deposition (DED) [40] and 20–150 µm
for binder jetting (BJ) [41]. Additionally, PSD directly affects
the powder packing density [42, 43]. A wide PSD induces a
higher packing efficiency than that of a narrower PSD, yet
it causes an uneven spread layer and reduces the flowability
of powders [42, 44]. However, if the PSD is too broad, the
largest particles may not be melted and the smallest particles
may be over-melted, engendering the possible occurrence of
defects such as spatter, pore, and balling [42]. In contrast, a
narrow PSD decreases inter-particle friction, favoring the bulk
and rheology properties [45]. In conclusion, a certain frac-
tion of fine powders are normally required to optimize part
properties, since they can be easily melted, which is condu-
cive to improving the density and surface quality of the parts
[43, 44]. However, fine powders have limitations in terms of
agglomeration, which can adversely affect the flowability [46].
Therefore, it is critical to comprehensively consider the bal-
anced effects of flowability and agglomeration when selecting
a suitable PSD.

The widely used instrument for characterizing the PSD is
a laser particle size analyzer based on laser diffraction. Laser
diffraction is a class of non-image-based devices that detect
and analyze the diffraction pattern of a laser beam directly
passing through a dispersed granular medium. Normally the
particles need to be dispersed in either a liquid phase medium
(suspension) or a gas phase medium (air), which are referred

as the ‘wet measurement’ and ‘drymeasurement’, respectively
[48]. The total scattered or diffracted light pattern is mathem-
atically inverted to show the PSD of spheres [44].

Although laser diffraction can measure the PSD of a large
number of powders in a relatively short period with high
accuracy, the mathematical assumption is that the particles are
spherical. The highly irregular particles may result in inaccur-
ate results. Moreover, it is challenging for laser diffraction to
detect PSD when the powders are agglomerated [44].

2.2. Sphericity

Sphericity refers to the extent to which the shape of particles
approaches the sphere. It is commonly believed that the sphere
is ideal for flow since it has the smallest surface area to volume
ratio, which is beneficial for minimizing surface friction [49].
Sphericity has a significant impact on flowability and spread-
ing behaviors, which affect the quality of printed parts in turn.
It is established that spherical powders have the highest pack-
ing density, which inhibits the formation of micro-defects [50,
51]. In contrast, irregular particles (low sphericity) tend to
cause interparticle friction, deteriorating the flowability [52],
and decreasing the density of the printed parts. Consequently,
it is indispensable to quantitatively characterize the sphericity
based on the dimensionless ratios, known as form factors. The
form factor that approaches 1 indicates a higher sphericity.

Characterization of sphericity is achieved by directly
observing the particles using microscope-based instruments
such as optical microscopes (OMs), scanning electron micro-
scopes (SEMs), and Malvern Morphologi G3 microscope [44,
47]. SEM shows the merits of a high resolution and a large
magnification range, which can be combined with other ana-
lytical instruments for comprehensive analysis. Typically, the
particle size and form factors are obtained by image analysis.
However, the use of SEM and OM to analyze the sphericity is
generally based on small areas, typically 500 µm × 500 µm
[53], and the protocol on how many particles need to be ana-
lyzed to obtain a reliable sphericity has not been established.
Malvern Morphologi G3 microscope enables the quantitat-
ive measurement of the shape and sphericity of each particle.
For instance, the morphology of H282 powders was ana-
lyzed with the use of a Malvern Morphologi G3 microscope
[47], indicating that the powders show an acceptable circu-
larity (figure 2(b)). Besides the Malvern Morphologi G3, the
dynamic image analysis module equipped with a laser particle
size analyzer enables the simultaneous measurements of PSD
and form factors [52].

2.3. Flowability

Flowability refers to the ability of the powders to flow, which
significantly influences the spreadability and the quality of
the L-PBF parts. Good flowability is essential to obtaining
homogeneous deposition of the powder bed, which enables
an even layer thickness, good layer quality, better packing
density, and uniform laser energy absorption, thus increas-
ing the density and mechanical strength of the part [54, 55].

4



Int. J. Extrem. Manuf. 6 (2024) 012003 Topical Review

Figure 2. PSD required for different AM technologies, powder morphology of Haynes 282 (H282) superalloy, and flowability
corresponding to different Hausner ratios. (a) Typical requirement of PSD for different AM technologies. Data of powder size for L-PBF,
CS, and EBM is cited from [32], for DED is cited from [40], and for BJ is cited from [41]. (b) Morphology of H282 powders measured by
Malvern Morphologi G3 microscopes. Reprinted from [47], Copyright (2021), with permission from Elsevier. (c) Schematic graph of the
relationship between Hausner ratio and powder flowability. The data is from [44].

The flowability of powders depends on various factors, such
as PSD, particle morphology, surface texture, cohesivity, and
particle interaction [56]. In general, a small percentage of
fine powders with high sphericity contributes to improved
flowability [57]. However, a high volume fraction of fine
powders are detrimental to flowability since the powders
might agglomerate [58]. Moreover, moisture, which makes the
powders sticky, also impedes flowability. To date, several tech-
nologies are attempting to quantify the flowability of powders,
and the following four methods are mainly discussed.

The first method is based on the Freeman Technology FT4
powder rheometer to measure the overall flow resistance of
the powders under specific conditions [58]. During the rota-
tion and axial movement when a rotating blade moves through
the powders, the radial and axial resistance is measured to cal-
culate the energy required for powder flow. FT4 powder rheo-
meter is a useful technology to measure flowability since it
is possible to measure at very low normal stress [59] and can
rank powders used for AM [60]. Furthermore, the Freeman
Technology FT4 can measure the flow energy, which is more
representative of raking behavior in L-PBF [61]. However, the
operation of the FT4 powder rheometer is complex and the
cost of the equipment is relatively high [62].

The second method is based on a Revolution Powder
Analyzer (RPA), which is more consistent with the work-
ing condition of the powders [58]. RPA consists of a rotating
drum to determine the flow characteristics of the powders. The
drum loaded with powders is rotated, and then a digital cam-
era with the assistance of back-light illumination takes digital
images of the powders during the rotation process. The soft-
ware analyzes the images to calculate various parameters, such
as avalanche angle and surface fractal ratio. Avalanche angle

is most commonly used as a basis for assessing powder flow-
ability. A smaller avalanche angle indicates better flowabil-
ity. Spierings et al [43] measured the dynamic flow properties
(avalanche angle and surface fractal) of powders with RPA,
which showed a matched flowability between the calculated
and observed values within the standard error. Nevertheless,
the cost of RPA is relatively high and the operation is complex
[62].

The third method is based on the Hausner ratio (HR),
which is defined as the ratio between the tapped dens-
ity and the bulk density [58]. Bulk density is the mass of
powders per unit volume when the powders are naturally
filled in a specified container, which is measured by the fun-
nel method. Tapped density refers to the mass of powders
per unit volume measured after being vibrated at a certain
frequency in the container till the volume does not change
further. Figure 2(c) presents the powder flowability cor-
responding to different HR. A higher HR indicates poorer
flowability. In general, the HR can be used for comparat-
ive studies of fine powders, yet it cannot reflect flowability
quantitatively [63].

The final method is Hall flow test with the use of a Hall
Flowmeter. This method measures the time required for 50 g
powders to flow through the orifice of a Hall funnel, which
is then expressed as mass per unit of time [64]. It shows the
advantages of a low cost and that it is suitable for ranking
different powder qualities used in AM, especially in EBM
[65]. However, it also shows some limitations. For example,
it is restricted to powders with superior flowability [66] and
may result in stagnation due to funnel flow design [67].
Additionally, the flow time has proved to be an ineffective pre-
dictor of powder spreadability [62].
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904L stainless steel powders [207] (figure 11(b-ii)). However,
it is found that the oxygen levels do not exceed the typical
limit for gas-atomized powder (∼1000 ppm) [191]. It is indic-
ated that the diameter of the circular oxidation spots was 1.80–
10.21 µm, attaching to the surface of spattered or heat-affected
316L stainless steel powders [197]. Apart from the oxygen, the
content of Cr, Ni, Mo, Si, and Mn decreased slightly, which
would not modify the solidification path of 316L stainless steel
[197].

Due to the minor variations of powder composition, there is
no significant difference in the microstructure of L-PBF parts
with reused powders. However, It is found that [191] the grains
of the parts made of reused 316L stainless steel powders are
refined to a certain extent, and the average grain size (dave)
decreases from 108.5 µm for the samples printed with virgin
powders (figure 11(c-i)) to 80.5 µm for samples printed with
reused powders for 14 times (figure 11(c-ii)). It is possibly
because the oxides in the powders are uniformly distributed
in the matrix, acting as nucleating agents to refine the grains.

Regarding the effect of powder reuse on the densification
of L-PBF steels, there are no consistent results [180, 191,
226, 227]. The density of L-PBF 316L stainless steel [191]
based on Archimedes0 principle is quite stable within the ini-
tial 5–6 printing cycles and then shows a decreasing trend
(figure 11(d)). The reduction of density may be related to the
increase of the recoil pressure of the molten pool and the
change of surface tension caused the oxidation. In another
study, an increased fraction of voids are found in the 316L
stainless steel samples with powder reuse, coinciding with an
increase in gas content in reused powders [206]. Sutton et al
[227] found that the powder reuse did not affect the density of
304L stainless steel parts, which fluctuated between 99.03%
and 99.13%. However, the relative density (98.98%) of 17-4
PH steel printed with reused powders for 20 times is higher
than that of samples printed with virgin powders (98.82%)
[226], ascribing to the irregular size of reused powders, which
reduces the surface roughness of the parts.

Owing to the formation of oxides and variation of densific-
ation, the mechanical performance, including hardness, tensile
properties, and fatigue properties, of steel with reused powders
shows different evolution trends with those printed with virgin
powders depending on the specific alloy systems. It is found
that the hardness remains stable at 212 HV with a standard
deviation of 8 HV [191] for the 316L stainless steel samples
printed with virgin and reused powders. In contrast, the L-PBF
17-4 PH steel based on reused powders shows a decreased
hardness by 16HV even though the parts exhibit a higher dens-
ification relative to that printed using virgin powders [226].
The detailed mechanism leading to the hardness reduction is
not given.

In terms of static tensile properties, it is observed [191]
that the YS, UTS, and elongation to fracture of the 316L
stainless steel parts remain stable, even though the grain size
decreases for samples printed with reused powders. A slight
decrease in the UTS and YS concurrent with an improved
ductility for the 316L stainless steel using reused powders is
also observed (figure 11(f)). Lanzutti et al [206] found a slight

increase in YS, UTS, and a decrease in elongation of 316L
stainless steel, due to the formation of sub-micrometric oxide
inclusions introduced by the reused powders. For 17-4 PH
steels [226], the YS (859 MPa) decreases printed using virgin
powders to 770 MPa printed with reused powders, while the
UTS (1038 MPa) based on reused powders is higher than that
(984MPa) printed using virgin powders. It is worth noting that
the 17-4 PH parts prepared using virgin and reused powders
show different work hardening behaviors (figure 11(e)), where
the samples printed using reused powders show a deformation
plateau from the strain of 4%–12%. This lacks further explan-
ations and may be associated with the variation of chemical
composition and change of stacking fault energy [228].

Apart from the static mechanical properties, there are also
some studies investigating the dynamic properties of L-PBF
steels with powder reuse. The impact toughness of the 304L
stainless steel parts printed using reused powders decreases
by about 50 J with the increase of reusing times (figure 11(g))
[227], which may be associated with the increased fraction of
oxide inclusions in the reused powders, which serve as the sites
for micropore formation. Soltani-Tehrani et al [192] observed
that the 17-4 PH steel specimens fabricated from reused
powders (14 times) showed a higher cycle fatigue strength
than those prepared from virgin powders (figure 11(h)). This
is primarily related to larger defects in the part fabricated by
virgin powders since defects are often the origin of cracks.

4.3. Powder reusability of nickel alloy

Nickel-based alloys, which retain most of their strength even
after prolonged exposure to extremely high temperatures,
show extensive applications in the turbine section of jet
engines [229]. Due to its poor machinability, nickel-based
superalloys, such as Inconel 718 [230], Inconel 738 [231],
Inconel 625 [232], or Hastelloy X alloy [233], are frequently
investigated for L-PBF due to the advantage of near-net shap-
ing. To reduce the fabrication cost and improve the powder
usage efficiency, there are already some investigations on
powder reuse for L-PBF nickel alloys [35, 42, 174, 182, 194,
198, 199, 201, 234, 235].

Similar to the steel, the change of composition in the reused
Inconel 718 alloy powders seems to be limited to the increase
of oxygen content [35, 199, 201, 234], while the variation of
other elements, such as C, N, and H, is marginal [182, 194,
199, 234]. The increased oxygen content is in the form of Cr,
Al, and Ti-rich oxides with a size of several micrometers [35,
182, 201] attaching to the surface layer of reused Inconel 718
powders. As for the microstructure of Hastelloy X powders
[198], both the virgin and reused powders show no obvious
texture (figures 12(a-i) and (a-iii)). However, the stress is con-
centrated on the surface of virgin powders while it is concen-
trated at the grain boundaries (figures 12(a-ii) and (a-iv)).

As for the printability, it is indicated that the densification
of reused Inconel 718 powders can be maintained [194] or
slightly increased [182]. The slight increase in density of L-
PBF Inconel 718 with powder reuse, from 98.3% to 98.7%,
may be related to the enhanced flowability of the powders
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kernel average misorientation (KAM) of Inconel 718 samples
fabricated using reused powders is higher than that with vir-
gin powders (figures 12(b-ii) and (b-iv)), which may imply an
increase in the dislocation density. However, the mechanism
of variations on average KAM is not presented.

As for hardness, the studies hitherto indicate that the hard-
ness undergoes a marginal decrease when printed by using
the reused Inconel 718 powders [42, 194] since the phys-
ical and chemical properties of the powders did not change
with the reuse. Gruber et al [194] observed that the hard-
ness of samples prepared using reused Inconel 718 powders
decreased marginally from 334 HV to 329 HV. When the
room temperature tensile properties are referred to, different
evolution trends have been obtained for L-PBF parts prin-
ted with reused Inconel 718 or Inconel 738 powders [182,
199, 201, 234]. Chen et al [201] observed that samples pre-
pared using virgin and reused Inconel 718 powders exhibited
nearly identical UTS, YS, and elongation. However, for high-
temperature tensile properties, it is observed that samples pre-
pared with reused Inconel 718 powders exhibited higher YS
and UTS, but slightly lower ductility at most of the tested
temperatures, which may be related to more substitutional and
fewer interstitial solute atoms in the solid solution [234]. The
high-temperature tensile properties of heat-treated Inconel 718
samples (figure 12(c)) indicate that the first three powder
reuse cycles can increase the YS and UTS, and the elonga-
tion is maintained. However, the retardation effect of dislo-
cation motion by alumina decreased at 650 � C owing to the
increased diffusion rate, resulting in a nearly constant YS and
UTS. The slightly lower UTS ((753 ± 8)MPa) and elongation
(11.1%) of L-PBF Hastelloy fabricated from reused powders
than those of virgin samples ((780 ± 7)MPa and 14.2%) result
from the significant defects (>40 µm) in the samples printed
with recycled powder [198].

Up to now, there is only one study investigating the creep
behavior of L-PBF Inconel 718 prepared from reused powders
[234], which indicates that samples prepared with virgin
powders exhibit better creep properties at 550 � C and 600 � C.
However, the opposite trend is observed when tested at 700 � C
(figure 12(d)). The mechanism may be due to the fact that the
alloy fabricated with reused powders contains more available
dislocations, which can be easily activated to accommodate
the creep strain. However, the higher dislocation content at
700 � C hinders the diffusion process, thereby increasing its
creep lifetime.

In terms of fatigue properties, the fatigue crack propaga-
tion (FCP) rate of Inconel 718 specimens at both 25 � C and
650 � C does not appear to be related to the powder reuse cycles
[235] (figures 12(e-i) and (e-ii)). Paccou et al [182] observed
that L-PBF Inconel 718 printed with reused powders showed
slightly reduced fatigue life (figure 12(f)) when loaded with
small plastic amplitudes (� εp/2= 0.000 04), However, the dif-
ference was even smaller than the difference of different parts
prepared under the same parameters. Furthermore, it is found
[201] that powder reuse has a weak negative effect on fatigue
life and scatter at lower stress amplitudes for the Inconel 738
powders (figure 12(g)).

4.4. Powder reusability of titanium and titanium alloy

Titanium or titanium alloys have extensive industrial applic-
ations due to their high specific strength, low density, high
corrosion resistance, and good biocompatibility [30, 237]. To
date, various titanium and titanium alloys have been extens-
ively investigated via AM technologies, including the work-
horse Ti6Al4V, β-type titanium alloy [238, 239], and CP-Ti
alloy [240]. In consideration of high cost of the titanium and
titanium alloys, it is meaningful to understand the variation
of powder characteristics and part properties of titanium and
titanium alloys with powder reuse [181, 183, 196, 203, 204,
241–245].

Since titanium is quite sensitive to oxygen, the reused
powders tend to exhibit a higher oxygen content compared to
that of virgin powders, as supported by various studies [181,
183, 196, 203, 242, 245]. Although no change in powder com-
position is observed by EDS [203], the content of O and N
elements in the reused powders increases [183, 204, 244]. It
is observed that the O content of the powders increases from
0.128 wt% to 0.140 wt%, and the N content increases from
0.006 wt% to 0.019 wt% after reuse for 8 times [183]. An
oxide layer with a thickness of about 20 nm is on the sur-
face of powders which have been reused for 18 times [245]
(figures 13(a-i) and (a-ii)). The increase in oxide thickness
was also reported for Ti5553 [246], in which the thickness
of hydroxylated mixed oxide composed of TiO2 and Al2O3

increased from (5.6± 0.7) nm to (8.3± 1.1) nm after repeated
use. The changes in the thickness or composition of the oxide
layer on the surface of the powders may lead to changes in the
moisture absorption capacity of the powders. Although there
is an increase in content of other elements, such as nitrogen
and hydrogen, they do not exceed the limits of grade 23 based
on ASTM F13-136 [181]. Additionally, it was found that the
oxygen content of CP-Ti powders was stable at 0.12% after
reuse for ten cycles [209].

In terms of the microstructure of the powders, it is found
that both the virgin and reused Ti6Al4V powders consist of
a dark brown with an irregular lighter region after etching
with ammonium bifluoride (figures 13(b-i) and (b-ii)) [247].
However, the lamellar structure can be observed in the lighter
area for reused powders (figure 13(b-ii)) Yet, the mechanisms
behind the variation in the microstructure or phase composi-
tion were not given in the study.

The pick-up of oxygen and nitrogen of Ti and Ti alloy
powders causes various evolution trends in the densification
of printed parts among different researches [203, 204, 242,
245, 248]. The inconspicuous difference in densification for
samples printed with virgin and reused powders is commonly
observed. It is shown [242] that the maximum difference in
the densification of L-PBF Ti6Al4V parts based on virgin
and reused powders is only 0.4%. In another study [203], the
powder reuse has no significant influence on the part dens-
ity, which fluctuates between 99.6% and 99.9%. Finally, it is
reported that the density of the samples fabricated using vir-
gin and reused CP-Ti powders for 10 times [209] is the same.
However, Soltani-Tehrani et al [183] observed that the poros-
ity of the parts tended to decrease first and then increase as the
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