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 A B S T R A C T

This study compares the production of Al-5Cu-3Ti-1Cr-1Fe alloy powders for laser powder bed fusion (PBF-
LB/M) using either virgin or recycled and scrap materials as feedstock. As for the latter, three different 
material sources, namely aluminum 2024, Ti-6Al-4V and AISI 316L, were selected to reproduce the target alloy 
composition by gas atomization. The feasibility of achieving high-quality alloyed powder from mixed scrap 
sources was demonstrated, with particular focus on processability, mechanical performance, and environmental 
impact. Both powders produced from scrap/recycled (Re-Alloy) and virgin (V-Alloy) feedstock materials 
were processed via PBF-LB/M to compare their printability, and the manufactured samples were tested to 
evaluate their mechanical properties. The Re-Alloy exhibited a stable PBF-LB/M processability over a wide 
set of parameters, attributed to the presence of elements like Si and Mg, which improved laser absorptivity. 
Mechanical testing revealed comparable properties, with the Re-Alloy achieving slightly lower strength but 
higher elongation at break due to the reduced Fe content. Finally, a life cycle assessment (LCA) analysis 
quantified the environmental impacts, showing a significant reduction of approximately 50% in the carbon 
footprint for the Re-Alloy powders (15.5 ± 1.0 kgCO2/kg) compared to the V-Alloy (31.5 ± 1.8 kgCO2/kg). The 
carbon footprint of the PBF-LB/M process itself was measured at 15.2 ± 1.2 kgCO2/kg of deposited material. 
This research highlights the potential of using recycled and waste materials to reduce the environmental impact 
of metal powder production while maintaining technical feasibility. The findings offer a promising approach 
for enhancing the sustainability of additive manufacturing processes.
. Introduction

Aluminum alloys, known for their superior strength-to-weight ra-
io, corrosion resistance, and thermal conductivity, are indispensable 
n a wide range of industrial applications, encompassing aerospace, 
utomotive, and construction sectors [1]. Presently, global aluminum 
roduction is estimated at approximately 100 million metric tons per 
ear, with around 35% originating from recycled scrap and approx-
mately 40% being lost in the manufacturing chain [2]. The dual 
ature of aluminum in the context of sustainability is noteworthy [3]. 
irstly, its low density (2.7 g/cm3) contributes to significant fuel and 
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energy savings in diverse applications, such as lightweight transporta-
tion, packaging, and construction, enhancing the material’s appeal for 
sustainable development. Furthermore, its utility in electrical conduc-
tion is remarkable, achieving 64% of the conductivity of pure copper 
with nearly one-third the mass, attributable to its conductivity rate of 
37 × 106 A/(Vm). Conversely, the production of aluminum from ore is 
associated with substantial greenhouse gas emissions and high energy 
demands, positioning it among the most environmentally impactful 
industrial metals [4]. This juxtaposition underscores the complexities 
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inherent in leveraging aluminum’s benefits while mitigating its environ-
mental detriments, and this necessitates the exploration of sustainable 
alternatives.

The PBF-LB/M technology has revolutionized the manufacturing 
landscape by offering geometric freedom, allowing the optimization of 
lightweight components with enhanced design and functionality over 
their traditional counterparts [5]. Furthermore, the inherent efficiency 
of the PBF-LB/M process in material usage, where unmelted powder 
can be recycled for future builds, contrasts with subtractive manufac-
turing methods that generate waste by removing material to shape a 
component. This difference is especially pronounced in the production 
of complex geometries common in aerospace applications, where tra-
ditional manufacturing methods result in high buy-to-fly ratios, often 
exceeding 95%. The advantage of on-demand production facilitated by 
PBF-LB/M not only minimizes transportation within the supply chain 
but also curtails waste related to maintaining extensive inventories. 
However, a recent paper by Graziosi et al. [6] highlights how PBF-LB/M 
technologies still face sustainability challenges. In particular, they un-
derscore how the reduction of material waste is context-dependent 
and mainly valid for parts characterized by high embodied energy or 
low production volumes, where the impact of machining would be 
important [7]. Due to the high energy to generate the laser beam, 
most parts produced by PBF-LB/M possess higher energy consumption 
per kilogram of material processed compared to casting, moulding, 
or extrusion [8]. In addition, the environmental impacts related to 
raw material production and powder atomization processing are large. 
Faludi et al. [9] have shown that the specific energy consumption for 
an efficient build of AlSi10Mg, a common aluminum alloy for additive 
manufacturing, on a well-utilized building platform is approximately 
566 MJ/kg. When considering the energy invested in primary pro-
duction, the embodied energy of bulk AlSi10Mg stands at roughly 
189 MJ/kg, with the atomization process contributing an additional 
∼ 8 MJ/kg to the material’s embodied energy [10]. Consequently, 
a significant portion of the CO2 footprint associated with PBF-LB/M 
manufactured parts originates from steps preceding the additive man-
ufacturing process itself, underscoring the critical role of materials 
sources in enhancing the sustainability of this manufacturing technol-
ogy. Therefore, there is a need to improve the efficiency of PBF-LB/M 
feedstock production to promote sustainable manufacturing. A promis-
ing strategy is to include sustainability as a performance requirement 
when developing materials, for instance, by designing metal alloys 
tolerant to impurities to enable more recycling, using recycled materials 
as raw feedstock, or avoiding alloying elements with unstable supply 
chains [11].

In this context, however, current state of the art has mainly focused 
on the investigation of powder reuse in PBF-LB/M and its effect on 
the properties of the final part. Powder that has been previously 
processed but not consolidated can be sieved and reused without com-
bining it with different powders. This approach is the most frequently 
adopted method [2]. Alternatively, used powder can be sieved and 
mixed either with fresh powder or with used powder in compara-
ble aging conditions. Cordova et al. [12] conducted a comprehensive 
study on the effects of powder reuse on the microstructure and me-
chanical behavior of Al–Mg–Sc–Zr alloys processed by PBF-LB/M. The 
research demonstrated that reused powder, with proper sieving and a 
rejuvenation step incorporating 40% virgin powder, does not signifi-
cantly alter the composition or morphology compared to virgin powder, 
and the mechanical properties exhibited minimal differences between 
specimens built with virgin and reused powder. In parallel, Smolina 
et al. [13] explored the continuous reuse of AlSi7Mg0.6 powder in PBF-
LB/M processes. The study revealed that powders and bulk samples 
exhibit repeatable properties through at least five consecutive PBF-
LB/M processes without the addition of virgin powder, indicating the 
potential for a collective ageing powder reuse strategy for this alloy. 
However, in another study, Tradowsky et al. [14] used PBF-LB/M to 
create AlSi10Mg specimens, observing a significant increase in porosity 
2 
from 0.26% in virgin powder specimens to 2% in those made from 
recycled powder without sieving, attributing this to oxide formation 
and noting an 8% decrease in strength and 14% reduction in elon-
gation. Conversely, Asgari et al. [15] found no significant differences 
in particle size or mechanical properties between virgin and sieved 
recycled powders, suggesting that sieving mitigates the negative effects 
on part quality.

In parallel, some recent studies have moved beyond powder reuse 
and begun exploring the use of bulky metallic scraps or recycled solid 
materials as feedstock for powder production in PBF-LB/M. In contrast 
to the reuse of residual powders, which may only require recondi-
tioning or re-screening, these solid materials must be re-melted and 
subsequently gas atomized to produce powders with the appropriate 
characteristics for additive manufacturing processes. For instance, Ca-
cace et al. [16] demonstrated that recycled AISI 316L stainless steel can 
be successfully used to produce gas-atomized metal powders for PBF-
LB/M, yielding components with comparable mechanical properties 
compared to those made from standard AISI 316L powders. Similarly, 
Benedetti et al. [17] showed that Inconel 718 powder derived from 
atomized metallic scrap can be used to produce components with 
mechanical properties comparable to those made from conventionally 
sourced powders, while significantly reducing carbon footprint and 
energy consumption by over 90%. Moon et al. [18] investigated the 
recycling of titanium scraps using the electromagnetic cold crucible 
(EMCC) method combined with calcium treatment, demonstrating a 
promising approach for producing high-purity titanium by effectively 
removing impurities, which could potentially support the development 
of sustainable titanium powder feedstock for additive manufacturing. 
These studies demonstrate the feasibility of using recycled material, but 
typically employ feedstock with uniform composition, simply reproduc-
ing the original alloy. This inherently limits the alloy design space to 
well-established and widely available scrap types.

To overcome this limitation, the present research explores an alter-
native strategy: reproducing a complex alloy composition by combining 
different scrap sources, each contributing selected alloying elements, to 
achieve the target chemistry. This approach enables the use of abun-
dant and diverse scrap materials, thus promoting material circularity 
without being constrained to single-origin scrap or virgin feedstock. 
Despite its potential, this method remains largely underexplored in the 
context of PBF-LB/M. The aim of this research is to demonstrate a 
new approach to sustainable alloy design for PBF-LB/M by reproducing 
a complex alloy composition using a combination of diverse scrap 
sources, rather than relying on single-origin recycled material. This 
strategy enables the use of readily available metallic waste streams 
and supports circular material flows in additive manufacturing. The 
alloy Al-5Cu-3Ti-1Cr-1Fe [wt.%] developed by Monti et al. [19] has 
been chosen as the reference alloy. Despite it is less used in PBF-LB/M 
industry than other Al alloys (such as AlSi10Mg, AlSi12, Al-Mg-Sc), its 
high strength and the absence of critical, expensive or volatile elements, 
make it an optimal candidate for a study focusing on sustainability 
and recyclability of metal scrap. Powders have been produced from 
both primary and secondary feedstock. In the latter case three different 
material sources have been identified to be atomized to target the 
reference composition: a 100%-recycled aluminum 2024, a Ti-6Al-4V 
titanium alloy scrap, and an AISI 316L stainless steel scrap. All these 
three sources are known to be abundant and easily collectable [20]. 
The aluminum material was properly diluted with the other scrap 
sources during the gas atomization process and the alloyed powder 
was produced. Both powders underwent PBF-LB/M process to compare 
processability and mechanical properties. To provide a comprehensive 
evaluation, the study further investigated the environmental sustain-
ability of the approach. A Life Cycle Assessment (LCA) was conducted 
to quantify energy demand and carbon footprint across the entire man-
ufacturing chain, including gas atomization and additive manufacturing 
phases.
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Fig. 1. Sources of material for the atomization of Re-Alloy: (a) recycled aluminum 2024 provided by Novelis AG; (b) Ti-6Al-4V tested tensile bars; (c) 316L 
stainless steel pyramids previously printed by PBF-LB/M.
Table 1
Chemical compositions of the Re-Alloy source materials measured by EDX. All the values are expressed in wt.%.
 Al Cu Ti Cr Fe Mn Mg Si Ni V  
 Al2024 Bal. 4.3 ± 0.30 0.15 ± 0.01 0.1 ± 0.06 0.5 ± 0.02 0.5 ± 0.05 1.5 ± 0.10 – – –  
 Ti-6Al-4V 6.21 ± 0.10 – Bal. – – – – – – 4.52 ± 0.90 
 316L – 0.18 ± 0.01 – 18.21 ± 1.72 Bal. 0.32 ± 0.60 – – 6.35 ± 1.20 –  
2. Materials and methods

2.1. Master alloy production and recycled materials

Virgin material with nominal composition of Al-5Cu-3Ti-1Cr-1Fe 
[wt.%] was cast by GF Casting Solutions AG (Schaffausen, Switzerland) 
into ingots for a total mass of approximately 12 kg of material. The 
alloying elements were provided as base Al-5Ti [wt.%], diluted with 
mild steel, FeCr90 and pure copper. Recycled materials and metallic 
scraps employed in this study (Fig.  1) were collected from different 
sources. Aluminum (Al) and copper (Cu) were recovered from recycled 
Al2024 ingots supplied by Novelis AG (Küsnacht, Switzerland); iron 
(Fe) and chromium (Cr) were obtained from failed PBF-LB/M builds of 
AISI 316L stainless steel pyramidal specimens produced in the authors’ 
laboratory; titanium (Ti) was sourced from previously tested Ti-6Al-4V 
tensile specimens. The compositions of the scrap materials and the gas-
atomized powders were measured using a scanning electron microscope 
(SEM) EVO10 (Zeiss, Germany) equipped with an energy-dispersive X-
ray spectrometer (EDX, Oxford Instrument X-Max, United Kingdom) 
and are reported in Table  1. The different sources were weighed and 
added to obtain a composition close to that of the virgin material. For 
the sake of simplicity, the two alloys will hereafter be referred to as 
V-Alloy (Virgin Alloy) and Re-Alloy (Recycled Alloy), respectively.

2.2. Atomization process

The gas atomization of the powders was performed using a Close-
Coupled Vacuum Inert Gas Atomizer (CC-VIGA), model PSI Hermiga 
100/10, at the facilities of Politecnico di Torino (Torino, Italy). The 
same melting and atomization conditions were applied for the V-Alloy 
and Re-Alloy to ensure comparability. The atomizer configuration fol-
lowed the schematic and procedural details reported in [21], including 
the characterization of the energy consumption of the equipment and 
the accessories. High-purity Argon 5.0 served as the shielding gas dur-
ing both the melting and gas atomization stages. Initially, the feedstock 
material was prepared by cutting it into suitable sizes, cleaning it in an 
ultrasonic bath, and loading it into an alumina-based crucible with a 
capacity of 1.25 L (Figs.  2(a) and 2(e)). The vacuum induction melting 
(VIM) furnace and the atomization tower were subsequently evacuated 
to 2 ×10−2 mbar to achieve the required inert atmosphere.

Induction heating was employed to gradually increase the feedstock 
temperature, maintaining a controlled heating rate of approximately 
3 
Table 2
Chemical composition in wt.% of the AlTiFeCu base ingots for V-Alloy as 
measured by OES before loading FeCr90, and of the gas-atomized powder 
measured by EDX.
 Al Cu Ti Cr Fe  
 Ingot Bal. 5.21 ± 0.34 3.44 ± 0.21 0.23 ± 0.01 1.02 ± 0.02 
 Powder Bal. 5.03 ± 0.18 3.03 ± 0.19 0.84 ± 0.05 1.06 ± 0.05 

20 ◦C/min (Figs.  2(b) and 2(f)). The following induction parameters 
were applied: (i) power from 3 to 8 kW, (ii) frequency from 6 to 7 kHz, 
and (iii) voltage from 110 to 200 V. Once the feedstock temperature 
reached 400 ± 10 ◦C, the VIM furnace and the atomization chamber 
were backfilled with argon to 0.05 barg. To shield the molten bath 
and reduce the volatilization of light elements, a continuous argon flow 
was maintained within the furnace. The molten bath was subsequently 
overheated to 1250 ◦C to achieve full dissolution of alloying elements 
(Figs.  2(c) and 2(g)). A soaking period of 5–10 min was allowed to en-
sure: (i) proper dissolution of the Al-Ti-based intermetallic compounds 
and FeCr90 addition in the V-Alloy to achieve the target composition 
reported in Table  2; (ii) complete integration of AISI 316L and Ti-6Al-
4V in the Re-Alloy. The pressure was raised in the melt chamber before 
starting atomization and set to 0.25 barg to force the flow of molten 
metal through the melt delivery nozzle (having a diameter of 2.4 mm) 
into the atomization chamber, while the measured oxygen level in 
the atomization chamber was below 5 ppm (Cambridge Sensotec — 
Rapidox 1100 Zr).

Argon was simultaneously injected into the gas atomization nozzle 
at 35 bar to initiate the atomization process, ensuring uniform particle 
formation. After each gas atomization, the powders collected in the 
primary hopper were unloaded without further passivation and stored 
under an inert atmosphere prior to mechanical sieving in the 20 - 63 μm
range. The main atomization parameters of the two gas atomization 
processes for each alloy are reported in Table  3 together with the gas-
to-metal mass ratio (G/M ratio) calculated from the amount of argon 
and metal used during the atomization. These data were considered for 
the carbon footprint analysis.

2.3. Powder characterization

The particle size distribution was determined by laser diffraction 
(Bettersizer S3 Plus, Bettersize, China). Morphology of the powders was 
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Fig. 2. Closeup of the crucible in the VIM furnace for the V-Alloy and the Re-Alloy: (a, e) loading step, (b, f) alloy melting, (c, g) overheating, (d, h) residual 
slag.
Table 3
Main gas atomization process parameters.
 Material loaded 𝑃atomizing 𝑃melt chamber Melt overheating G/M ratio 
 [kg] [bar] [barg] [◦ C]  
 V-Alloy 2.78 ± 0.36 35 0.25 1250 2.52 ± 0.05 
 Re-Alloy 3.34 ± 0.08 35 0.25 1250 3.23 ± 0.03 
determined qualitatively using a SEM EVO 10 at 20 kV and quantita-
tively on a dry sample weighting 0.02 g by static image analysis using 
a Malvern Morphologi with 20X magnification. The as-measured data 
were then treated applying a moving average with 5 μm step. The oxy-
gen content in the gas atomized powders was measured using the Leco 
ONH 836 analyzer (Leco, US) according to the ASTM E1019 standard. 
Three repetitions per each powder were performed in the 20–63 μm
particle size range and an average value was reported. The powder 
absorptivity spectrum was evaluated in the range of 250–1250 nm with 
UV–Vis-NIR spectrophotometer UV-2600 (Shimadzu, Japan) equipped 
with the Integrating Sphere Attachment ISR-2600Plus (Shimadzu). Cu-
vettes with a quartz window plate (P/N 206–89065-41 from Shimadzu) 
were used as powder sample holders for the analysis. A layer of powder 
thicker than 1 mm was measured to prevent the light interaction with 
the cuvette’s rear surface. To evaluate the rheological properties of 
the powders, flowability measurements were performed on Re-alloy 
and V-alloy powders sieved to a particle size range of 20–63 μm and 
compared with a commercial AlSi10Mg powder (EOS GmbH) intended 
for PBF-LB/M. Flow behavior was assessed using two techniques: a Hall 
flowmeter test (in accordance with ASTM B213-17) and an FT4 powder 
rheometer (Freeman Technology). The Hall flowmeter test, conducted 
on a steel volume-equivalent basis using 25 g samples dried under 
4 
vacuum for 8 h, provided a basic indication of free-flowing behavior. 
In contrast, the FT4 powder rheometer enabled a more comprehen-
sive analysis of dynamic flow properties under low-stress conditions, 
representative of powder spreading in additive manufacturing pro-
cesses [22]. FT4 testing followed the ‘‘Stability and Variable Flow Rate 
(SVFR)’’ standard protocol, yielding key parameters such as Basic Flow 
Energy (BFE) and Specific Energy (SE), which quantify the resistance 
to flow under stressed and unstressed conditions, respectively.

2.4. PBF-LB/M process

To optimize the manufacturing process, cubic samples with an 
edge of 10 mm were manufactured by PBF-LB/M on an AconityMidi+ 
(Aconity 3D GmbH, Germany) equipped with a single 1070 nm IPG 
Yb:YAG fiber laser with maximum power of 400 W and spot size 
adjustable between 70 and 500 μm. The process was performed in a 
nitrogen atmosphere. Spot size, layer thickness and hatch distance were 
fixed at 70 μm, 30 μm, and 110 μm, respectively. A 90◦ rotation scanning 
strategy was applied between subsequent layers. A parametric study 
varying the laser power 𝑃  (from 300 to 370 W) and the scan speed 
𝑣 (800–1700 mm/s and 600–1400 mm/s for V-Alloy and Re-Alloy, 
respectively) was conducted to identify the combination of parameters 
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Fig. 3. Geometry of the samples used for the quantification of the power demand during the PBF-LB/M process. (a) CAD model of the watch case; (b) final 
printed part; (c) final build job after PBF-LB/M process.
that would enable the production of defect-free components. The den-
sity of the parts was evaluated through optical analysis. A grayscale 
image of the polished cross-section was captured using an optical 
microscope (Keyence VHX 7000, Japan). The image was then converted 
into binary format using a custom MATLAB script. The optical density 
was determined by calculating the ratio of black pixels to the total 
number of pixels within a user-specified region of interest.

Tensile specimens with a final geometry in accordance with DIN 
50125 were obtained from raw cylinders (L = 80 mm, D = 8 mm) 
produced with their long axis aligned to the building direction and 
using the parameters optimized for the highest density (𝑃 = 370 W, 
and 𝑣 = 800 mm/s and 1400 mm/s for V-Alloy and Re-Alloy, re-
spectively) and then machined. Room-temperature uniaxial tensile tests 
were performed on a 25-kN tensile testing machine walter+bai LFV-
25kN HH (walter+bai AG, Switzerland). Strain-controlled tests were 
carried out at a speed of 1 mm/min. Five samples per each alloy were 
tested and the tensile values were reported as mean values and standard 
deviations.

To evaluate the energy consumption during the PBF-LB/M process 
for the LCA, two different jobs consisting of 17 watch cases (Figs. 
3(a) and 3(b)) were manufactured using the V-Alloy and the Re-Alloy. 
During the printing process, the power demand of the machine was 
measured using an HIOKI 3196 power quality analyzer (HIOKI E.E. 
Corporation, Japan). This case study was selected as it represents a 
realistic full-build job, as shown in Fig.  3(c), making it suitable for 
assessing energy demand in practical manufacturing scenarios.

2.5. Carbon footprint assessment

The methodology employed for the carbon footprint assessment is 
based on the principles of LCA, in accordance with the ISO 14040/44 
standards [23,24], the ISO 14067 standard [25], and the guidelines 
set forth by the Joint Research Center (JRC) of the European Commis-
sion [26,27]. LCA is widely applied to cradle-to-gate or cradle-to-grave 
studies involving additive manufacturing (AM) processes and their 
associated pre- and post-manufacturing operations, as reviewed by 
Pusateri et al. [28]. The aim and scope of this analysis is to quantify and 
compare the carbon footprint of gas atomized powders with varying 
proportions of input materials loaded into the atomizer (ranging from 
bulky scrap to metal feedstocks with differing recycled contents), and to 
ascertain the extent to which this impact affects the carbon footprint of 
the PBF-LB/M process. The system boundaries are defined as cradle-to-
gate, and the selected metric for the environmental impact assessment 
is the amount of equivalent carbon dioxide (CO2) emissions. The unit 
processes and the main material flows are schematized in Fig.  4.

First, the analysis was conducted on a single unit mass (1 kg) of AM 
powder within the 20–63 μm range, which was assumed as the func-
tional unit (i.e., the system boundary labeled ‘‘A’’, encompassing the 
production of raw materials and the manufacturing of the powder, was 
considered). Secondly, the PBF-LB/M was included in the assessment 
5 
Table 4
Granulometric indicators for V-Alloy and Re-Alloy powders.
 Indicator V-Alloy Re-Alloy 
 𝐷10 [μm] 20.6 21.2  
 𝐷50 [μm] 34.9 36.7  
 𝐷90 [μm] 58.6 59.8  
 Span 1.10 1.11  

(system boundary ‘‘B’’) to verify whether the carbon footprint of AM-
ed parts is predominantly influenced by the materials, atomization, or 
the PBF-LB/M process, particularly when utilizing a different powder 
feedstock.

3. Results

3.1. Powders characterization

The particle size distribution (PSD) of the V-alloy and Re-alloy is 
shown in Fig.  5 and the respective granulometric indicators in Table 
4. The D50 values, representing the median volumetric particle size, 
are measured to be 34.9 μm and 36.7 μm for V-Alloy and Re-Alloy, 
respectively. Some fine particles with D ≤ 20 μm remain after sieving 
due to the cohesive forces between them. Nevertheless, the two particle 
size distributions are largely comparable. The SEM images in back-
scattered electron (BSE) mode in Figs.  6(a) and 6(b) provide a visual 
representation of the powder particles. The particles appear predomi-
nantly spherical, although some irregular-shaped particles can also be 
observed. The composition of the powders, obtained by EDX analysis, 
is summarized in Table  5. Interestingly, the Mg content in the Re-Alloy 
powders was significantly lower than in the recycled Al2024 feedstock 
material (Table  1). This depletion is attributed to the high volatility of 
Mg in the absence of protective fluxes [29], as expected in the VIM 
process used.

Fig.  7 shows the morphological indicators of circularity and con-
vexity as a function of particle size for the investigated powders. As 
expected, the morphological quality decreases with increasing particle 
size. This trend is particularly evident beyond 40 μm and is likely 
due to the higher probability of shape deviation from sphericity due 
to a higher tendency to impingement with solidifying particles in the 
atomization plume. The V-Alloy and Re-Alloy powders display compa-
rable trends for both circularity (Fig.  7(a)) and convexity (Fig.  7(b)), 
reflecting the shared gas-atomization unit and process parameters used 
in their production. In contrast, the commercial AlSi10Mg powder 
exhibits a slightly lower morphological quality, particularly in terms of 
convexity, which may be attributed to a higher incidence of satellites or 
surface imperfections. This implies that powders can appear generally 
spherical, yet still possess rough or irregular surfaces that may affect 
flowability and packing density. The rheological tests revealed signifi-
cant differences in flow behavior between the three compared powders 
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Fig. 4. System boundaries for the LCA, highlighting the two different material inputs for Re-Alloy and V-Alloy powder production.
Table 5
Chemical compositions of the V-Alloy and Re-Alloy powders measured by EDX. All the values are expressed in wt.%.
 Al Cu Ti Cr Fe Mn Mg Si V Ni  
 V-Alloy Bal. 5.03 ± 0.18 3.03 ± 0.19 0.84 ± 0.05 1.06 ± 0.05 – – 0.39 ± 0.05 – –  
 Re-Alloy Bal. 4.47 ± 0.15 3.15 ± 0.27 0.14 ± 0.03 0.62 ± 0.04 0.52 ± 0.04 0.17 ± 0.06 0.17 ± 0.02 0.02 ± 0.01 0.10 ± 0.03 
Fig. 5. Particle size distribution curves for V-Alloy and Re-Alloy powders.

(V-Alloy, Re-Alloy, and AlSi10Mg), specifically in terms of Basic Flowa-
bility Energy (BFE) and Specific Energy (SE), as shown in Fig.  8 and 
Table  6. Re-Alloy powder exhibited the lowest SE, indicating the least 
resistance to flow under low stress conditions, which is representative 
of the environment experienced during the recoating step in powder-
bed fusion processes [30]. Slightly higher SE values were recorded for 
both the V-Alloy and the AlSi10Mg benchmark powder. The SE values 
for AlSi10Mg are consistent with those reported in the literature [22], 
confirming its known moderate flowability. Despite these differences, 
all three powders were able to flow through a Hall flowmeter funnel, 
and the qualitative flow behavior observed was in good agreement with 
the quantitative ranking obtained from the rheological measurements.

Absorbance values were measured for both V-alloy and Re-alloy 
powders and the results are shown in Fig.  9. The values for the Re-Alloy 
powder are much higher than the V-Alloy powder at every wavelength 
measured. The absorbance measured at 1070 nm, corresponding to the 
laser wavelength used in PBF-LB/M processes, was 53% for V-Alloy 
and 74% for Re-Alloy. This represents a 21% increase in absorbance 
for powders derived from scrap feedstock. The absorbance of Re-Alloy 
powders is higher than that of highly-processable AlSi10Mg powders 
(e.g., 66% as measured by Brandau et al. [31]) and significantly higher 
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Table 6
Rheological properties and flowability indicators for V-Alloy, Re-Alloy, and 
AlSi10Mg powders.
 Property V-Alloy Re-Alloy AlSi10Mg 
 BFE [mJ] 216.90 155.65 167.77  
 SI 1.01 0.99 0.95  
 FRI 1.11 1.16 1.06  
 SE [mJ/g] 2.12 1.90 2.34  
 CBD [g/ml] 1.72 1.63 1.49  
 Hall flowability [s] 21.82 16.01 19.01  

than that of other Al-Cu-based powders, such as AA 2618 (e.g., 52% 
as measured by Ceroni et al. [32]). The comparable PSD and morpho-
logical quality between the V-Alloy and the Re-Alloy powders suggests 
that the differences observed in terms of both the optical and the 
rheological properties should be investigated in terms of chemical 
surface properties.

3.2. Processing window analysis

A parameter study was conducted on both the alloys to determine 
the printing parameters for achieving an optimized density. Fig.  10 
shows how the different absorptivity measured affects the powders 
processability. The V-Alloy processed with 370 W and 800 mm/s shows 
the highest value of density of 99.82%. The cross sections of the parts 
with the lowest density exhibit porosity primarily caused by lack of 
fusion, evident from the characteristic drop-shaped porosity pattern 
along the horizontal axis, and consistent with the fact that they were 
produced with the fastest scanning parameters. Small, round pores can 
be identified as gas porosity. On the other hand, the Re-Alloy shows a 
wider processing window, with densities higher than 99.8% achieved 
almost across the entire range, with the highest density of 99.97% 
achieved at 370 W and 600 mm/s. However, to optimize the processing 
time and built rate, the chosen parameters for the manufacturing of 
the tensile samples were 370 W and 1400 mm/s, given a satisfactory 
measured density of 99.90%.

An EDX measurement was also performed on the printed parts 
to compare their composition with that of the original powders. The 
results are shown in Table  7.

3.3. Tensile properties

Tensile curves for V-Alloy and Re-Alloy are shown in Fig.  11 and 
the values of yield strength, ultimate tensile strength (UTS), elongation 
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Fig. 6. SEM-BSE micrographs of the investigated powders: (a) V-Alloy; (b) Re-Alloy.
Fig. 7. Morphological characteristics of the investigated powders: (a) circularity; (b) convexity.
Table 7
Chemical compositions of the V-Alloy and Re-Alloy parts measured by EDX. All the values are expressed in wt.%.
 Al Cu Ti Cr Fe Mn Mg Si V Ni  
 V-Alloy Bal. 5.23 ± 0.18 3.11 ± 0.12 0.82 ± 0.02 1.02 ± 0.03 – – 0.10 ± 0.05 – –  
 Re-Alloy Bal. 4.38 ± 0.06 3.39 ± 0.04 0.16 ± 0.01 0.60 ± 0.03 0.57 ± 0.02 0.08 ± 0.01 0.32 ± 0.02 0.02 ± 0.01 0.11 ± 0.04 
Table 8
Mechanical properties of V-Alloy and Re-Alloy.
 Yield strength [MPa] UTS [MPa] Elongation to fracture [%] Elastic modulus [GPa] 
 V-Alloy 438 ± 6 520 ± 8 4.2 ± 0.5 70 ± 2  
 Re-Alloy 399 ± 10 489 ± 15 6.8 ± 2.4 68 ± 1  
at break, and elastic modulus are reported in Table  8. Re-Alloy reports 
a yield strength close to the V-Alloy, only ca. 40 MPa smaller, while 
achieving an higher elongation. The fracture surfaces analyzed by SEM 
are reported in Fig.  12. Both surfaces show typical microvoids of a 
ductile fracture.

3.4. Carbon footprint results

In accordance with the stated aim and scope, system boundaries, 
and main assumptions (Section 2.5), the carbon footprint was quan-
tified as a function of the data inventory detailed in the following 
subsections.
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3.4.1. Material flows
The gas atomization process received a variety of material inputs, 

including (i) metal feedstock derived from primary and/or secondary 
material production and (ii) bulky scraps. A summary of the material 
flows for each atomization test is provided in Table  9. The atomization 
(gross) yield value, 𝑦AT, defined here as the ratio of the mass of powder 
collected in both the primary and secondary hoppers, regardless of size, 
to the mass of material loaded into the crucible, 𝑚load, exhibited a range 
of 96 to 98%. This ratio quantifies the material loss that occurs during 
the atomization process, which can be attributed to three main factors: 
vaporized material, fine dust trapped within the atomizer chamber and 
filters, and slag adhered to the crucible. When considering solely the 
proportion of powders within the 20–63 μm range that were collected 
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Table 9
Material flows for Re-Alloy and V-Alloy powder production.
 Test ID Re-Alloy #1 Re-Alloy #2 V-Alloy #1 V-Alloy #2 
 Total mass loaded into the atomizer, 𝑚load [kg] 3.42 3.25 3.14 2.41  
 Mass of Al2024 100%-recycled ingot, 𝑚Al2024 [kg] 3.29 3.13 – –  
 Mass of Ti-6Al-4V bulky scrap, 𝑚Ti64 [kg] 0.11 0.10 – –  
 Mass of AISI 316L bulky scrap, 𝑚316L [kg] 0.02 0.02 – –  
 Mass of Al-5Cu-3Ti-1Cr-1Fe ingot, 𝑚AlCuTiCrFe [kg] – – 3.14 2.41  
 Mass of powder collected in the primary hopper [kg] 3.17 3.07 2.83 2.21  
 Mass of powder collected in the secondary hopper [kg] 0.13 0.11 0.21 0.15  
 Mass of powder collected after atomization, 𝑚at [kg] 3.30 3.18 3.04 2.36  
 Atomization (gross) yield, 𝑦AT = 𝑚at∕𝑚load [%] 96.5 97.8 96.8 97.9  
 Mass of 20–63 μm powder collected after sieving, 𝑚pwd [kg] 1.78 1.51 1.33 1.25  
 AM yield, 𝑦AM = 𝑚pwd∕𝑚load [%] 52.0 46.6 42.3 51.8  
Fig. 8. Rheological properties of the powders as measured by shear cell 
rheometry.

Fig. 9. Typical absorbance values for the V-Alloy and Re-Alloy powders.

for the PBF-LB/M process, the AM yield value, 𝑦AM, was reduced to a 
range of 42%–52%. No significant differences were observed between 
the two process conditions for Re-Alloy and V-Alloy. The discrepancies 
between the replicates can be attributed to the inherent variability of 
the atomization process.

3.4.2. Modeling of recycling benefits
Recycling practices give rise to allocation issues because the en-

vironmental impacts associated with the unit processes involved in 
the extraction and processing of raw materials, as well as the final 
disposal of products (including recycling), are shared by the product 
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Table 10
Electrical energy requirements (in kWh) for the powder production.
 Unit Process Re-Alloy #1 Re-Alloy #2 V-Alloy #1 V-Alloy #2 
 Cutting 0.50 0.48 1.13 0.87  
 Cleaning 0.06 0.06 0.06 0.06  
 Atomization 50.0 47.4 51.6 49.1  
 Sieving 0.60 0.58 0.56 0.43  

systems that supply and receive the recycled material [25]. Consistent 
with the established system boundaries, the recycled content (100:0) 
approach was used in this analysis. Consequently, the benefits of ma-
terial recycling were assumed to be contingent upon the displacement 
of virgin (primary) materials by recycled or scrapped materials. The 
sole environmental burden associated with secondary raw materials 
was that pertaining to the process utilized for their recycling.

In the case of Re-Alloy powder production, the carbon footprint of 
100%-recycled Al2024 ingots was assumed to be 2.6 ± 0.1 kgCO2∕kg, 
according to the CES Selector database [33]. For the Ti-6Al-4V and 
AISI 316L bulky scraps, the impact of producing the input material 
that results in the scrap was allocated to the product system that 
generates the scrap itself. Therefore, the scraps were categorized as 
a pre-consumer recycled content, in accordance with the specifications 
outlined in Section 4.4.8.8 of Ref. [27].

In the case of V-Alloy powder production, due to the lack of primary 
and secondary data, the carbon footprint of the Al-5Cu-3Ti-1Cr-1Fe 
ingot material was estimated at 8.6 ± 0.7 kgCO2∕kg, assuming Al2024 
as a proxy material and considering a recycled content in the actual 
material supply of 43 ± 2% [33]. The present study did not consider 
the potential for a closed loop associated with the recirculation of 
off-specification powders [17], in line with the experimental design.

3.4.3. Powder production data
Table  10 presents a summary of the electrical energy requirements 

of the unit processes involved in powder production. The Al-5Cu-3Ti-
1Cr-1Fe and the Al2024 ingots were preliminarily cut to a suitable size 
to allow for insertion into the crucible. This step was not necessary 
for the bulky Ti-6Al-4V and 316L stainless steel scraps, which already 
had compatible dimensions. The 1.4 kW-rated cut-off machine was used 
for 21 and 43 min, respectively, for the Al2024 and Al-5Cu-3Ti-1Cr-
1Fe ingots, due to the different dimensions of the feedstock. Besides 
electricity (Table  10), it was assumed that (i) material losses during 
cutting, (ii) cutting blade consumption, and (iii) lubricant consumption 
would be negligible. All batches of materials loaded into the atom-
izer underwent an ultrasonic cleaning treatment. This resulted in an 
electrical energy demand of 0.06 kWh/batch and a consumption of 
0.5 kg/batch of an acetone-based solvent having an assumed carbon 
footprint of 2.0 ± 0.6 kgCO2∕kg (see also [34,35]).

The gas atomization process, inclusive of the contributions from the 
inductor, vacuum pump, and chiller, required 50±3 kWh/atomization, 
exhibiting no notable discrepancies between the tests. With regard 
to consumables, the contribution of crucibles and other refractory 
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Fig. 10. Parameters study on the (a) V-Alloy and (b) Re-Alloy. Relative density is expressed as a function of laser power and scan speed at constant hatch distance 
of 110 μm.
Fig. 11. Typical tensile curves for V-Alloy and Re-Alloy.

materials to the carbon footprint was quantified at 3.32 ± 0.17 kgCO2
for each atomization cycle, maintaining the assumptions presented in 
Ref. [21], as the experimental setup was identical. In this case, the 
crucible replacement after three atomization cycles is a consequence of 
the high melting temperatures of the alloy under investigation, which 
exceed those of other aluminum alloys. The cleaning of the crucible 
to remove slag and material adhered to the walls had a negligible 
impact, given that it was done manually and without the use of power 
tools. The cleaning of the atomizer with acetone-based solvents was 
unchanged from Ref. [21], resulting in an additional contribution of 
0.40 kgCO2∕atomization cycle. For sieving, only the energy consump-
tion of the 1.1 kW-rated industrial sieve was taken into account and 
totaled as per Table  10.

3.4.4. Carbon footprint of powder production
Cradle-to-gate CO2 emissions were quantified for each atomization 

test and the results were then related to the unit mass of powder pro-
duced in the 20–63 μm range, as shown in Fig.  13. In order to convert 
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Table 11
Electrical energy and resource requirements for PBF-LB/M.
 Parameter Re-Alloy V-Alloy  
 Electrical energy demand, printing phase [kWh] 1.52 1.76  
 Electrical energy demand, total [kWh] 1.89 2.17  
 Manufacturing time, printing phase [h] 6.50 6.63  
 Manufacturing time, total [h] 9.64 9.50  
 Gas (nitrogen) consumption [kg] 2.67 2.43  
 Deposition rate [kg deposited/h] 1.05 ⋅ 10−2 1.03 ⋅ 10−2 
 Specific energy consumption [kWh/kg deposited] 27.8 31.9  
 Specific gas consumption [kg/kg deposited] 39.3 35.7  

electricity consumption into CO2 emissions, the GHG emissions inten-
sity of electricity generation was considered to be 0.210 kgCO2∕kWh, 
assuming the EU-27 average value for the year 2023 [36].

On average, values of 15.5 ± 1.0 kgCO2∕kg of Re-Alloy powder and 
31.5 ± 1.8 kgCO2∕kg of V-Alloy powder were obtained. The results 
for the powder production process alone (limited to cutting, cleaning, 
atomization, and sieving) are comparable between the test replicates 
and are related to the AM yield factor (Table  9). It can be observed 
that the increase in 𝑦AM is associated with the expected reduction in the 
carbon footprint per unit mass of powder. The main driver contributing 
to the differences between the two test conditions is the impact of 
the loaded material, which is a consequence of the varying carbon 
footprints of the incoming feedstock materials (see Section 3.4.2).

3.4.5. Carbon footprint of PBF-LB/M
In order to evaluate the environmental impact of the powders in 

comparison to that of the additive manufacturing process, the Re-
Alloy and V-Alloy powders were used to produce jobs consisting of 
17 identical watch cases, with a theoretical build volume of 23.9 cm3, 
as described in Section 2.4. The power versus time curves (Fig.  14) 
and the nitrogen consumption during the AM process were experi-
mentally recorded and are presented in Table  11. The CO2 equivalent 
emissions of the PBF-LB/M process were calculated by considering an 
emission factor for electricity of 0.210 kgCO2∕kWh, consistent with 
the data presented in Section 3.4.4. A carbon footprint of 0.24 ±
0.03 kgCO2∕kg nitrogen was assumed based on primary data obtained 
from the gas supplier. Based on this data set, the specific carbon 
footprint of the PBF-LB/M tests was comparable, amounting to 15.2 ±
1.2 kgCO  per kg of deposited material, for both tests.
2
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Fig. 12. Fracture surfaces of (a) V-Alloy and (b) Re-Alloy. The presence of microvoids highlights the ductile fracture for both alloys.
Fig. 13. Cradle-to-gate equivalent CO2 emissions for Re-Alloy and V-Alloy powders as a function of the test conditions.
The specific energy consumption (SEC), including all pre- and post-
printing phases (see Fig.  14), was quantified to be 100–115 MJ/kg of 
deposited material. These values fall within the range of 83–588 MJ/kg 
for PBF-LB/M reported in the review by Kellens et al. [37]. However, 
it should be noted that SEC is affected by several factors, including the 
size and type of AM machine, the efficiency of build volume utilization, 
and the deposition rate, and comparisons among the available literature 
data should be made with due caution.

4. Discussion

4.1. Influence of the source material on processability and mechanical 
properties

As expected, Re-Alloy powders produced by gas atomization of recy-
cled and scrap material show deviations from the chemical composition 
of the V-Alloy. Due to the high Mg content in the Re-Alloy feedstock 
for powder production (Table  1), consistent evaporation was observed 
during melting (Fig.  2(g)). Nevertheless, the remaining Mg, along with 
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Si and Mn, acts as a potent oxide former. A slight increase in oxygen 
content was measured by Leco ONH analysis for the Re-Alloy powders 
(0.068 ± 0.024 wt.%) compared to V-Alloy powders (0.048 ± 0.013 
wt.%) in the same PBF-LB/M particle size range. Since both powders 
were analyzed immediately after atomization, this result reflects a dif-
ference in oxygen content in the as-atomized state. The absorbance data 
reveal that the presence of oxides at the surface significantly affects 
the absorptivity of the two powders, which is reflected in the better 
processability of the Re-Alloy compared to the V-Alloy. The influence 
of Si and Mg on the processability of Al alloys via PBF-LB/M has already 
been studied by Ghasemi et al. [38]. In their study, they compared 
the processability of pure Al, AlSi12, and AlSi10Mg, focusing on how 
powder absorptivity and oxygen content affect the processing window. 
Their findings demonstrated that the addition of Si and Mg increases 
the processing window for Al by enhancing the laser absorptivity of the 
powder material. In the case of Re-Alloy, this mechanism is believed to 
contribute to the enlarged processing window compared to the V-Alloy.

Despite the detection of Mg and O signals through EDX on the 
surface of the Re-Alloy powder, the Mg content in the PBF-LB/M parts 
is negligible (Table  7). This is believed to be due to a mechanism 
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Fig. 14. Power versus time curve for PBF-LB/M using Re-Alloy powders.
similar to that influencing processability, as proposed by Ghasemi 
et al. [38], and based on observations of keyhole formation by Cun-
ningham et al. [39]. During the interaction between the powder and the 
laser, the oxide shells separate from the powder particles, introducing 
numerous nano-oxides into the melt pool. These oxides then evaporate 
due to the high laser temperature, explaining their absence in the 
solidified material. However, the initial interaction between the oxide 
shells on the powder particles and the laser increases the powder 
absorptivity, thereby improving the material processability. Given that 
Mg and Si are common additions to conventional alloys, their presence 
as impurities in this case can be beneficial for enhancing processability, 
reinforcing the concept of using scrap for powder production.

Despite the improved processability, the tensile and yield strength of 
the Re-alloy are slightly lower compared to the ones of the V-alloy (see 
Table  8). This can be linked to the lower content of elements forming 
strengthening precipitates (i.e., Cu, Fe) and elements contributing to 
solid solution strengthening (i.e., Cr) [40]. In contrast, the Re-Alloy 
shows a higher elongation at break, and this can be explained by the 
presence of Mn (approximately 0.5 wt.%), sourced mainly from Al2024. 
Mn is reported to be a stabilizer of the metastable Al6(Fe,Mn), which 
is less critical for materials ductility than the stable Al13Fe4 [41,42].

4.2. Influence of the source material on carbon footprint

The analysis of CO2 equivalent emissions showed a significant re-
duction (up to approximately 50%) in the carbon footprint of the 
powders, from 31.5±1.8 kgCO2∕kg for the V-Alloy to 15.5±1.0 kgCO2∕kg
for the Re-Alloy (Section 3.4.4), entirely due to the use of scrap and/or 
secondary materials as atomization feedstock. In addition to reduc-
ing emissions from the source materials, further improvements are 
expected if higher atomization yields are achieved. This may be accom-
plished by optimizing the choice of process parameters as a function 
of the AM powder range target [21], or by using over- and under-
sized aluminum powders for other manufacturing processes, such as 
directed energy deposition [43], cold spray [44], binder jetting [45], 
or compression molding [46]. Furthermore, given that the carbon 
footprint of powders is also significantly influenced by the electric-
ity demand during the gas atomization process, additional reductions 
could be achieved by decarbonizing the electricity generation [36]. 
The findings of this study are consistent with those of other research 
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in this field. The energy demand of the gas atomization process for 
the production of aluminum powder (irrespective of particle size) has 
been determined to be between 15 and 20 kWh/kg. For the powder 
size range of 20–63 μm, this value has been observed to increase to 
28–40 kWh/kg. Similar values for gas atomization processes are given 
by Martin et al. [47], and references therein, who mentioned a use 
of 11.5 kWh/kg for aluminum powder production, further increas-
ing to values above 50 kWh/kg (leading to emissions higher than 
25 kgCO2/kg of AM powder) when over- and under-sized particles are 
discarded and typical yields of < 20−40% are considered. Furthermore, 
although the results presented here are derived from laboratory-scale 
experiments, the carbon footprint of V-Alloy powder is comparable to 
the cradle-to-gate estimated CO2 emissions of 28.8 kgCO2/kg of AM 
powder from gas atomization produced by a 0%-recycled aluminum 
alloy from industry [48]. With regard to the PBF-LB/M process, the 
carbon footprint results were found to be 15.2±1.2 kgCO2 per kilogram 
of deposited material. No significant differences were observed between 
the tests conducted with the two powders. Therefore, if the cradle-to-
gate boundaries were to be extended by including the production of 
AM-ed components, the carbon footprint attributable to the production 
of powders would be comparable (in the case of Re-Alloy) or dominant 
(in the case of V-Alloy) to that of the additive manufacturing process 
itself.

It is worth noting that the results obtained here are limited to the 
case study considered, the modeled assumptions, and the data inven-
tory. Therefore, the conclusions should be generalized with careful 
consideration. In this Life Cycle Assessment (LCA), the 100:0 approach, 
which follows a cut-off methodology, was applied. Under this approach, 
bulky scraps enter the system with zero impact, as they originate from 
external systems, and only the impacts of sorting, cleaning, and process-
ing are considered. Similarly, the impact of 100%-recycled materials 
is limited to the remelting and reprocessing required to obtain the 
recycled material itself. Moreover, one of the limitations is the use of 
secondary data for estimating the carbon footprint of input materials. 
If material impacts are allocated differently, or other carbon footprints 
are considered, the differences in the results could be significant. 
Nonetheless, the recovery of waste materials for the production of 
powder feedstock appears to be a potentially beneficial strategy for 
enhancing the environmental sustainability of AM. This is particularly 
relevant given the well-documented limitations related to the specific 
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energy consumption of AM, which could be one or even two orders 
of magnitude higher than that of more conventional manufacturing 
approaches [37].

The results of this study align with previous research demonstrating 
the technical feasibility of producing powders from homogeneous pre-
consumer scrap [17,21] or single-alloy recycled material [16], often 
achieving properties comparable to those of powders derived from 
primary resources. Where environmental assessments were carried out, 
these approaches also exhibited significantly reduced carbon footprints, 
primarily due to the minimal upstream burdens associated with scrap 
input. In contrast, the present research addresses a more complex 
scenario by employing a mixed-waste charge comprising different scrap 
sources and a fraction of recycled material. This approach could enable 
a broader assessment of how input variability influences both envi-
ronmental impact and alloy performance, thereby contributing to the 
discussion on realistic pathways toward material circularity in additive 
manufacturing.

5. Conclusions and outlook

This study demonstrates the feasibility and benefits of using both 
recycled and scrap materials for the production of powders suitable 
for the PBF-LB/M processes. The following key findings have been 
established:

• The successful production of Al-5Cu-3Ti-1Cr-1Fe alloy powders 
using recycled and scrap sources (Al2024, Ti-6Al-4V, and AISI 
316L) highlights the potential of reproducing complex alloy com-
positions from readily available scrap materials. It is acknowl-
edged that the use of heterogeneous scrap may constrain com-
positional control, particularly when precise alloy specifications 
or narrow tolerances are required. However, this limitation can 
be addressed through careful charge design and, if necessary, 
additional refining or adjustment steps prior to atomization.

• The Re-Alloy exhibited a wider processing window during PBF-
LB/M compared to the V-Alloy. This enhancement is attributed 
to the presence of impurities, such as Si and Mg, which improve 
laser absorptivity by forming oxides on the powder particles.

• The comparison of mechanical performance revealed that, al-
though the Re-Alloy exhibited slightly lower yield and tensile 
strengths than the V-Alloy, it achieved a higher elongation at 
break. This behavior is attributed to its lower content of strength-
ening elements such as Cu, Fe, and Cr, as well as the presence 
of approximately 0.5 wt.% Mn, which stabilizes the formation 
of Al6(Fe,Mn) phases that are less detrimental to ductility than 
Al13Fe4. Both alloys displayed a ductile fracture behavior.

• Although limited to the experiments included in this study, the 
cradle-to-gate CO2 emissions for the scrap-based Re-Alloy pow-
ders were reduced by approximately 50%, from 31.5 ± 1.8
kgCO2/kg for the V-Alloy to 15.5 ± 1.0 kgCO2/kg for the Re-
Alloy. This reduction underscores the significant environmen-
tal benefits of using recycled and scrap materials in powder 
production.

• The carbon footprint of the PBF-LB/M process itself was deter-
mined to be 15.2 ± 1.2 kgCO2/kg of deposited material, with 
no significant differences observed between the two alloys. This 
finding suggests that, for virgin alloys, the impact of powder 
production can dominate the overall environmental footprint.

Overall, this study presented a comprehensive framework for assessing 
the integration of metal powder production from recycled and scrap 
materials into PBF-LB/M processes, considering technical feasibility, 
material processability, and environmental impact. The findings pro-
vide a foundation for process optimization and may contribute to the 
development of more sustainable additive manufacturing strategies. Fu-
ture work could include advanced numerical modeling and theoretical 
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approaches to deepen the understanding of melt pool behavior, includ-
ing heat transfer and solidification phenomena. This would enhance the 
fundamental knowledge of laser–material interactions and support the 
optimization of processing parameters for additive manufacturing using 
recycled metallic powders, which may exhibit varying absorptivity due 
to surface oxidation or compositional differences. In addition, future 
studies should focus on assessing the reproducibility and reliability 
of scrap-derived powders by analyzing multiple production batches. 
Particular attention should be given to the consistency of chemical com-
position and the influence of trace impurities on material performance. 
Systematic EDX and statistical analyses could help validate the quality 
of recycled feedstock and ensure their suitability for high-performance 
industrial applications.
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