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Abstract — Additive manufacturing, or 3D printing, has attracted significant attention and raised expectations regarding
the future production and repair of components, particularly in the aerospace industry. Various techniques have been
employed for the deposition of metal alloys used in the manufacture of components. These technologies offer
considerable sustainability benefits, particularly by enabling new opportunities for lightweight design. However,
important questions remain regarding the sustainability advantages beyond the use phase of the product. This paper
investigates the material and manufacturing life-cycle stages of components produced from INCONEL 718. Energy
consumption measurements obtained from the ARCAM A2X Electron Beam Melting (EBM) system are presented and
compared with the embodied energy and indirect CO: emissions associated with raw material production, as well as with
those of conventional subtractive manufacturing processes. The results indicate that both metal powder production and
the additive manufacturing process itself contribute significantly to the overall energy consumption and greenhouse gas
emissions. Ashby’s five-step sustainability assessment methodology is also applied to provide a brief discussion of the
economic and social implications of additive manufacturing.
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AHoamna. AnpmutuBTi eHmipic Hemece 3D 0achil MIBIFapy, MBICANBL, a’pOFApHINl OHEPKACiOiHAe OemmeKTepai
OoJanIakTa eHIIpy MEeH JKOHJIeyre KaThICThl Ha3ap aylap/abl )KoHe KYTyAl apTThIp/bl. KOMIOHEHTTEpre apHaIFaH MeTall
KOPBITHAJAPBIH TYHIBIPY YIIIH OPTYPIIi 9ficTep KONAAaHBUIFaH. ByJT TYpaKTBUIBIK TYPFBICBIHAH YIIKSH apTHIKIIBUIBIKTAP
Oepe amaspl, aTan alTKaHA, XKEHIT cajMaK TYCIPYHiH jkKaHa MYMKiHAikTepi. [lereHmeH, maiimanaHy Ke3€HIHEH TBIC
TYPaKTBUIBIK ~ aPTHIKIIBUTBIKTAPEl  Typajbl MIEHIIMEHTIiH cypakrap Oap. bymr makamama INCONEL 718 xemerimeH
OHJIpUITeH MOJIIMETTep YIIH MaTepual MEH OHJIpICTIH eMipiik IWKIiHIH Ke3eHmepi 3eprrenni. ARCAM A2X
JJIEKTPOH/IBI COYIIEH] OANKBITY JKYHECIHEH ajibIHFaH SHEPTHsl eNIeMIepl YCHIHBUIFAH JKOHE IIMKI3aTThIH HAKThUIAHFaH
sHeprusicel MeH jkaHama CO2-IIbFapbIHABUIAPHIMEH, COHAAN-aK JOCTYPJIl IIeTepylli ©HIIpICIeH CaNbICTHIPhIIFaH.
Merann yHTaFel OHAIPICI Ae, KOCHMalapAbl OHIIpy TMPOLECIHIH ©31 ¢ JKalmbl HEePTHsHBl Maiianany MeH
IIbIFapbIHABIIAPFa alTapIBIKTal YIec KOCAThIHBI aHBIKTAIIbl. DIMONIIH TYPaKThl AaMyabl OaranaynplH S5 KaJaMIbIK
oMici KOCHIMINIA OHIIPICTiH SKOHOMHUKAJBIK YKOHE dJICYMETTIK CaapbIH KbICKAIIA TAIKbUIAY YIIiH KOJIIAHBLIAIBL.
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Annomayusa. AJJIUTHBHOE MPOU3BOJCTBO WK 3D-neyaTh NPUBIEKIN BHUMAaHUE U TIOBBICHIIN OKUJAHUS B OTHOUICHUH
OyayIero MpoM3BOACTBA M PEMOHTA JeTajiel, HampuMep, B a3POKOCMUYECKON MPOMBINLICHHOCTH. [l oca)aeHus
METAJUIMYECKUX CIUIAaBOB JJIi KOMIIOHCHTOB HCIIONB30BAJUCh PAa3JIMYHbIC METOABl. OJTO MOXET JaTh OOJIbIIUE
MPEUMYIIECTBA C TOYKH 3PEHHsI YCTOMUMBOCTH, B YACTHOCTH, HOBBIE BO3MOXKHOCTHU JIs JieTKOro Beca. OJHAKO €CTh
HepelIeHHbIE BOIPOCHI O MPEUMYIIECTBaX CTAOMIBHOCTH BHE IEPUOJIa MCIONB30BaHus. B 3ToM cTaThe ObUIM M3ydeHBI
MaTepHasbl M 3Talbl JKU3HEHHOTO LHUKJIAa TPOM3BOJACTBA Ul JaHHBIX, HonydeHHbIX ¢ momoribio INCONEL 718.
[IpencraBieHsl U3MEPEHUs] SHEPTHHM, MOJMYUYEHHBIE OT CHCTEMBI 3JIEeKTpoHHOro iyda ruasineHus ARCAM A2X, u
CPaBHHMBAIOTCS C YTOYHEHHOW OSHEpPrued ChIpbs M KOCBEHHbIMH BbiOpocamu CO2, a Takke ¢ TpaJAUIMOHHBIM
MIPOU3BOJICTBOM JAEAYKIMU. BblIo 00HApYXKEHO, YTO KaK IMPOM3BOJICTBO METAIIMYECKOrO MOPOILKA, TAK M CaM IPOLECC
MIPOU3BOJICTBA JI00ABOK BHOCST 3HAYMTEbHBIN BKIIaJ1 B 00IIee NOTPeOIIeHHE YHEPTUH U BEIOPOCHL. 5-CTyIEHYaThId METOT
OLIEHKH YCTOWYMBOI'O pa3BUTHSI DIIOMW HMCHOJIB3YeTCs Uil KPAaTKOro OOCYXKICHUS SKOHOMUYECKHUX W COLMAIBHBIX
MOCTIEICTBUIA JOMOIHUTEIBHOTO IIPOM3BOCTBA.

Knrouegwle cnosea: anuTUBHBINA, IPOU3BOACTBEHHBIN, EBM

MAIN PROVISION

This study presents a comprehensive review of
metal powder production technologies for additive
manufacturing, with particular emphasis on Electron
Beam Melting (EBM) and the sustainability of
powder-based manufacturing processes. The analysis
demonstrates that metal powder production and
additive manufacturing significantly influence the
overall energy consumption and environmental
impact of component fabrication. The study also
evaluates  the  life-cycle  implications  of
manufacturing INCONEL 718 components and
discusses strategies for improving resource efficiency
through powder recycling and lightweight design.

INTRODUCTION

The implementation of additive manufacturing
(AM) is expected to drive disruptive changes across
many sectors of industrial production, affecting all
three dimensions of sustainable development:
economic, social, and environmental. AM is already
being used to reduce maintenance costs and decrease
the number of components in certain products [1].
Novel geometries and lightweight components are
projected to reduce manufacturing costs by hundreds
of billions of U.S. dollars by 2025 [2]. Furthermore,

AM enables digitalized, flexible, and localized
production of parts, thereby transforming supply
chains for numerous products.

Although lightweight components in the
transportation and aerospace sectors contribute to
lower fuel consumption and, consequently, reduced
CO: emissions, this alone will not be sufficient to
achieve international greenhouse gas reduction
targets, such as those established under the Paris
Agreement. In fact, these emission reduction targets
may still not be met [3]. Therefore, substantial
reductions in greenhouse gas emissions will require a
transition from fossil fuels to renewable energy
sources. Under such circumstances, the significance
of energy consumption and emissions associated with
the material and manufacturing phases of a product's
life cycle will increase. It is also conceivable that
manufacturers will use environmental sustainability
credentials as a  competitive  advantage.
Consequently, it is essential to investigate the impact
of additive manufacturing on sustainability.

According to the Brundtland Report, sustainable
development is based on three fundamental
dimensions: economic, social, and environmental.
This concept inspired the three Ps of sustainability:
People, Planet, and Profit (or Prosperity), commonly
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referred to as the Triple Bottom Line (TBL) approach
[4]. A pragmatic methodology for assessing the
sustainability of technologies and processes,
primarily intended for educational purposes, was
proposed by Ashby and colleagues [5]. In this
methodology, the three dimensions of sustainability
are considered separately and are represented as
different forms of capital: financial capital,
corresponding to Profit; natural capital, representing
the Planet; and human capital, representing People.
This framework provides an appropriate basis for
evaluating the impact of additive manufacturing on
these three forms of capital.

This paper presents a brief comparative review
of additive manufacturing processes relevant to
aerospace and transportation applications. The
discussion is limited to manufacturing processes
based on metal powders. As a case study, energy
consumption measurements obtained from an
Electron Beam Melting (EBM) system are presented,
and their implications for sustainability are discussed.

Research gap. Although additive manufacturing
has been widely recognized as a promising
technology for producing complex metal components

METODOLOGY

ASTM has identified seven categories of
additive manufacturing (AM) processes: Powder Bed
Fusion (PBF), Directed Energy Deposition (DED),
Material Extrusion, Vat Photopolymerization, Binder
Jetting, Material Jetting, and Sheet Lamination [6].
Among  these, Material Extrusion,  Vat
Photopolymerization, and Material Jetting are
generally not applicable to the production of metal
components. The three most widely used

with reduced material waste, limited attention has
been devoted to the contribution of metal powder
production to the overall environmental and energy
performance of additive manufacturing systems. In
particular, comprehensive assessments integrating
powder  production, manufacturing  energy
consumption, and sustainability considerations for
nickel-based superalloys such as INCONEL 718
remain scarce. Therefore, there is a need for an
integrated evaluation of metal powder production
technologies and their influence on the sustainability
of additive manufacturing processes.

Novelty statement. The novelty of this study lies
in the integrated assessment of metal powder
production technologies together with the energy
consumption of Electron Beam Melting (EBM)-
based additive manufacturing. Unlike previous
studies focusing primarily on manufacturing
performance, this work evaluates the contribution of
raw material production, powder atomization, and
additive manufacturing to the overall environmental
impact and sustainability of the production process.

technologies for manufacturing metal parts are
Selective Laser Melting (SLM), Electron Beam
Melting (EBM), and Directed Energy Deposition
(DED). These three processes, together with Binder
Jetting, can all utilize metal powders as the feedstock
material. The classification of powder bed
technologies and deposition technologies s
illustrated in Figure 1 below.

Figure 1. Schematic overview of the main
additive manufacturing technologies.
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Figure 1 Schematic overview of the main additive manufacturing technologies.

RESEARCH RESULTS

The significance of recycled feedstock and
powder reuse is briefly discussed in the following
section. The energy consumption associated with
producing a component from virgin raw materials
through the additive manufacturing (AM) process
includes the following stages:

1. Material production, from mining and
extraction of raw materials to feedstock preparation,
including transportation and related processes.

2. Powder production, for example, through
atomization of the raw material, including the melting
process.

3. Energy supplied for melting or fusing the
metal powder within the additive manufacturing
(AM) system.

The first stage represents the energy required to
produce billets or ingots from ores or other raw
materials. This was evaluated using data from the
CES Selector database [7], which provides estimates
of the embodied energy and carbon footprint (CO-
emissions) of bulk INCONEL 718 superalloy. The

database contains well-established data that are
widely used in the aerospace industry [8]. It was
developed based on up-to-date and reliable sources,
including Life Cycle Assessment (LCA) databases
(e.g., ILCD and Ecoinvent), publicly available
environmental reports from industrial associations
(such as the World Steel Association and the
European Aluminium Association), as well as peer-
reviewed scientific publications.

For the second stage, quantitative data for
INCONEL 718 were not available in the literature.
Therefore, published values for a similar superalloy
(NISTELLE 625) were used as a substitute [9].

Finally, the third stage was evaluated through an
experimental measurement performed during the
fabrication of the test structure described in the
following section.

The experimental data were collected during a
five-day continuous build using an ARCAM A2X
Electron Beam Melting (EBM) system, as shown in
Figure 2(a). The connection of the energy
measurement probes is illustrated in Figure 2(b).
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Figure 2 - (a) Schematic illustration of the EBM-based additive manufacturing technology; (b) Energy
measurement probes for monitoring input power consumption.

The energy consumption during the additive
manufacturing (AM) process was measured using a
CA 8335 Power and Energy Analyzer. This
instrument monitors the voltage and current of the
three-phase power supply, as well as active and
reactive power. The recorded data are stored on a
computer and analyzed using Power Analyzer
Transfer 1 and 2 (PAT1 and PAT2) software. The
measurement uncertainty is within 1%. However, the
non-contact current probes (MN88) are specified to
have a maximum uncertainty of 5%.

The main energy-consuming components of the
system include the high-voltage power supply,
vacuum pumps, heat exchanger and cooling
equipment, motors for the rake and build platform,
the programmable logic controller (PLC), the display
unit, and the electron beam (EB) gun. Only the total
energy consumption of the system, dominated by the
electron beam gun/high-voltage unit, was measured.

According to the CES Selector database, the
embodied energy of bulk INCONEL 718 ranges from
291 to 321 MJ/Kkg [7]. As mentioned previously, no
published data were found regarding the energy
required for atomizing INCONEL 718 powder for
additive manufacturing. Therefore, the value reported
for NISTELLE 625, a nickel-based superalloy
containing less iron but a similar chromium content,
was used as an approximation. The reported energy

consumption for the atomization stage is 55.6 MJ/kg
[9].

The geometry of the manufactured components
and the results of the energy measurements obtained
during the entire five-day build process are presented
in Figures 3 and 4, respectively. The manufactured
component has a volume of 392.5 cm? and a mass of
3.23 kg.
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Figure 3. (a) CAD model of the component; (b)
Final INCONEL 718 component manufactured using
Electron Beam Melting (EBM).

The results indicate that a total of 378 MJ of
energy was consumed during the build process,
corresponding to a specific energy consumption of
117 MJ/kg for the manufactured component.

The initial stage, which lasted approximately 5
hours, exhibited an average power consumption of
about 4 kW. This was followed by a 112-hour melting
stage, during which the electron beam required
significantly less power. Based on the recorded
measurements, the average power consumption
during this stage was estimated to be 0.71 kW, as
illustrated in the graph.
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Figure 4. Cumulative energy consumption of the Electron Beam Melting (EBM)-based additive
manufacturing system derived from active power measurements.

DISCUSSION

This case study has illustrated several important
characteristics of metal powder-based additive
manufacturing and assessed its sustainability.
Although additive manufacturing of superalloys is
associated with high overall energy consumption, the
results indicate that several strategies can improve its
environmental and economic performance.

Weight reduction offers significant opportunities
to lower both production costs and greenhouse gas
emissions. A study by Huang et al. [6] on lightweight
aircraft components demonstrated that the weight-
saving benefits of additive manufacturing, compared
with conventional manufacturing, vary considerably
depending on the geometry of the component.

10

Powder production requires a substantial amount
of energy; therefore, powder recovery and recycling
are of critical importance. Compared with subtractive
manufacturing, material waste can be significantly
reduced, although the extent of this reduction depends
on the specific application. In addition, additive
manufacturing can contribute to more efficient
resource utilization by enabling remanufacturing and
providing new opportunities for maintenance and
repair.

The findings also suggest that the economic and
environmental advantages of additive manufacturing
are highly application-dependent. While the
technology provides clear benefits for material
efficiency and component optimization, its high
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