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Abstract: The manufacturing sector is a major contributor to global energy consumption
and greenhouse gas emissions, positioning sustainability as a critical priority. Aluminum,
valued for its lightweight and recyclable properties, plays a vital role in advancing energy-
efficient solutions across transportation and aerospace industries. The processing of alu-
minum alloys through laser-based powder bed fusion of metals (PBF-LB/M), a cutting-edge
additive manufacturing technology, enhances sustainability by optimizing material usage
and enabling innovative lightweight designs. Based on the published literature, the present
study analyzed the ecological impacts of aluminum PBF-LB/M manufacturing through
life cycle assessment, circular economy principles, and eco-design strategies, identifying
opportunities to reduce environmental footprints. The study also stated the critical chal-
lenges, such as the high energy demands of the aluminum PBF-LB/M process and its
scalability limitations. Potential sustainable solutions were discussed starting from powder
production techniques, as well as optimized processes and post-processing strategies. By
adopting an interdisciplinary approach, this research highlighted the pivotal role of PBFed
aluminum alloys in achieving sustainable manufacturing goals. It provided actionable
insights to drive innovation and resilience in industrial applications, offering a roadmap for
balancing environmental stewardship with the demands of high-performance standards.

Keywords: additive manufacturing; sustainability; laser powder bed fusion; aluminum
alloys; productivity; lightweight design

1. Introduction
Global warming remains one of the most pressing environmental challenges, driven

largely by the rising concentration of greenhouse gases in the atmosphere. Among these,
CO2 emissions from fossil-based industrial activities, including material production, manu-
facturing, and transportation, are significant contributors. As a result, sustainability has
become a global priority, particularly in the manufacturing sector, which is a major energy
consumer and carbon dioxide emitter. This sector faces growing pressure to decarbonize
while meeting increasing demands for advanced materials and technologies [1–4]. Sustain-
able development, as conceptualized by the Brundtland Commission, is grounded in three
interconnected dimensions: economic, social, and environmental [5]. These dimensions
are assessed using specific metrics: economic impact through cost, social impact qualita-
tively, and environmental impact via measures such as energy consumption and carbon
emissions [6,7]. This framework aligns with the “Three P” model, People, Planet, and Profit
(or Prosperity), and the triple bottom line approach, which considers these dimensions as
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distinct yet interdependent forms of capital. Economic capital represents financial value,
natural capital refers to environmental resources, and human capital addresses societal
well-being [8].

Additive Manufacturing (AM), particularly laser-based powder bed fusion of metals
(PBF-LB/M), has emerged as a cornerstone of sustainable manufacturing. AM offers
transformative potential by enabling efficient material utilization, reducing production
waste, and supporting circular economy principles. These characteristics make AM an
ideal solution for producing lightweight, high-performance components that align with
sustainability goals [9,10].

Aluminum plays a pivotal role in energy transitions and lightweighting applications,
especially in transportation and aerospace. Known for its high strength-to-weight ratio,
durability, and recyclability, aluminum is a key material for sustainability [11,12]. Recycling
aluminum requires only 5% of the energy needed for primary production, significantly
lowering carbon emissions and energy consumption [13]. Its lightweight properties fur-
ther enhance energy efficiency, resulting in reduced fuel consumption and emissions in
automotive and aerospace applications. Beyond transportation, aluminum contributes to
energy-efficient buildings, solar panels, and electric vehicles, solidifying its importance in
advancing global efficiency and eco-friendly industries [14–17].

Processing aluminum alloys via PBF-LB/M presents significant opportunities to min-
imize environmental impacts in sectors where weight reduction is critical, such as the
automotive and aerospace sectors [9]. As a driving force of the Fourth Industrial Revolu-
tion, PBF-LB/M enables the production of complex mechanical and structural components.
Its layer-by-layer fabrication process offers unparalleled design freedom, superior material
optimization, and the ability to produce intricate geometries. Additionally, PBF-LB/M
supports the development of multi-part assemblies, functionally graded materials, and
advanced meta-materials, capabilities often beyond the reach of traditional manufactur-
ing [18–20]. The technology rapid adoption across industries such as aerospace, automotive,
healthcare, and consumer goods underscores its transformative potential.

Although the PBF-LB/M improved material efficiency and other advantages, alu-
minum processing through this promising AM technology remains energy-intensive. The
energy demands associated with metal powder production, spanning feedstock melting,
atomization, powder collection, classification, and secure storage, are significant contrib-
utors to the environmental footprint of PBF-LB/M [8,21,22]. This paper investigates the
environmental sustainability of PBF-LB/M in aluminum alloy production, with a focus
on strategies to enhance ecological performance across key areas, including feedstock
preparation, processing, and post-processing techniques. By prioritizing waste reduction
and energy efficiency, the research aims to improve both the profitability and performance
of PBF-LB/M.

The rest of the paper is organized as follows. Section 2 addresses global environmental
challenges, highlighting the role of aluminum in sustainable manufacturing and positioning
PBF-LB/M as a key solution. The ecological impacts are analyzed using Life Cycle Assess-
ment (LCA), circular economy principles, and eco-design approaches, with a particular
emphasis on the sustainability needs of the mobility sector. Section 3 examines feedstock
sustainability through environmentally conscious powder fabrication methods, secondary
raw materials incorporation, and powder reuse strategies to minimize waste. Section 4
analyzes the PBF-LB/M process from two perspectives: the development of lightweight
aluminum compositions and structural optimization using techniques such as topology
optimization and latticing, as well as process improvements aimed at enhancing produc-
tivity, quality, and component longevity through parameter optimization and advanced
monitoring systems. Finally, Section 5 discusses sustainable post-processing methods,
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focusing on efficient heat treatment and surface finishing techniques to reduce reliance
on extensive post-processing while maintaining high-performance outcomes. Figure 1
illustrates the overall structure of this review.
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Figure 1. Structure of this review.

2. Ecological Impacts
Global warming, primarily driven by greenhouse gas emissions, remains one of the

most pressing global challenges. Industrial production and manufacturing are significant
contributors, representing a substantial share of global energy consumption and CO2

emissions. The decarbonization of industrial activity is particularly challenging due to
the high cost and developmental stage of many low-carbon solutions, as well as the
long operational lifespans of industrial assets, which limit their replacement frequency.
According to the International Energy Agency (IEA) [23], industrial activity accounted
for 37% (166 EJ) of global energy consumption in 2022, resulting in approximately 25%
(9.0 Gt) of worldwide CO2 emissions. In particular, in 2022, the aluminum sector emitted
approximately 0.27 Gt of CO2, representing 0.7% of global emissions and nearly 3% of
direct industrial emissions (Figure 2). This trend has been exacerbated by rising aluminum
production, driven by population growth and economic expansion. These estimates align
with the most recent and finalized data available in the database of annual time series
on greenhouse gas emissions from energy, which is updated biannually, with the latest
comprehensive dataset covering the year 2022.
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A part of Agenda 2030 for Sustainable Development, adopted by the United Nations
in 2015, provides a comprehensive action plan to address global issues related to the energy
consumption of industrial activities. To facilitate organizational alignment with the SDGs,
the ISO/UNDP PAS 53002 guidelines outline strategies for systematically managing and en-
hancing contributions to sustainable development across operations [24]. Aligned with the
Agenda 2030, the Paris Agreement, adopted in 2016, united 195 countries in a commitment
to combat global warming. Its primary objective is to limit global temperature rise to well
below 2 ◦C above pre-industrial levels, with an aspirational target of 1.5 ◦C. Achieving these
goals requires rapid and substantial reductions in greenhouse gas emissions, with net-zero
emissions by 2050 as a cornerstone objective. Limiting warming to 1.5 ◦C necessitates a
50% reduction in global emissions by 2030 and a reduction of over 90% by 2050, allowing
minimal offsets for the remaining emissions [25,26].

Based on the IEA report on transport energy systems [27], the transport sector accounts
for approximately 22% (8.0 Gt) of global CO2 emissions. To achieve the net-zero emissions
target by 2050, emissions from this sector must be reduced by approximately 25%, reaching
around 6 Gt by 2030, despite continued growth in transport demand. This necessitates an
annual emissions reduction of more than 3% through 2030. Road transport, encompassing
vehicles such as cars and trucks, accounts for approximately 16% of global energy-related
CO2 emissions, equivalent to 5.8 Gt CO2. Private cars and vans alone contribute to over 25%
of global oil consumption. Although aviation represents a smaller share of total emissions,
it is one of the most challenging sectors to decarbonize. In 2022, aviation accounted for
2% of global energy-related CO2 emissions, totaling nearly 800 Mt CO2. Over recent
decades, aviation emissions have grown faster than other modes of transport, such as rail,
road, and shipping. In the CRU Consulting report titled Opportunities for Aluminum
in a Post-COVID Economy, prepared for the International Aluminum Institute [28], the
global demand for aluminum is projected to grow significantly, increasing by 33.3 Mt
from 86.2 Mt in 2020 to 119.5 Mt in 2030. The transportation sector is anticipated to drive
the largest absolute growth, contributing approximately 35% of this increase. Aluminum
consumption in this sector is forecasted to rise from 19.9 Mt in 2020 to 31.7 Mt in 2030. This
growth underscores the critical role of aluminum in enabling the development of lighter
and more efficient vehicle designs, solidifying its position as a key material in advancing
sustainability within the transportation industry.

To align with net-zero objectives, stakeholders, including manufacturers, consumers,
and policymakers, must enhance more sustainable aluminum processing technologies and
improve aluminum scrap collection, sorting, and recycling. These coordinated efforts are
essential for reducing waste, lowering emissions across the supply chain, and achieving
global climate goals [11]. Among more sustainable aluminum processing technologies, AM
emerges as a promising solution. AM is a transformative approach to producing complex
mechanical and structural components, positioning itself as a major catalyst in the Fourth
Industrial Revolution, also known as digital industrial transformation. AM significantly
reduces material waste through its “near-net-shape” approach, producing components
with complex geometries while using only the necessary material. Furthermore, the
design optimization enabled by AM allows for the creation of lighter and more efficient
components, contributing to energy savings in industries. It further facilitates the creation of
multi-part assemblies, functionally graded materials, and meta-materials, capabilities often
challenging or unattainable through conventional manufacturing. Consequently, AM is
not only redefining conventional manufacturing paradigms but also advancing sustainable
development by minimizing resource usage and promoting localized production models
that help lower the carbon footprint associated with extended supply chains.
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Although the material efficiency and supply chain shortening that characterize AM
bear the potential to advance the sustainability of these processes over traditional manufac-
turing methods, much of additive technology is energy intensive and often has a higher
carbon footprint per kilogram of final product than traditional manufacturing techniques [8].
The PBF-LB/M additive technology is particularly critical from a sustainability perspective
due to its environmental impact, which is contributed to by the energy-intensive production
of metal powders, the significant consumption of inert gas during processing, and the
challenges in recycling unused powder. To evaluate and mitigate these impacts, Product
Carbon Footprint calculations, following the ISO 14067 standard [29], are a valid tool to
quantify the CO2 emissions (expressed in kg CO2 equivalent) linked to the production of
each kilogram of metal powder. Additionally, ISO 14040 [30], which provides guidelines
for LCA, can be useful to assess the total environmental impact of products throughout
their entire life cycle, from raw material extraction to disposal or recycling.

LCA is a comprehensive framework for evaluating the environmental impacts of a
product system, such as energy consumption and CO2 emissions, across various phases of
its life cycle. It systematically analyzes inputs and outputs throughout the product lifespan
and interprets the results to support sustainable decision-making. A PBFed product life
cycle typically consists of five phases: material production, which involves raw material
extraction and processing; manufacturing, which focuses on the fabrication of parts or
components; transport, which includes the distribution of parts or products to assembly
sites or end-users; use, which covers operational impacts during the product usage phase;
and disposal, which entails end-of-life management, including recycling or landfill. LCA
can be adapted to different system boundaries. Cradle-to-grave assessments include all
phases from raw material extraction to end-of-life disposal, while cradle-to-gate studies
focus on material production and manufacturing, and gate-to-gate analyzes examine only
the manufacturing process. Figure 3 illustrates the system boundaries and phases of the
product life cycle specific to PBF-LB/M.
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Conducting an LCA provides a data-driven evaluation of the environmental impacts
associated with using advanced and lightweight materials like novel aluminum alloys in
PBF-LB/M [31]. Life cycle inventory data for PBF-LB/M components is typically derived
from industrial printing practices or academic studies. Huang et al. [32] estimate that the
energy consumption of Al alloy AM technologies during the cradle-to-gate phase ranges
from 73 to 94 MJ/kg, with associated CO2 emissions between 5.0 and 6.4 kg CO2/kg.
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However, these values can rise significantly, reaching 374 to 520 MJ/kg and 25.4 to 35.4 kg
CO2/kg, depending on the electricity system utilized and its energy efficiency. Weiss
et al. [33] proposed a comprehensive life cycle model for the production of components
utilizing AlSi10Mg powder. As depicted in Figure 4, the life cycle inventory data for the
scenario involving the production of four impellers per build job via PBF-LB/M indicates a
total energy consumption of 775.6 kWh per build. Across the manufacturing of 7360 com-
ponents, the process generates a cumulative emission of 304,309 kg CO2-eq, corresponding
to an average emission of 41.35 kg CO2-eq per component.
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Ingarao et al. [34] compared the environmental impacts of aluminum parts produced by
PBF-LB/M with traditional machining and forming processes. Utilizing LCA techniques, the
study assesses each method in terms of material production, processing, and weight reduction
potential. The findings reveal that PBF-LB/M offers a sustainable advantage primarily in
scenarios involving high geometric complexity, significant weight reduction, or applications
within transportation systems. Priarone et al. [35] investigate the influence of design choices
on the environmental sustainability of PBF-LB/M processes, utilizing LCA techniques on
a bearing bracket produced with AlSi10Mg. Critical design elements, such as topological
optimization and support structure configuration, significantly impact energy consumption
and CO2 emissions throughout the product life cycle. The study findings indicate that
carefully optimized design can achieve substantial environmental benefits, particularly in the
operational phase of lightweight components used in transportation applications.

Together, LCA, the circular economy, and eco-design form a holistic framework that
drives sustainable practices in AM processes. The circular economy provides an essential
framework for minimizing waste and maximizing resource use by maintaining materials,
products, and components in continuous cycles. Unlike the linear “take, make, dispose”
model, the circular economy aims to “close the loop”, enhancing resource productivity and
reducing reliance on virgin materials. This approach emphasizes recycling, repurposing,
and remanufacturing and supports sustainable production and consumption. Metals
are particularly well-suited for advancing a circular economy, owing to their superior
recyclability and potential for repeated reuse without significant degradation. In PBF-LB/M,
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circular economy principles align closely with manufacturing needs, as they support the
recovery, recycling, and reuse of metal powders. Unused or excess powder can be collected,
refined, and reintegrated into production, creating closed-loop systems and promoting
sustainable resource management [10,36]. Eco-design has emerged as a strategic approach
to embedding sustainability at the design stage, maximizing environmental benefits early
in product development. In PBF-LB/M, eco-design leverages the flexibility of technology
design to create more sustainable components. The layer-by-layer fabrication inherent
in PBF-LB/M enables complex geometries that conserve material without compromising
performance, advancing eco-design objectives and reinforcing the shift toward sustainable
manufacturing practices.

Employing a holistic approach, Peng et al. [37] analyzed the life cycle impacts of PBF-
LB/M compared to conventional manufacturing for a hydraulic valve body, examining the
roles of design, material preparation, and fabrication. Their study revealed that, without
design optimization, the AM process could offer a 37.42% reduction in environmental
impact relative to conventional techniques. By exploiting the optimization of the PBF-
LB/M design, a further impact reduction of 10–23% was achieved. Salmi et al. [38] present
a multi-criteria decision-making framework to compare PBF-LB/M with CNC machining
and high-pressure die casting. Through a case study on an aerospace bracket made from
Al2139, the framework demonstrates the suitability of AM for small to medium production
runs of up to 100 units.

3. Feedstock
3.1. Powder Production

The powder preparation stage represents the most significant environmental impact
in PBF-LB/M, primarily driven by the high electricity demands associated with the process,
contributing to substantial fossil fuel depletion [39,40]. The carbon footprint of metal
powder production is largely influenced by the choice of feedstock, with each option
exhibiting a distinct environmental impact. These variations are primarily driven by
factors such as the energy required for raw material extraction, subsequent processing, and
transportation-related emissions.

The primary manufacturing methods for AM powders include water atomization
(WA), gas atomization (GA), plasma atomization, centrifugal atomization, and various
other specialized metal powder production techniques. WA represents the highest-volume
production process. In this method, a stream of molten metal is fragmented by high-
pressure water. Due to the rapid cooling, the resulting metal droplets do not have sufficient
time to spheroidize, leading to irregular particle shapes. Under optimized processing
conditions, however, non-spherical powders can be used effectively in AM to produce
parts with mechanical properties comparable to those of high-strength wrought materials,
significantly broadening the range of viable raw materials [41,42]. Research by Kruzhanov
and Arnhold [43] indicates that WA for powder production typically consumes around
6.48 MJ/kg (1.8 kWh/kg), with energy requirements significantly influenced by the melting
point of the metal being processed. Conversely, GA utilizes a high-pressure gas stream
to break a molten metal stream into fine droplets. These droplets then free-fall through a
chamber, solidifying before collection. Surface tension during the fall allows the droplets to
assume a spherical form. The alloy composition is prepared in a melting furnace using var-
ious raw materials, providing flexibility in formulation. This process yields powders with
exceptional purity and favorable flow characteristics. Additionally, particle size can be con-
trolled by adjusting parameters such as metal flow rate, gas pressure, gas flow, and nozzle
design. To prevent oxidation, inert gases such as nitrogen or argon are typically employed.
Notably, approximately 95% of the carbon footprint associated with GA is attributable to
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gas consumption during the atomization process [21,44]. In a study by Faludi et al. [45],
the energy required for GA AlSi10 powder was found to be 8.1 MJ/kg (2.25 kWh/kg),
underscoring the significant energy demands of this process. Other studies show that
aluminum powder production by GA can consume up to 42 MJ/kg (11.5 kWh/kg), result-
ing in approximately 5 kg of CO2 emissions per kilogram of aluminum produced [21,44].
Yields for PBF-LB/M powders are typically 20 to 40%, depending on gas die configurations,
such as free-fall or close-coupled systems. Particles that fall outside the target size range
are discarded, driving energy use beyond 180 MJ/kg (50 kWh/kg) and CO2 emissions over
25 kg per kilogram of usable PBF-LB/M aluminum powder. To optimize gas consumption
in the gas atomization process, Tsirlis and Michailidis [46] have developed an advanced
technique employing a Venturi nozzle [47]. This method utilizes carbon dioxide to generate
aluminum powder at an exceptionally low pressure of 0.5 bar. It offers a cost-effective and
energy-efficient solution, while also being environmentally sustainable, thus presenting sig-
nificant potential for industrial application. Plasma atomization employs plasma torches to
melt metal wire, with the resulting droplets being cooled and collected in a manner similar
to gas atomization. This process is inherently more energy-intensive than gas atomization
due to the high temperatures required to sustain the plasma arc. In contrast, centrifugal
atomization involves the rapid spinning of molten metal to generate powder particles.
This technique is primarily utilized in specialized industrial applications, particularly for
lower-melting-point alloys, where concerns such as erosion of the spinning disk or cup are
less pronounced. Centrifugal atomization is characterized by lower energy consumption,
primarily due to its reduced reliance on energy-intensive inert gases, making it a more
energy-efficient alternative [48–50].

In order to offer potential solutions to the environmental and economic limitations
of traditional approaches, alternative techniques to produce metal powder for additive
applications have been specifically developed. These innovative methods, though less
commonly utilized, have been developed with a focus on minimizing energy consumption,
reducing material waste, and optimizing overall resource efficiency, making them promis-
ing candidates for addressing the environmental and economic challenges associated with
traditional approaches. The Cold Mechanically Derived (CMD) process has been developed
as an energy-efficient, solid-state approach that enables local, on-demand production of AM
feedstock. Metal Powder Works’ DirectPowder™ process offers a sustainable alternative to
traditional metal powder production by employing mechanical forces to convert feedstock
into fine powder particles without the need for high-temperature atomization. This low-
energy approach incorporates methods such as crushing, milling, and grinding, enabling
efficient conversion of raw materials to powder with a 95% yield rate while conserving
energy. By eliminating the energy-intensive melting stage, CMD can reduce CO2 emissions
by up to 90% compared to conventional atomization processes [51]. CMD powders are
typically irregular and non-spherical in shape, which may affect flowability and packing
density in specific AM applications. However, in a study by Martin et al. [44], CMD powder
was evaluated against conventional GA powder for Al7075 alloy. The results indicated that
CMD powder is capable of achieving material properties comparable to those of wrought
materials. Despite its non-spherical morphology, CMD powder demonstrated effective
performance in PBF-LB/M applications, establishing it as a viable alternative to GA powder.
Key benefits include reduced energy consumption and improved material availability, high-
lighting its potential for sustainable manufacturing solutions. Another effective approach
to enhance the sustainability of powder production is spheroidization, a cutting-edge tech-
nique that outperforms traditional methods. Plasma spheroidization technology produces
highly spherical particles with greater efficiency, improved performance, and reduced
impurities, making it an ideal choice for modern manufacturing. In this process, high tem-
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peratures generated by plasma melt powder particles, causing surface tension to reshape
them into spherical forms as they descend through the reactor chamber. This method is
versatile, capable of spheroidizing a wide array of materials, and is particularly well-suited
for diverse industrial applications [52]. The UniMelt® process developed by 6 K exemplifies
this advanced spheroidization technology. Utilizing microwave-based plasma, it eliminates
the need for high-velocity gases, significantly reducing the risk of gas entrapment and
ensuring the production of highly dense, spherical particles. UniMelt® provides precise
control over particle size distribution (PSD), resulting in yields close to 100% within the
desired PSD range. Tailored for AM processes such as powder bed fusion, this technique
optimizes powder flowability and density, thereby enhancing overall performance. In
addition to its technical benefits, the UniMelt® process is highly sustainable. It converts
feedstocks such as used powders, swarf, and scrap metal into high-value metal products.
By offering competitive rates for clean scrap metal, it promotes recycling and supports
the economic viability of sustainable manufacturing. Furthermore, the UniMelt® process
is exceptionally energy-efficient, consuming 92% less energy and generating 91% fewer
carbon emissions compared to traditional manufacturing methods, while transforming
waste materials into valuable metal powders [53]. Table 1 provides a comparative overview
of various metal powder production methods for PBF-LB/M, highlighting their equipment
costs, key features, advantages, and limitations.

Table 1. Overview of metal powder production techniques with key process details, feedstock types,
particle shapes, and equipment costs.

Technique Process Energy Source Feedstock Particles Shape Equipment Cost

A
to

m
iz

at
io

n

Water
atomization

Induction
heating Scrap or ingot Irregular Low to Medium

Gas atomization Induction
heating Scrap or ingot Spherical Medium to High

Centrifugal
atomization

Induction
heating Scrap or ingot

Spherical to
slightly irregular
(semi-spherical)

Medium

Ultrasonic
atomization
(rePowder)

Induction
heating/Plasma Any form Highly spherical Medium

Plasma
atomization Plasma Wire Highly spherical High

Sp
he

ro
id

i
za

ti
on

Plasma
spheroidization Plasma

Irregularly
shaped powder

particles
Highly spherical High

Microwave-
Based Plasma

(UniMelt)
Plasma Any form Highly spherical High

M
ec

h
an

ic
al

Cold
mechanically

derived (Direct
powder)

Mechanical work Metal rod Irregular Medium

3.2. Powder Obtained by Secondary Raw Material

Given that mining and primary production are the primary sources of energy con-
sumption in AM using PBF-LB/M technology [33,54], the use of secondary materials as raw
input for powder production has become a critical focus of both academic and industrial
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research. Conventional alloy feedstocks used for metal powder production entail substan-
tial energy consumption and significant carbon emissions throughout the production chain.
This challenge encompasses global logistics, including transportation, melting, and forming
of materials into billets, bars, coils, or wire feedstock, and extends to the energy-intensive
refinement of ores into elemental metals, a process that heavily depletes natural resources.
Relying solely on virgin raw materials for powder production not only drives up costs but
also amplifies environmental impacts, particularly as demand for metal powders continues
to rise.

Contrary to the common misconception that all metal powders are derived from virgin
primary metal stocks, the industry has evolved significantly in recent years. It is now widely
recognized that some metal powders are produced from recycled secondary feedstock. The
economic advantages of utilizing qualified scrap over virgin raw materials are considerable,
largely due to the reduced energy requirements. Substituting virgin raw materials with
scrap feedstock can significantly lower CO2 emissions, with reductions of several kilograms
of CO2 per kilogram of alloy produced. The primary challenge moving forward is ensuring
that scrap materials meet the necessary size and chemical composition specifications.

Aluminum alloys can be engineered for enhanced recyclability without a significant
loss in properties. This increased recyclability decreases the need for raw material extraction
and processing, thereby minimizing the overall environmental impact. Continuum’s
advanced technology leverages only secondary metal materials to produce high-quality
AM-grade powder, achieving up to an 80% reduction in carbon emissions compared to
conventional metal recycling methods [55]. The powder is sourced entirely from recycled
metals and is manufactured using 100% renewable energy and upcycled, purified argon
gases. rePowder, developed by Amazemet, is an advanced research platform that leverages
patented ultrasonic technology to produce high-quality AM-grade powders from a wide
range of alloy systems [56]. This system generates powders with a narrow particle size
distribution, with up to 80% of the output ready for immediate processing. Equipped
with both arc/plasma and induction melting modules, rePowder can handle a variety of
melting temperatures, making it versatile for different materials. It efficiently atomizes raw
materials, scrap, and failed printouts into spherical powder particles, offering a sustainable
solution for prototyping new alloys and recycling rare or valuable materials.

Thanks to recent advancements in engineered methods, it is now possible to produce
high-quality powders with the shape and PSD required for AM technologies like PBF-
LB/M. However, a critical challenge that remains unresolved is the issue of contamination
in aluminum alloys derived from secondary raw materials. Contaminants can significantly
impact the mechanical properties, processability, and overall performance of the final
components, raising concerns about their suitability for demanding applications. An
example of unwanted contamination is the presence of iron traces in recycled Al-Si alloys.
Iron contamination exceeding 0.5 wt% is almost universally discouraged, as it leads to the
formation of undesirable phases, including the brittle Al5FeSi (β) phase, which significantly
compromises the ductility and mechanical performance of the material [57]. Since a reliable
and economical method for removing iron from Al-Si alloys does not exist in metallurgical
practice, the literature has turned to the exploration of iron correctors such as Mn, Ni, Co,
Cr, Ti, V, and Mo [58]. In order to obtain the Al-Fe-Si-Cr-Ni compositions considering
the pivotal aspect of sustainability, Bhatt et al. decided to start from ingots of two of
the most widespread alloys for AM and conventional processes: AlSi10Mg (for Al and
Si elements) and AISI 304L (for Fe, Ni, and Cr elements) [59]. This approach involves
blending commercially available alloys in precise proportions instead of synthesizing new
compositions from pure elements. It promotes sustainability by enabling the use of recycled
alloys, reducing the environmental impact of powder production, and simplifying alloy
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qualification. Metallurgically, mixing established alloys allows control over microstructural
evolution, leveraging known phase diagrams and solubility limits. This facilitates the
optimization of strengthening mechanisms, such as precipitation hardening and grain
refinement, while minimizing trial-and-error in alloy design. Additionally, strategic alloy
blending helps mitigate impurity-related issues in secondary raw materials, improving
overall material performance.

3.3. Powder Reuse

Sustainability in metal powder usage extends beyond incorporating recycled feedstock;
it also encompasses the recycling and repurposing of powders that have undergone AM
processes. Due to the layer-by-layer nature of the PBF-LB/M process, a considerable
amount of metal powder surrounding the solidified part remains unused. To maximize
material efficiency and minimize waste, these powders must be reclaimed and reused
in subsequent builds. A comprehensive understanding of this aspect of sustainability is
essential to fully grasp how powder recycling contributes to the circular economy.

Powder particles near the melt pool, but not fully incorporated into the part, as well as
those that remain on the building plate or are carried into the overflow tank, can experience
varying levels of heat exposure during the build process [60]. This differential exposure
can lead to distinct effects on the particles, influencing their shape and flowability. Heat
exposure can cause agglomeration or sintering, resulting in larger particles with satellites
and increased surface roughness [61]. Furthermore, spattered particles from the melt
pool can create agglomerates and oxides in the surrounding powder bed [62]. Although
sieving is commonly used to remove larger particles, particle shape and surface chemistry
alterations can still influence powder flowability, packing, and, consequently, the quality
of the powder bed. A poor-quality powder bed can, in turn, impact the densification
of the component produced through PBF-LB/M, and thus its mechanical properties, as
observable in Figure 5.
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ASTM F3318-18 [64], which pertains to AlSi10Mg, and ASTM F3592-23 [60], which
provides guidelines for feedstock reuse, both permit the recycling of previously used
powder. After each build cycle, the remaining powder may be blended with virgin powder
to maintain sufficient quantities for subsequent builds. To ensure compliance with quality
standards, regular chemical analysis of the recycled powder is required. Additionally, all
the used powder must be sieved using a mesh with appropriate sizing to effectively remove
agglomerates and contaminants from the build process. Asgari et al. [65] investigated
the use of recycled AlSi10Mg powder in PBF-LB/M, comparing the properties of virgin
powder, heat-affected condensate particles, and recycled powder. The study revealed that
recycled powder exhibited characteristics similar to those of virgin powder, confirming
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its suitability for use in PBF-LB/M without compromising the quality of the final product.
Cordova et al. [63] investigate the impact of powder reuse on the properties of Al–Mg–Sc–
Zr alloy (Scalmalloy®), focusing on key characteristics such as morphology, composition,
and particle size distribution in both virgin and reused powders. The study also evaluates
the mechanical properties of specimens produced from virgin powder and those after
four build cycles, assessing the effects of blending reused and virgin powder on the
final material properties. Although the microstructure of the specimens remains largely
consistent, the reused powder introduces slightly higher porosity, characterized by small
micro-sized pores; however, these do not significantly influence the mechanical properties.
The findings indicate that Al–Mg–Sc–Zr powder can be effectively reused for up to four
build cycles, provided proper sieving is applied and 40% of the powder is refreshed with
virgin material. Another study by Smolina et al. [66] evaluated the reuse of AlSi7Mg0.6
powder in the PBF-LB/M process. The findings showed that the powder could be reused
up to five times with minimal degradation, supporting its viability for sustainable and
cost-effective manufacturing.

Studies on the effect of powder recycling on the quality of aluminum parts produced
by PBF-LB/M are numerous, yet often contradictory when it comes to determining the
optimal proportion of recycled powder to virgin powder and the analytical techniques
needed to assess the suitability of recycled powders. These discrepancies arise from the
complexity of the AM process, the variability introduced by the diverse aluminum alloys
used, and how their chemical composition can make them more or less susceptible to unde-
sirable phenomena such as surface oxidation. Furthermore, numerous factors prevent the
establishment of a universal standard for the number of reuse cycles, after which a powder
is still considered viable for PBF-LB/M processing. This limitation stems not only from the
specific material used but also from process conditions and prior build characteristics. For
instance, the geometry of previously manufactured parts plays a crucial role in powder
degradation. The greater the volume occupied by massive components, the larger the
surface area in contact with the surrounding powder bed. Consequently, this increased
interaction likely accelerates powder degradation, affecting a more significant fraction of
the reused material. To the best of the authors knowledge, no studies have systematically in-
vestigated this aspect, yet it presents an intriguing opportunity for future research to refine
powder reuse strategies and enhance the additive process sustainability. Another aspect
that is rarely mentioned in the literature is how the reused powder is sampled for different
studies. Understanding the sampling methodology could provide valuable insights into
the inconsistencies observed across various works and help standardize evaluation criteria.

4. PBF-LB/M Process
4.1. Design

In recent decades, several industrial sectors have undertaken initiatives to reduce fuel
consumption and greenhouse gas emissions. One promising solution is lightweighting
through material substitution and component redesign [32]. In the automotive industry,
the need to lighten vehicle components is closely related to the aim of minimizing fuel
consumption for economic savings and environmental sustainability. Lighter vehicle
components decrease the inertial forces that the engines must overcome, resulting in lower
fuel consumption. Electrically powered vehicles also benefit from lightweighting, as it
reduces the need for heavier and more expensive batteries to maintain driving ranges [67].
In addition to replacing traditional materials with lightweight high-performance alloys,
redesign can be used to lighten components. In this research context, AM emerged as a
disruptive potential substitute for traditional manufacturing processes. It offers greater
design freedom, higher capability for mass customization, and the ability to produce
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complex structures while minimizing waste streams. The adoption of AM offers significant
energy-saving potential also in aviation, potentially reducing airplane fuel consumption
by up to 6.4% and enabling substantial secondary weight savings through new design
methods [68]. Among AM technologies, PBF-LB/M offers cost-effectiveness when dealing
with high geometric complexity and low production quantities. These benefits, combined
with materials engineered for the process that provide desired properties and quality,
contribute significantly to sustainable development in metal AM [69,70].

4.1.1. Novel Lightweight Compositions

To enhance sustainability and efficiency, the design of novel high-performance,
lightweight alloys explicitly tailored for the PBF-LB/M process is crucial. These lightweight
alloys, with optimized strength-to-weight ratios, are essential for advancing sustainability
by reducing material usage and improving overall component performance. By develop-
ing alloys with a high strength-to-weight ratio, it is possible to ensure the suitability for
components that require excellent mechanical properties while remaining light, which is
crucial for fuel-dependent industries [71]. Integrating novel lightweight materials in the
automotive sector has shown substantial promise, achieving total weight reductions of
20–45% in innovative vehicle designs. Notably, weight reductions of 20–35% have been
linked to fuel consumption decreases of 12–20%, underscoring the critical importance of ma-
terial advancements in driving sustainable and energy-efficient automotive innovation [72].
Lightweight aluminum alloys often replaced traditional steel and iron components, yield-
ing a weight savings of 40–60% with a cost premium of 1.3–2 [73]. Constituting about 9%
of an average vehicle mass [72], aluminum is widely employed in components such as
engines (e.g., housing), wheels, and transmissions due to its excellent strength-to-weight
ratio, enabling 1 kg of aluminum to replace 2–4 kg of steel. Aluminum alloys play a critical
role also in aerospace structures, valued for their lightweight properties and extensively
utilized in components such as fuselage skins, upper and lower wing panels, and wing
stringers [74]. Innovative aircraft designs are critical for advancing the efficiency and
sustainability of modern air travel. Reducing structural weight enables aircraft to carry
greater payloads, whether passengers or cargo, without increasing fuel consumption. This
optimization translates into lower operational costs, more efficient route planning, and
substantially reduced carbon emissions. Notably, a 1% reduction in aircraft weight typically
results in an approximate 0.75% decrease in fuel consumption, underscoring the impor-
tance of lightweight strategies [75]. The Boeing 787 is a benchmark in leveraging advanced
lightweight materials, achieving a 20% weight reduction compared to similar aircraft. This
innovation delivers fuel efficiency gains of 10–12%, demonstrating the transformative
potential of material advancements in achieving more sustainable aviation practices [76].

High-performance aluminum alloys can provide the mechanical and thermal prop-
erties required for specific applications while achieving weight reduction goals. Typical
commercial aluminum alloys used in the automotive and aerospace industries are low-cost,
age-hardenable wrought aluminum alloys, such as the 2xxx and 7xxx series, which have
good mechanical properties and can meet a wide range of industrial requirements. How-
ever, these alloys are characterized by poor processability due to their high susceptibility to
hot cracking caused by rapid melting and solidification [77]. Consequently, the number of
these alloys that can be successfully processed using PBF-LB/M and other fusion-based
AM processes is quite limited. Currently, the aluminum alloys that can be additively
manufactured with lasers are mainly near-eutectic Al-Si-based alloys [78]. This is due
to their short solidification range (the temperature range between liquidus and solidus
for a material with a distinct chemical composition during which solidification occurs)
and consequently their low susceptibility to hot cracking [11]. Although quasi-eutectic
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compositions have shown good manufacturability, they fail to meet industrial requirements
in terms of mechanical properties and high-temperature performance. Therefore, research
into novel, high-performance aluminum alloys compatible with the PBF-LB/M process is
continually progressing. The objective is to attain the necessary mechanical and thermal
properties for demanding applications, achieve weight reduction goals, and minimize
issues like cracking and solidification defects.

In the literature, proposed solutions to address hot cracking include changing the
chemical composition to narrow the solidification range and refine the grain structure or
modifying alloy solidification conditions reducing the heat flow and the cooling rate by op-
timizing the process parameters [79]. Finding the optimal process parameter combinations
requires extensive studies involving non-cost-effective and time-consuming experiments
through a trial-and-error approach. In addition, while optimizing process variables has
shown effectiveness in reducing component internal defects, resulting in an improvement
of the quality and uniformity of printed parts, this approach has generally failed to com-
pletely eliminate hot cracking phenomena in the toughest alloys [80]. This implies that hot
cracks can still occur even under the best process conditions. To enhance printability and
avoid detrimental hot cracks, it is essential to either develop new alloys or modify existing
compositions [81].

Fine equiaxed microstructures proved to exhibit greater capacity to accommodate
strain in the semi-solid state [77]. Furthermore, fine grains facilitate efficient liquid feeding
and the healing of initial cracks, enhancing their resistance to hot cracking. Additionally,
due to their increased grain boundary area within the material bulk, finer grains suppress
the accumulation of low-melting elements or phases at grain boundaries. Considering
the high hot crack sensitivity of different aluminum alloys, much research has concen-
trated on studying compositional variations that can result in grain refinement preventing
hot cracks [82]. For instance, Martin et al. [77] demonstrated that adding 1 vol% ZrH2

nanoparticles as nucleation agents in Al-Zn and Al-Si-Mg alloys significantly refined the
microstructure by enhancing heterogeneous nucleation and promoting equiaxed grain
growth. This method successfully eliminated hot cracking in both Al7075 and Al6061
alloys processed by PBF-LB/M. On the same research line, different studies investigated
the impact of incorporating various elements or compounds (including Ti, Zr, Sc, Er, Si,
and different compounds such as oxides like TiO2, carbides like TiC and borides like CaB6

and TiB2, as well as carbon allotropes like graphene and carbon nanotubes) on refining
the grain structure and so on reducing hot cracking in high-strength Al-based alloys [83].
For example, a study conducted by Li et al. revealed that adding a Ti/TiN hybrid grain
refiner into the PBFed 7050 alloy leads to the formation of ultrafine grains [84]. The ap-
proach involves either promoting heterogeneous nucleation or introducing solutes with a
high growth restriction factor to rapidly provide sufficient constitutional supercooling for
nucleation at the front of the solid-liquid interface.

Adjustment to alloy compositions, such as adding grain refiners to promote the het-
erogeneous nucleation of Al grains, is not merely an academic approach but is increasingly
used in industrial fields as well [82]. One of the leading U.S. manufacturers of metal
powders, Elementum 3D, features in its portfolio of Al-based compositions enhanced
versions of traditional alloys and advanced dispersion-strengthened aluminum powders
for PBF-LB/M production formed by a process called reactive additive manufacturing
(RAM). The RAM process enables the formation of advanced metal matrix composites that
combine a continuous metal matrix with high-strength reinforcing ceramic or intermetallic
phases. This approach allows printing materials with unique and advantageous combina-
tions of ductility, strength, toughness, stiffness, fatigue resistance, and high-temperature
performance. Following this approach, the Elementum 3D metal powder portfolio includes
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modified compositions such as Al6061+RAM and Al7050+RAM, in which ceramic nanopar-
ticles like TiB2, Zr, and TiC are incorporated into the Al-based traditional alloys to improve
printability [85].

In addition to modifications to traditional compositions, another approach that can
be undertaken to improve processability for PBF-LB/M without incurring hot cracking
and other detrimental phenomena while improving the material performance in extreme
conditions is the formulation of tailored compositions. Among the Al-based compositions
specifically developed for the PBF-LB/M process, the patented Scalmalloy (an Al-Mg-Sc
alloy) and A20X (an Al-Cu-Ti alloy) stand out. Scalmalloy, developed by APWORKS, is a
high-performance alloy that combines exceptional strength, ductility, and corrosion resis-
tance with low density, making it ideally suited for aerospace, automotive, and other sectors
where weight reduction and structural integrity are critical [86]. Sc has a significant impact
on the properties of aluminum alloys through its effectiveness as an inoculant, which en-
hances the formation of fine-grain structures [87]. Additionally, it forms a limited-solubility
eutectic diagram with aluminum. Upon cooling, the high-temperature Al-Sc solid solution
can decompose, generating finely dispersed and fully coherent Al3Sc intermetallic precipi-
tates. These precipitates are notably effective in inhibiting recrystallization, even at elevated
temperatures [88]. In addition, Scalmalloy ultrafine and nanoscale microstructure proved to
result in exceptional strength and ductility, as well as impressive fatigue resistance [89]. The
A20X alloy, developed by Aeromet International, is an advanced aluminum–copper (Al-Cu)
alloy system enhanced with TiB2 nanoparticles for grain refinement. Initially engineered for
casting applications, A20X has demonstrated exceptional mechanical properties, including
superior strength and fatigue resistance. In response to the increasing demand for high-
strength, lightweight materials in the aerospace and defense sectors, Aeromet successfully
optimized A20X for PBF-LB/M, enabling the production of complex, high-performance
components [90].

Recently, Constellium launched Aheadd®, a new generation of high-performance alu-
minum powders designed for the PBF-LB/M process. Among these, Aheadd® CP1 is ideal
for high-conductivity applications, while Aheadd® HT1 is perfect for high-temperature
applications [91]. CP1 is an innovative Al-Fe-Zr alloy that exhibits excellent processabil-
ity, high yield strength, and improved thermal conductivity following direct aging. The
formation of primary Al3Zr prevents hot cracking, while direct aging induces the dual
precipitation of coherent nano-Al3Zr and plate-like Al13Fe4, boosting the yield strength.
Furthermore, the reduction of the supersaturated matrix achieved through PBF-LB/M
leads to a simultaneous increase in conductivity [92,93]. Aheadd® HT1 is an Al-Mn-Ni-
Cu-Zr alloy specifically engineered for PBF-LB/M applications requiring high strength
and service temperatures up to approximately 260 ◦C. Its excellent thermal stability makes
Aheadd® HT1 an ideal substitute for AA2xxx aluminum-copper high-temperature alloys.
Additionally, it opens up new design opportunities by leveraging aluminum high thermal
conductivity and low density, allowing it to be used in service conditions that traditionally
require titanium or steel [91]. Table 2 shows some examples of aluminum alloys suitable
for PBF-LB/M.



Appl. Sci. 2025, 15, 2221 16 of 44

Table 2. Aluminum powders suitable for PBF-LB/M technique.

Name References

Traditional alloys

AlSi10Mg [94]

AlSi7Mg [95]

AlSi12 [96]

Al6061 [97]

Modified alloys

A1000-RAM10 [85]

A6061-RAM2 [85]

A7050-RAM2 [85]

Al2024 + Y element [98]

Al7075 + Si element [99]

Al7075 + ZrH2 elements [77]

Al6061 + ZrH2 elements [77]

AlMgty [100]

AlZnty [100]

Tailored alloys

Al8Ce10Mg [80]

Al-Fe-Zr (CP1) [92]

Al-Mn-Ni-Cu-Zr (HT1) [91]

Al–Mg–Li–Ag-Sc-Zr [101]

AlZnMgScZr [102]

Al58Zn28Mg6Si8 [103]

Al-mg-Sc (Scalmalloy) [88]

Al-Ni-Cu [104]

Al-Cu-Ag-Mg (A20X) [90]

4.1.2. Structural Optimization

The growing focus on sustainable transportation and the quest for higher efficiency,
specifically through reduced energy consumption, has spurred research efforts to de-
velop lightweight and strong designs. Reducing vehicle weight is a pivotal strategy
for decreasing petroleum consumption and greenhouse gas emissions. Studies indicate
that a 100 kg reduction in vehicle weight can lower fuel consumption by approximately
0.69 l/100 km [72] and lead to a decrease of 6 g/km in CO2 emissions. Each kilogram
of weight reduction contributes to a total reduction of approximately 20 kg of CO2 emis-
sions over a vehicle operational lifespan [105]. Two main strategies for achieving lighter
structures have emerged: topology optimization (TO) and latticing. TO is a method of
optimizing shapes by algorithmically adjusting material distribution within a specified
space to meet prescribed loads, conditions, and constraints. The most prominent TO ap-
proaches can be summarized as follows: density-based; level set; evolutionary; topological
derivatives; and phase field and homogenization [106–108].

Density-based TO is widely used in academia and generally follows a standard pro-
cedure. This approach is structured using the finite element method [109] where each
element density is a design variable, allowing for an optimal layout of element distribution
within the designated design area. In density-based TO, elements are assigned density
values ranging from 0 to 1, where 0 signifies a void, 1 signifies a solid, and values between
0 and 1 indicate intermediate densities. To enforce a discrete combination of solid and
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void regions, density-based TO leverages the Solid Isotropic Material Penalization (SIMP)
method, which penalizes intermediate-density elements. The SIMP method addresses
a minimization problem typically involving the volume fraction of the design space or
structural compliance (C). The goal is to maximize the stiffness of the structure, which
can be evaluated over the entire domain or within the designated design space. Various
constraints, such as mass, load, or displacement limits, can be applied, and customized
objective functions with weighted criteria can be incorporated. Furthermore, TO can be
adapted to include manufacturing constraints, ensuring that the resulting designs are feasi-
ble for fabrication [110]. The general formulation of the SIMP method for the compliance
minimization problem is as Equation (1) [111,112]:

Minimize C =
1
2

L

∑
i=1

fiuT
i =

1
2

L

∑
i=1

f 2
i ((ρi)

Pk0)
−1

(1)

In this equation, “C” represents compliance, “ f ” is the external load vector, “u” is
the global displacement vector, and “L” is the total number of finite elements. “ρi” is the
density of the ith element, and the parameter “P” denotes the penalization factor, with a
range of 1 < P ≤ 3. “k0” signifies the stiffness of the ith element before penalization.

Components designed through TO often include free forms and intricate shapes that
are complex or impossible to manufacture with traditional production methods. However,
these designs are ideally suited to the PBF-LB/M process, which offers more flexibility in
design rules and can efficiently reproduce complex geometries without incurring additional
costs [113,114]. The advantages of combining topology optimization with AM technol-
ogy can be categorized into saving both money and time by using reduced material and
avoiding additional costs. By reducing the weight, the TO can lower fuel consumption and
emissions, increase payload and range, and enhance the maneuverability and agility of the
aerospace or mobility industry [115]. However, the practical adoption of these optimized
designs depends not only on their performance benefits but also on the ability to manu-
facture them efficiently and cost-effectively. The complexity of topology-optimized and
lattice structures can pose challenges in production, particularly in ensuring dimensional
accuracy, minimizing defects, and achieving consistent mechanical properties. Process
parameters, material selection, and advanced post-processing techniques play a crucial role
in overcoming these hurdles.

While the initial design phase, computational simulations, and extended production
times may lead to higher upfront costs, these can be offset by long-term benefits such as ma-
terial savings, improved efficiency, and enhanced performance throughout the component
lifecycle. In fact, this approach aids in overcoming design challenges, particularly in creat-
ing lightweight components for many industrial fields such as automotive and aerospace.
Several case studies on the TO of aerospace components, such as the connector support
of the VEGA space launcher, a typical lever component from civil aircraft, a housing part
from fan cowl structures, and a jet engine bracket, demonstrate mass reductions ranging
from 20 to 60% [116,117]. Also, several case studies on the topology optimization of auto-
motive components have shown significant improvements. For example, brake calipers
achieved a 41.6% mass reduction, the steering upright became 9% lighter than the reference
component, and the optimized automotive knuckle part exhibited a stiffness increase of
more than 2.5 times compared to the original design [118–120]. Furthermore, this approach
is particularly appreciated when combined with the use of lightweight, high-performance
alloys. To cite an outstanding example, APWorks has developed the world first 3D-printed
motorcycle utilizing PBF-LB/M technology and the patented Scalmalloy® material [121].
This innovative creation, illustrated in Figure 6a, known as the Light Rider, stands out as an
exceptionally lightweight model, weighing just 35 kg [46]. Its 6 kW electric motor propels
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it from zero to 80 km/h within seconds, demonstrating impressive acceleration. The motor-
cycle frame, a mere 6 kg, contributes to its remarkable 30% weight reduction compared to
conventionally manufactured e-motorcycles. APWorks employed an algorithm to design
the Light Rider’s optimized structure, achieving a minimal weight while ensuring frame
robustness to endure everyday driving demands and stresses. RUAG Space has developed
an optimized antenna bracket, measuring 40 cm in length, for Sentinel satellites using
PBF-LB/M with AlSi10Mg (Figure 6b). Engineers redesigned and optimized this part using
Altair ProductDesign which is SIMP-based software 2023, followed by production utiliz-
ing an EOS M400 machine. By enhancing the structural design, they achieved a stiffness
increase of over 30% above the minimum requirement while reducing the weight from
1.60 to 0.94 g. This improvement represents a substantial performance enhancement along
with a weight reduction exceeding 40% compared to the conventionally manufactured
component [122,123].
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Rider, the first 3D-printed electric motorcycle by APWorks [121] and (b) an optimized antenna bracket
for RUAG Sentinel satellites [123].

The second primary strategy for achieving lighter structures is latticing. Lattice struc-
tures are composed of repeating unit cell elements in three-dimensional space. Thanks
to AM, lattices offer numerous advantages: they enhance object strength, reduce mass by
using less material, lower production costs by shortening build times, decrease fuel usage
through lighter component weight, and minimize material waste. To design lightweight
structures with high mechanical performance, natural structures such as cork, sea urchins,
honeycombs, and trabecular bone are often used as models. The three most common fami-
lies of lattice structures are: surface-based lattices, strut lattices (periodic and stochastic),
and planar-based lattices.

Architected materials are precisely engineered structures designed to achieve specific,
controlled physical responses. This class of materials exhibits novel or customized behav-
iors through the interaction of their intrinsic material properties and carefully designed
geometries. Lattice structures are a subset of architected materials, consisting of repeating
networks of interconnected nodes and beams (or other structural elements), often opti-
mized for mechanical performance. By utilizing lattice-based designs, these materials can
precisely manipulate thermal, electromagnetic, mechanical, or biological properties. Archi-
tected materials enable fine-tuning of a component behavior by modifying its geometry at
the mesoscale, such as in auxetic materials, which exhibit a negative Poisson ratio, rather
than relying solely on changes to the material microstructure [124–126].

Employing lattice structures facilitates component lightweighting, effectively reducing
part weight while preserving structural integrity. Latticing provides the means to decrease
solid mass without compromising performance. Additionally, lattices can be fine-tuned
to construct high-energy or shock-absorption structures. For instance, auxetic lattice
structures, characterized by their negative Poisson ratio, exhibit excellent behavior in
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energy absorption and damping. Moreover, lattice structures inherently offer a large
surface area, making them ideal for heat transfer and particularly advantageous for thermal
management and heat exchanger applications [127]. Figure 7 depicts various applications
of lattice structures, including heat exchangers (a), orthopedic implants (b), and vibration
isolation (c).
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Figure 7. Some applications of lattice structures: (a) heat exchangers [127], (b) orthopedic hip
implants [128], and (c) real-world scenarios of passive impact and vibration isolation [129].

With the synergic use of TO and latticing, the highest levels of lightweightness, and
thus sustainability and efficiency, can be achieved. A case study where TO and latticing
were used for the structural optimization of the VEGA space launcher connector support
made of aluminum alloy Al7075 is illustrated in Figure 8 [117]. The optimized configu-
rations resulted in a weight reduction of up to 63%. The latticing design strategy, which
includes incorporating grid structures into the holes produced by the optimization process,
was adopted to enhance manufacturability. In particular, grid structures were used on
topology-optimized configurations, which strongly reduced the amount of support needed.
This optimization also resulted in a weight reduction of connector supports by about 57%
compared to the main component [117].
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Appl. Sci. 2025, 15, 2221 20 of 44

4.2. Process Optimization

Reducing environmental impact, optimizing resource efficiency, and upholding eco-
nomic and social responsibility are critical priorities for the AM industry. By refining
PBF-LB/M process parameters, manufacturers can significantly minimize power consump-
tion and decrease defects and rework, thereby conserving materials, energy, and time, all of
which are vital for advancing sustainability. By leveraging Design of Experiments (DoE) to
identify optimal process parameters, improving productivity through strategic adjustments,
deploying state-of-the-art PBF-LB/M machines, and implementing rigorous monitoring
and quality control to extend component lifespan, manufacturers can achieve not only
superior environmental performance but also significant economic and operational benefits.
These advancements reinforce PBF-LB/M as a more sustainable and viable manufacturing
technology in the long term.

4.2.1. Novel Time-Save Approach for the Design of Experiments

The PBF-LB/M process is influenced by over 50 parameters, including laser character-
istics (such as the type of laser source, laser energy, scan speed, spot diameter, and focus
position) and scan strategies (including hatch pattern and rotation, beam compensation,
and the sequence of hatch/contour scans) [69,130]. This large number of process parame-
ters makes control and quality assurance challenging and time-consuming. Additionally,
each parameter set must be specifically tailored to the powder and machine being used,
further complicating the optimization process [131].

One approach widely used for scientific experimentation in traditional processes is
the One-Variable-At-a-Time (OVAT) method, where one variable is altered while all others
are kept constant to assess each variable effect independently. Once the optimal value for
a variable is identified, it is set, and the next variables are examined similarly. However,
this approach has significant drawbacks. As proved by Benedetti et al., the OVAT method
is unsuitable for experiments involving numerous factors and fails to effectively observe
the interactions between interconnected factors [132]. Given the complexity of PBF-LB/M,
analyzing OVAT is impractical due to the vast number of tests required.

DoE methodologies provide a more efficient approach to optimizing process param-
eters, particularly when the relationships between parameters and outcomes are poorly
understood. This lack of understanding can hinder the development of effective control
methods. Applying DoE can quantify the correlations between parameters and process
outcomes, which is crucial for improving PBF-LB/M results. Through parameter opti-
mization, DoE can reduce surface roughness, enhance mechanical properties, and lower
defect rates, ultimately increasing sustainability by extending the lifespan of components.
DoE also minimizes material waste and reduces energy consumption, resulting in more
efficient production at lower costs. Additionally, it fosters a deeper understanding of
process interactions, encourages the use of sustainable materials, and promotes innovation
in AM [133,134].

To carry out a DoE, the following six steps should be followed [135–137]:

• Planning: Clearly define the experiment objective and scope to ensure a specific
purpose and avoid the common error of conducting experiments without a clear aim.

• Screening: Identify all potential factors that could influence the outcome. This step
involves selecting key variables and avoiding the mistake of “sentimental screening”
based on personal biases rather than scientific evidence. Screening methods include
full factorial, fractional factorial, and Plackett–Burman designs.

• Modelling: Design the experiments by choosing relevant factors, determining their
ranges, and selecting an appropriate experimental design (e.g., factorial, response surface
methodology). This step includes creating a plan to vary the factors systematically.
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• Execution: Perform the experiments according to the designed plan, ensuring accurate
and consistent data collection. This step is crucial for gathering data and model
development and optimization.

• Analysis and Optimization: Analyze the experimental data using statistical methods
to develop a model that describes the relationship between factors and responses. Use
this model to identify optimal conditions and validate the results through confirmation
runs. Optimization techniques include response surface methodology designs such as
Central Composite Design and Box–Behnken Design, as well as mixture designs like
simplex centroid design and simplex lattice design.

• Verification and Validation: Confirm the experimental findings by conducting addi-
tional tests to ensure the results are reliable and can be generalized. Analyze the results
to convert data into valuable information and draw conclusions.

A review of the literature reveals useful applications of DoE in optimizing the pro-
cesses of additively manufactured aluminum alloys [138–141]. Majeed et al. [138,139]
conducted two studies focusing on optimizing processing parameters and evaluating heat
treatment effects on the surface quality and relative density of PBFed AlSi10Mg alloy. They
employed a three-factor, three-level full factorial DoE for both studies. In the first study,
they investigated the influence of processing parameters and various heat treatment condi-
tions on relative density, achieving maximum densification exceeding 99% under optimal
conditions of 320 W laser power, 900 mm/s scanning speed, and a 25% overlap rate. In the
second study, they focused on optimizing processing parameters to achieve the best surface
quality. Their findings, supported by analysis of variance (ANOVA) and regression analy-
sis, revealed that higher laser power increased surface roughness while scanning speed
initially decreased roughness but showed a slight increase at higher speeds. Leal et al. [140]
highlight the application of the Taguchi experiment design method to optimize the PBF-
LB/M process for the AlSi10Mg alloy. By employing ANOVA, the most significant factors
influencing the process were identified, with laser power being the most critical parameter
affecting relative density. A regression analysis provided a linear regression equation for
the model, enabling the prediction of optimal processing parameters. Maamoun et al. [141]
investigate the impact of PBF-LB/M process parameters on the quality of AlSi10Mg and
Al6061 aluminum alloys using a full factorial DoE. Key findings include that optimal energy
densities for AlSi10Mg (50–60 J/mm3) and Al6061 (102.8 J/mm3) significantly influence
relative density, porosity, surface roughness, and dimensional accuracy. AlSi10Mg achieved
a maximum relative density of 99.7%, while Al6061 reached 98.7%. Surface roughness
decreased with increasing energy density, and dimensional accuracy varied accordingly.

Despite being an efficient method to quickly define optimal process parameters for PBF-
LB/M production, the DoE approach still requires producing and analyzing a significant
number of bulk samples. This process demands a substantial amount of time, as well
as high levels of powder and energy consumption. Several alternative techniques have
emerged in recent years to accelerate parameter optimization while minimizing powder
usage, time, and costs, among which the SST approach stands out. This approach is
widely adopted in research and involves scanning a laser track on a single powder layer
spread onto a substrate. This approach is based on the idea that PBFed parts are made of
overlapping SSTs, therefore, the part properties strongly depend on the geometry of each
SST and the interaction among them. Unlike massive sample production, SST scanning
requires only a minimal amount of powder and a few fractions of a second as scanning
time [142–145]. In the SST approach, only laser power and scanning speed are varied
while the layer thickness is kept constant. This approach allows for extensive exploration
of power–speed combinations due to the rapid production and analysis capabilities. By
evaluating the width and continuity of the SSTs from a top view, as well as their cross-



Appl. Sci. 2025, 15, 2221 22 of 44

sectional morphologies, a narrower range of power–speed combinations suitable for bulk
production can be swiftly identified. To evaluate the SST quality, the widely used method
is the cross-section analysis. In Aversa et al. [142] the geometrical characteristics of the SST
cross-section, including the width, growth, depth, and contact angles, were examined to
investigate the material melting and consolidation behavior, thus determining its suitability
for PBF-LB/M production. However, the SST cross-sectional analysis involves a complex
and time-consuming sample preparation procedure, and operator error could strongly
affect the manual on-top evaluation. To overcome these issues, Martucci et al. [143] explored
a computer-aided approach involving automated analysis to characterize SSTs. In particular,
they developed a novel algorithm to filter out non-continuous scans and evaluated SST
quality using three regularity indexes. Although this method has significantly speeded up
the analysis of SSTs and markedly increased the reliability of obtainable results, a DOE of
bulk samples, albeit a very limited one, for complete optimization is still required. Gheysen
et al. and Bosio et al. [145,146] further streamlined the procedure by developing a method
to derive the optimal hatch distance value directly from SSTs. Specifically, the optimal
hatch distance value can be determined by calculating the width of the SSTs and ensuring
adequate overlap among them. This overlap can be fixed at 0%, as recommended by Bosio
et al. [145], or calculated using certain geometrical parameters of the SSTs with the equation
developed by Gheysen et al. [146].

4.2.2. Strategies to Improve Productivity

One of the main challenges in AM technologies is their relatively low build rate, which
makes the production rate unsuitable for efficient mass production compared to traditional
manufacturing methods. For instance, while PBF-LB/M systems deposit material at rates
of only hundreds of grams per hour, other methods achieve deposition rates measured in
kilograms per hour, and processes like forming, stamping, and casting reach rates of hun-
dreds of kilograms per hour [147]. To enable widespread industrial adoption, PBF-LB/M
must develop a scalable architecture that significantly increases deposition rates by several
orders of magnitude while still preserving the geometric flexibility inherent in AM [148].
In the PBF-LB/M process, sustainability and productivity are closely interconnected. As
a result, understanding the factors that influence component production time is crucial
for identifying solutions that improve both the industrial scalability of PBF-LB/M and
its environmental impact. Recently, Kasprowicz et al. summarised the complexities of
the PBF-LB/M process, highlighting the various factors affecting production time in the
Ishikawa diagram shown in Figure 9 [149].
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process [149].

Methods for enhancing productivity in the PBF-LB/M process can be grouped into
several areas, including adjusting process parameters, utilizing advanced equipment (such as
multiple laser systems or polar coordinate setups), and adopting hybrid production systems.
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One of the most widespread approaches to speed up PBF-LB/M productivity is by
selecting optimal combinations of process parameters to maximize the build rate. Tang
et al. [150] defined the Build Rate as Equation (2):

BR
(
cm3/h

)
= hd × l × ν (2)

where ν is the laser speed, hd is the hatch distance, and l is the layer thickness. Based on this
equation, it is clear that increasing the scan speed, hatch distance, and layer thickness can
significantly enhance both the productivity and sustainability of the PBF-LB/M process.
However, increased ν, hd, and l also result in reduced energy density, which can lead to
lower-density products, with the occurrence of a lack of fusion porosities. To avoid the
presence of defects that could have a detrimental effect on mechanical properties, it is,
therefore, essential to balance productivity with part quality [151,152].

Defanti et al. focused on enhancing PBF-LB/M efficiency in AlSi10Mg components
while maintaining high-quality standards. Their investigation into process parameters
found an optimal balance between part quality and productivity through the use of a high
scan speed paired with a low hatch distance [153]. Similarly, Vaudreuil et al. analyzed the
impact of laser power and scanning speed on the microstructure and mechanical properties
of AlSi7Mg0.6, demonstrating that selecting mid-range laser power and scan speed within
the optimal processing window enables the production of components with a refined
microstructure and minimal defects [154]. The same outcomes were found by Mercurio
et al., who investigated strategies to increase the production rate of PBF-LB/M for AlSi10Mg
by optimizing critical process parameters. They found that the optimal combination of ν

and hd significantly reduced production time while preserving the material quality and
performance [88]. In addition, they identified layer thickness as a key factor for improving
process efficiency, especially for producing large-scale metal components [155]. In fact,
in addition to the build time as defined by Tang. et al. [150], it is important to consider
machine times such as lowering the platform, passing the recoater to spread a layer, raising
the platform, processing the CAD for the upcoming slice, and starting lasing. Increasing
the layer thickness reduces the number of slices to be lasered, which decreases recoater
passes and machine times. However, despite the productivity gains, this method can lead
to defects such as a lack of fusion between layers, which can result in stress concentration
points that may be problematic under mechanical loading [149].

Another branch of the current literature focuses on advancing multi-laser systems
capable of simultaneously melting multiple regions within the powder bed, thereby opti-
mizing build rates and overall system efficiency [152]. Multi-laser systems employ multiple
laser beams concurrently to melt materials, resulting in a substantial increase in produc-
tivity. High-power configurations offer significant efficiency improvements, particularly
those utilizing dual or quad lasers. These systems provide key advantages, including
the ability to process a wide range of materials and manufacture large components more
cost-effectively [156]. Kasprowicz et al. demonstrated that using a machine with two lasers
(whether both lasers are applied to a single sample or each laser works on separate models)
can reduce build time by up to 50% compared to single-laser systems [149].

Commercial PBF-LB/M machines typically use a cartesian coordinate system with
linear actuators positioned along three orthogonal axes. In this setup, parts are built
vertically along one axis, the recoater moves along another axis, and the gas flow is
managed along a third axis, sometimes parallel to the recoater movement. A notable
drawback of this design is its need for sequential operation: the laser must pause during
the movement of the axes, and the axes must pause during lasing [147]. To overcome this
limitation, General Electric Company researchers have developed an innovative PBF-LB/M
machine that uses a rotating powder bed and multiple scanning lasers, operating on a polar
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coordinate system instead of the traditional cartesian system. This polar arrangement is
particularly well-suited for manufacturing ring-like parts with large diameters and small
cross-sections, which are common in the aerospace industry. In this sector, AM plays a
crucial role in enhancing performance and reducing costs through innovative design and
part consolidation [157]. Figure 10a–d illustrate the configurations of multi-laser cartesian
and polar coordinate systems, as well as the components and outputs of the rotary powder
bed fusion machine.

In rotary powder bed fusion machines, also referred to as spiral growth manufactur-
ing [158], the system synchronizes the rotational movement of the powder bed with an
ascending laser scanner and recoater to construct parts helically. A single-point powder
feeder deposits metal powder near the inner radius of an annular build volume, while a
recoater spreads the powder to the outer radius in a “snowplow” manner. Since the recoater
and laser scanner operate at different angular locations, they function independently and si-
multaneously. This method has demonstrated build rates three times faster than traditional
PBF-LB/M systems while reducing powder consumption by over fourfold [147,157,159].
Research by Ramos-Grez et al. on producing rings using 3D laser printing methods shows
that the dimensional accuracy and the specific and nominal density of rings produced via
polar printing are nearly identical to those achieved through cartesian methods. Addition-
ally, the build rate efficiency of rings made with polar printing is approximately 5% higher
than that of rings produced using the cartesian method [160].
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Additional strategies to enhance PBF-LB/M productivity have been explored by Du
Plessis et al., who investigated the use of shelled geometries combined with hot isostatic
pressing (HIP) [161]. This approach focused on limiting laser melting to the outer shell or
contour of the structure intentionally, leaving the interior powder unmelted. By reducing
the volume of material that needs to be melted, this method significantly reduces PBF-
LB/M production times. A subsequent HIP cycle, often required for ensuring structural
reliability, then consolidates and densifies the entire part without adding extra costs,
thereby improving both production speed and energy efficiency. Furthermore, Yim et al.
identified that the shape of powder particles plays a key role in accelerating the PBF-LB/M
process [162]. Specifically, they found that spherical particles enhance powder flowability,



Appl. Sci. 2025, 15, 2221 25 of 44

promoting a more uniform distribution within the powder bed. In addition, the PSD was
also observed to have a significant impact on productivity. In fact, a larger PSD generally
results in faster printing due to improved flowability, further contributing to enhanced
production efficiency.

4.2.3. Process Monitoring and Quality Control to Improve Component Life Service

In PBF-LB/M, the effective integration of process monitoring and quality control is
pivotal for optimizing component longevity and advancing sustainability. Continuous
monitoring of process parameters enables real-time detection of deviations that could result
in defects like porosity or incomplete fusion. By employing rigorous quality control mea-
sures informed by this monitoring data, only components that adhere to stringent quality
standards are produced, thereby reducing the risk of premature failure and extending
service life. Additionally, minimizing defects and rework enhances component reliability
and decreases material waste and energy consumption, thus contributing significantly to
the sustainability of the PBF-LB/M process.

As mentioned in the previous section, enhancing the BR involves increasing the laser
movement speed, which reduces energy density. Consequently, this raises the likelihood of
producing parts with specific porosity defects, such as a lack of fusion [163]. Therefore, it is
essential to ensure that higher productivity does not compromise the quality of the parts.
These defects can reduce the lifespan of the parts, potentially leading to premature failure
and disrupting the sustainability chain.

PBF-LB/M, like all conventional manufacturing methods, requires robust quality
assurance procedures and advanced tools to effectively manage and certify the qual-
ity of fabricated components. In PBF-LB/M, the reliability and longevity of produced
components are significantly influenced by factors such as defects, residual stresses, and
microstructural inconsistencies [164]. Specifically, the PBF-LB/M process involves complex
interactions between laser, powder, and substrate, and even minor deviations can lead
to defects such as porosity, warping, or structural weaknesses [165]. Aluminum alloys
processed by PBF-LB/M are characterized by a limited absorption of laser energy to the
wavelength of YAG Laser, leading to inconsistent melting and promoting the formation of
oxides, which can cause porosity and affect the mechanical properties of the final part [166].
Additionally, the rapid cooling rates associated with PBF-LB/M can induce significant
residual stresses, resulting in distortion and cracking [167]. Effective monitoring and qual-
ity control are, therefore, imperative to address these challenges and enhance the service
life and structural integrity of Al PBFed components. Both in situ (or in-line) monitoring
techniques, which provide real-time data on process characteristics, and ex-line monitoring
techniques, such as post-build inspection and analysis, play crucial roles in ensuring the
quality and durability of these components.

In situ monitoring provides continuous oversight of process parameters and material
behavior, enabling early detection of issues and facilitating immediate corrective actions.
This real-time feedback loop is crucial for maintaining the desired quality and performance
of the final parts. These techniques facilitate increased process efficiency by optimizing oper-
ational parameters such as laser power and scan speed using live data, thereby minimizing
material waste and reducing production times. In addition, in situ monitoring reduces the
necessity for extensive post-build inspections and rework by addressing potential issues
during the build process. Moreover, it supports improved predictive maintenance by
providing critical data on equipment wear and performance, which enhances equipment
reliability and decreases downtime [164]. In PBF-LB/M, various in situ monitoring tech-
niques are employed to ensure process quality, including optical, thermal, radiographic,
and acoustic methods [164]: optical monitoring utilizes high-speed imaging and laser
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scanning to observe melt pool dynamics and surface topology, which are crucial for layer
uniformity and accuracy; thermal monitoring employs infrared cameras, thermocouples,
and pyrometers to track temperature distributions and detect potential overheating or
melting issues; radiographic techniques, including X-ray imaging and computed tomogra-
phy, offer insights into internal structures and potential defects by visualizing the internal
features of the melt pool and the solidified material; and acoustic monitoring involves ultra-
sonic sensors and microphones to analyze sound waves, helping to identify irregularities in
melt pool behavior and powder deposition. Figure 11 illustrates the classification of defects
in AM, along with monitoring techniques categorized into ex situ and in situ methods.
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Observing and analyzing melt pool characteristics in PBF-LB/M is critical for ensuring
high-quality parts, as it facilitates real-time defect detection, process optimization, and
control over microstructural properties. In addition, such monitoring also contributes to
improvements in surface finish and dimensional accuracy [168]. Through the application
of in situ monitoring and adaptive control strategies, manufacturers can achieve parts
with enhanced mechanical properties, fewer defects, and greater reliability. The following
delineates the specific benefits of real-time melt pool monitoring within the PBF-LB/M
process. Defects commonly associated with PBF-LB/M, including porosity, a lack of fusion,
and keyholing, are closely linked to deviations in melt pool behavior. For instance, porosity
may arise when the melt pool is insufficiently deep or fails to fuse the powder layers
completely. By scrutinizing the depth and stability of the melt pool, it is possible to adjust
laser parameters to mitigate incomplete melting. Similarly, keyholing, which occurs due to
excessive energy input, can result in deep and unstable melt pools, leading to significant
defects. Effective observation of melt pool characteristics facilitates the early detection and
rectification of these conditions, thereby improving the overall quality of the manufactured
components. In Rees et al. [169], in situ X-ray imaging was employed to provide real-time
visualization of the processes occurring during the PBF-LB/M of an Al-2139 alloy with TiB2

additions. This advanced imaging technique enabled the observation of the rapid formation
and evolution of hot cracks and porosity at the microscale, capturing critical details of
crack propagation, laser-powder interactions, and pore dynamics within milliseconds.
These real-time insights were pivotal in understanding the influence of various process
parameters and material modifications on defect formation.

Not only does monitoring the melt pool aid in the early detection of defects but it also
helps identify issues related to residual stress-induced defects. Residual stresses, which
can cause warping or cracking of the manufactured part, are influenced by the thermal
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gradients and cooling rates of the melt pool. By analyzing the melt pool temperature
distribution and cooling rates, it is possible to optimize laser power, scanning speed, and
path strategies to minimize thermal gradients and, consequently, residual stresses. The
integration of an active contours image segmentation technique with a statistical process
monitoring framework facilitates the automated detection of both in-plane and out-of-plane
deviations from the nominal geometry on a layer-by-layer basis in real-time [170]. This
monitoring approach is crucial for managing residual stresses and maintaining dimensional
accuracy, as it enables the early identification of anomalies, such as local contaminations or
distortions resulting from thermal stresses or material inconsistencies.

Beyond detecting defects and managing residual stresses, in situ melt pool monitoring
is essential for gaining insights into the material properties of the final part. Numerous
studies have shown that the microstructure, including grain size and phase composition, is
largely determined by the solidification rate and thermal history of the melt pool [171,172].
By observing melt pool characteristics, process parameters can be adjusted to optimize
cooling rates, which in turn directly influence the microstructure and mechanical properties
of the part. For instance, faster cooling rates can result in finer microstructures leading to
improved strength and hardness. Schmeiser et al. [173], through the use of synchrotron
radiation, investigated the effects of different laser powers and scanning speeds affected
crystallographic texture and lattice defects. Their findings revealed that higher laser power
and scan speed promoted a strong crystallographic orientation, while lower settings did not.

Although the importance of real-time monitoring of melt pool characteristics is long-
established, the importance of maintaining a feedback loop cannot be underestimated. Real-
time feedback allows for adaptive process control, where laser parameters (such as power,
speed, and focus) are dynamically adjusted based on the observed melt pool behavior.
This dynamic adjustment ensures that melt pool conditions remain consistent, which is
crucial for achieving uniform part quality and minimizing defects. A study explored the
implementation of a feedback control system in layer-wise laser melting processes, utilizing
optical sensors to enhance process precision [174]. The research specifically focused on
monitoring the melt pool thermal profile through infrared thermography. This technique
enables the real-time observation of thermal deviations from the target temperature profile.
When such deviations are detected, the system dynamically adjusts the laser power to
correct the temperature discrepancies. This feedback mechanism is crucial for maintaining
a stable thermal environment within the melt pool, thereby promoting uniform part quality
and mitigating common defects, such as porosity and cracking.

The quality of the melt pool also affects the surface finish and dimensional accuracy
of the printed parts. It was proved that a stable and well-controlled melt pool results
in smoother surfaces and better adherence to the intended geometry. In a study [168],
advanced in situ monitoring systems, including coaxial high-speed cameras and off-axis
imaging, were employed to observe and record the behavior of the melt pool during the
PBF-LB/M process. These systems captured essential data such as melt pool temperature
and intensity. The gathered data were utilized to construct detailed melt pool signature
maps, which were subsequently integrated into a neural network model to predict the
surface topography of the printed layers accurately. By identifying melt pool temperature
as a critical predictor of surface characteristics, the study facilitated real-time adjustments
to process parameters, such as laser power and scanning speed. A comprehensive review
of the published studies related to in situ monitoring techniques utilized in metal powder
bed fusion was carried out by Grasso et al. [175]. The authors detailed how the continuous
analysis of melt pool characteristics enhances the understanding of the interplay between
process parameters and material properties. This insight is crucial for the refinement of
process parameters, thereby contributing to improved repeatability and reliability in the
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production of high-quality components. In addition, data collected from real-time melt
pool monitoring can be used to develop predictive models and simulations that can guide
the initial parameter settings and reduce the need for trial-and-error approaches, thus
streamlining the development process and reducing time and material waste.

5. Post-Processing
5.1. Redesign Heat Treatment for a Sustainable PBF-LB/M Manufacturing

The rapid advancements in PBF-LB/M technology have driven significant interest in
optimizing post-processing methods, particularly heat treatments, to enhance the perfor-
mance of aluminum components. Unlike conventional methods, the PBF-LB/M process
induces unique metallurgical characteristics due to its extremely high cooling rates (in the
range of 103–107 K/s), and successive heating and cooling cycles due to the layer-by-layer
construction. These features lead to the formation of strongly supersaturated solid solutions
(SSSSs), generation of residual stresses, and epitaxial growth on the underlying layers,
which results in directional solidification and mechanical anisotropy and in situ heat treat-
ment of previously solidified material, which in turn causes local phase transformations and
precipitation [176]. Given these distinctive characteristics, conventional heat treatments,
which are typically optimized for slowly solidified alloys, may not be directly applicable.
Their long durations and high temperatures, though effective for conventional alloys, are
likely not suitable for PBFed components, as they do not account for the microstructural
peculiarities induced by rapid solidification. Moreover, the environmental impact of tra-
ditional heat treatments, which require significant energy and extended processing times,
adds an additional layer of concern. Therefore, there exists a pressing need to develop
novel heat treatments specifically tailored to PBFed aluminum alloys that must be shorter
and more energy-efficient to reduce the environmental footprint while simultaneously
being capable of achieving the desired microstructural and mechanical properties.

As mentioned above, the PBF-LB/M process enables a favorable SSSS condition in the
as-built state, thanks to the high cooling rates characteristic of this technology. This feature
allows an increased amount of solute in solution, even for elements with low solubility
in aluminum, sometimes exceeding the levels achievable through conventional solution
treatment and quenching. For example, it has been demonstrated that Al-Si-Mg alloys
processed via PBF-LB/M exhibit higher supersaturation compared to that obtained with
traditional thermal treatments [177]. In addition, Babu et al. exploited this PBF-LB/M
peculiarity to produce a high solute Al–Zn–Mg alloy with 14 wt% Zn and 3 wt% Mg
where excess manganese was added to improve the solid solution strengthening of the
alloy, in addition to second-phase strengthening produced by Sc [178]. Furthermore, Jia
et al. observed that the exceptionally high cooling rates achievable in the PBF-LB/M
process can retain up to 4.3 wt% of Mn in supersaturated solid solution within Al-Mn
alloys—significantly surpassing its equilibrium solubility of approximately 1.8 wt% [179].
This phenomenon was leveraged by Martucci et al. to develop a novel Al-Mn-Cr-Zr
alloy containing 5 wt% Mn, which exhibited exceptional solid solution strengthening and
achieved high hardness in the as-built condition [180]. The increased SSSS characteristic
of the PBF-LB/M process opens up the possibility of using aluminum-based alloys in the
as-built state or with reduced treatments, leveraging supersaturation to achieve fast and
effective strengthening through artificial aging. In this context, mechanical strengthening
occurs via the precipitation of coherent and semi-coherent nanometric particles, making
some Al-based alloys particularly suitable for direct use after faster heat treatment without
requiring preliminary long solution treatment. Reducing heat treatments required on
PBFed Al-based alloys further lessens energy consumption and reduces greenhouse gas
emissions due to energy being produced by fossil fuels. Such direct processes preserve the
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material properties, reduce the occurrence of defects, and limit reprocessing requirements;
hence, the whole circle of manufacturing time is reduced and greener. Higher throughputs
and better use of resources further optimize production efficiency. This aligns well with the
industrial goal of sustaining manufacturing with a low environmental impact.

One traditional post-processing treatment in the AM sector that delivers superior
mechanical properties while minimizing processing time and reducing overall costs is
direct aging, also known as T5 temper [181,182]. This approach is particularly effective for
alloys like Al-Cu, Al-Zn-Mg, and Al-Mg-Sc, which exhibit significant hardening potential
when subjected to aging treatments [176]. Unlike solution treatment followed by aging,
direct aging capitalizes on the supersaturation of alloying elements achieved through rapid
solidification, enabling enhanced precipitation hardening. For instance, in Al-Mg-Sc alloys,
direct aging has demonstrated a 72 HV increase in hardness due to additional Al3Sc precip-
itate formation [183]. T5 on Al-Mg-Sc alloys effectively improves yield strength, elevating
it from 362 MPa in the as-built condition to 520 MPa after aging at 350 ◦C for 2 h [184].
Conversely, in Al-Si-Mg alloys, the effects of direct aging are more subdued, with only
slight improvements in mechanical behavior and limited impact on residual stress or grain
size. While T5-treated Al-Si-Mg samples exhibit the highest mechanical resistance among
various heat treatments, the deviation from as-built properties is less pronounced compared
to that achieved in solution-treated samples [185]. However, direct aging in Al-Si alloys
can reduce toughness by 35–40%, altering the fracture behavior to be more random and
less localized at melt pool boundaries [186]. The T5 treatment can also be performed in situ
by leveraging platform pre-heating during the PBF-LB/M process, offering a streamlined
and sustainable approach to enhance material properties directly during fabrication. For
instance, Raffeis et al. [187] investigated the precipitation of various Al-Cu-Li phases in a
PBFed 2099 alloy. The study compared the effects of in situ treatment, achieved by pre-
heating the build platform to 220, 320, and 520 ◦C. In situ treatments successfully induced
the precipitation of hardening phases. Bosio et al. [188] investigate the feasibility of con-
ducting in situ heat treatments during the PBF-LB/M process for AlSi10Mg components.
Conventional PBF-LB/M systems typically operate with build plate temperature limits of
200 to 250 ◦C, restricting their application to in situ aging and low-temperature stress relief.
In their work, the authors elevated the build plate temperature to 500 ◦C during 10–13 h of
printing. At 220 ◦C, extended build times facilitated an in situ direct aging heat treatment,
while printing at 300 ◦C enabled effective stress relief. Furthermore, temperatures of 450
and 500 ◦C allowed the implementation of in situ solution heat treatments. Schimback
et al. [189] examine the in situ heat treatment of Scalmalloy® within the PBF-LB/M process.
The build platform was heated to 200 ◦C, promoting the formation of Sc solute clusters. The
presence of strength-enhancing secondary particles in the specimens produced under these
conditions resulted in mechanical properties comparable to those of peak-aged Scalmalloy®.
The in situ heat treatments are not only efficient but also more sustainable, as they reduce
the energy and time associated with separate post-processing steps. By integrating heat
treatment into the printing process, energy-intensive post-build furnaces can be avoided,
and the overall carbon footprint of the manufacturing process is significantly lowered,
aligning with broader goals of environmental sustainability in advanced manufacturing.

In addition to enhancing material properties, platform pre-heating can also help
alleviate residual stresses, which are a common challenge in PBF-LB/M processes due to
the rapid thermal cycling that occurs during printing. The high temperatures and rapid
cooling cycles inherent in these processes induce residual stresses that can lead to distortion,
warping, or cracking if not properly managed. Pre-heating the platform helps mitigate
these stresses by providing a more controlled thermal gradient, reducing the cooling rates
that contribute to stress accumulation. However, while pre-heating can offer some relief,
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it is often still necessary to apply a dedicated post-processing heat treatment at elevated
temperatures to fully alleviate residual stresses. Such heat treatments must be carefully
designed to balance stress reduction with the preservation of the material microstructure
and mechanical properties. For example, in Al-Si-Mg alloys, stress-relieving temperatures
are often a challenge because precipitation hardening typically occurs at temperatures
between 150–200 ◦C, which is insufficient to effectively relieve residual stresses after PBF-
LB/M. While a typical stress-relieving treatment of 2 h at 300 ◦C helps soften the alloy, it also
reduces strength, necessitating a subsequent solution heat treatment to regain mechanical
properties [190].

While it is true that the current literature is progressively shifting toward shorter,
simpler, and more sustainable heat treatments to align with environmental and economic
demands, more comprehensive treatments, such as the T6 process, which includes solution
heat treatment followed by aging, remain essential in some instances. Specifically, the T6
treatment is often necessary to mitigate the effects of microstructural anisotropy introduced
by the PBF-LB/M process. This anisotropy, inherent to layer-by-layer manufacturing, can
lead to heterogeneities in mechanical performance, such as reduced toughness or non-
uniform elongation. Moreover, T6 treatments are particularly beneficial for enhancing the
toughness and elongation at fracture of additively manufactured components, properties
that are frequently challenging to optimize in metal AM. Despite the increasing emphasis
on leaner thermal treatments, the trade-off in mechanical performance must be carefully
evaluated to ensure the reliability and functionality of components in demanding applica-
tions. However, the as-printed SSSS condition of additively manufactured components can
significantly reduce the duration required for the solutionizing step in the T6 treatment.
This feature allows for shorter heat treatment cycles, reducing energy consumption and
enhancing the overall sustainability of the process, without compromising the benefits of
the T6 approach. For example, Vanzetti et al. investigated the effects of a shortened T6
heat treatment on PBF-LB/M AlSi7Mg samples [191]. The procedure involved a 15 min
solution treatment at 540 ◦C, followed by water quenching and artificial aging at 170 ◦C for
2–8 h. The results demonstrate that the shorter solution treatment effectively dissolves the
fine phases generated during the PBF-LB/M process. However, the subsequent aging at
170 ◦C for 6 h leads to tensile properties that are slightly lower than those obtained with
the standard T6 treatment. Di Egidio et al. examined a novel rapid T6 heat treatment for
AlSi10Mg alloy produced via PBF-LB/M, comparing its performance with T5 and conven-
tional T6 heat treatments [192]. This rapid T6 process includes a brief solution treatment
(10 min at 510 ◦C) followed by artificial aging (6 h at 160 ◦C). The objective of this treatment
is to homogenize the microstructure and relieve residual stresses in the as-built alloy while
preserving its fine microstructural features and associated strengthening mechanisms. The
shortened solution treatment reduces porosity growth typically seen at elevated tempera-
tures, resulting in a uniform dispersion of fine globular Si particles within the aluminum
matrix. Moreover, this approach limits diffusion, increasing the amount of Mg and Si in
solid solution, thereby enhancing precipitation hardening while preventing microstructural
coarsening. ASTM F3318-18 specifies the properties of finished PBF-LB/M AlSi10Mg parts
and includes guidelines for thermal processing techniques such as stress relieving, solution
heat treatment, T6 tempering, and HIP [64]. HIP applies high temperatures, typically above
70% of the material melting point, combined with isostatic pressure, up to approximately
200 MPa, in a gas medium such as argon or nitrogen. HIP is primarily used to close internal
pores and correct internal defects, thereby enhancing overall material performance, though
it has limited effectiveness on surface-connected defects, such as surface pores [193].

Recent advancements in AM have led to the development of novel aluminum al-
loys specifically optimized for PBF-LB/M processes, which eliminate the need for post-
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processing heat treatments like T5, T6, or HIP. These new alloys are engineered to deliver
high strength, toughness, and ductility directly from the build process, reducing production
time and costs while streamlining the manufacturing workflow. This breakthrough not only
enhances efficiency and sustainability but also mitigates the risks of part distortion and
microstructural degradation associated with traditional thermal processing. As a result,
industries such as aerospace, automotive, and tooling benefit from faster production cycles,
reduced energy consumption, and improved part quality, marking a significant advance-
ment in AM technology. As mentioned in Section 4.1.1, Elementum 3D has developed
enhanced versions of traditional alloys using its RAM technology, which incorporates
ceramic nanoparticles to improve printability. The company launched aluminum alloys
A5083-RAM2™ and A5083-RAM5™, featuring 2 and 5% volume of RAM additives, respec-
tively, to the A5083 alloy. These high-strength aluminum alloys offer excellent printability
and good corrosion resistance and do not require post-build heat treatment. For instance,
A5083-RAM5 consistently exhibits uniform tensile properties in both horizontal and verti-
cal orientations, whether in the as-printed or stress-relieved states. The inclusion of RAM
additives substantially increases its strength relative to conventional wrought 5083 alloys.
Specifically, in the as-printed condition, A5083-RAM5 achieves 1.8 times the yield strength
of strain-hardened wrought 5083-H116, and in the stress-relieved state, it attains 2.9 times
the yield strength of wrought 5083-O [194]. Figure 12 compares various heat treatment
methods for PBFed aluminum alloys, highlighting their effectiveness in enhancing material
properties and energy efficiency.
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5.2. Strategies to Reduce Surface Post-Processing Operations

Managing surface roughness during manufacturing is essential for producing ready-
to-use components, minimizing the need for extensive post-processing. When compared to
subtractive manufacturing, the limited surface finish and dimensional accuracy of PBFed
aluminum components restrict their broader adoption. For this reason, optimizing PBF-
LB/M process parameters is crucial for enhancing surface quality, which directly affects
the mechanical performance and dimensional accuracy of 3D-printed parts [195]. By
fine-tuning the PBF-LB/M parameters, smoother surfaces can be achieved, significantly
reducing the reliance on post-processing methods like machining or polishing [196]. This
approach not only boosts production efficiency but also promotes sustainability by con-
serving energy, minimizing material waste, and lowering the overall carbon footprint.
Surface roughness refers to the micro-scale irregularities on a material surface and is a
critical factor for the mechanical properties, especially for dynamic ones such as fatigue
strength [197,198]. The literature has amply demonstrated that surface roughness is pre-
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dominantly influenced by three key factors: irregular solidification of the melt pool driven
by process dynamics, the adhesion of powder particles to the surface, and the staircase
effect [199–201]. There are various methods for characterizing and quantifying surface
roughness, with the most widely used relying on mathematical parameters that describe
the surface profile. Roughness values can be calculated either along a single profile (line)
or across an entire surface (area). These parameters are generally classified into three
categories based on their function: amplitude parameters, spacing parameters, and hybrid
parameters. The most used surface roughness parameter for PBF-LB/M components is
Ra, also referred to as the arithmetic average height or center line average. Ra is widely
accepted in general quality control, representing the average absolute deviation of surface
irregularities from the mean line over a defined sampling length [201].

Attaining the desired surface quality and dimensional precision necessitates the careful
selection of appropriate PBF-LB/M parameter combinations. Li et al. demonstrated that
the variation in surface quality of 7075 alloy samples is significantly influenced by both
laser power and volume energy density [202]. In particular, they observed that by keeping
constant the scan speed, surface roughness consistently decreased with increasing laser
power. A parabolic trend was instead seen by correlating surface roughness with Volumetric
Energy Density (VED), a crucial parameter that combines several process parameters
(laser power, scanning speed, hatch spacing, and layer thickness) to provide an integrated
measure of energy applied per unit volume of the powder bed. The roughest surface was
observed at a low energy density of VED = 43 J/mm3, while a smooth, dense surface was
obtained at VED = 313 J/mm3, and a relatively rough surface at a high energy density of
VED = 1565 J/mm3. The same trend was noticed by Li et al. [203] on AlSi10Mg parts. They
investigated the correlation between VED and surface roughness, paying attention to the
effects on the five faces of the PBFed cubes. Their study demonstrated that as energy density
increased, the roughness of the five faces initially decreased before rising again, whereas
the roughness of the top surface exhibited a slight increase. The most favorable surface
quality was achieved at energy densities of 175 and 200 J/mm3. In another study on the
surface roughness of PBFed AlSi7Mg, the findings showed that laser power and scan speed
significantly impacted surface roughness [204]. Another parameter that influences surface
roughness is the use of contour scans. The material is melted along paths parallel to the
component contour, either before or after the infill. The scan parameters can be optimized
to reduce surface roughness. In general, it was stated that higher energy input ensures
more uniform melt tracks, smoothing out peaks and valleys through re-melting [199].
Musekamp et al. [205] investigated the impact of contour parameters on surface roughness
and their effect on the fatigue performance of PBFed Scalmalloy®. They stated that the
application of optimized contour parameters yielded a 10–20% improvement in fatigue
properties compared to the condition without contour scans. Most research has focused
on the roughness of the top face of components, while some studies have also examined
the roughness of other faces and overhanging surfaces. Yang et al. [206] conducted a
study to assess the impact of process parameters on the overhanging surface roughness
of AlSi10Mg specimens fabricated without support structures, at various build angles (30,
45, and 60◦). The parameters analyzed included infill laser power, infill scanning speed,
infill scanning angle, contour laser power, and contour scanning speed. The findings
revealed that contour process parameters exerted a significantly greater influence on
surface roughness compared to infill parameters. Moreover, the effect of these parameters
on surface roughness decreased as the build angle increased, with contour scanning speed
identified as the most critical factor. In order to reduce as much as possible experimental
studies with consequent waste of dust, energy, and cost, a lot of attention is currently being
paid to the development of models based on machine learning techniques to predict how
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various parameter combinations impact surface roughness and dimensional accuracy in
the final PBFed components [207].

Although process parameter optimization has proven to be a successful ally in opti-
mizing the component surface roughness by maximizing its dynamic mechanical properties
and limiting post-processing operations, the average roughness in PBF-LB/M production
is always above the 3.2 µm required in aerospace applications [208]. In addition, post-
processing machining becomes necessary when contact surfaces are present or when the
dynamic properties of the component are particularly stressed during service [209]. Such
a need is rendered particularly pronounced when Al-based alloys are involved. In fact,
Al-based alloys processed for PBF-LB/M have been shown to have much higher surface
roughness than Ni-, Ti-, or steel-based alloys, making them inapplicable in specific indus-
trial applications [131]. In order to undergo post-processing operations, the component
must be detached from the additive platform, brought onto a workbench, and subjected to
one or more machining operations with possible repositioning. This results in laborious
manual operations, downtime, and additional costs, making the process unsustainable.

Hybrid manufacturing, which encompasses various combinations of processes and
mechanisms, plays a pivotal role in enhancing sustainability by optimizing material us-
age, reducing energy consumption, and streamlining production stages. This approach
effectively addresses the productivity challenges associated with traditional AM, such as
extended production times and high per-unit costs, by leveraging the strengths of multiple
manufacturing techniques. By consolidating production steps and minimizing the number
of machines required, hybrid manufacturing not only improves operational efficiency
but also strongly aligns with sustainability goals, promoting resource conservation and
waste reduction [210,211]. In hybrid AM, additive processes are combined with subtrac-
tive techniques, such as CNC machining, to optimize material properties, precision, and
dimensional tolerances [212]. While current hybrid additive–subtractive technologies have
primarily focused on combining direct energy deposition with machining processes, the
integration of PBF-LB/M with CNC milling presents a promising solution to overcoming
the challenges of surface finish and precision [213]. Several companies have developed hy-
brid manufacturing systems that combine PBF-LB/M methods with CNC milling, enabling
the production of faster and more complex parts. Matsuura has pioneered this technology
with its LUMEX Avance-25, an innovative hybrid CNC machine that integrates 3D printing,
metal laser sintering, and milling. This cutting-edge system enables the production of
intricate metal components with superior surface finishes [214]. Since entering the market
in 2017, Sodick has emerged as a leader in hybrid manufacturing. Their OPM250L and
OPM350L models seamlessly integrate selective laser melting and high-speed milling, facil-
itating the production of complex metal molds with exceptional precision and finish. This
advanced technology significantly boosts productivity, reduces lead times, and lowers costs
compared to conventional manufacturing methods [215]. Liu et al. developed a hybrid
system integrating PBF-LB/M with a three-axis CNC milling machine [209]. PBF-LB/M
with CNC milling systems are primarily employed in the mold industry, taking advantage
of their ability to consolidate most, if not all, manufacturing processes within a single
machine. They are particularly suited for the production of medium to large parts, such
as conformal cooling channels in molds, which optimize cooling efficiency and are nearly
impossible to produce as single components using conventional methods. Furthermore,
these systems help reduce the likelihood of defects caused by limited access to cutting
tools. In mold manufacturing, it is crucial for the cooling medium to flow with minimal
resistance, necessitating exceptionally smooth surfaces in the cooling channels. This level
of surface finish can only be achieved through CNC machining, rather than AM [216].
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6. Summary and Perspectives
Global industrial production significantly contributes to greenhouse gas emissions,

with aluminum manufacturing standing out for its high energy intensity. This issue is
compounded by rising demand due to economic growth and population increases. Tackling
the environmental impact of aluminum traditional production is critical, as global warm-
ing, largely driven by CO2 emissions from industries, manufacturing, and transportation,
remains one of the world most urgent challenges. PBF-LB/M additive technology has
emerged as a transformative solution for advancing sustainability by optimizing material
use, incorporating industrial waste, and reducing energy consumption and emissions. De-
spite its benefits, AM energy-intensive nature highlights the need for further advancements
in energy efficiency to achieve its full sustainability potential.

This review examined how PBF-LB/M can address environmental challenges by
enhancing material efficiency, minimizing waste, and optimizing energy use in aluminum-
based alloy production. Aluminum lightweight and recyclable properties, combined with
the design flexibility and efficiency of PBF-LB/M, establish it as a key driver of sustainable
innovation. The paper explores strategies to improve PBF-LB/M sustainability across the
entire process chain, from feedstock production to post-processing.

• The production of metal powders for PBF-LB/M is energy-intensive, with environ-
mental impacts varying by fabrication methods and feedstock sources. Conventional
techniques like gas and water atomization or plasma-based processes balance energy
use, particle morphology, and costs. Emerging methods, such as cold mechanically
derived powders and UniMelt® plasma technology, offer more sustainable alternatives
by enabling high-yield, low-energy production and efficient recycling of feedstocks.
Incorporating recycled materials into powder production further decreases CO2 emis-
sions and conserves natural resources. Additionally, the reuse of PBF-LB/M powders
across multiple build cycles, supported by rigorous quality control measures, in-
cluding blending, sieving, and property monitoring, enhances sustainability and
economic viability.

• PBF-LB/M revolutionizes sustainable manufacturing by integrating lightweight mate-
rials with advanced designs. Innovations in tailored alloy compositions and modifica-
tions to traditional alloys address challenges like hot cracking, enabling the production
of components with superior strength, ductility, and thermal stability. Structural de-
sign techniques, such as topology optimization and lattice structures, enhance material
efficiency, reduce weight, and improve performance, key benefits for aerospace and
automotive applications. Process optimization methods, including DoE and single
scan track analysis, reduce defects, energy consumption, and material waste while en-
suring dense, durable parts. Additionally, advancements like parameter optimization,
multi-laser systems, polar coordinate designs, and real-time melt pool monitoring
enhance productivity, quality, and component lifespan.

• Integrating tailored post-processing techniques with the PBF-LB/M process is critical
for achieving sustainability and improving material performance. Traditional heat
treatments, often energy-intensive, are being replaced by accelerated heat treatments
that reduce processing time and energy consumption without compromising material
properties. Recent advancements propose shorter, more energy-efficient treatments
that optimize mechanical properties while minimizing environmental impact and
production costs. Additionally, reducing surface post-processing through parame-
ter optimization and hybrid manufacturing approaches further enhances efficiency
and sustainability.

In conclusion, PBF-LB/M holds substantial potential to drive sustainability advance-
ments across industrial and mobility sectors. By optimizing design processes to reduce
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material consumption, implementing material recycling, managing energy use, minimizing
post-processing requirements, conducting comprehensive life cycle assessments, and foster-
ing cross-industry collaboration, manufacturers can substantially lower their environmental
footprint. While challenges such as energy intensity, the limited scalability of PBF-LB/M,
and the environmental impact of raw material preparation remain, the potential of additive
processing of aluminum alloys to revolutionize sustainable manufacturing is immense.
Continued innovation in process optimization, material development, and integration of
renewable energy sources will be crucial.
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