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Abstract: Additive manufacturing (AM) is a layerwise production process that creates three-dimensional
objects according to a digital model. This technology has demonstrated to be a promising alternative
to conventional manufacturing methods for various industrial sectors, such as aerospace, automotive,
biomedical, and energy. AM offers several advantages, like design flexibility, material efficiency,
functional integration, and rapid prototyping. As regards metal parts, conventional AM techniques
using infrared laser sources face some limitations in processing high-reflectivity and high-conductivity
materials or alloys, such as aluminum, copper, gold, and silver. These materials have low absorption
of infrared radiation, which results in unstable and shallow melt pools, poor surface quality, and
high porosity. To overcome these challenges, green and blue laser sources have been proposed for
AM processes. This review provides an overview of the recent developments and applications of
green and blue laser sources for powder bed fusion of copper and its alloys, focusing on the effects of
process parameters on the melt pool dynamics, microstructure formation, and thermal and electrical
properties of the fabricated parts. This review also presents the main applications of AM of copper
and its alloys together with potential opportunities for future developments.

Keywords: additive manufacturing; powder bed fusion; green laser; blue laser; copper alloys;
industrial applications

1. Introduction

Initially developed for prototyping application and tooling [1], layerwise fabrication
has transformed from rapid prototyping [2] to 3D printing [1,3] and Additive manufactur-
ing (AM) [4]. With the advancement of techniques to add the material layer after layer in
different ways from solid, liquid, or powder feedstock [5], AM has demonstrated successful
fabrication of metal parts, which can be used for both research and development (R&D)
activities as well as for the fabrication of end-usable products.

The international joint guidelines ASTM F3177-21 [6] and ISO 52900 [7] establish a
framework for the classification of additive manufacturing (AM) processes into seven
categories: powder bed fusion (PBF), material extrusion (MEX), material jetting (MJT),
binder jetting (B]JT), sheet lamination (SHL), vat photopolymerization (VPP), and directed
energy deposition (DED).

Figure 1 presents a classification of common direct and indirect AM techniques for
metals. Direct methods produce fully dense metal parts in a single process, requiring only
finishing or heat treatments. They can be broadly classified into two types based on layer
formation methods: PBF, where powder layers are selectively fused by an energy source,
and DED, where material is delivered and fused at the point of energy application. Indirect
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methods create an intermediary product that is transformed into a metal part through steps
like debinding and sintering.
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Figure 1. Classification of AM techniques for metals.

Laser-based AM encompasses several direct techniques, but Powder Bed Fusion-Laser
Beam (PBF-LB) is the most important because of its diffusion and reliability for industrial
applications [8]. PBF is recognized for its capacity to manufacture complex structures,
such as internal channels, intricate support networks, and detailed surface features, that
are challenging or impossible to create with traditional manufacturing techniques. This
makes it an invaluable technique for industries requiring high-precision, custom parts
with complex geometries. Previously published literature reported different industrial
applications for laser-based AM technology, such as aerospace, sport racing, and the oil and
gas industry [9]. Figure 2 represents the growth of industrial and academic interest in AM
by plotting the growth of number of citations over the last 30 years. However, the data from
recent years, starting from 2018, may not accurately reflect trends, as citations for recent
publications are typically lower in number. The data were extracted from SciVal benchmark
metrics [10] in August 2024 using different groups of keywords as detailed hereafter:

e Additive Manufacturing; Aluminum Alloys; Three Dimensional Printing—topic
T.5515;

e Additive Manufacturing; Selective Laser Melting; Three Dimensional Printing—topic
T.210;
Additive Manufacturing; Titanium Alloys; Crystal Structure—topic T.3465;
Copper Alloys; Selective Laser Melting; Three Dimensional Printing—topic T.86558;
Additive Manufacturing; Copper Alloys; Three Dimensional Printing—topic T.84520.
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Figure 2. Growth of citation counts over the years for Additive Manufacturing from SciVal benchmark
metrics.

The number of citations of the last two topics are grouped for the representation of the
historical trend in Figure 2. The lowest number of citations for copper alloys on the one
hand derives from the limited range of applications with respect to other metals like steel
or aluminum. On the other hand, copper has demonstrated low processability by PBF-LB
using conventional infrared sources.

This review aims to outline advancements in innovative laser sources used in PBF-LB,
with a comprehensive examination of green and blue lasers for highly reflective metals
with a specific focus on copper and its alloys. We aim to compare these sources with
the common infrared laser used in PBF-LB, exploring the fundamental principles, recent
advancements, challenges, and future trends associated with this AM technology. This
paper begins with an introduction to the PBF-LF process and its core principles, including
laser-material interaction. Subsequently, the paper delves into the use of innovative green or
blue laser sources, with two dedicated sections detailing their advancements for application
in AM. A separate section discusses the process parameters and optimization strategies
for these innovative sources in PBF-LB. The following part of the review addresses the
microstructure and functional properties of the produced parts or specimens, as presented
in the literature by various authors. This is followed by a section on industrial applications,
offering a broad perspective on the areas where the PBF process with innovative lasers for
copper alloys is being adopted or is promising for the development of AM. Finally, the
paper concludes with a discussion of current challenges in this field.

2. Fundamentals of Laser Powder Bed Fusion Technology
2.1. Process Description
PBF-LB builds parts incrementally, layer by layer, through the precise application of

heat from a thermal laser source that locally melts a bed of fine metal powder into a fully
formed solid object (Figure 3).
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Figure 3. Scheme of the PBF-LB process with a green laser source for copper powder.

After loading of the feedstock powder in the machine, a thin layer of the metal powder,
ranging from 20 to 100 microns, is spread across the build platform by a recoating blade
or roller. As the laser passes over the powdered surface, it selectively melts the metal
particles, effectively fusing them together in the designated areas of the CAD model, where
the cross-section of the 3D object should be solid. After each layer is complete, the build
platform lowers by the height of the layer, and a new layer of powder is evenly spread.
This cycle repeats, with the laser fusing each successive layer of powder until the entire
part is constructed. After the final layer is fused, the build chamber cools for several
hours, depending on the part’s size and complexity. The part is then removed, cleaned
of loose powder, and often requires post-processing. This may include heat treatments to
relieve stresses, support removal, surface finishing, or additional machining for precision.
Compared to PBF-EB and Laser Powder Directed Energy Deposition (LP-DED), PBE-LB
offers superior precision and smoother final surfaces. However, its reliance on laser-
absorbing materials can limit energy absorption and process efficiency. In contrast, PBF-EB
is better suited for conductive materials and offers faster build rates but lacks the fine
resolution of PBF-LB and is limited by vacuum requirements [11]. LP-DED enables the
production of larger parts with high deposition rates and no need for support structures,
but it sacrifices resolution and surface finish quality compared to both PBF techniques. [12].

2.2. Laser-Material Interaction

In PBF-LB, it is essential to have precise control over laser parameters, powder char-
acteristics, and environmental conditions to fabricate parts with the desired shape, size,
strength, and appearance. The choice of laser type is largely determined by its interaction
with the material, which is influenced by the material’s absorption characteristics, laser
power, beam size, and material phase.

The absorption coefficient of a material, indicating how much laser energy is absorbed
per unit depth, is critical. This coefficient is strictly dependent on the laser wavelength
and the material’s surface condition. Typically, shorter wavelengths, such as ultraviolet
or visible light, have higher absorption coefficients than longer wavelengths like infrared,
as they interact more strongly with material electrons. However, some materials exhibit
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specific absorption peaks or valleys at certain wavelengths due to their atomic or molecular
structures. For example, copper and its alloys show significant variation in absorption with
wavelength. Figure 4 shows the absorption coefficient of some processable metals in the
solid state as a function of wavelength.
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Figure 4. Absorption vs. wavelength for different solid materials. Adapted from Ref. [13].

In the near-infrared region, which is commonly used for PBF-LB, laser cutting, and
welding, solid copper has a low absorption coefficient, leading to most of the laser energy
being reflected. This necessitates high laser power and prolonged irradiation times to
achieve adequate heating and melting, which can result in a large heat-affected zone (HAZ)
and potential thermal damage or distortion. This issue is highlighted by simulations that
show that inadequate heat dissipation during multilayer printing can lead to defects like
cracks [14]. Conversely, in the visible light wavelength range, where solid copper has a
high absorption coefficient, the material absorbs most of the laser energy, allowing for rapid
heating and melting with lower laser power and shorter irradiation times. This results in a
smaller HAZ, reducing thermal damage and distortion. However, high absorption in this
range can lead to excessive vaporization and ablation rather than melting and bonding,
requiring careful control of process parameters to avoid excessive material removal.

The interaction of the laser beam with material powder in laser bed fusion involves
complex physical and chemical phenomena, such as melting, solidification, evaporation,
ablation, oxidation, and spatter. These interactions affect the final product’s density, poros-
ity, surface roughness, and mechanical strength. For example, A. Singh et al. demonstrated
that optimizing beam diameters can improve material density and reduce issues related to
powder ejection [15]. Understanding these factors and their interplay is crucial for optimiz-
ing laser processing and achieving high-quality results in AM. Additionally, Nordet et al.
explored the interaction between the laser, the underlying solid layer, and the powders.
Material phase plays a key role in absorption, as demonstrated by a previous study that
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quantified energy absorption variations for different phases. For example, copper absorbs
approximately 75% of energy in its solid phase, 50% in the liquid phase, and 80-90% in
keyhole regime [16]. Another study reported that copper powder absorbs more thermal
energy from the laser compared to the underlying solid layer [17]. This is due to the poor
thermal conductivity of the powder, which retains more heat than the solid layers, while
the solid layers can effectively conduct the heat away, creating a thermal gradient. This gra-
dient results in different melt pool conditions for solid layers versus powder layers. Horn
et al. discussed that excess energy trapped in the powder can result in a laser polishing
effect on previously solidified layers [18].

The quality of parts produced by PBF-LB is significantly influenced by the particle
size of the metal powder, with optimal results typically achieved when the particle size
ranges between 10 um and 60 um. Variations outside this range can affect the packing
density, flowability, and energy absorption during the laser melting process, potentially
leading to defects such as porosity, poor surface finish, or incomplete melting [19]. Smaller
particles often lead to higher packing density, lower porosity, and smoother surface finish.
However, they also require more energy to melt and may result in increased spattering and
evaporation. Conversely, larger particles can decrease energy consumption and thermal
stress but may introduce more voids, irregularities, and defects in the part. Optimizing
particle size distribution is therefore crucial to achieving an optimal balance between quality
and efficiency for each material and process.

Gruber et al. demonstrate how different types of copper—oxygen-free pure cop-
per (Cu-OF) and oxygenated electrolytic tough pitch copper (Cu-ETP)—exhibit varying
behaviors concerning absorption, porosity, and mechanical properties [20].

Another critical factor is the preheating and post-treatment of the powder and the
part. Preheating the powder can reduce the thermal gradient and residual stresses while
improving powder flowability and density. However, it may also lead to oxidation, contam-
ination, or phase transformations that can negatively affect the mechanical and chemical
properties of the final part. Wagenblast et al. reported that recycled powder exposed to
oxygen or humidity up to an acceptable level did not adversely affect part performance [21].
Furthermore, the components and levels of contamination in an alloy impact its melting
behavior, heat transfer, and resistance to deformation.

Previous research has explored various strategies to enhance the processability of
copper and its alloys in PBF-LB, aiming to increase optical absorption and reduce the final
component porosity. Among these, surface modification of copper powders has garnered
significant attention. Different examples of metal-coated powders were investigated. For
example, thin metallic tin coatings can boost optical absorption by almost 170%, but sulfur-
free powders are essential to prevent cracking and porosity [22]. Similarly, Ni-coated
Cu powders optimize laser reflectivity and produce near-dense copper parts when using
0.4 wt% Ni content [23]. Notably, a complete surface alloying state consistently outperforms
simple surface adhesion, as demonstrated by Nickel [23] and Carbon [24]. Carburized
CuCrl powder prepared by heat-treating a carbon-mixed CuCr1 alloy at 750 °C increases
optical absorption and flowability, allowing the production of fully dense copper parts. In
contrast, carbon-mixed powders suffer from nanoparticle detachment and poor wettability
with liquid copper. Moreover, in CuNiSi alloys, minimizing oxygen content and avoiding
elements such as Zn and Mg significantly lowered porosity [25].

When a copper alloy is melted by a laser, impurities within the alloy can negatively
affect the fusion process. Impurities may lower the alloy’s melting temperature, making it
more fluid and prone to spattering and splashing. This can cause voids or holes in the solid-
ified layer. Additionally, impurities can segregate during solidification, forming clusters or
inclusions that weaken the alloy’s mechanical strength and reduce its conductivity. These
inclusions act as stress concentrators, potentially initiating cracks in the material, and, most
importantly, they hinder its electrical and thermal conductivity. Therefore, impurities can
lead to defects such as porosity or cracks in the laser-melted alloy.
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Scan speed

The interaction time of a quasi-continuous wave (QCW) laser depends on the pulse du-
ration and repetition frequency. Consequently, with QCW laser, the copper alloy is heated
gradually during interaction. The temperature rise is not constant, as heat conductivity and
absorption of the copper alloy vary with each exposure step. As the temperature increases,
the heating rate accelerates due to higher absorptivity and lower heat conductivity at
elevated temperatures [26].

Copper’s high thermal conductivity and low laser absorption make it particularly
susceptible to keyhole-related defects during PBF-LB. As already established in previous
literature, keyholes form when the laser’s intensity causes rapid vaporization of the metal,
creating a deep cavity in the melt pool [16,26]. This instability can lead to porosity and
cracking. At higher scanning speeds, reflections are minimized as energy exits the melt pool
with reduced interaction, stabilizing the process and mitigating keyhole-induced defects
(Figure 5a). In contrast, slower scanning speeds or higher laser power deepen the melt
pool and increase random reflections at the vapor-liquid interface, increasing porosity and
cracking issues (Figure 5b).

Scan speed
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Figure 5. Representation of laser-powder for different scanning speeds: (a) high speed; (b) low speed.

In addition, the use of inert gas flows plays an important role in dissipating the heat
generated by the laser during the melting process. These flows help conduct heat away
from the build area, reducing the risk of overheating and minimizing thermal distortion
in the workpiece. This temperature control is essential for producing high-quality parts
with the correct microstructure and mechanical properties. Inert gases also contribute to
maintaining the integrity of the metal powder that is not fused in the process. Because the
powder is exposed to a low-oxygen environment, it is less prone to degradation and can
often be reused for multiple builds, reducing material waste and cost.

2.3. Key Factors and Main Part Defects in PBF-LB

The PBF-LB process necessitates meticulous monitoring and control to ensure the
quality and accuracy of the final product. The effectiveness of laser processing is greatly
influenced by the properties of the material being used. Key factors influencing this process
can be categorized into four main areas: properties of the feedstock material, laser source
parameters, laser scanning strategy, and machine environment (Figure 6). In Sefene et al.,
the authors discuss the influence of process parameters on part quality [27].
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Figure 6. Classification of the key factors of the PBF-LB process. Adapted with permission from
ref. [27]. 2024 Elsevier.

In PBF-LB, laser energy density is a critical parameter that defines the amount of
energy delivered to the powder bed per unit area or volume. If energy density is too
high, it can lead to material vaporization or defects like keyholing (deep, narrow melt
pools), while energy density that is too low can cause incomplete melting or poor part
cohesion. Equation (1) represents the volumetric energy density as a function of laser
power P, scanning speed v, hatching distance /;, and layer thickness ¢ [28].

p
VED = = @

Modifying energy density is essential for process optimization in PBF-LB. The right
balance of energy density ensures that the powder particles are fully melted, guaranteeing
minimal porosity, high dimensional accuracy, and mechanical performance.

Ongoing research continues to focus on refining laser architectures and optimizing
process parameters to achieve properties comparable to traditional manufacturing meth-
ods [29]. In addition, processing highly reflective materials like copper with PBF-LB
introduces new challenges. These challenges include the following:

e  High reflectivity: Copper has a high reflectivity at the near-infrared (IR) laser wave-
lengths commonly used in PBF-LB, reflecting 90-98% of the incoming thermal energy
and reducing process efficiency [29,30];

e  High thermal conductivity: Copper’s high thermal conductivity leads to rapid dissipa-
tion of heat from the melt pool, hindering the full re-melting of previously deposited
copper [29,31];

e  Porosity issues: Achieving high density in copper parts is challenging due to porosity
issues, which affect the material’s electrical resistivity [29,32];

e Different absorption rate: Copper has different absorption rates in its various phases
(powdery, melt, solid) [28];
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e  Unstable melt pool: The melt pool can be unstable, resulting in balling and keyhole
effects [29,33].

3. Innovative Types of Lasers in Powder Bed Fusion

IR lasers have been extensively developed and optimized over the years for a range of
industrial applications, including welding, cutting, and marking. This maturity translates
into a wealth of operational data, established processing parameters, and reliability. IR
lasers, such as fiber lasers and Nd lasers, are widely available and generally less expen-
sive than their blue or green counterparts. This cost-effectiveness, combined with their
robustness and maintenance advantages, makes IR lasers a preferred choice in industrial
settings where long operational lifetimes and low downtime are crucial. IR lasers, typically
emitting at wavelengths around 1064 nm, are highly compatible with a wide range of met-
als and alloys used in industrial applications, including steels, titanium, and nickel-based
superalloys. This broad compatibility simplifies the setup and tuning of the manufacturing
process for different materials.

Nevertheless, as already mentioned, to overcome limitations and issues related to
the processing of copper and its alloys in PBF-LB, innovative types of laser sources have
been proposed as an alternative to IR lasers. The new sources use green or blue lasers,
which typically operate at shorter wavelengths (e.g., 515 nm for green and 450 nm for
blue), offering advantages in terms of reduced spot sizes and potentially higher resolutions.
However, their current cost factors make them less ideal for widespread industrial use in
metal additive manufacturing.

3.1. Advancements in Green Laser Technology

One of the main challenges in metal AM is to avoid thermal distortion and cracking
caused by the high temperature gradients and residual stresses induced by the laser beam.
Conventional infrared lasers have a low absorption rate for metals, with solid copper
having an absorptivity of approximately 5% and liquid copper around 7%. This low
absorptivity leads to inefficient energy transfer and excessive heat generation, adversely
affecting process stability and part quality. In contrast, green lasers offer significantly
higher absorption rates, improving energy efficiency and reducing thermal effects. For
green lasers, the absorptivity of solid copper is expected to be comprised between 40% [34]
and 60% [35], while that of liquid copper to be between 25% and 50% [16]. Interestingly,
in the green wavelength region, solid copper absorbs more energy than liquid copper, a
behavior opposite to that observed in IR lasers. This phenomenon may be attributed to
interband transitions from the d-bands to the p-states at the Fermi level, which diminish
in liquid copper, since temperature-induced band broadening occurs [36]. Green lasers
were first created in the 1960s by using frequency-doubling crystals to convert the output
of an infrared laser into a visible green beam [37]. They have been useful for different
applications, such as laser pointers, optical storage, holography, and biomedical imaging.
Recently, green lasers gained attention for metal AM due to their unique advantage over
conventional IR lasers. Their shorter wavelength, ranging between 515 and 535 nm, allows
for higher energy and greater precision in beam focusing [38]. Additionally, they are better
absorbed by highly reflective metals such as copper, gold, or silver, which exhibit poor
absorption in the IR wavelength range. However, green lasers have some drawbacks,
including lower stability, higher sensitivity to environmental factors, and higher cost.
Therefore, they are not suitable for all metal AM applications but are ideal for specific
cases requiring high precision, quality, and performance. Green lasers, typically used in
quasi-continuous wave mode [26], pulse mode [39], or continuous wave mode [21], offer
unique properties for AM.

3.2. Advancements in Blue Laser Technology

Compared to green lasers, blue lasers, with a wavelength of approximately 450 nm [40],
offer distinct advantages. Their shorter wavelength leads to improved absorption in
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metals like copper, gold, aluminum, and titanium. For example, solid copper exhibits
an absorption of approximately 65% for blue lasers, while liquid copper absorbs around
60% [41]. Their smaller spot sizes contribute to higher resolution and accuracy, allowing
for the creation of complex geometries and finer features. Additionally, blue lasers form
a smaller heat-affected zone (HAZ) on the targeted area, reducing thermal stress and
distortion, which helps maintain the mechanical properties and dimensional accuracy
of the printed parts. These characteristics are particularly beneficial for metal AM, as
they enable more precise processing and better-quality results. In addition, blue lasers
have a lower reflectivity and scattering effect than green lasers, thus reducing the risk of
laser damages.

Conversely, blue lasers are more expensive and less available than infrared or green
lasers, which are more mature and widely used in AM. Blue lasers also have lower bright-
ness and less focused beams [16]. Additionally, they face challenges in scaling up and
integrating with existing metal AM platforms due to their relative novelty. Ralf Jedamzik
et al. reports that using the optical instrument with a high-power blue laser can lead to
significant degradation [40]. Currently, blue lasers in literature are mostly used in hybrid
mode, coupled mostly with IR lasers to improve the quality [42]. Overall, while blue
lasers are more expensive and less widely available than green or infrared lasers, they
offer superior performance in niche applications requiring high precision and reliability,
such as aerospace, medical, and electronics industries. However, for applications needing
higher power, lower cost, or compatibility with existing systems, other laser types may be
more suitable.

4. Processability of Copper and Its Alloys by Innovative Lasers in PBF-LB

Due to the still limited number of studies on the influence of process parameters in
short-wavelength PBF-LB, it is essential to determine whether the relationship, already
well-established for IR lasers, can also be considered valid for green and blue lasers. More
broadly, understanding how process parameters critically impact material properties and
the overall quality of final products remains crucial. Table 1 presents general relationships
between process parameters and process outcomes as recognized in the existing literature
of blue and green laser sources.

To provide a comprehensive understanding of PBF-LB optimization for copper com-
ponents, the following sections delve deeper into key factors such as laser power, scanning
speed, and hatching distance, which significantly affect porosity content, electrical con-
ductivity, thermal conductivity, and microstructure in the PB-LB process for copper and
its alloys. Additionally, a dedicated section explores the influence of heat treatments on
the most desired properties of copper components, i.e., thermal and electrical conductivity.
First, the best results from previous literature dealing with the processing of pure copper
and its alloys with IR lasers are presented. This establishes a foundational reference point,
enabling a more structured and comprehensive comparison with the outcomes achieved
using green and blue lasers in subsequent discussions.

Table 1. Main relationship between process parameters and process outcomes. “1” stands for
“increasing, while “|” stands for “decreasing”

Process Parameter Effect References

1 Density
T Degrees of texture

T Laser power 1 Grain columnarity [43,44]
T Melt pool depth
1 Density

1 Scan overlap | Degrees of texture [44]

1 Grain columnarity
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Table 1. Cont.

Process Parameter Effect References
1 Density
T Scan speed J Melt pool width 431
1 Density
1 Absorbance
1 Hatching distance =~ 1 Overlapping area between adjacent single tracks [16,26,42,43]

71 Stability of the melt pool
1 Roughness of single track

J Density
1 Build volume 1 Degrees of texture [44]
1 Grain homogeneity

4.1. Copper and Copper Alloys Processed Using IR Laser Source

Previous studies have demonstrated the feasibility of processing copper using IR source in
PBF-LB. However, the final relative densities typically range from 80% to 90% [28,45]. Higher
densities, with porosity lower than 1%, were achieved using high power laser (1 kW) and
moderate scanning speed (500 mm/s). Typical build rates range from 12.6 cm?/h [29] to
21 cm3/h [46]. The process window is narrow; excessive energy density leads to deep melt
pools and keyhole defects, while insufficient energy results in incomplete melting [47]. Op-
timized parameters stabilize the melt pool, yielding conduction-controlled, semi-elliptical
melt pool shapes with minimal porosity. The resulting microstructures often consist of
columnar grains oriented along the build direction, with strong <100> or <110> textures [47].
For copper processed with IR PBF-LB, studies indicate an almost linear correlation between
relative density and conductivity. Conductivity values range from approximately 40%
IACS [45] to 50-60% IACS at 85% relative density [48], reaching up to 88% IACS at nearly
full density [47,49]. However, the thermal conductivity of pure copper samples fabricated
by PBF-LB using IR lasers remains below 150 W/mK [50,51].

Copper alloys, such as CuCrZr and CuCrNb, were also processed by IR lasers. Near-
full densities for CuCrZr, approaching 100%, were achieved with a volumetric energy
density of about 500 J/ mm? [52]. Alloying elements remain largely in solid solution,
preserving desired material properties. However, the thermal and electrical conductivities
of copper alloys are typically lower than those of pure copper.

4.2. Porosity Content

It is interesting to compare the use of short-wavelength sources, such as green or blue
lasers, with near-infrared lasers to highlight the advantages of this approach. Firstly, a green
laser can generate conduction melting, which allows for a larger hatching distance, resulting
in a smoother surface and reduced internal defects. Additionally, a larger melt pool can be
created at lower volumetric energy density (VED) due to the higher absorptivity of copper
at a short wavelength. Ongoing research aims to refine processing parameters to enhance
the performance and cost-effectiveness of PBF-LB-manufactured copper components. The
primary parameters investigated in previous literature include laser power, scanning speed,
and hatching distance. Among these parameters, laser power is pivotal; typically, it ranges
from 100 W to 1000 W. However, reduced operating windows of laser powers were found
satisfactory with short-wavelength lasers, where a laser power of approximately 200-400 W
is sufficient to melt and bond the powder particles effectively. This is particularly important
as it prevents the use of excessively high powers, thus reducing energy consumption,
preventing keyhole formation, and avoiding porosity and reduced mechanical integrity [53].
Scan speed is another essential parameter; with short-wavelength lasers, it can range
between 300 and 1200 mm/s. Optimal scan speeds are often around 500-700 mm/s
and need to be balanced with heat input to avoid incomplete melting or excessive heat
accumulation. Hatching distance also impacts part density and surface finish. Common
hatching distance ranges from 80 to 150 um. A narrower hatching distance ensures better
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overlap between tracks, reducing the probability of porosity but increasing build time. In
conclusion, optimizing PBF-LB process parameters for copper manufacturing requires a
delicate balance. Fine-tuning laser power, scan speed, and hatching distance can lead to
superior mechanical properties, reduced defects, and efficient production processes. In
Appendix A, Tables A1 and A2 summarize the different processing windows and main
findings explored by previous studies focused on the PBF-LB processing of copper and its
alloys using short-wavelength lasers. Parts of these results are also graphically presented

in Figure 7.
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Figure 7. Porosity of PBF-LB copper and copper alloy samples reported from Refs. [26,46,54,55],
shown as function of process parameters: scanning speed vs. laser power (a); hatching distance vs.
laser power (b).
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4.3. Electrical Conductivity

Copper is a highly requested material for electrical applications due to its excellent
electrical conductivity, which is a result of its chemical structure, characterized by a single
electron in its outermost orbital. Pure copper is one of the most conductive materials
available nowadays, with a conductivity of 5.8 x 107 S/m at 20 °C, equivalent to 100%
IACS (International annealed copper standard) [56]. In this regard, Figure 8 illustrates the
results of previous studies that investigated the correlation between relative density and
electrical conductivity for as-build copper and copper alloy components manufactured by
green laser PBF-LB.

100 i
..
([
90 [ Pure Copper, @ Pure Copper, ([ PY ..
Green laser (515 nm) Green laser (515 nm) L ® '
[Gruber, 2021] [Nordet, 2024]

— 80 A cucrizr, B Cu4Cr2Nb,
8 Green laser (532 nm) Green laser (515 nm) ..
s 70 - [von Lintel, 2023] [Gruber, 2023]
< @ Pure Copper, © CuCrZzr,
2 Green laser (515 nm) Green laser (515 nm)
.é« 60 — [Kaden, 2019] [Tang, 2022] ®
2
°
S 50 o
©
c
o
2 40 -
©
L
=
5 % W
w i

20 T mEA

[ |
10 ®
0 T T T T T | I
60 65 70 75 80 85 90 95 100

Relative density (%)

Figure 8. Electrical conductivity depending on the relative density of PBF-LB copper and copper
alloy samples reported from Refs. [20,26,37,46,54,57].

Gruber et al. reported nearly 100% IACS for components produced with this tech-
nique, suggesting a promising approach for producing highly conductive components
through AM. An almost linear increase in electrical conductivity with increasing relative
density was observed [46,57], although absolute values varied. One primary factor for the
decrease in electrical conductivity is the chemical composition of the feedstock material,
as copper alloys possess much lower conductivity than pure copper [26,54]. Moreover,
manufacturing conditions also significantly impact the final conductivity, with factors such
as porosity, impurities, grain boundaries, and dislocations contributing to reduced electrical
performance [58].

Another interesting aspect investigated by Gruber et al. is the impact of surface
condition and wall thickness on electrical conductivity. Components with different surface
finishes, such as sandblasted and milled, showed that milled surfaces always exhibited
higher conductivity. This difference became more pronounced as wall thickness decreased,
with a 0.5 mm wall having half the conductivity when sandblasted compared to milled [20].
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4.4. Thermal Conductivity

A desirable property for copper components is thermal conductivity, which increases
proportionally to electrical conductivity with respect to temperature, as described by
Wiedemann-Franz’s law (Equation (2)) [59]:

A=LoT ()

where, A represents thermal conductivity, L denotes the Lorenz number (2.41 X 10-8 QW/ KZ),
o refers to electrical resistivity, which is the reciprocal of electrical conductivity, and T
represents absolute temperature. Wrought copper exhibits a thermal conductivity of
398 W/mK at 30 °C [60]. However, achieving this value in as-built copper components
produced by PBF-LB is challenging due to high-density dislocations, defects like unmelt
powder particles, and high thermal stresses resulting from the rapid cooling rate. A
significant limitation in thermal conductivity is the porosity of the sample. Pores or
voids within a material create thermal barriers that hinder heat flow. Therefore, increased
porosity typically reduces the material’s thermal conductivity, resulting in lower heat
transfer efficiency and poorer thermal performance. For example, Kaden et al. observed
that thermal conductivity of pure copper samples processed by a green laser was an
order of magnitude lower than the reference value for wrought copper, with a porosity of
36% [37]. Conversely, Zaied et al. achieved satisfactory thermal performance in components
processed by green laser PBF-LB, with thermal conductivity values close to the copper
reference, ranging from 362 to 392 W/mK, depending on internal porosity [55].

An interesting study by Xie et al. revealed thermal anisotropy in as-built samples
processed by green laser PBF-LB. The thermal conductivity of CuCrZr alloys was slightly
better along the transverse direction compared to the build direction [61]. Figure 9 illustrates
previously published results for the thermal conductivity of copper and copper alloy
components processed by green laser PBF-LB and measured as-built at room temperature.
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Figure 9. Thermal conductivity depending on the relative density of PBF-LB copper and copper alloy
samples reported from Refs. [37,54,55].
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4.5. Microstructure

The use of short-wavelength laser sources significantly enhances copper’s energy
absorption, resulting in higher energy density and more stable melt pool dynamics. This
improvement is critical for achieving high-quality microstructures and enhancing process-
ability and mechanical performance. Scanning electron microscopy (SEM) showed that
copper parts produced by green laser PBF-LB typically exhibit a columnar microstructure
oriented toward the build direction, with chevrons located at the center of large vertical
columns (Figure 10a) [20,46,54]. The grain boundaries are clean, and no segregation of
impurities was observed, indicating a more homogeneous solidification process. This
homogeneity contributes to the overall mechanical strength and electrical conductivity of
the copper parts. Notably, similar microstructural characteristics can be achieved using IR
lasers when the appropriate energy density is applied, stabilizing the melt pool dynamics
and forming a conduction-controlled semi-elliptical melt pool shape with minimal porosity,
as shown in Figure 10b. However, achieving this requires precise parameter control, as
the optimal energy density window is relatively narrow. Insufficient energy density can
result in incomplete melting of copper, while excessive energy density can cause extremely
deep melt pools, leading to keyhole pores and reduced density (Figure 10c). These findings
highlight that both green and IR lasers can yield similar high-quality microstructures when
carefully optimized, although IR lasers face greater challenges and generally require higher
energy to overcome copper’s low absorption efficiency.

Figure 10. Microstructural characterization of pure copper manufactured by: (a) green laser with a
linear energy density of 0.81 J]/mm. Reprinted from Ref. [20]; (b) IR laser PBF with a linear energy
density of 2.25 J/mm. Reprinted from Ref. [45]; (c) IR laser PBF with a linear energy density of
1.82 J/mm. Reprinted from Ref. [45]. Yellow dashed lines indicate melt pools, while white arrows
highlight keyhole porosities.

When processing copper alloys instead of pure copper, previous studies on CuCrZr
revealed that the concentrations of Cr and Zr remain comparable to those in the original
powder, suggesting both elements remain in solid solution within the matrix and no
micro-precipitates were encountered [26,54]. Xie et al. investigated the effect of aging
treatment on this alloy and found that after aging, Cr precipitated uniformly as nano-scaled
particles along both transverse and build directions [61]. Other copper alloys were also
investigated, and the resulting microstructure strongly depended on the alloy composition.
For example, Gruber et al. processed a Cu4Cr2Nb alloy, finding agglomerated round
(20 pm) and elongated (40 pm) particles in the final component. These agglomerates
exhibited a dendritic structure resulting from the direct precipitation of CrNb within the
melt and the local concentration and agglomeration of the eutectic CrNb phase with high
Nb content [58].

Crystallographic texture analysis, conducted using electron back-scattered diffraction
(EBSD) mapping, is a key microstructural aspect in understanding the behavior of metals
processed by PBF-LB. Typically, metals processed by PBF-LB exhibit a strong crystallo-
graphic texture along the building direction, as grains grow parallel to the temperature
gradient, with <100> and <110> textures commonly observed in copper bulk compo-



Metals 2024, 14, 1464

16 of 36

nents [47,62]. However, in lattice structures, unmelted or partially melted particles serve as
nucleation sites for new grains, which impedes texture development along the building di-
rection [63]. As shown in Figure 11, the crystallographic texture of copper lattice structures
manufactured with a green laser does not exhibit a strong directional preference, as evident
from the pole figure maps. The EBSD map highlights two distinct regions, Area 1 (truss)
and Area 2 (node), which show different crystallographic orientations. In Area 1, the truss
regions, the <100> orientation is dominant, indicating a stronger alignment along the build
direction, a result of the thermal gradients during the PBF-LB process. Conversely, Area 2,
corresponding to the node regions, exhibits a more heterogeneous crystallographic texture,
with a mix of <100>, <111>, and <110> orientations. This variation in texture is attributed
to local differences in cooling rates and the geometry of the lattice, which influences grain
growth and orientation. The pole figures for the <100>, <111>, and <110> crystallographic
planes further confirm that the <100> orientation is more pronounced in the truss regions
compared to the node areas.

—1.80
1.65
1.50
1.35
1.20
1.05
0.90

Figure 11. Crystallographic texture along the build direction of a pure copper lattice structure
manufactured by green laser PBE. Reprinted from Ref. [64].

4.6. Heat Treatments

Similarly to their role in IR-laser processing, heat treatments play a significant role in
enhancing the electrical and thermal properties of copper and copper-alloy components
processed by PBF-LB with green lasers. Various studies explored the effects of different
temperatures, durations, and methods, revealing their impact on electrical and thermal
conductivity. Aging treatments were shown to improve electrical conductivity, with post-
treated samples achieving up to four times the conductivity of as-built components [26,61].
This improvement is mainly due to the release of thermal stress and reduction in dislocation
density, as well as the dissolution or rearrangement of precipitates in copper alloys.

The effect of heat treatment parameters has been extensively studied. Gruber et al.
conducted a significant study on the effects of annealing temperatures and durations on
the electrical conductivity of copper and copper alloys. Their findings demonstrated that
annealing temperature had a predominant effect compared to time. For example, increasing
the annealing temperature from 400 °C to 1000 °C doubled the electrical conductivity after
a 30 min treatment. Conversely, extending the treatment duration from 30 min to 4 h at
the same temperature had a minimal effect. The study also compared different treatments,
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including hot isostatic pressing (HIP), and found that conventional annealing treatment at
500 °C was more effective for improving electrical conductivity [58].

Thermal conductivity enhancements through heat treatments were similarly explored.
Previous research demonstrated that direct aging treatment at 500-550 °C significantly in-
creased the thermal conductivity of copper and copper-alloy components, often tripling the
as-built values. For instance, direct aging at 500 °C for 1 h increased thermal conductivity
from approximately 110 W/mK to 305 W/mK in the transverse direction [61]. Tang et al.
compared two different heat treatments, solution annealing, and direct aging hardening
to determine the influence of time and temperature on thermal conductivity. They found
that longer aging time or higher aging temperatures considerably improved the thermal
properties of the copper alloy, mainly due to the temperature and time-dependent behavior
of precipitates. Notably, the authors demonstrated that solution annealing at 960 °C for 1 h
was less effective for enhancing thermal conductivity compared to direct aging at 550 °C
for 1 h [54]. Table 2 consolidates the findings from multiple studies, summarizing the
effects of different heat treatments on the electrical and thermal properties of copper and
copper-alloy components processed by green laser PBF-LB.

Table 2. Effect of heat treatments on electrical and thermal conductivity of copper and copper-alloy
components processed by green laser PBE. “N.D.” stands for “not declared”.

Relative Electrical Thermal
Material Heat Treatment Density [%] Conductivity Conductivity  Ref.
[% IACS] [W/mK]
Heat treatment at 200 °C for 1 h 98 94 N.D.
Heat treatment at 200 °C for 1 h 99 93 N.D.
Heat treatment at 500 °C for 1 h 99.5 94.6 N.D.
Pure copper Heat treatment at 200 °C for 1 h 97 87 N.D. [46]
Heat treatment at 500 °C for 1 h 97.5 93 N.D.
Heat treatment at 500 °C for 1 h 97 87.2 N.D.
Heat treatment at 200 °C for 1 h 97 88 N.D.
Heat treatment at 500 °C for 1 h 94 86 N.D.
Heat treatment at 400 °C for 30 min N.D. 44 N.D.
Heat treatment at 400 °C for 4 h N.D. 50 N.D.
Heat treatment at 500 °C for 30 min N.D. 69 N.D.
Copper alloy Heat treatment at 600 °C for 30 min N.D. 80 N.D. 58]
(Cu4Cr2Nb) Heat treatment at 700 °C for 30 min N.D. 84 N.D.
Heat treatment at 700 °C for 4 h N.D. 84 N.D.
Heat treatment at 1000 °C for 30 min N.D. 86 N.D.
Heat treatment at 1000 °C for 4 h N.D. 86 N.D.
Copoer allo As-built N.D. N.D. 112
PP y Direct aging hardening at 500 °C for 1 h + [61]
(CuCrZr) . . N.D. 64 305
cooling under Nj atmosphere in furnace
As-built N.D. N.D. 125
Solution annealing at 969 °C for 1 h + water 98.07 56 233
quenching
Copper alloy Solution annealing at 960 °C for 1 h + water
(CuCrZr) quenching + aging hardening at 500 °C for 1 h 98.07 84 350 [54]
Direct aging hardening at 500 °C for 1 h 98.07 64 266
Direct aging hardening at 500 °C for 2 h 98.07 78 325
Direct aging hardening at 550 °C for 1 h 98.07 83 346
Copper alloy Annealing at 480 °C for 2 h 99.6 67.5 N.D. [26]

(CuCrlZr)
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5. Industrial Applications

Copper and its alloys are used in various high-performance industrial applications
that require materials to endure harsh operating conditions while retaining outstanding
electrical and thermal properties. These applications highlight the versatility of copper and
its alloys in various industries, particularly where thermal and electrical conductivity are
critical. Additive manufacturing plays a significant role in advancing these applications by
enabling complex and optimized designs [65]. Innovative green and blue laser sources may
also improve powder bed fusion efficiency in those applications where infrared sources or
other types of AM processes have been proposed or used. The most common applications
are presented and discussed hereafter.

5.1. Electric Motors and Generators

Copper is preferred for manufacturing electrical and electromagnetic devices due to its
excellent conductivity. Pure copper windings and rotors play a crucial role in electric motor
performance. Recently, in the automotive sector, the demand for copper has increased with
the rise of hybrid and electric vehicles.

In their work, Szabé and Fodor extensively cover the potential applications and ad-
vancements of additive manufacturing (AM) in the field of electrical machines, particularly
focusing on components such as windings, iron cores, and cooling systems [66]. AM
technologies enable the creation of complex winding geometries that are not possible with
traditional manufacturing methods. This includes the production of windings with precise
configurations that can significantly enhance the performance of electrical machines by
improving magnetic field distribution and reducing electrical losses.

AM delivers the flexibility of producing complex geometries and integrating multiple
functions into single components, which traditional manufacturing cannot achieve. This
capability is especially beneficial in creating densely packed, high-efficiency electrical
machines (Figure 12a).

(a) (b)

Figure 12. 3D-printed hairpin windings for electric motors (a), reprinted from Ref. [67]; 3D-printed

hairpin head mounted on conventional stator windings (b), reprinted from Ref. [68].

Selema et al. emphasize the benefits of AM in achieving high material efficiency
and reducing waste compared to conventional methods [67]. The study by Putz et al.
explores the application of hybrid PBF-LB for manufacturing hairpin winding heads in
electric traction drives, focusing on pure copper as the material of choice [68]. The authors
investigate the feasibility of directly printing complex winding heads on conventional
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copper conductors, aiming to integrate AM into the production of hairpin stators for electric
traction drives (Figure 12b). This method allows for tool-free production and increased
flexibility in design. By using PBF-LB, the research highlights potential reductions in
the height of winding heads, which consequently decreases copper material usage and
minimizes losses in electric machines, leading to increased efficiency. Concentrated coils
with intricate shapes can be produced by AM with the aim of designing more efficient
electromagnetic configurations.

Simpson et al. [69] explored innovative strategies in the manufacturing of electrical
windings for high-power density and energy-efficient machines using AM for functionally
graded materials. Their work discusses the potential to functionally grade materials
within a winding to optimize the balance between DC and AC losses. This is achieved
by manipulating the electrical conductivity at different sections of the winding through
controlled porosity using the PBF-LB process. It was found that the electrical conductivity
of CuCrZr alloy could be varied by adjusting the laser energy during the manufacturing
process. This enables the production of windings with spatially varied properties that can
potentially reduce overall energy losses in electrical machines.

Innovations in cooling systems for electrical machines are also explored, with a focus
on using AM to create more efficient and compact cooling channels within windings and
motor structures. This helps in managing the heat more effectively, thus improving the
reliability and performance of the motors. Cooling channels can also be integrated within
the copper windings (Figure 13a) for improvement of the heat dissipation in high-power
electrical machines [48]. Rajan and Tangudu demonstrated that liquid-cooled windings
fabricated by AM can tolerate a current density of 20 A/mm? [70].

(b)

Figure 13. Concentrated PBF-LB hollow winding (a), reprinted with permission from Ref. [48]. 2024
Elsevier; mounting of concentrated copper alloy windings (b), adapted from Ref. [71].

Besides windings for electric motors, LPF-LB copper parts can also be employed in
batteries for electromobility applications [72]. AM can enhance the electrode structure,
notably through customized pore sizes that improve mass transfer and stability, resulting
in higher power densities compared to traditional copper foam electrodes [73]. AM copper
current collectors can be used to produce structural lithium-ion batteries, potentially en-
hancing the performance and structural integrity of batteries [74]. PBF-LB of copper and its
alloys offers a sustainable and efficient alternative for directly manufacturing end-use parts,
compared to other methods that rely on 3D printing of polymeric bases for subsequent
copper layer deposition on the part surface.

Another aspect to be considered is the role of AM in enhancing the resilience and
responsiveness of supply chains for electric battery production, particularly in scenarios
where material procurement becomes challenging. Current supply chain structures for
lithium-ion batteries (LIBs), which are crucial for electric and hybrid vehicles, are complex
and not optimized, leading to high costs and environmental impacts. The work by Cagliano
et al. [75] discusses the environmental impact of long-distance transportation of battery
components and the potential benefits of local production. Integrating AM technology
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for copper elements could enhance this framework by providing flexibility to produce
battery components locally, reducing dependency on volatile supply chains. It can enable
manufacturers to react swiftly to changes in material availability by adapting designs or
materials used based on what is accessible. AM can contribute by allowing more localized
manufacturing of battery parts, reducing transportation needs, and potentially lowering
the carbon footprint of the production process.

5.2. Heat Inductors

Additive manufacturing has been used to produce inductors for intricate and localized
tools for heat treatments like induction hardening. Induction hardening is utilized in the
metal-processing industry, particularly among automotive suppliers, and in any scenario
where specific component surfaces must endure significant mechanical stress and wear.
This surface hardening technique focuses only on the outer layer of a component rather
than the entire piece.

To perform induction hardening, a coil made of highly conductive copper tubes,
through which high-pressure cooling water circulates (Figure 14a), surrounds the compo-
nent. A high-frequency alternating current passes through this induction coil, creating
an intense magnetic field. This magnetic field induces eddy currents in the component’s
surface layer, generating frictional heat that causes it to glow. As a result, the surface heats
rapidly to the necessary temperature for hardening. The component is then quenched in
water to complete the hardening process. The depth of the hardened surface layer can be
adjusted; higher frequencies result in shallower hardening. After a predetermined duration,
the heated surface is quenched. The combination of intense heating and rapid cooling
enhances the component’s strength. Additionally, the more closely the inductor’s shape
matches the component’s contour, the more uniform the hardness distribution will be.
Standard inductors may lose effectiveness during hardening compared to custom-designed
ones tailored for specific applications. AM inductors provide dimensional repeatability,
extended lifespans due to the elimination of braze joints, and lower fabrication costs. They
are especially advantageous for high-volume heat treatment applications or those that
require precise heat treatment patterns (Figure 14b). Additive manufacturing has been used
to produce copper inductors for heat treatment tooling. These inductors offer dimensional
repeatability and reduced fabrication costs, making them suitable for high-volume heat
treatment applications.

i AR T

Figure 14. Induction coil with inner channels for liquid cooling (a); induction heater with integrated
water cooling (b), reprinted with permission from Ref. [76]. 2024 Elsevier.
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Patil et al. [77] investigated how different shapes of induction coils affect the tem-
perature profiles during the induction heating of metals. The study examined four coil
shapes—classical, conical, square, and oval—using numerical simulations to understand
their impact on magnetic flux density and temperature distribution. Each coil shape pro-
duced distinct heating patterns, demonstrating that coil geometry significantly influences
the efficiency and uniformity of heating. This efficiency is critical in reducing energy
consumption and enhancing the performance of induction heating systems.

A study by Martin [78] delves into the application of various additive manufacturing
(AM) processes for producing copper induction coils. The author evaluates the use of PBF
among several other AM processes and highlights the ability of PBF-LB to produce fully
dense and geometrically complex parts necessary for effective induction coils.

5.3. Injection Molding Tools

Copper alloys are ideal for injection molding tooling because they offer a good balance
of mechanical strength, hardness, wear resistance, and thermal conductivity. Additive
manufacturing enables the integration of geometrically optimized internal cooling channels,
which significantly reduces cycle times and enhances production volumes (Figure 15). In
injection molds with conformal cooling channels, copper’s excellent thermal conductivity
allows for faster and more uniform cooling of the mold, reducing cooling times and
improving part quality by minimizing warping and residual stresses [79-81].

Figure 15. Copper PBF-LB insert with spiral conformal cooling channels for an injection mold,
reprinted with permission from ref. [82]. 2024 Elsevier.

The work by Kanbur et al. provides a comprehensive exploration of the use of
metal additive manufacturing (AM) techniques for enhancing the cooling processes in
plastic injection molds through the integration of conformal cooling channels [81]. The
authors study in detail the designs of different CCC types (circular, serpentine, and tapered)
integrated into mold inserts. These designs are tailored to closely follow the contours of
the mold, significantly enhancing cooling efficiency by providing uniform temperature
distribution and reducing cooling times. The precision of PBF-LB allows for the creation
of intricate channel geometries that traditional manufacturing could not achieve, which
is particularly beneficial for complex mold geometries. The research provides a thorough
analysis comparing traditional straight cooling channels with CCCs. The CCCs demonstrate
up to 62.9% better cooling performance, underlining their potential to reduce cycle times
and improve product quality by minimizing defects like warpage and shrinkage.
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Hatos et al. examine the integration of heat-conductive inserts within molds that are
fabricated using PBF-LB technology [83]. The study discusses the advantages of conformal
cooling channels in injection molding tools, which are designed to follow the mold’s
geometry more closely than traditional cooling systems. In areas where conformal cooling
channels are not feasible or effective, particularly in tightly packed regions of the mold, the
integration of heat-conductive inserts made from materials like copper or silver is used.
These inserts enhance heat extraction due to their high thermal conductivity. The research
highlights a hybrid approach that combines traditional manufacturing techniques with
additive manufacturing to optimize mold design. This approach allows for the creation
of more complex and efficient cooling geometries that are not possible with conventional
methods alone.

5.4. Heat Exchangers and Heat Sinks

Heat exchangers transfer heat between two or more fluids (liquids or gases) while
keeping them separate and preventing any mixing. They are often used to heat or cool
fluids in various industrial processes. Heat sinks dissipate heat from a solid object (usually
an electronic component [84]) to the surrounding environment, preventing overheating [85].
AM enables the production of thermal management devices with optimized cooling chan-
nels, which are designed to maximize heat transfer through the exploitation of complex
geometries like lattice structures [82,86-88]. Copper’s high thermal conductivity makes it
ideal for heat dissipation applications in microelectronics, power plants, and transporta-
tion [89,90].

Hansjosten et al. present the design and application of innovative AM metallic fluid
guiding elements in heat exchangers [91]. The study introduces guiding elements designed
using B-spline surfaces that allow for the creation of specific flow patterns within a heat
exchanger. These designs aim to maximize heat transfer efficiency while minimizing
pressure drop by strategically guiding fluid flows to maintain high local heat transfer
throughout the system. The guiding structures are produced by PBF-LB with very thin walls
(only 150 um thick) to minimally obstruct fluid flow while optimizing thermal performance.
The functionality of the design is validated through both computational fluid dynamics
(CFDs) simulations and experimental data. Results demonstrate that the AM fluid guiding
elements significantly enhance heat transfer capabilities compared to traditional designs,
with the possibility of reducing the length of pipe-in-pipe heat exchangers drastically.

The work by Kudiiarov et al. focuses on the optimization of the design of heat
exchangers and metal hydride bed configurations to enhance the efficiency of hydrogen
storage systems [92]. The paper reviews advancements in the heat exchanger design
for metal hydride reactors, particularly emphasizing the optimization of heat transfer
to improve reactor efficiency. Various configurations of heat exchangers are discussed,
including the use of fins and tubes that improve the thermal management within the
reactor. Different layouts of metal hydride beds are analyzed to identify how their designs
impact the sorption and desorption rates of hydrogen. The study highlights the importance
of configuring the metal hydride placement and the heat exchanger design to maximize
efficiency and safety in hydrogen storage. PBF-LB can be leveraged to produce heat
exchangers with complex geometries that are otherwise difficult to manufacture. AM not
only optimizes the heat transfer but also reduces the weight and enhances the performance
of metal hydride reactors.

Concerning heat sinks, Constantin et al. explore the capabilities of PBF-LB for pro-
ducing dense copper parts with a smooth surface using a laser power of 400 W [93]. The
printed copper parts achieved near-bulk material properties with a density of 95%, electrical
conductivity of 5.71 x 10”7 S/m, and thermal conductivity of 368 W/mK. These properties
make them suitable for high-performance thermal management applications. The study
compared the cooling performance of AM heat sinks to a commercial heat sink, showing
that the printed structures could cool an electronic chip 45% more efficiently due to their
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larger surface area and optimized geometries with columnar elements (Figure 16a), helical
tubes (Figure 16b), and bent tubes (Figure 16¢).

(e)

Figure 16. PBF-LB copper heat sink structures with columnar (a), helix (b), and bent tubes (c), adapted
with permission from ref. [93]. 2024 Elsevier; heat sinks designed through topology optimization for
thermal management of electronic chips (d,e).

In addition, topology optimization can be used as a design tool to improve the func-
tionality of heat sinks. Topology optimization helps in determining the optimal material
distribution within a heat sink, allowing for improved thermal conductivity and heat
dissipation. By optimizing the shape and structure, topology optimization can increase the
surface area available for heat exchange, which enhances cooling efficiency (Figure 16d).
By removing unnecessary material while maintaining structural integrity, topology op-
timization can produce lighter heat sink designs without compromising performance
(Figure 16e).

In their study, Zhang et al. discuss the use of density-based topology optimization
to design two-dimensional heat sinks cooled by turbulent natural convection [94]. The
methodology involves modifying the governing equations of fluid flow to facilitate topol-
ogy optimization, integrating material density as a design variable to differentiate between
solid and fluid domains within the heat sink. The numerical examples provided show how
different parameters, such as the Grashof number and solid thermal conductivity, impact
the optimal configurations of heat sinks. The optimization leads to designs that accommo-
date higher convective flows and improve heat transfer performance by manipulating the
geometry based on fluid dynamics and heat transfer simulations.
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The work by Alexandersen et al. focused on utilizing topology optimization to design
efficient passive cooling systems for LED lamps [95]. The optimized designs were tested
against traditional lattice-fin designs and a simple parameter-optimized commercial pin
fin design. The results showed that topology-optimized designs had significantly better
performance, lowering the LED package temperature by up to 26% compared to traditional
designs while using about 12% less material. The authors examined the effects of the
orientation (horizontal vs. vertical) of the LED lamps on the cooling performance. It was
found that orientation impacts the effectiveness of cooling, with different designs showing
varying sensitivities to their positioning.

5.5. Radio Frequency Components

Copper is utilized in the production of vacuum electronic devices, including particle
accelerators and microwave electron devices. Additive manufacturing enables the creation
of shapes compatible with ultrahigh vacuum conditions, eliminating the need for brazed
or diffusion bonds. Vacuum electronic devices (VEDs) provide superior performance
compared to solid-state solutions for generating and amplifying radio frequency (RF)
signals thanks to their high-power generation and efficiency.

In the literature, several studies have proposed a two-stage process to produce copper
RF waveguides and antennas [96-99]. The manufacturing route involves 3D printing of the
waveguide structure from a polymer, followed by metal plating to enhance its conductive
properties (Figure 17a,b). This type of production may offer flexibility in terms of rapid
prototyping and customization for specific application requirements, which are critical for
iterative design processes in telecommunications.

-,- = am T MRS ST e

e

Figure 17. Closed (a) and open structure (b) of an X-band slot array waveguide, reprinted from
Ref. [97]; RF pyramidal antenna with fractal structure manufactured by green laser PBF (c), reprinted
from Ref. [100]; AM radio frequency quadrupole accelerator (d), reprinted from Ref. [101].



Metals 2024, 14, 1464

25 of 36

As an alternative, Helena et al. proposed the use of a copper filament for extrusion 3D
printing of conductive antennas for 5G applications [102]. The conductive filament antenna
provided good gain and broader bandwidth compared to those using conductive paint
or plating.

Nevertheless, for better performance in the case of high-power applications, solid
metal parts are preferred [103]. In their work, Peverini et al. investigated the feasibility
of using PBF-LB to create microwave waveguide devices, specifically targeting satellite
telecommunications [104]. Their study focuses on producing all-metal components with
complex geometries that traditional manufacturing struggles to create efficiently. The
research highlighted the need for specific design approaches to optimize PBF use, including
adjustments in the orientation of parts to reduce the need for support structures during
building and tailoring design to accommodate AM capabilities.

Johnson et al. examined the use of green laser technology in powder bed fusion
(PBF) to fabricate a complex fractal antenna [105]. The antenna features a fractal Sierpinski
gasket design (Figure 17c) that integrates both conductive and dielectric properties to create
a “ship-in-the-bottle” design. This design could only be realized using the capabilities
of AM. Concerning the electromagnetic performance, the pyramidal antenna operates
effectively within the targeted frequency range, with minimal discrepancies noted in
resonant frequencies and impedance measurements.

As regards particle accelerators, Ford et al. presented a comprehensive overview
of the integration of metal AM technologies into the production of different parts, such
as RF components, beam intercepting devices, and vacuum systems [100]. Torims et al.
designed a proof-of-concept prototype for a 750 MHz 4-vane RF quadrupole optimized for
PBF-LB [106]. This prototype was manufactured in pure copper, notable for being the first
of its kind in the world (Figure 17d). PBF-LB significantly simplified the manufacturing
process by eliminating the need for furnace brazing and reducing material waste.

In their studies [101,107], Mayerhofer et al. explored the potential of PBF-LB to
produce copper RF cavities with complex internal geometries in a single piece, which
traditional manufacturing methods cannot achieve. This approach reduces the need for
multiple assembly stages and associated costs. The authors developed co-printed support
structures to cope with the difficulties in metal support removal [101]. These supports
are designed to be easily removable post-printing through an electrochemical method,
enhancing the manufacturability and geometric accuracy of the cavities. The proposed
post-processing method also improves the surface roughness of the cavities, which is crucial
for achieving high-quality factors in RF applications. These authors also compared the use
of red and green laser sources for PBF of the RF cavities for particle accelerators [107]. While
both sources achieved the necessary geometric accuracy, red laser PBF demonstrated a
slightly higher quality factor efficiency and required less material removal to reach optimal
surface conditions.

5.6. Combustion Chambers

Copper and copper alloys are utilized in aerospace applications, including rocket
engines and components for space exploration, due to their excellent thermal conductivity
and high strength at elevated temperatures. AM allows the creation of intricate designs, im-
proving heat flow and thrust capabilities. Dispersion-strengthened copper alloys GRCop-42
and GRCop-84 are used in rocket combustion chambers for their strength, creep resistance,
and fatigue performance at high pressures and temperatures [108].

Metal AM is extensively used in manufacturing critical aerospace components such
as liquid-fuel rocket engines, satellite components, and structural elements [9]. These
applications benefit from the complex geometries and lightweight designs enabled by
AM, leading to improved performance and reduced costs [109]. Significant advantages
include the ability to consolidate multiple parts into fewer complex assemblies, reducing
weight, and enhancing the functionality of components. This consolidation leads to reduced
assembly times and potential failure points [110].
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In the past decade, NASA has begun exploring the use of additive manufacturing
to create copper combustion chambers for liquid rocket engine applications, with Paul
Gradl as one of the most active researchers in this area. In one of their first articles, Gradl
et al. focus on the use of PBF-LB to produce combustion chambers out of a copper alloy,
specifically the GRCop-84 alloy [108]. They documented extensive hot-fire testing of
the AM combustion chambers. These tests evaluated the chambers under operational
conditions to assess their performance and durability. In another work, Gradl et al. present
the development of thrust chambers using various AM techniques, particularly focusing on
the integration of copper alloys and other composite materials [109]. For instance, GRCop-
42 alloy was used via PBF-LB to create complex internal structures. While composite
overwraps were employed for structural reinforcement and weight reduction, the PBF-LB
AM copper alloy chamber was crucial for heat and pressure resistance.

Topology optimization and lattice structure can be used in the design of combustion
chambers to improve thermal performance [111]. For example, the repeating cell of triply
periodic minimal surface (TPMS) for the gyroid shape enables the creation of inner cooling
channels that do not require supports for the PBF-LB process (Figure 18).

Figure 18. Proof of concept for a combustion chamber with self-supporting TPMS structure for
cooling: CAD model (a); as-built copper PBF-LB part after powder removal (b); finished part after
sand blasting (c).

Aside from aerospace applications, recently, Sheykhpoor et al. explored the appli-
cation of AM to enhance the efficiency and integration of components within micro gas
turbine systems, particularly for residential and commercial energy applications. The study
proposes the integration of the combustor and recuperator to potentially improve system
efficiency by up to 5% while significantly reducing the size and weight of the system [112].
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Table 3 provides a comparative summary of the different laser sources, as well as the
associated processing materials and parameters that are available in the literature for some
of the case studies presented above in this section of the paper.

Table 3. Summary of various laser sources, their parameters, and corresponding processing materials

used in applications discussed in Section 5.

Copper Part Figure 12b Figure 13a Figure 16a—c Figure 17¢ Figure 17d Figure 18b
Renishaw plc
Aconity Midi (UK) AM125
(Aconity3D (Renishaw plc, TruPrint 1000 TruPrint 1000
GmbH, Wotton-under- SLM® 125 3D Green Edition Green Edition Prima Additive
Herzogenrath, Edge, UK) with printer (SLM with green with green PrintSharp 250
. Germany) + a 200-watt D Solutions TruDisk1020 TruDisk1020 arp
Machine . ; . (Prima
with n Light Series laser Group AG, laser (Trumpf laser (Trumpf Additive S.rl
CFL-1000-SM from SPI Laser Lubecca, SE + Co. KG, SE + Co. KG, Torino, I tai ')"
(nLIGHT, (TRUMPF Laser Germany) Ditzingen, Ditzingen, ’ y
Camas, WA, UK Ltd., Germany) Germany)
USA) Southampton,
UK)
Laser 1070 nm 1070 nm 1070 nm 515 nm 515 nm 1070 nm
wavelength
Preset values
Laser power 1000 W Not declared 400 W 485 W from TRUMPE 360 W
Laser spot Not declared Not declared 70 um 200 um Preset values 100 pm
diameter K K from TRUMPF K
Layer thickness 40 um Not declared 30 um 30 um 30 um 30 um
Laser scan Preset values
speed 600 mm/s Not declared Not declared 600 mm/s from TRUMPF 320 mm/s
. Preset values
Hatch spacing 120 um Not declared Not declared 120 um from TRUMPE 100 um
Copper OFHC
. (Oxygen-Free .,
Material Pure Copper Pure Copper Pure Copper High thermal Copper ETP CuNi2SiCr
Conductivity)
Produced at the
IAM Centre of
Reference [68] [48] [93] [100] [101] Politecnico di
Torino

6. Conclusions

This review summarizes the current state of research on the application of green and

blue lasers in PBF-LB technology, with a focus on processing copper and its alloys. These
innovative laser sources, characterized by their shorter wavelengths, offer significantly
enhanced energy absorption compared to traditional IR lasers. This results in suitable
melt pool stability and final density, which are essential for achieving high thermal and
electrical conductivity in manufactured components, as specifically shown in Section 4.
While some of the results presented here can also be achieved using IR lasers, this is far more
challenging due to copper’s lower absorption efficiency at longer wavelengths. Achieving
similar outcomes with IR lasers often requires significantly higher energy densities, which
increases the risk of keyhole pores and other defects due to excessive localized heating.
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The use of short-wavelength laser sources may unlock new opportunities in indus-
tries like aerospace, automotive, and electronics. Specifically, Section 5 outlines different
modern applications of copper and its alloys in PBF-LB, considering both long- and short-
wavelength laser sources to cover all explored application solutions. It is possible to expect
that future developments will drive a shift in production from IR to green and blue lasers.

Despite their promise, green and blue lasers face challenges, including high costs,
limited availability, and the lack of widespread adoption in industrial settings. Future
efforts should prioritize optimizing process parameters, improving machine efficiency,
and conducting detailed economic and energy impact analyses to promote sustainable
adoption. Currently, few commercial PBF-LB machines are equipped with green laser
sources. Advancing machine technology and exploring hybrid systems that utilize multi-
ple wavelengths could help combine the benefits of various laser types for even greater
performance and efficiency.

By addressing these challenges, green and blue laser technologies can pave the way for
more efficient and reliable manufacturing of complex copper and copper alloy components,
broadening their applications in high-performance and precision-critical industries.
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Appendix A

Table A1. Processing windows and main findings explored by previous research using customized
PBF-LB machines with green laser. N.D. stands for “not declared”.

Process

Relative

Material AM System Source Laser Value . Main Findings Ref.
Parameter Density
Laser spot
diameter 220
[pum] 126 combinations
Hatchin of different
Customized di 8 100-200-300 parameters were
Green laser istance [um] :
PBF-LB/M obtained, of
Pure copper hi (wavelength 400-500-600- 90-100% . [113]
machine 515 nm) Laser power which
Aconity Mini [W] 700-800-900- 12 resulted in
1000 densities above
Scanning 300-500-800- 99.95%
speed 1000-1500-
[mm/s] 2000
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Table A1. Cont.
. Process Relative R,
Material AM System  Source Laser Value . Main Findings Ref.
Parameter Density
La.ser spot Two different
diameter 160 copper lattice
[pm] architectures
Green laser Hatching 100 (octet and
Pure copper N.D. (wavelength distance [um] ND. cub(?ctahedron) [64]
515 nm) Laser power w ith dense
W] 600 microstructures
and well-defined
Scanning complex
speed 1000 geometries were
[mm/s] obtained
Pulse
duration [ns] 12
50-75-100-
Laser power  125-150-175-
[W] 200-300-350-
400
- The maximum
Scanning relative density
G speed 400-600-800 was measured
Copper alloy Customized qCV\:—GiZIsler [mm/s] with a power
(CuCrlZr) AMCMEOS (wavelength 'Hatching 50-70-100 85-99.6% laser O.f 125W, a [26]
M290 distance [um] scanning speed
532 nm)
of 400 mm/s,
Layer and a hatching
thickness 20 speed of 100 um
[nm]
Laser spot
diameter 50
[pnm]
Laser power
20
(W]
Pulse
duration [ns] 14
Laser power 60-80-100
(W] Larger beam
ns- Scanning fiiameters
OpenPBE-LB  pjsed speed 300-600-900 improved
system single-mode [mm/s] density, likely
Pure copper d.eveloped pulsed fiber Hatchin 50-98.1% due to the [15]
in-house, laser Hatchung 40-70-100 reduction of
namely (wavelength distance [pm] powder ejection
Powderful 532 nm) Laser spot phenomena at
diameter 40-70-100 lower irradiance
[um] leVels
Layer
thickness 50-70

[pum]
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Table A1l. Cont.
. Process Relative e re qs
Material AM System  Source Laser Value . Main Findings Ref.
Parameter Density
Pulse
duration [ns] 14
Laser power
. 40-50
Pulsed act
OpenPBE-LB oo donve W .
svstem fiber laser S - Processability of
developed  With second epeed . 400500600 pure Cu powders
Pure copper ) p harmonic spee hoad 40-100% with density [105]
in-house, . [mm/s]
namely (generlatloilh — levels al;ove
waveleng atching = 99.5%
Powderful 532 nm) distance [um] 30-50-70
Layer
thickness 50
[pm]
Pglse 0.0005 Thin—wal.l
duration [ns] structures with a
thickness below
100 um were
achieved.
However, the
low relative
density is mainly
due to the
Self- limited average
constructed, Green laser power of the
Pure copper fully (wavelength | power 64% setup. The (371
automated 515 nm) [W] 20 formation of
SLM-module voids is
uniformly
distributed,

regardless of the
direction of
construction and
orientation of the
layer during
processing

Table A2. Processing windows and main findings explored by previous research using Trumpf
TruPrint 1000 Green Edition (Trumpf SE + Co. KG, Ditzingen, Germany) as AM system (515 nm
wavelength green laser). N.D. stands for “not declared”.

Material Process Parameter Value Relatl.ve Main Findings References
Density
Hatching distance
[m] 120 Nearly dense parts were
produced using pure copper
Laser power [W] 485 powder. However, porosities and
Scanning speed 400-500-600- o over-fusion regions remain in the
Pure copper [mm/s] 800-1000-1200 96-97% actual lattice structures, which 551
3 could be used as highly efficient
Laser spot diameter
67 heat exchangers for hydrogen
pplications
Layer thickness [um] 30
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Table A2. Cont.
Material Process Parameter Value Relatl_ve Main Findings References
Density
Hatching distance 100-120-125- Maximum densification rates are
(um] 150-300 achieved at scan speeds of
300-400-500- 400-500 mm/s and laser power
Laser power [W] 600-700-800- higher than 600 W, resulting in
900-1000 o improvements of up to 0.3%
Pure copper Scanning speed 300-400-500- 91.6-99.88% compared to those obtained with [40]
[mrr? /s}]) 600-700-800 IR lasers. Additionally, a scan
speed threshold of approximately
Laser spot diameter 9 500 mm/s is recommended to
[um] prevent process instabilities
Layer thickness [um] ~ 60-100-150 and porosity
Laser spot diameter 200
[um]
Hatching distance 100-150-200- A density of 99.98% was achieved
Coper allo [um] 250-300-500 by setting a scan speed lower
PP y Laser power [W] 500 99.98% than 900 mm/s, a hatching [56]
(Cu4Cr2Nb) .
400-500-600 distance lower than 150 um, and
i Desdoed the l thickness to 30
Scarixrr;g/?])eed 700-800-900- e layer thickness to 30 um
1000-1100-1200
Layer thickness [um] 30-60
Hatching distance 90
[nm] The effect over mechanical and
Copper alloy Laser power [W] 485 ND thermal properties of different [(61]
(CuCrZr) - = build orientations were
Scanning speed 400 investigated
[mm/s]
Layer thickness [um] 30
Hatching distance 60-70-80-90
[um] The highest mechanical results
465-475-485- were encountered with a scan
C(()gﬁfgr;j;)y Laser power [W] 495 96.5-98.69%  speed of 400 mm/s, a laser power [54]
- 4 1 of 485 W, and a hatching distance
Scanning spee 300-350-400- of 90 um
[mm/s] 450
Layer thickness [um] 30
Hatchl{lg rr(il]ls’cance 100-200-500
H Analysis of multiple PBF-LB
Laser power [W] 468 tracks indicates that absorptance
Pure copper Scanning speed N.D. can be almost doubled, increasing [16]
[mm/s] 500 the hatching distance from 100 to
- 500 um
Laser spot diameter 150
[um]
100-500
Laser power [W] (systematically
P varied) 63 parameter variations were
ure oxygen-free . .
) investigated, but regardless of the
high thermal . 50-1100 . .
. Scanning speed . N.D. scanning speed, continuous scan [18]
conductivity (systematically . -
(OFHC) [mm/s] varied) tracks could not be achieved with
coppet a laser power of 100 W
Laser spot diameter 200

[pum]
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Table A2. Cont.
. Relative e me s
Material Process Parameter Value . Main Findings References
Density
Laser power [W] 485
Scanning speed The succe.ssful fabrication of a
Pure oxygen-free [mm/s] 600 geomet.rlcally complex and
high thermal Hatching dict functional antenna was
conductivity atching distance 120 N.D. demonstrated. Its surface [100]
copper (OFHC) [wm] roughness and conductivity were
Layer thickness [m] 30 shown to be almost independent
of the build orientation
Laser spot diameter 200
[nm]
Oxygen-free Hatching distance 120
pure copper [m] Cu-ETP showed slightly higher
(Cu-OF) and Layer thickness [um] 30 density values, likely due to its
oxygenated 99.98% smaller particle size, leading to [20]
elec.trolytlc tough Line energy input better packing ar}d increased
pitch copper [7/mm] 0.808 absorption
(Cu-ETP)
Hichl Volume Energy
ghly 3 225 A stable PBF-LB process was
conductive pure [/mm’] o achieved that improves process
copper ETP and 99.8% efficiency and build rate for both (21]
copper alloy Layer thickness [um] 30 pure copper and low alloy copper
(CuCrlZr)
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