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1 Introduction

Additive manufacturing (AM) has transformed modern production by enabling geometries
unattainable with conventional methods, reducing material waste, and eliminating the need for
tooling. Although AM initially gained traction for rapid prototyping, the introduction of metal-
capable processes in the 1980s—most notably Selective Laser Sintering and early powder bed
fusion variants—marked a turning point in its industrial adoption. Since then, metal additive
manufacturing has expanded dramatically with the development of Laser Powder Bed Fusion
(L-PBF), Direct Energy Deposition (DED), and Electron Beam Powder Bed Fusion (EB-PBF),
allowing the fabrication of high-performance components across aerospace, energy, medical, and
consumer-product sectors.

Today, metal AM technologies are no longer experimental; they are widely deployed for appli-
cations ranging from mass-produced consumer electronics to safety-critical aerospace hardware.
However, these successes are built on techniques whose fundamental operating principles have
remained largely unchanged for decades. As a result, the next wave of progress in metal AM
now focuses not on inventing new base processes, but on enhancing and extending existing ones
through improved materials, sensing, automation, and laser technologies.

This report therefore concentrates on emerging developments that are shaping the future of
metal additive manufacturing. First, advances in L-PBF are surveyed, including new printable
alloys, refined scanning strategies, and innovations in melt-pool management. Building on this,
we examine recent progress in in-situ monitoring, machine-learning-enabled process interpretation,
and adaptive control for L-PBF, which together aim to transform it from a fixed-parameter process
into an intelligent and self-correcting manufacturing system. The report then explores innovations
in Wire Arc Additive Manufacturing (WAAM), a DED-based method gaining traction for large-
scale metal components. This is followed by an overview of multi-material metal AM, highlighting
its potential for functionally graded structures and hybrid-property components. Finally, cutting-
edge laser wavelength technologies are discussed, with emphasis on how new beam colors and
power-scaling strategies expand the range of processable metals.

Together, these topics illustrate how metal AM is evolving toward higher performance, greater
reliability, and broader industrial capability through a combination of material science, sensing,
machine intelligence, and photonics innovation.
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2 Progress and Emerging Trends in Laser Powder Bed
Fusion

Written by Jeanne Lee Cherng Yi

Laser Powder Bed Fusion (L-PBF) has become one of the dominant additive manufacturing (AM)
techniques for producing metallic components with complex geometries and high mechanical per-
formance. It is widely used in aerospace (lightweight brackets), biomedical implants (patient-
specific prostheses), automotive components, energy and tooling applications, where conventional
manufacturing would be too expensive or geometrically restrictive. This chapter discusses the
recent advances in L-PBF, focusing on material developments and technical innovations in the
process that aim to improve productivity and part quality.

2.1 Overview of the L-PBF Process

In order to identify potential improvements, we must first understand the L-PBF process.
L-PBF manufactures parts layer by layer from a metallic powder. The powder is selectively
consolidated by a laser beam moved by galvanometric mirrors (Figure [1)). The consolidation
occurs through local fusion or liquid phase sintering.

One of the main challenges of the process is its extreme thermal conditions: high cooling rates
(10%-10° K/s), steep thermal gradients, melt-pool instabilities, keyholing, and residual stresses, all
of which can introduce defects such as porosity, cracking, or anisotropic microstructures. Powder
quality, laser scan strategy, shielding gas flow, and machine architecture therefore play critical
roles in determining the reliability and properties of the final components.
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Figure 1: Schematic illustration of the laser powder bed fusion (L-PBF) process [I].

2.2 New Alloys for L-PBF: HEAs and SMAs

Traditionally, L-PBF has been used to manufacture alloys such as stainless steels, aluminium
alloys and even Ti6Al4V. Yet, recent years we are starting to see the development of novel al-
loy systems tailored for AM, especially High-Entropy Alloys (HEAs) and Shape Memory Alloys
(SMAs).
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2.2.1 High-Entropy Alloys (HEAs)

HEAs are defined as alloys composed of five or more principal elements with near-equimolar
concentrations (5-35 at.% each). Microstructurally, many HEAs form single-phase solid solutions
with high-symmetry structures (bec, fee, or hep) [2]. HEAs are attracting strong interest for molds,
dies, turbine blades, hard coatings on cutting tools, and components in nuclear systems due to their
excellent high-temperature strength, high fatigue resistance, balanced strength—ductility behavior,
superconductivity, and exceptional irradiation resistance [3].

A frequent occurring challenge in the L-PBF fabrication of HEAs is cracking, a phenomenon
caused by great thermal stresses from rapid cooling. High laser power when not controlled properly
can increase the thermal stresses and promote hot cracking. Despite these challenges, recent studies
have shown promising printability with HEAs:

e Niu et al. manufactured an AlCoCrFeNi HEA with a high relative density of 98.4% using
L-PBF [4].

e Agrawal et al. demonstrated that L-PBF-processed FeMnCoCrSi had no cracking, with only
0.1 vol% porosity, and an e-dominated columnar microstructure that significantly improved
work-hardening and produced a very high strength—ductility index [5].

2.2.2 Shape Memory Alloys (SMAs)

SMAs are another emerging L-PBF alloy family. SMAs are known for their temperature-
dependent mechanical response and their ability to recover strain when subjected to thermal
cycling. This makes them well suited for biomedical devices, such as self-expanding cardiovascular
stents, as well as actuators and adaptive structures. The most prominent SMA is NiTi. It is valued
for its high damping capacity, corrosion resistance, and low density. Thanks to these properties,
NiTi is also used in earthquake damping systems and vibration control in bridges.

Lu et al. fabricated NiTi using L-PBF and achieved a shape memory recovery ratio of 98.7%
and 4.99% recoverable strain after 10 loading—unloading cycles [6]. This study demonstrates the
feasibility of producing functional SMAs via L-PBF.

2.3 Advances in the L-PBF Process

Apart from developments in alloy design, continuous progress has also been made to improve
the L-PBF process itself. These advances aim to improve part quality and process productivity,
while addressing critical issues such as residual stresses, thermal gradients, melt-pool instability,
and defect formation. This section focuses on recent findings on remelting strategies, multi-laser
systems, spatter-control strategies, and powder recycling.

2.3.1 Remelting strategies

Remelting is an approach where the same powder layer is scanned multiple times during L-PBF
(Figure . Remelting has become a widely used strategy to enhance part quality, particularly in
terms of density and surface finish. As an in-situ heat treatment, remelting reduces steep thermal
gradients and modifies the solidification conditions by decreasing the temperature gradient (G) and
adjusting the cooling rate/solidification rate ratio (R). This stabilizes the melt pool, lowers residual
stress, and delays or suppresses crack initiation, especially in alloys sensitive to hot cracking, such
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as tungsten, Ni-based superalloys, and several HEAs. Consequently, this scanning approach is
especially promising for alloys that exhibit poor printability in standard L-PBF conditions.
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Figure 2: Tllustration of remelting during L-PBF [7].

Studies have shown that [8] remelting tungsten by L-PBF have significantly reduced the grain
size and defects in the material. Another study by Yu et al [9] further demonstrated that by remelt-
ing in the same direction reduces porosities than remelting in opposite scan direction. Remelting
is closely linked to developments in scan strategy optimization. Scanning patterns such as stripes,
chessboard or island patterns (Figure directly affect residual stresses and melt-pool dynam-
ics [10]. Studies also suggested that reducing scan vector length, implementing bidirectional scan-
ning, and rotating scan strategies between layers can reduce warping and improve dimensional
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Figure 3: Tllustration of scanning strategies (a) Stripes and (b) Chessboard [11].

2.3.2 Multi-laser systems

Multi-laser systems in L-PBF is one of the most impactful advances for industrial scalability.
Manufacturers significantly boost productivity while enabling more flexible scanning approaches
by employing multiple lasers. For instance, Wong et al. concluded that multi-laser setups can
increase build rates without compromising density or significantly modifying the microstructure

4
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of parts [12]. This is especially pertinent for large aerospace or energy-sector components where
single-laser systems become time-consuming. Additionally, multiple lasers allow the use of different
laser spot sizes for distinct geometrical regions. Fine features require high resolution whereas bulk
regions benefit from larger, energy-efficient spots.

Besides adding laser units, Tsai et al. proposed a more compact solution: using a diffractive
optical element and a galvanometric scanner to split a single laser into multiple simultaneously
scanning beams. This approach preserves machine simplicity while enabling the adjustment of
individual spot characteristics [13]. Such innovations suggest new opportunities for achieving high
productivity without dramatically escalating machine cost.

2.3.3 Tackling the spattering phenomenon

In L-PBF, shielding gases are introduced to limit oxidation and avoid contamination of the
material. Shielding gas is indispensable for preventing oxidation and controlling the build envi-
ronment. However, it can unintentionally contribute to spatter formation (Figure {), a critical
issue in L-PBF. Spatter particles include:

e Cold spatter: unmelted powder displaced by gas flow.
e Hot spatter: molten droplets ejected from the melt pool.

e Recondensed particles: condensate that forms from metal vapor and settles onto the powder
bed.

Zhang et al. [14] examined how gas flow influences the removal of melt-pool emissions. They
found that the flow tends to move downward, which reduces its effectiveness. To address this
issue, they added an extra row of gas nozzles beneath the existing ones which significantly im-
proved spatter removal rate from 69% to 93%. Pauzon et al. [I5] also studied how the thermal
conductivity and heat capacity of shielding gases affect the density of Ti6Al4V parts produced by
L-PBF. Instead of using pure argon, they experimented with mixtures of helium and argon, taking
advantage of helium’s higher thermal conductivity and heat capacity. Their results showed that
using the gas mixture allowed the build rate to increase by up to 40% while maintaining process
stability and achieving fully dense parts. The improved performance is attributed to more efficient
spatter removal and enhanced cooling, even at higher laser powers and scanning speeds.

While the strategies above address spattering from a process-engineering perspective, emerging
approaches based on in-situ monitoring and machine learning provide powerful alternatives; an
extended discussion of these methods can be found in Chapter [3]
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Figure 4: Schematic of the LPBF process chamber highlighting spatter behaviour and gas—flow interactions [14].

2.3.4 Powder recycling

Because the production of high-quality L-PBF powder is costly, the ability to reuse powder
without degrading part quality is a crucial research topic. However, repeated exposure to the
harsh thermal and chemical environment of L-PBF can alter powder characteristics through:
Evaporation—condensation cycles which produce oxide films and increased oxygen content; Spatter
contamination, causing the presence of large, irregular particles; Powder-size distribution (PSD)
narrowing, causing loss of fine particles through sieving or vaporization.

Carrion et al. revealed that Ti6Al4V powders reused for 15 cycles showed improved flowability
due to narrower PSD, yet the printed parts did no show significant changes in microstructure,
tensile strength, or fatigue behaviour [16]. Moreover, Sutton et al. found similar PSD narrowing
in 304L stainless steel but detected an increase in oxygen content and microstructural changes
after seven cycles [I7]. Lastly, Cordova et al. also observed oxygen content doubled in AlISi10Mg
after 6 cycles, which can negatively affect ductility [I8].

Not all alloys respond to recycling the same way. A research done by Wang et al. reported
that CoCrW powders reused six times resulted in reduced mechanical performance, suggesting
that alloy chemistry strongly influence recyclability [19].

To reduce degradation of part quality, industries adopt powder refresh strategies, by blending
12-22% virgin powder into recycled batches, in addition to strict sieving protocols to remove
oversized spatter particles [20].
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3 Process Monitoring and Adaptive Control in Laser Pow-
der Bed Fusion

Written by Dalia Somekh

Building on the overview of the L-PBF process presented in the previous section, we now focus
on the mechanisms that drive defect formation and the emerging strategies used to detect and mit-
igate these defects during fabrication. As noted earlier, the extreme thermal conditions of L-PBF
can lead to several types of defects if melting and solidification are not properly controlled. Tra-
ditional quality assurance relies on post-build inspections such as CT scanning or metallography,
which can identify defects but offer no possibility for intervention during the build.

To overcome this “build-then-inspect” limitation, recent research has introduced a new ap-
proach based on three elements: in-situ monitoring, machine-learning-based interpretation of sen-
sor data, and closed-loop process control. Modern L-PBF systems can integrate optical, thermal,
photodiode, or acoustic sensors that continuously capture information about melt pool behavior
and powder-laser interaction. These signals can be processed with machine learning models to de-
tect or predict instabilities, enabling real-time adjustments to laser power, scan speed, or re-scan
strategies. In industry, manufacturers such as EOS, SLM Solutions, Renishaw, and GE Addi-
tive already offer in-situ monitoring modules, though these are currently used mainly for quality
documentation rather than automated corrective control.

L-PBF is chosen as the focus of this section because it is the metal AM process with the
most extensive research on sensing, data-driven modeling, and adaptive control. Studying these
developments highlights how the process can evolve from fixed-parameter, open-loop operation
toward a more robust, intelligent, and self-correcting manufacturing system.

3.1 Mechanisms of Defect Formation & Monitoring

For in-situ monitoring and control strategies to be effective, it is essential to understand how
defects form in L-PBF and how these defects reveal themselves through measurable process sig-
nals. Guillén et al. [21] classify L-PBF defects according to their physical origin, linking them to
melt pool behavior, powder spreading, and the extreme thermal conditions of the process. These
defects fall into four main categories: geometrical, surface-quality, microstructural, and mechan-
ical. Recognizing the mechanisms behind these defects also clarifies which physical phenomena
must be monitored during the build. Key indicators include melt pool geometry, thermal gradi-
ents, plume behavior, layer surface topography, and even acoustic emissions. These signals form
the basis for both defect detection and real-time corrective actions in advanced monitoring and
control systems.

3.1.1 Geometrical/Dimensional Defects

Geometrical and dimensional defects arise from improper build setup, recoater-related issues,
or deviations in layer thickness. Because such defects are typically attributable to operator error
or inadequate machine calibration rather than intrinsic LPBF process physics, we do not examine
them further here. In the context of this study, we assume correct machine setup and stable
recoating conditions, allowing us to focus on defect mechanisms that stem directly from melt pool
dynamics, thermal behavior, and laser-material interaction.
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3.1.2 Surface-Quality Defects
Surface defects often serve as early indicators of melt pool instability or energy mismanagement:
Balling. Balling is a Plateau-Rayleigh instability in which the melt track breaks into spheres

due to insufficient wetting or excessive scan speed [22]. This leads to poor track continuity and
rough surfaces. Figure |5/ shows increasing severity with higher scan speed.

Figure 5: Balling severity increases with scan speed: (a) 250 mm/s, (b) 500 mm/s, (¢) 750 mm/s, (d) 1000
mm/s [21].

Surface oxidation. Surface oxidation occurs when the melt pool is exposed to oxygen due to
insufficient inert gas shielding or high temperatures that intensify vapor activity. Even small
oxygen levels promote stable oxides, which modify absorptivity and surface tension, destabilizing
the melt pool and promoting defects [23]. Early-stage oxidation can sometimes be mitigated by
increasing laser power, slowing the scan, or applying a re-scan, but once thicker oxides form or
chamber oxygen is elevated, the defect is no longer correctable.

Figure 6: Slight oxidation (left) and severe oxidation (right) [21].

Surface roughness. Surface roughness forms when unstable melt tracks or spatter redeposition
create local surface asperities, shown in Figure[7], often due to insufficient wetting or partial melting
of surrounding powder [21]. Early-stage roughness can sometimes be reduced by applying a local
re-scan or adjusting laser power.

Figure 7: Example of surface roughness generated by spatter redeposition and melt-track instability [21].
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Denudation. Denudation occurs when intense vapor-driven gas flow around the melt pool
sweeps powder away from the scan track, leaving a depleted region with insufficient powder for
proper melting [23]. This local powder deficiency can destabilize melt pool geometry and promote
defects in subsequent layers.

Vaporization defects. Excessive laser energy causes intense metal vaporization, generating a
high-velocity plume (metal vapor jet) that disturbs surrounding powder and increases spatter
activity. These effects can initiate keyhole instability and further defect formation.

3.1.3 Microstructure Defects (Porosity)

Porosity refers to unintended voids formed within the solidified material. Unlike the intrinsic
microscopic porosity associated with powder packing, these defects originate from unstable melt
pool dynamics and improper energy input during the LPBF process. Such pores can severely
reduce fatigue life and mechanical reliability, making their detection and mitigation essential.

Gas porosity. Gas porosity consists of small spherical voids formed by entrapped shielding gas
or powder-bed gases during melting. These pores are typically found between partially melted
powder particles, as shown in Fig. [§ While usually less severe than other porosity types, increased
plume activity or high scan speeds can increase their formation. In-situ monitoring using photodi-
odes or cameras can detect elevated spatter or plume fluctuations associated with gas entrapment,
enabling parameter adjustments.

Powder particle

i

Powder particle

Stationary laser (side view)

Figure 8: Example of gas pores trapped between partially melted powder particles under a stationary laser [21].

Keyhole porosity. Keyhole porosity arises when excessive laser energy creates a deep vapor
cavity (keyhole) that becomes unstable and collapses, trapping gas in the solidifying metal [24].
These pores are typically large and spherical, as illustrated in Fig. [9] Since keyhole formation
has strong optical and thermal signatures (intense plume emission, high photodiode response, and
elevated melt pool temperature) it can often be detected in real time. Closed-loop control can
reduce laser power or increase scan speed to stabilize the keyhole regime and mitigate further
porosity formation.
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Figure 9: Keyhole-induced spherical pores created by collapse of an unstable vapor depression in LPBF [21].

Lack-of-fusion (LoF) porosity. LoF porosity forms when energy density is insufficient to
fully melt the powder layer or fuse it with the underlying layer, resulting in irregular, crack-like
voids [25]. Figure [10[shows typical LoF defects, which are highly detrimental because they act as
stress concentrators. In-situ monitoring can identify LoF precursors such as abnormally low melt
pool temperatures, reduced track brightness, or discontinuous melt pool shapes.
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Figure 10: Irregular lack-of-fusion pores caused by insufficient energy input during LPBF [21].

3.1.4 Mechanical Defects

The extremely high cooling rates (10*-10° K/s) and steep thermal gradients in L-PBF generate
significant residual stresses within the material. These stresses can lead to cracking and inter-
layer separation, especially in alloys with narrow solidification ranges or poor ductility at high
temperatures.

Liquation cracking. Liquation cracking happens when some regions near the grain boundaries
partially melt and then solidify again. Because these regions are weak while they are still half-
melted, they can crack when the material shrinks during cooling. Thermal cameras or melt-pool
sensors can help detect unusually high reheating in these areas.

Solidification cracking. Solidification cracking (also known as hot cracking) occurs while the
molten metal is solidifying. As the material cools and contracts, narrow liquid films between
solidifying grains can tear apart. This often depends on the alloy composition. Sudden changes
in melt pool shape or brightness, visible through optical monitoring, can signal the beginning of
this defect.

Delamination. Delamination occurs when one fused layer does not properly bond to the layer
below it. This can happen if the laser does not penetrate enough or if residual stresses pull
the layers apart. Monitoring layer height and melt pool penetration helps detect early signs of
delamination, allowing the machine to modify energy input or perform a local re-scan.

10
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3.2 In-Situ Monitoring Technologies

In-situ monitoring provides real-time information about the melt pool, powder bed, and ther-
mal behavior during L-PBF. Each sensing method captures different physical features of the pro-
cess, making them complementary. Because each sensor is sensitive to different physical behavior,
combining several modalities greatly improves robustness. Optical, thermal, and photodiode sig-
nals often reveal different aspects of melt pool dynamics, and their simultaneous use reduces false
detections and strengthens defect prediction.

Optical monitoring. High-speed cameras observe melt pool shape, spatter movement, and
track continuity. Variations in melt pool width or brightness are strong indicators of unstable
melting or lack of fusion [26].

Infrared and thermal monitoring. IR cameras and pyrometers measure melt pool temper-
ature and cooling rates. These signals help detect overheating, insufficient penetration, or heat
accumulation across layers [27].

Coaxial photodiodes. Photodiodes collect light emitted from the melt pool and plume along
the laser path. Sudden intensity changes correlate with keyhole instability or plume fluctua-

tions [28].
Acoustic emission monitoring. Acoustic sensors detect vibrations caused by cracking, de-

lamination, or spatter impact. This technique is particularly useful for identifying internal defects
not visible to optical or thermal sensors [29].

Layer-wise surface measurement. Profilometry and structured-light imaging monitor layer

height, recoater streaks, or surface warping. These deviations often signal deeper problems in melt
pool stability or powder spreading [30].

Together, these sensing methods provide a multimodal description of the process and support
early detection of defect precursors.

3.3 Machine Learning Algorithms

/ AM Process & Monitoring\  /  Machine Learning \  / Predicting Defect Class

& Process Control
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Figure 11: Overview of the integration between in-situ monitoring, machine learning, and process control in metal

AM [311.
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Machine learning helps interpret the large amount of complex sensor data generated during L-
PBF. Because the process is highly non-linear and difficult to model physically, ML is particularly
well-suited for identifying patterns related to defect formation. Figure [11] provides a high-level
overview of how in-situ sensor data are processed using machine learning models and how these
outputs can be used to support defect detection and closed-loop control.

Raw sensor signals are first processed into features such as melt pool width, cooling rate, plume
intensity, or acoustic frequency content. Given the variety and complexity of the defect mechanisms
described in Section [3.I], these feature sets capture the most relevant physical signatures that
distinguish stable melting from defect-prone conditions.

Supervised ML methods (e.g., CNNs, SVMs, random forests) have been applied to identify
known defect types [31], but they require large labeled datasets, which are often difficult to ob-
tain. Even though we have described several defect types in the previous paragraphs, L-PBF
processes can produce many variations and combinations of these defects, making it challenging
to compile complete and reliable labels. For this reason, many studies instead use unsupervised or
anomaly-detection approaches. Techniques such as autoencoders, clustering, or Gaussian mixture
models learn what a “normal” process looks like and flag unexpected deviations that may indicate
emerging defects [32].

Sensor fusion methods, which combine data from multiple sensors, further improve reliabil-
ity. By integrating optical, thermal, and photodiode signals, ML. models can better capture the
different physical aspects of melt pool behavior and provide more robust defect detection [27].

3.4 Closed-Loop Control

After defects or instabilities are detected, closed-loop control can adjust process parameters
during the build. These corrections typically involve modifying laser power, scan speed, hatch
spacing, or performing a local re-scan.

A typical feedback loop involves: (1) extracting melt pool or anomaly metrics, (2) comparing
them to target values, (3) computing the corrective action, and (4) updating the laser parameters
in real time.

Photodiode-based feedback has been shown to stabilize the melt pool and reduce keyhole
porosity by regulating laser power [28]. Thermal feedback systems have also been demonstrated,
using melt pool temperature to tune energy input [33]. More advanced approaches, such as
Bayesian optimization and model predictive control, automatically tune parameters to keep the
process stable even for complex geometries [34].

3.5 Advantages and Remaining Challenges

The integration of in-situ monitoring, machine learning, and closed-loop control provides several
benefits for L-PBF, but also introduces practical challenges that must be addressed for widespread
industrial adoption.

Advantages.

e Improved part quality: Stabilizing melt pool behavior reduces porosity and leads to more
consistent mechanical properties across the build.

12
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e Enhanced industrial readiness: Real-time monitoring and correction bring L-PBF closer
to meeting qualification requirements in aerospace, medical, and energy applications.

e Reduced post-processing: Detecting and correcting defects during the build decreases
reliance on CT inspection, polishing, or machining.

e Wider process windows: Better control enables higher scan speeds, new alloy systems,
and larger components with lower risk of build failure.

Remaining challenges.

e Sensor integration and cost: High temperatures, spatter, and metal vapor complicate
long-term sensor reliability and calibration.

e High data rates: Optical, thermal, and acoustic sensors produce large data volumes that
require fast processing for real-time use.

e Model transferability: ML models trained on one machine, alloy, or geometry often do
not generalize well to others.

e Explainability and certification: Industrial standards require interpretable decisions,
which can be difficult when using black-box ML methods.

e Control stability: Real-time parameter adjustments must be carefully tuned to avoid
oscillations or overshooting during the build.

13
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4 Wire Arc Additive Manufacturing

Written by Anastasia Meijer

Of the many AM processes for metallic component manufacturing, Directed Energy Deposition
(DED) is one. DED is mainly used for larger components, and for repair, because of its higher
material deposition rate [35].

One of the techniques used in DED, is Wire Arc Additive Manufacturing (WAAM). WAAM is
cost-effective, produces minimal waste, and also has a lessened environmental impact. For exam-
ple, WAAM is used in large structural applications. Here, WAAM can reduce fabrication time by
60%, and use 85% less energy, compared to powder-based AM processes [35].

WAAM also carries some disadvantages with it. Failure to control critical parameters, causes
defects to occur in the final product. These defects are usually found in one of three categories:
geometric, process-induced, and residual stress defects [35].

Multiple fields of research are developing at the moment, trying to control the critical param-
eters, and reducing the amount of defects. Some of these fields are MWAAM, ML Control, and
the use of Digital Twins [35].

The topics named in this introduction, will be expanded upon further in this Section. The

topics in this section have been selected, because of their large potential in future research and
applications. But, WAAM is a far broader topic, with more roads to explore.
Some topics that are also interesting to explore, are the different metals used, other type of defects,
and other possible advances in WAAM. The choice has been made to not look at metal use, as this
veers heavily into materials engineering, and this Section focuses more on mechanical properties
and advances. Other defects and possible advances, have not been discussed, as this does not fit
into the scale of this report. The most important topics in these categories, have instead been
treated with much detail.

4.1 Mechanisms of WAAM
How does WAAM work?

The basis of WAAM lays in welding technologies. MIG/GMAW, TIG/GTAW, and Plasma Arc
Welding/PAW can be used in WAAM. WAAM makes use of layer by layer deposition of welding
beads [36]. A metal wire is heated using an electric arc, and melts. This happens at a pool of
already molten metal. Afterwards, it hardens at the melt pool’s border, creating the component
layer by layer [37]. The retrieved result must then be treated by build machining, in order to
become smooth [36]. An overview of the general WAAM process has been illustrated in Figure
12

14
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Figure 12: The WAAM technique [37].

Many materials can be used in WAAM. For example, titanium based alloys, stainless steel,
nickle, bronze, and aluminum. This makes it a fairly versatile technology, to be applied in many
industries [36].

Current uses

At the moment, WAAM is mostly used for large structures and repair [36]. Large scale com-
ponents can be produced completely dense, with low production costs. The cost of the metal wire
used in WAAM, is around 15% of how much the same amount of metal would cost in powder.
This makes WAAM a relatively cheap AM process, compared to powder-based processes [37].
Lightweight construction is also achievable, by using materials such as titanium and aluminum
alloys as filler material [30].

WAAM is used in a number of industries. These include the aerospace, aviation, automotive,
and medical industries. In the transport sectors, the use of lighter metals is important, and can
be achieved with WAAM. For aerospace, the possibility to produce complex parts from titanium
and nickel alloys, but keep the cost relatively low, is interesting. And for the medical industry,
the cost is important, as it’s an industry that uses a lot of (single-use) products [37].

4.2 Defect types

This Section will further explain the three defect types. These are geometric, metallurgical,
and process-induced defects.

Geometric defects

One of the major geometric defects in WAAM, are bead defects. As mentioned before, WAAM
uses layer by layer deposition of welding beads, which are formed when welding wire melts and
fuses with the base material. The different layers of beads then form the product. A bead has
multiple parameters, such as height, width, radius, and degree of contact angle. When these are
not adhered to accurately, or if these are not well established, then many defects can occur, both
in the mechanical properties, and in the surface finish. Defects in the surface finish is called bead

15
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waviness [38]. For example, the penetration of the bead into the base material could be insufficient.
This causes the material to have weak bonds, which can later cause many mechanical problems,
such as low strength of the finished product. The insufficient penetration also causes for more
macroscopic defects, such as visible defects in the finished product, making the surface finish not
adequate [38]. An overview of the most common geometry effects on the mechanical properties
and surface finish can be found in Figure [I3]

Mechanical properties Surface finish

Wider beads provide better material
coverage, resulting in a smoother surface
finish.

Wider beads enhance inter-layer bonding,
improving mechanical strength and stability.

Proper bead height ensures structural

. - . Controlled bead height reduces surface
integrity and layer thickness.

irregularities, leading to a smoother finish.

Correct overlap strengthens layer-to-
layer adhesion, enhancing mechanical
properties.

Proper overlap and spacing achieve
uniform deposition and smoother surfaces

Well-defined bead shapes lead to even
material distribution and smoother surface
finishes.

Uniform bead shapes maintain consistent
mechanical properties.

Adequate penetration ensures strong
bonding and consistent mechanical
properties.

Proper penetration minimizes defects and
preserves surface quality.

Incorrect bead geometry results in defects,
weakening mechanical properties.

Defects mar surface quality, leading to
rough or flawed surfaces.

it

Figure 13: An overview of the most common effects on a product by bead defects [38].

Process-induced defects

A critical process defect is lack-of-fusion (LoF). LoF happens when a newly deposited layer
does not bond well with the base material, or previous layers [39]. This mainly happens for two
reasons. Firstly, it happens when heat is not handled correctly during the deposition process[39].
Secondly, it occurs when beads do not overlap adequately, as seen in Figure [14] [40].

Overlapping Overlapping Overlapping

Lack of fusion

Figure 14: Lack of Fusion by incorrect overlapping [40].

Weak bonding affects the structural integrity of a product, and can lead to cracking and
premature failure when loaded. Corrosion is also often more prevalent when weak bonds are
present, making the product vulnerable to the environment. This all makes for unreliable, or even
unusable products [39].
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Residual stress defects

Residual stresses (RS) are generally defined as stresses that remain in welded objects, even
without without load or thermal influence [41].

RS in WAAM are internal stresses, in the products of the WAAM process. These stresses cause
premature failing, because the processes of initiation and propagation of cracks start earlier [42].

RS in WAAM are mainly caused by the cyclic heating and cooling of the component, which
happens during the layer by layer deposition of the molten metal . To counter the RS, one could
propose to lower the temperature during the melting process of the metal feed, since a large heat
difference between deposition and cooling, increases the RS. But, a high energy input during
deposition, also improves the surface quality, ductility, and deposition rates during the WAAM
process. For this reason, the choice can be made to melt at a higher temperature, inducing a
higher RS. To lessen this effect, the cooling process can be elongated in time, and performed with
a higher heat input [42].

4.3 Advances

Three advances in the field of WAAM have been chosen to discuss in this Section. These are
MWAAM, Machine Learning, and Digital Twins.

MWAAM

WAAM, in its simple form, uses a single wire feeder to melt a single wire, with an electric
arc. Should one want to produce multi-material components, the wire has to be switched. This
leads to increased cycle times, surface irregularities, and interruptions in the deposition process.
A solution for this is Multi-Wire Arc Additive Manufacturing, or MWAAM [43].

MWAAM allows for multiple wires, made from different metals, to work as feedstock. Each of
these can be fed at other speeds, allowing for specific chemical compositions in the melting pool
[43]. MWAAM is far more efficient than single-wire methods. For example, Xu (2022) found that
MWAAM can have an efficiency, double as high as single-wire methods. And this is possible, while
maintaining appropriate mechanical properties [44].

One way to use MWAAM, is using two wires, but one twin-wire torch. Pulse programs, which
decide when and long a peak in voltage will be supplied, are wired into the setup. Parameters
based on wire feed speeds are determined, using data from welding databases [43]. When using
dual wires, two pulse power systems, and a single torch, one can receive good results. Higher
deposition rates were achieved, and gradients in the material could be created. This is interesting
for load-bearing structures, which deal with unique load distributions [45].

Dual-wire welding is quite a different process than single-wire welding, making the process
parameters differ slightly. This can be used to lessen the process-induced defects that are usually
found withing WAAM products [43]. Using Finite Element Methods and different area-filling
paths, in combination with dual-wire welding, has proven to significantly reduce thermal and
residual stresses [45].
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ML

To detect process-induced defects, such as lack-of-fusion (LoF), it is important to keep close
watch during the deposition process. This can be done with in-situ monitoring. But key to
analyzing the results observed via monitoring, is Machine Learning (ML) [46].

One optical sensor-based detection method is spectroscopy. This method is relatively inexpen-
sive, and it can detect many defects. For example, the welding plasma’s electron temperature can
be observed. This makes it possible to identify many defects, one of which is LoF [47].

The classification model that is one of the most commonly used for LoF detection, is Support
Vector Machine (SMV). SMV is effective in high-dimensional spaces, and non-linear problems.
The biggest problem is that computation is expensive for large datasets [40].

Another use of ML in WAAM is to solve the geometric defects, namely bead geometry defects.
Bead geometry can be optimized using a bio-inspired algorithm, with the most common one be-
ing a genetic algorithm (GA). GA evaluates bead geometry as a vector, represented by measured
parameters of the ongoing production process. It can then predict the performance of the bead
geometry with a regression model, and can give the product a fitness score [4§].

Using ML in WAAM is an addition that is very interesting for its potential. One could use
it to very accurately detect LoF defects, and then act accordingly. The most basic response
would be to stop working on that object, saving on more resources and time that would be spend
on that object. But, using it in relation to autotomized WAAM processes would be even more
interesting. Combining the detection ML model with decision-making ML models, would make
for the possibility for an object to have a minor defect, but to still be used. A decision-making
ML model could decide the defect would be minor enough, for it still to be completed, but with
some adjustments in the production process to compensate for the defect. This, however, is still
a developing technique, and has not yet been demonstrated.

Digital Twin

WAAM has to do with complex behavior, especially looking at thermal behavior. This makes
numerical simulations very important, as to understand how different variables influence the final
product. The problem is that the computational power of numerical simulations is limited, and
not real-time applicable. A solution for this is to introduce the Digital Twin (DT). A DT is a
computer-generated replica of a real-world object, that can adjust together with a real-time pro-
cess. They constantly analyze, and update the process [49].

Two of the earlier stated defects, bead waviness and residual stress, can be lessened by using
Digital Twins. They are both caused by improper usage of heat. A Digital Twin would be able
to analyze in time when there is a problem with the heat. A Digital Twin could then update the
process, by sending commands to the torches to adjust the heat addition. This would solve the
two earlier stated defects [49].
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5 Multi-Material Metal Additive Manufacturing

Written by Agasthya Vivek

5.1 Introduction

In continuation of the theme of this report, with a focus on recent advancements in the field of
additive manufacturing (AM) of metal parts, this section focuses on advancements pertaining to
the use of multiple materials. AM is unique not only in its ability to produce geometrically complex
parts, but in its ability to vary material properties in three dimensions in a single manufacturing
step - a task that cannot be accomplished by traditional means. This allows for material properties
to be tailored in three dimensions, and for the creation of functionally graded material (FGM)
parts.

This section details the combinations of materials possible with metals, the processes used to
manufacture multi-material parts (PBF and DED), the advantages and applications enabled by
the use of multiple materials, and the challenges and potential solutions that result. Single-step
co-bonding processes are focused on primarily, while topics such as in-situ alloying that are closely
associated have been excluded from scope due to the heavy discussion of metallurgy associated.

5.2 Material Combinations

The primary focus of this report is on the additive manufacturing of metals. In the context
of printing parts constituted of multiple materials, various combinations of metals remain of the
highest interest, allowing for properties to be tailored locally. The primary challenges encountered
are in the adhesion between different metals, and problems caused by different thermal proper-
ties [50]. Different cooling rates, for example, can introduce internal stresses that compromise
the part. Using multiple metals with laser-based processes is also complicated by the different
absorptivities exhibited by different metals [50] - a challenge potentially remedied using multiple
lasers with different wavelengths.

With the versatility of powder-based processes in particular, it is also possible to use combina-
tions of different classes of materials, such as metals and polymers, and metals and ceramics, in a
single manufacturing step. The former, while of great interest to industry owing to the prevalence
of assemblies containing a combination of the two, remains unfeasible to manufacture in a single
step and is hence omitted from discussion. Even for sintering-based laser processes, tempera-
tures routinely reach upwards of 700°C [51], which can degrade even high-performance polymers
like PEEK, which has a glass transition temperature of approximately 150°C [52]. Other tech-
niques, such as binder jetting, that avoid such high temperatures do not fully exploit the material
properties of metals, but can be used to create composites of interest.

Metal-ceramic parts represent a marriage of toughness with high hardness and wear resistance.
The high-temperature strength and corrosion resistance of ceramics can also be leveraged, making
this material combination one of great interest. While the gap in thermal properties is not always
as extreme as that between metals and polymers, it does still present significant challenges. With
certain combinations, ceramic flow temperatures can even be higher than the metal’s evaporation
temperature [50].
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5.3 Processes

Laser powder bed fusion (L-PBF) and direct energy deposition (DED) have been discussed
in detail in the prior sections and hold the greatest promise in enabling the production of multi-
material components. Commercially available equipment is currently tailored to production with
a single material, but similar designs with modifications are feasible to use multiple materials.

5.3.1 Direct Energy Deposition (DED)

Turning
Mirror

=

Laser Pyrometer

Deposition Head

! B 3 - Inert Gas
Lens T o > o

b ;

i ;
Powder Deli i | B :

er Delivery i S e o .. Infrared

Mozzle —_— W W B

1 s i ’ P taml!'rj_,."f
e s
Mozzle In - I iy s
ozzie Insert _\_\_\_‘L'_‘—‘—\—._\_\_\_\_\_\_ S '\\_ :r::'rl.-;:. ¥ ﬁ -
e F B -

Powder Stream — ’
/J_, Focal Plane

Figure 15: MMAM Powder Based DED [53].

Direct energy deposition using a laser uses the same process mechanics as WAAM described in
Section 4. A laser substitutes an electrical arc to create a melt pool into which material is supplied
either as a powder via actuators or fed as a wire feedstock. Multiple powder feedstocks can be
incorporated with ease into this manufacturing process using multiple powder delivery nozzles, as
seen in Figure (15, which uses inert gas to control powder delivery while avoiding corrosion and
contamination of the part [53].
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Figure 16: Deposition efficiency vs Surface roughness for wire+powder DED [54].

Using a wire-based feedstock also allows for multi-material additive manufacturing (MMAM)
parts using multiple wire feeders. It provides minimal constraints when working with different
combinations of metals, as most can be drawn into wires, but challenges arise if combinations of
metals and ceramics, or other such materials that are not drawable, are intended for use in the
part [50]. Wire feeders also tend to be bulkier than powder delivery systems, placing restrictions
on the number that can be accommodated in the machinery.

A hybrid approach using a combination of the two techniques has been shown to have promise.
It was shown to have 20-25% less porosity than a purely powder-based approach and greater
deposition efficiency with the same laser power supplied. In addition, as seen in Figure [I6] the
surface roughness reduces with deposition efficiency with the combined approach, in contrast to
the increase observed when using only powders [54], allowing for better part quality.

With both powder and wire approaches, the amount of each metal dispensed is varied as
the melt pool moves across the layer, controlling the composition within the layer as well for
true three-dimensional material property control. DED has been demonstrated to produce high-
quality multi-material parts almost devoid of porosity, suitable for both medical and structural
applications, highlighting its feasibility.

5.3.2 Laser Powder Bed Fusion (L-PBF)

The mechanism of L-PBF, detailed extensively in Sections 2 and 3, is ideal for MMAM. As
each step involves adding a layer of powder and then sintering/melting the required regions with
a laser, one or more additional materials can be incorporated into the part by controlling where
each material is deposited on each layer. It allows the greatest versatility in the combination of
materials possible, as powder feedstocks are available for ceramics and other materials as well. A
variety of approaches are highlighted in Figure [17]
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Figure 17: MMAM L-PBF strategies [55].

Using two separate powder containers, as seen in Figure [I7]A, is one of the easiest approaches,
but allows for only one material per layer, resulting in material variation only in one dimension
and in further restrictions on part design [55]. This can be worked around by sintering a section
of the layer with the first material, using a vacuum or electrostatic removal to remove unsintered
powder, and then filling the remainder of the layer with the second material for a second sintering
operation [56]. While simplicity is an advantage, this approach doubles recoating time per layer
in addition to the time taken for powder removal, while increasing the likelihood of contamination
of unsintered powder from residues of the second material.

Ultrasonic actuators paired with multiple materials enable multiple materials within the same
layer by depositing them with micron-scale precision, as seen in Figure [I7B. Recoat time is un-
changed, and no time is spent on material removal, but inconsistencies in layer thickness remain
a problem here [55].

Figure highlights an approach based on a similar mechanism to laser printers, albeit using
suction in place of electrostatic attraction. Two drums have internal suction applied through a
mesh in the areas corresponding to material location on the layer. Suction is selectively switched off
as the cylinder rotates to create the desired layer, albeit with the potential for layer contamination
from unintended powder discharge off the cylinder [55].

Various aspects of the techniques can be combined together, as in Figure [L7D, where ultrasonic
actuators are combined with vacuum-based material removal and conventional layer deposition
techniques, allowing for a large variety of materials to be used, with up to six actuators and
powder stores demonstrated [55].

In metal-metal applications, these techniques maintain the relatively high tolerances of L-
PBF, with less than 0.1 mm of dimensional error observed in the creation of CuSn10/4340 steel
parts [57]. Precise control over material properties within the part is possible in this regard,
and machining steps that would be required for the same tolerances following the welding of two
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dissimilar materials are not required.

While the characteristics and advantages of DED and PBF have been discussed in other sec-
tions, in the context of MMAM both have demonstrated the ability to produce high-quality parts
with metals. Material properties might vary, however, as the different temperatures and pro-
cess mechanics can result in different metallurgies with the larger array of phases present in a
multi-metal system [58].

5.4 Advantages and Applications

MMAM techniques build upon the existing advantages of additive manufacturing. Along with
complex geometries, they enable the production of functionally graded materials and parts that
would conventionally require multiple steps in a single step. Greater design flexibility follows
from this, allowing for better performance and reduced weight as part assemblies are combined
into a single part. In comparison to multi-step procedures, the build time is shortened, the cost
of fasteners and assembly labour is eliminated, and material wastage is minimised, presenting
cost benefits [59]. Through the use of multiple materials, corrosion resistance can be improved,
toughness and wear resistance can be instilled together, electrical conductivity can be tailored,
biocompatibility can be ensured, and negative coefficients of thermal expansion can be created in
the part.

A myriad of potential applications stem from these possibilities. In jewellery, it could enable
intricate designs with multiple precious metals. In electronics, through the use of metals with
ceramics as an insulating material, embedded circuits can be incorporated into parts. It could
also be a good fit for the nuclear industry - parts made from copper with a tungsten outer layer
would have high-temperature resistance and plasma resistance, with more efficient cooling due to
copper’s high thermal conductivity [60].

It is particularly promising for use in the aerospace sector. Inconel alloys, which have found
use in turbine components for their high-temperature properties, have been used as a part of bi-
metallic MMAM parts with the final parts devoid of cracking and with low porosity. Separate trials
have combined Inconel 718 with copper alloys to improve thermal diffusivity by 250% [59]. By
enabling better cooling, if implemented, this could allow for higher temperatures within jet engines,
consequently improving their efficiency. Parts constituting Inconel 718 paired with 316L stainless
steel also demonstrate versatility across a large temperature range, maintaining strength and
toughness at lower temperatures, with oxidation resistance and high-temperature resistance [57].

The ability to use one metal for structural purposes and another on the exterior to add biocom-
patibility makes this a key technology for medical implants. Titanium implants could be finished
with various external layers for different intended effects. The shape-memory properties of NiTi
can be used to induce bone growth around the implant [61], while Cu—Ti alloys can improve the
anti-bacterial properties around the implant [62].

The stiffness of the femur is approximately 1.9 GPa [63], while that of Ti6Al4V (a commonly
used alloy in implants) is approximately 110 GPa [64]. This large difference results in implants
shielding the bone they are embedded into from stress, which gradually results in implant loosen-
ing. Functionally grading titanium implants could allow them to match the material properties of
the surrounding bone more closely to avoid this issue [62].
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5.5 Challenges and Solutions

As with the advantages of MMAM, it is constrained in the same ways the underlying AM
processes are. Tolerances rivalling machining cannot be reached, production rates may not compare
to conventional processes, and surface finishes may not be optimal [50].

5.5.1 L-PBF-Specific Issues

In Section [I7], contamination of the print layers with different materials was listed as a concern.
Contamination of the unmelted /unsintered powders in a similar manner is another detrimental
aspect of MMAM, as it undermines the low material wastage AM is known for by complicating
the re-use of remaining powder, increasing costs [57]. Separation techniques based on powder size
or varying magnetic properties have been proposed, but in the context of metal-metal parts where
powder sizes are often similar and multiple metals may not respond to magnetic fields, efficiency
is limited.

Porosity can also be a problem when ultrasonic actuators are used for multiple metals, with
no compaction of the layer performed [55].

5.5.2 DED-Specific Issues

When using multiple metals, cracks, pores, delamination, and unmelted powder particles are
encountered more frequently. Residual stresses from the process have also been found to con-
centrate in the metal with a lower coefficient of thermal expansion [57]. Furthermore, discrete
transitions between materials can cause interfacial cracking and the formation of brittle inter-
metallic phases [55]. The fatigue life of the part suffers as a consequence of these defects. Using
CALPHAD can allow for process parameters to be tuned to these intermetallic compounds, while
transition zones between the two metals can also be employed. The gradient path method out-
lined in Figure [18] involves transitioning volume fractions from 0 % B to 100 % B over a certain
distance, with bonding typically not being a problem, with the exception of cracking caused by
unmelted particles and intermetallics formed. Using an intermediate section involves the use of a
third metal C in between that bridges the thermal properties of metals A and B, while preventing
the formation of intermetallic phases [65].

Beyond manufacturing, the novelty of MMAM provides design challenges that are still being
tackled. Industry-standard STL files do not hold information on material, colour, or gradients.
Newer file formats, such as the additive manufacturing file (AMF'), do have these capabilities but
are not yet ubiquitous [66]. This can make part design using older software packages challenging,
especially in the context of implementing material gradients. G-code sent to the AM system must
also be split and modified in accordance with the implementation of the various material feeding
systems. For parts that feature discrete boundaries between different metals, a workaround has
been devised where sections constituted of different materials are modelled and sliced separately
as a part of a global assembly [67] - adding significant complexity.

For conventional manufacturing techniques and for AM techniques with a single material, a
variety of software packages are available to simulate the process and optimise process parameters
for optimum results. Owing to the nascent nature of multi-metal use, such tools are yet to be
developed, resulting in the predominance of a “cook and look” trial-and-error-based approach,
which can be time-consuming and expensive. Machine learning algorithms show early promise in
this regard, with initial trials for a Cu-316L steel process allowing for the calculation of required
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Figure 18: Material Joining Strategies [65].

L-PBF parameters based on the mass fraction of each component [68]. The primary objective
is to work toward a thinner interface between the various metals, which is associated with a
higher tensile strength and is achieved using a greater scan speed to reduce energy input. This
also reduces melt pool temperatures and consequently the temperature gradient present, driving
directional grain growth to a lesser extent to produce finer grains. Optimisation of the scan speed
is necessary, as too low a scan speed can increase porosity, while high scan speeds can result in
spattering [60].
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6 Laser Wavelength technology

Written by Manuel Pascual

6.1 Introduction to Laser Wavelengths Used in Metal Additive Man-
ufacturing

This section focuses on the colour (i.e., wavelength) of the laser beam. Different materials have
different characteristics that affect how they interact with a laser during additive manufacturing
(AM). This is the reason why a variety of laser wavelengths exist for metal processing. Both
classical and modern techniques are discussed here, with greater emphasis on the latter, as they
constitute the main point of the overall project. [69] [70]

6.1.1 Wavelength and Colour

There are three primary laser colours used in metal AM: infrared (IR), green, and blue. A
fourth wavelength region, ultraviolet (UV), also exists but is mainly applied in microprocessing
rather than metal AM.

Infrared Laser (1030-1080 nm)

This is the dominant wavelength in LPBF and DED industrial processes. It is usually generated
by ytterbium-doped fibre lasers (Yb-fibre). Its widespread use stems from its high electrical
efficiency, excellent beam quality, and strong industrial reliability. [71]

Green Laser (515-532 nm)

Green laser radiation is normally obtained through second-harmonic generation (SHG), where
an infrared beam passes through a nonlinear crystal and part of it is converted to half the wave-
length (e.g., 1064 nm to 532 nm). It is becoming increasingly relevant in AM because many metals
show significantly higher absorption in the green region. [72]

Blue Laser (445-480 nm)

Recently developed high-power blue diodes have made it possible to surpass green-laser per-
formance in highly reflective metals such as copper and precious metals.[73]

6.1.2 Absorptance Concept

The absorptance of a metal is the fraction of incoming laser energy that is converted into heat
upon interacting with the metal surface. This depends on optical properties such as refractive
index and electrical conductivity. Many traditional AM metals exhibit sufficient absorptance at
IR wavelengths; however, highly reflective metals absorb only a small portion of the incident
energy, making them difficult to process with infrared radiation.

Three main implications affect the AM process:

Energetic Efficiency Low absorption requires higher laser power to heat the metal to its melt-
ing temperature.

Thermal Stability Poor absorption leads to temperature fluctuations within the melt pool,
which may result in porosity or geometric defects.
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Optical Interactions Highly reflective metals can redirect part of the laser beam back into the
optics, causing machine wear or damaging sensitive components. [74]

6.1.3 Processability of Metals Depending on Wavelength

The processability of a metal depends on its ability to absorb energy at the laser wavelength.
Contributing factors include surface reflectivity, electronic structure, chemical composition, and
oxidation state.

Figure [19|shows the spectral absorptance of several high-purity metals with cleaned, non-ideal
surface finishes [? ]. The graph demonstrates that certain metals exhibit significant drops in
absorption beyond specific wavelength thresholds.
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Figure 19: Spectral absorptance for various high-purity metals [].

The next table summarizes the behavior of the main metal families at different wavelengths:

Metallic Family IR Absorption Green Absorption Blue Absorption

INOX Steel High Medium-high Medium
Titanium High High High
Nickel High High High
Pure Aluminium Low Medium Medium-high
Pure Copper Very low High Very high
Gold/Silver Very low High Very high

6.2 Classic ways to generate red, green and blue colours

These classic techniques, although now partially outdated, form the foundation of the new
laser—colour-generation technologies. Understanding them at least at a superficial level is essen-
tial before introducing the modern techniques. Historically, these methods relied primarily on
solid—state lasers, fibre lasers and nonlinear—optical conversion processes.

6.2.1 Infrared laser

Three classical techniques were used to generate infrared light, and some of them are still
employed today in a more refined form.
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Nd:YAG (Neodymium-doped Yttrium Aluminium Garnet)

One of the earliest solid-state lasers developed, with a characteristic wavelength of 1064 nm.
Its radiation originates from the electronic transition of the Nd** ion inside the YAG crystalline
matrix after being excited using flashlamps.

This method enabled very high—energy pulses and continuous—wave operation, producing a
stable melt pool. Although largely replaced today by fibre lasers, Nd:YAG systems were used
widely in industry for over two decades. —[75]

CO5 lasers

COs lasers operate at a wavelength of 10.6 pm, which is far from optimal for melting highly
reflective metals. Historically, they were employed for welding and, to a lesser extent, in additive
manufacturing.

Their operation is based on exciting and vibrationally energising CO, molecules within a gas
volume. Although robust, CO, lasers were outclassed due to the poor absorption of metals at this
wavelength and the difficulty of obtaining a well-focused beam. [70]

Ytterbium-doped fibre lasers (Yb-fibre)

Still widely used today due to decades of optimisation and extremely high efficiency. These
lasers rely on the Yb3' transition inside doped silica fibres, typically emitting between 1030 nm
and 1080 nm. [77]

Their success is based on several factors:

e Electro—optical efficiency exceeding 30%
e Excellent beam quality
e Scalable output power without significant quality degradation

e High mechanical and thermal robustness

6.2.2 Green laser

The development of green—laser technology was originally driven by research in nonlinear optics
and beam manipulation rather than metal processing.

Second Harmonic Generation (SHG)

The most widespread technique for obtaining green light. A nonlinear crystal converts part of
an infrared beam into radiation of half the original wavelength — typically 1064 nm to 532 nm.

First described in the 1960s after early solid—state laser breakthroughs, SHG was initially used
for welding highly reflective metals. It was only later introduced into additive manufacturing for
copper and precious metals. [7§]

Its main disadvantages include:

e High sensitivity to optical alignment
e Strong dependence on temperature (affecting conversion efficiency)

e Limited power reaching the melt pool in early systems, often insufficient for full fusion
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6.2.3 Blue laser

Before the arrival of high—power blue diodes, two principal techniques existed:

Solid-state lasers based on Pr:YLF and Ti:Sapphire

These systems used doped crystals similar to other solid lasers, but with praseodymium (Pr3")
ions. They were able to generate not only blue light, but also green and red.

However, their achievable power output was very limited, restricting applications mostly to
laboratory environments.

Sum-Frequency Generation (SFG)

As the name suggests, this technique combines two different wavelengths inside a nonlinear
crystal, whose frequencies add up to yield blue radiation.

Despite its flexibility, the same limitation as SHG applied: the generated power was too
low for industrial use. Therefore, its applications remained confined to research rather than
manufacturing. [79]

6.3 New Emergent Techniques

Most of the “new” techniques are in fact optimisations of classical processes designed to push
performance further. Most advances in the last decade fall into this category. Still, some inno-
vations—such as hybrid systems combining infrared and visible wavelengths—have opened unex-
plored possibilities by exploiting the advantages of each wavelength simultaneously. In addition,
diode-based systems have become increasingly powerful thanks to continued technological im-
provements.

Below are the latest advances in laser wavelength technology from 2023 to the present.

6.3.1 High-Power Green Laser Technology Based on Frequency Doubling

There have been significant advancements in single-laser frequency doubling; however, several
limitations remain. These include the inability of nonlinear crystals to withstand extremely high
power densities, reduced efficiency at high input powers, and thermal drift effects caused by
temperature changes in the crystal.

To overcome these limitations, recent research proposes combining multiple fibre laser beams
into one or more nonlinear crystals. The main challenge is maintaining correct phase matching
between beams. With phase-shift combining, this issue can be solved while obtaining additional
benefits such as reduction of peak power density and improved total average power.
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Figure 20: Multiple laser system scheme [30].

To implement this technology successfully, several key aspects must be considered:

e High-power fibre fundamental source: requiring narrow linewidth, excellent beam qual-
ity, stable spectral width (low-frequency variation), and stable output power.

e Nonlinear crystal design: typically based on LBO (lithium triborate), although BBO
(beta-barium borate) or PPLN (periodically poled lithium niobate) can also be used. Critical
requirements include correct phase-matching angle, adequate crystal length, good thermal
conductivity, and high-quality antireflection coatings.

e Temperature-control technology: involving precise PID control, thermoelectric coolers,
and adaptive systems. Thermal management such as conduction cooling, water cooling, and
heat-sink design is essential to minimize issues such as thermal lensing or drift. [80]
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6.3.2 Blue Lasers for DED

Figure 21: Laser sources LDMblue1000-40 and 1500-60 [§1].

New BL-DED (Blue Laser Directed Energy Deposition) systems have recently entered indus-
trial production. They achieve high powers, in some cases up to 10 kW, by combining individual
laser diodes into diode bars. These bars are further optically combined to form a high-power beam.

Figure 22: Stacked diodes [82].

Stacking many of these bars allows the system to scale to unprecedented power levels. The exact
proprietary optical combination strategies used by manufacturers are not publicly disclosed. Nev-
ertheless, the method is known to provide high electro-optical efficiency—often reaching 50%—a
key advantage for scalability and industrial adoption.

Several research experiments have tested these high-power blue systems. One study (REF)
analyzed laser performance at different power levels during welding and showed that the highest
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power provided the best results. Although developed for welding, these findings are highly relevant
to metal additive manufacturing. [81] [83] [82]

6.3.3 Multifrequency Laser

This technique attempts to combine multiple lasers with different wavelengths in order to har-
ness the advantages of all simultaneously. Although functional prototypes exist at the laboratory
level, industrial systems are not yet available due to limited development. Future progress in

power scaling and optical optimization may make this a promising field for advanced applications.
[34]

6.4 Applications

The main application of these new techniques is enabling the processing of materials that were
previously difficult or impossible to work with. As discussed earlier, copper has now become a
feasible option for additive manufacturing. Its thermal and electrical properties make it ideal for
producing complex heat-dissipation structures or electrical components. When combined with
high-density AM techniques, these properties enable superior performance compared to tradition-
ally manufactured parts.

Significant applications include:

6.4.1 Aerospace Industry

In aerospace, both weight reduction and thermal management are critical. The ability to print
high-thermal-conductivity materials such as copper opens new opportunities for creating optimised
heat-transfer components and novel designs for engine subsystems where extreme thermal loads
occur. [85]

6.4.2 Electric Vehicle Technology

Advanced electric vehicle systems benefit from materials with high thermal conductivity and
electrical performance. New green and blue laser techniques make it possible to fabricate com-
ponents such as busbars, inductors, and cooling structures using materials that were previously
inaccessible through AM. [81]

6.4.3 In-Situ Alloying

High-power visible-wavelength lasers not only process highly reflective metals but can also
work on conventional ones. This allows for in-situ alloying, enabling the creation of novel material
combinations that were not previously manufacturable. The flexibility of blue and green AM
systems opens new horizons for multi-material design and functional integration.
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7 Conclusion

Metal additive manufacturing is advancing rapidly through improvements to established pro-
cesses such as L-PBF and WAAM, alongside the emergence of multi-material capabilities. Across
these areas, a common trend is clear: progress increasingly depends on better control of the process
through sensing, modeling, and data-driven optimization. Innovations such as new alloy systems,
advanced scan strategies, thermal and acoustic monitoring, machine-learning-based defect predic-
tion, and digital twins all contribute to greater reliability and broader industrial applicability.

Although many of these approaches are still in development, they collectively indicate a shift
toward more predictive, intelligent, and integrated metal AM systems. As sensing technologies
mature and computational tools become more accessible, metal AM is poised to transition from
parameter-driven fabrication to truly adaptive manufacturing.
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