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Abstract: This review explores additive manufacturing (AM) for refractory tungsten (W) and its
alloys, highlighting the primary challenges and determining factors in the AM of pure W, W alloys
and composites. The challenges mainly arise from W’s high melting point, low laser absorptivity,
high thermal conductivity, high melt viscosity, high oxygen affinity, high ductile-to-brittle transition
temperature, and inherent embrittlement, which lead to defects and anomalies in AM-produced
parts. This review focuses on both processes and alloying strategies to address the issues related
to densification, micro-cracking, and the resultant properties in W-based components. Cracking in
additively manufactured W remains a persistent issue due to thermal stress, embrittlement, and
oxide formation. Powder characteristics, process parameters, and thermal management strategies are
crucial for W densification. Throughout the review, existing knowledge and insights are organized
into comprehensive tables, serving as valuable resources for researchers delving deeper into this
topic. Future research in W-AM should focus on understanding the interaction between AM process
parameters and microstructural and material design. Advances in atomic-level understanding,
thermodynamic modeling, and data analytics have the potential to significantly enhance the precision,
sustainability, and applicability of W-AM.

Keywords: refractory alloys; tungsten alloys and composites; additive manufacturing; laser and
electron beam melting; challenges and mitigation strategies

1. Introduction

Refractory alloys, including tungsten (W) and its alloys, are integral to aerospace and
energy-generation industries [1]. W is well known for its high melting point (approximately
3422 °C), good mechanical properties, and low thermal expansion coefficient of less than
4 pm/m-K [2]. Additionally, its impressive thermal conductivity, surpassing 150 W/m-K[2],
exceptional resistance to heat and wear [3], notable chemical stability, and remarkable
hardness [3] make W suitable for high-temperature and radiation-resilient applications.
Examples of its applications include collimators, heat sinks [4], integrated circuits [5,6],
switch contacts [7], rocket nozzles [5,8], turbine blades [5], and nuclear reactor parts [5,9].
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Harnessing the full potential of refractory alloys, particularly those of W-based materi-
als, has been challenging owing to their high melting points and complex metallurgical
behavior [10].

Conventional production methods for W-based alloys primarily rely on powder met-
allurgy techniques, which require high-temperature sintering. Achieving full densification
is particularly challenging. Additionally, the hardness and brittleness of W alloys compli-
cate formative and subtractive manufacturing processes, such as forming and machining
methods. Furthermore, W oxidizes at relatively low temperatures (beginning around
400-500 °C), which increases the complexity and cost of manufacturing. Historically, the
manufacturability of W-based alloys has been hindered by high costs, scalability issues,
and challenges in producing intricate structures [11]. Additive manufacturing (AM) of
refractory alloys offers unparalleled design freedom. Unlike traditional subtractive tech-
niques that can waste up to 70% of material [12-14], AM’s layer-by-layer approach ensures
material efficiency, especially with costly refractory alloys [15,16].

AM could address some of the traditional challenges associated with the production
of W-based alloys and provide significant advantages in terms of design flexibility, material
efficiency, and the capability to create complex geometries. For instance, AM facilitates
the production of intricate and custom molds for high-temperature tooling. As another
example, AM allows for the creation of sophisticated channels and intricate geometries,
enhancing the cooling efficiency of plasma-facing components in nuclear fusion reactors.
Although W-AM can mitigate many of the issues associated with traditional techniques,
the inherent properties of W alloys present significant challenges for AM processes. The
high melting points and elevated ductile-to-brittle transition temperatures (DBTTs) pose
concerns for all refractory alloys but are amplified for W because of its high viscosity
(8 x 1073 Pa-s) [17], surface tension (2.361 N/m) [17], and rapid solidification rate [18]. In
the solid state, W’s body-centered cubic structure adds complexity to thermal processes,
particularly given its DBTT [19,20] and the notable influence of impurities on its DBTT.
Issues such as interstitial contamination, balling [21], cracking [22], and the limited un-
derstanding of process-structure-property relationships [18,21,23] represent substantial
hurdles to overcome.

Over the past decade, extensive research has been undertaken on the AM of unal-
loyed and alloyed W, as well as W-matrix composites [24,25]. Most studies on unalloyed
W have utilized Powder Bed Fusion (PBF) processes, namely, Selective Laser Melting
(SLM) [8,17-19,21,24,26-61], and Electron Beam Melting (EBM) [33,34,47,59-69] of W. Other
notable methods employed include Direct Energy Deposition (DED) processes, namely
laser-based DED [2,34,47,59-61,70-77] and electric arc-based DED [78,79], and binder jet-
ting (BJ) which shows promise for W-based materials [80-84]. Other novel methods such
as ultrashort-time liquid phase sintering (LPS) [85], and bound metal deposition (BMD)
have also been introduced [86].

In most AM processes, W materials initially melt, and then solidify, leading to nu-
cleation and subsequent grain growth. This thermal history contrasts with traditional
processing techniques like sintering, which primarily deal with powder densification
followed by sintering and grain growth. Post-solidification grain growth in AM shares
similarities with sintering and is guided by kinetic laws [60,87]. However, in AM of nano-W,
surface diffusion prevails [60,88], unlike traditional sintering’s grain boundary diffusion.
Recognizing these differences and understanding the influence of process parameters
and alloy chemistry on molten pool behavior, solidification, and further solid-state mi-
crostructural evolution and strengthening effects are essential for advancing the field of
W-AM [24,60,74,89-91].

Building on the foundation of previous review articles on W-AM [58,60,61], our review
delves deeper into understanding process parameters’ design and recent advancements in
materials design strategies aimed at mitigating W-AM challenges. We begin by providing
an overview of the current status of AM techniques for W alloys, focusing on the PBF, DED,
and BJ processes. We will then look at the challenges that are often associated with their AM
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processes, such as densification, microcracking, and limited material properties, followed
by mitigation strategies that researchers have developed from both design and material
perspectives to address these issues. Finally, our review concludes with an exploration
of promising future directions for W-AM, aimed at paving the way for broader adoption
and commercialization.

2. Techniques for Additive Manufacturing of W-Based Materials

W and W-based metal systems demand substantial energy input during AM. With
technological advancements, AM systems have been equipped with high-energy sources
like lasers and electrons to provide the energy required. Table 1 provides a brief comparison
of process parameters and relative densities achieved via different AM techniques for W-
based materials (pure, alloys, and composites). Figure 1 depicts the schematic setups of
these methods [92-96]. The choice of an AM method for W materials depends on several
factors including the material type, post-processing needs, geometric accuracy, cost, surface
finish, and property requirements [33,61].
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Figure 1. Schematic setups of AM techniques used in W materials fabrication: (a) SLM [92],
(b) EBM [94], (¢) laser-based DED [93], and (d) BJ [96].

SLM (Figure 1a) has been extensively studied for fabricating W and its alloys [97]. Crack
forming, especially at grain boundaries, is a major issue in SLM-produced W parts. This hap-
pens because of factors such as rapid cooling creating thermal stresses exceeding DBTT, and
oxygen trapped at the boundaries during the coalescence of the particles [19,29,63]. Neverthe-
less, SLM-fabricated W materials can achieve relative densities of 95% to 99.2% [30,47,54,98].
Advancements like femtosecond fiber lasers can potentially improve this technique [18].
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Using the double melt strategy also improves W densification [46]. SLM has the potential
for integration with other techniques (such as infiltration) to achieve higher density in W
parts [19,60].

EBM (Figure 1b) is another prominent AM technique for W [94]. This method employs
an electron beam as its primary heat source, which is manipulated through an electromag-
netic lens, as detailed in Galati [62]. EBM requires a high vacuum level post He /N, purge
due to electron travel [32,63]. In comparison to SLM, EBM offers a higher power level of
powder [61,99], with typical values between 1000 and 3000 W [32,60,63]. This increased
power is responsible for a relative density close to 99.5% in W materials [32]. With ap-
propriate preheating, EBM can address cracking issues in AM for W materials [32,61,62],
with many promising results from EBM-fabricated W being reported [32,60,61]. EBM has
also been adapted for W surface treatment to enhance quality, due to its controlled beam
size and thermal influence [69]. Despite the advantages of EBM, challenges in its use that
include complexities associated with electron focusing and the need for maintaining a high
vacuum remain [32].

Laser-based DED (Figure 1c) has the distinction of directly adding energy during
processing [71-77,93]. In laser-based DED, the relationship between molten pool size
and powder flow is crucial [4]. Although increased laser energy can widen the molten
pool, when the molten pool exceeds the flow of the powder, it can result in a reduction
in the percentage of W entering [2]. The high-energy laser beam rapidly heats and cools
powders, which reduces the microstructural coarsening duration [71,76]. Laser-based
DED, with its larger melt pools (about several mm) and reduced cooling rates [61,71,76,99],
promotes W particle rearrangement and reduces porosity [72-75], while SLM-processed
W materials show fusion deficiencies and non-uniform W particle distribution (despite
powder preheating) that lead to brittleness. There remains a growing interest in laser-based
DED for W alloys because it can produce materials with higher relative density compared
to SLM. This improved performance is largely credited to the technique’s larger laser spot
size [6,31]. Challenges arise in laser-based DED such as managing surface roughness [70]
and the formation of intermetallic compounds due to high energy inputs [31].

In BJ (Figure 1d), a flowable powder is laid onto a build platen, followed by the
selective deposition of binder material in the shape of the intended part [96]. After each
layer, the platen descends, a new powder layer is spread, and the procedure is repeated.
These layers are adhered together to create the targeted component. Once the printing
is finished, the build box undergoes a curing process in an oven to solidify the binder
material [80-84]. The green body is subsequently separated from the surplus powder for
further processing. Then, the part undergoes sintering, similar to a standard compacted W
component. Tungsten Heavy Alloys (WHAs) with a relative density of 99.7% have been
obtained via this method [80]. While the B] method offers the significant advantage of
stacking parts for mass production, achieving fully dense W parts is extremely challenging
due to the necessity of high-temperature sintering.

In subsequent sections, we will discuss the AM of W-based materials, which includes
pure W, W alloys, and W composites. In this review, we consider all combinations of
W with other elements as alloys and refer to combinations of W with ceramic materials
as composites. We begin by examining the factors and processing strategies involved
in the AM of unalloyed W. We next highlight methods to address the challenges related
to processing and properties. Following this, we discuss additively manufactured W
alloys and composites, presenting alloying strategies and the role of dispersed ceramic
phases (in the W composites) on AM processing, and the resulting properties of W alloys
and composites.
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Table 1. A brief comparison of AM processes for W-based materials.
Temperature . .
AM Process Energy (W) Beam Size (um) Scan Speed Gradient Coolomg Rate Relfltlve;
(mm/s) 5 (°Cls) Density (%)
(°C/mm)
102-10° (normally
SLM below 1000 30-200 [61,99] 10-1000 [99] 10°-107 [61,99] 10°-107 [61,99] 99.2 [98]
[60,61,99])
102-10° [61,99]
(normally more
than 1000 W,
EBM up to 3000 W 100-1000 [61,99] 10-1000 [99] - 103-10* [61,71,99] ~100 [100]
[32,60,63], but can
be as high
as 6000)
102-10% [71,99] 102-10° [99], More than 99 for
5 (normally 100-1000 10-1000 4 106 mostly on the W [2]: even
Laser-based DED between 600 and [61,71,76,99] [61,76,99] 10°-10° [61,71,99] order of higher for W
4000 [61]) 10* °C/s [19] alloys [31]
BJ (Bl;;c(l)e_gﬁttmg) Not applicable Not applicable Not applicable Not applicable Not applicable 99.7 for WHA [80]

3. Additively Manufactured Unalloyed W: Challenges, Determining Factors, and
Mitigating Strategies
3.1. Problems and Resolutions in Brief

The remarkable properties of unalloyed W, including its exceptional melting point
and high thermal conductivity, make it highly desirable in different applications. How-
ever, problems associated with the AM of W still need to be overcome. This section will
briefly introduce key challenges and look at their potential solutions (Table 2). The me-
chanical properties of additive-manufactured unalloyed W, particularly its elongation,
tensile strength, and fracture toughness, often fall short of expectations. Researchers have
found ways to improve these properties through targeted alloying, the inclusion of ceramic
reinforcements, and optimizing the parameters used during the AM process itself [49].

W is inherently brittle due to its high Peierls stress that stems from its BCC crystal
structure and weak grain boundary cohesion. The ductility of W can be improved through
appropriate alloying, which improves the stacking fault energy of the microstructure to
enhance the slip mechanism [60]. The inherent brittleness of W is further exacerbated
by its high DBTT, thermal stresses, and oxygen-induced grain boundary issues, all of
which led to cracking during the AM process. While strategies like alloying, incorporating
carbide/oxide reinforcements, and process adjustments have shown some promise in
improving the ductility of additively manufactured W, further studies are needed to
completely eradicate these cracking problems [21,38,49].

Another problem stems from the confluence of W’s high melting point, low laser
absorptivity (<70% in SLM), and high viscosity, making it difficult for powders of W and al-
loying elements to properly melt and fuse during the printing process. Furthermore, the AM
process can be plagued by phenomena like balling, where molten material forms spheres in-
stead of adhering properly. The selection of W powders with improved laser absorption and
optimization of processing parameters can mitigate these issues [30,38,40,41,43,51,53,101].
Optimizing process control parameters, particularly laser power and scan variables, has
been shown to be instrumental in achieving better densification of W parts [30,38,41,102].

W’s propensity for oxygen poses another challenge, as it leads to the formation and
incorporation of W oxide and subsequent hot cracking during AM. There are limited
options for mitigating the oxidation of W during AM, including the use of high-quality
starting materials, establishing better processing atmospheres, and using specific alloying
combinations [49].
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Table 2. An overview of the primary challenges, governing factors, and potential or attempted
mitigation strategies in the AM of W.

Challenges

Possible Strategy/Developments to Tackle the Challenge Reference

The inherent brittleness and low ductility of W stem

Requires appropriate alloying to increase stacking fault

from (1) the high Peierls stress of its BCC crystal nerev for easier slip. and microstructural optimization [60]
structure and (2) weak grain boundary cohesion. enetgy for casier siip, crostructurat op aton.
Use of smaller, spherically shaped W powders to enhance
laser absorptivity; adjusting processing parameters to
High melting point, significant laser absorptivity influence outcomes like defects, densification, and
(<70% for SLM), pronounced viscosity, densification, grain structures. [30,38,40,41,43,53,71,102]
porosities, balling, and deformation. Optimizing parameters like power and volumetric energy
density have been found pivotal for improved
W densification.
Oxygen affinity and W oxide segregation lead to Better quality starting material (powder, wire) production, [49]
hot cracking. optimized processing atmosphere, alloying.
Cracks due to W embrittlement and high DBTT; Adjusting laser speeds and reducing grain sizes; techniques
thermal stress-induced, difficult-to-control to adjust laser speeds and reduce grain sizes showed some [8,19,21,38,45,49]
crystallization; and oxygen-induced cracking along positive results but did not completely resolve the issue. o

the grain boundarie

S. Scanning strategy optimization: speed, rotation, remelting.

Mechanical property issues (tensi

limited fracture toughness) especially in

SLM-fabricated W.

le strength and Alloying, introduction of reinforcements,

process adjustments. [4]

3.2. High Melting Point, Related Challenges, and Controlling Strategies

W’s intrinsic high melting point can result in pronounced thermal gradients during
AM. Rapid heating and cooling cycles lead to thermal distortion, significant residual
stresses, and crack initiation. This compromises the mechanical integrity of the printed
components. Furthermore, W exhibits high thermal conductivity. In AM, this causes rapid
heat dissipation, complicating the sustenance of the molten state, leading to partial melting
and inconsistent fusion. These characteristics can influence the resultant component’s
microstructure and mechanical properties [29,41,42,53,67]. In the case of alloyed W, the
evaporation of low melting point elements can also be a challenge. Working at elevated
temperatures also demands more of AM machinery, leading to heightened maintenance
needs and increased costs [61,103]. Concurrently, the susceptibility of W and its alloys to
oxidation increases at high temperatures, often leading to surface oxide formations that
undermine material performance [49].

3.2.1. Melting

Melting behavior is integral to W-AM, often serving as a key factor that defines its
AM processing window. The direct melting of W presents significant challenges due to
the practical constraints associated with high laser power sources and the large beam
sizes required. The very high melting point of W necessitates powerful laser systems
capable of delivering sufficient energy for melting. These systems often require power
sources that are not commonly available in standard AM machines. Additionally, the
large beam sizes needed to ensure adequate energy distribution across the W powder bed
can lead to significant thermal gradients, causing residual stresses and potential cracking.
The combination of high laser power and large beam sizes also limits the precision and
resolution of the final parts. Such strict criteria lead to many partial melting situations,
making it difficult to fabricate high-quality parts [52]. The particle size and morphology
of W powder, layer thickness, heat source power, volumetric energy density controlled by
scanning variables and strategies, melting behavior, and interfacial characteristics are all
important in the melting of W during AM processing.



Crystals 2024, 14, 665

7 of 40

Particle Size and Morphology

Several powder characteristics are decisive for W-AM, especially for PFB pro-
cesses [104,105]. The primary factors include powder particle morphology, particle size,
and purity. Particle size and morphology significantly influence the flowability of the
powder and the resulting powder bed density, which in turn influences the density and
mechanical properties of the final component. Smaller particle sizes generally lead to
better packing density and surface finish but may increase the risk of oxidation and require
higher laser energy due to an increased surface area. The shape of the powder particles
(spherical vs. irregular) directly impacts the flowability such that spherical particles tend
to flow more easily and pack more densely than irregularly shaped particles, resulting in
a consistent layer formation during the built cycle. The purity of the powder is critical in
avoiding contamination that can lead to defects in the final product. Impurities can cause
the formation of brittle phases, reduce ductility, and introduce cracks or other anomalies in
AM-fabricated parts.

W’s inherent properties necessitate the modification of its powders. These adjustments
are needed to improve morphology, ensure uniform size, maximize laser absorption [26],
and enhance surface conditions. Techniques such as the utilization of radio frequency
plasma have been employed for these modifications [26,27]. The modifications are critical
for powder flowability and to achieve a desired density [27]. Zhang et al. studied the
influence of particle size on laser absorptivity [53], finding absorptivity to be higher when
the powder bed was on a substrate because of incident laser ray entrapment. As an example,
a 5 pm powder natively had 0.53 absorptivity but this increased to 0.603 on a stainless
steel substrate. Finer particles increase absorptivity, which is the ability of a material to
absorb energy from the laser or electron beam, due to their higher surface area-to-volume
ratio. Fine powders can also enhance printability by improving detail resolution, packing
density, and surface finish. Notably, printability is a comprehensive measure of how
effectively a material can be used in a given AM process. It is influenced by a variety of
factors, including powder material properties, machine capabilities, process parameters,
and design considerations.

Given the cost and limited availability of fine powder sizes, Wang et al. [26] explored
an alternative approach to enhance W powder absorptivity. They managed to transform
irregularly shaped powder particles into near-perfect spheres (close to 100% sphericity)
using radio frequency (RF) induction plasma. These spherical particles were significantly
smaller (average size of 31.5 um) compared to the raw powder (average size of 56.8 um).
This transformation resulted in a significant increase in absorptivity, exceedingly not
only in the raw powder (as shown in Figure 2) but also exceeding the values predicted
by Zhang et al. [53]. Very fine particles with an average size of 17.3 um were used to
successfully obtain continuous tracks without cracks [29]. However, it is important to note
that studies have not established a direct correlation between particle size and achieving
crack-free tracks of pure W.

Power, Volumetric Energy Density, Layer Thickness

Volumetric energy density (VED) is a crucial parameter in AM design, as it plays a
decisive role in defining processing parameters. This can be mathematically represented in
Equation (1), where the VED is expressed as follows [106,107]:

VED=P/(v x s X ) (1)

where P is the laser power, v is the laser scanning speed, s is the hatch spacing, and ¢ is the
layer thickness. The energy input required for AM varies depending on the specific AM
processes, machine parameters, material characteristics, and part geometries. Due to the
interplay of these factors, a single, universal value for energy input in the AM of a material
cannot be established. These variations are reflected in the reported literature, where a
wide range of energy input values is observed for W-based materials (e.g., 400 J/mm?,
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8.595 ] /mm3, 1000 ] /mm?3). These variations highlight the importance of considering the
specific experimental conditions under which such values were determined. Table 3 offers
an overview of the VED’s effect on W-AM.
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Figure 2. Comparison of absorption properties between non-spherical (raw) and spherical W pow-
ders [26]. Reproduced with permission from Elsevier.

Sidambe and Fox [108] as well as Sidambe et al. [36] investigated the impact of VED
on the relative density of W parts. Both studies found relative density to increase with
higher VED, although the latter reported even higher relative density values at the same
VED (Figure 3a). Guo et al. [41] and Hu et al. [42] examined the impact of VED on relative
density and hardness using spherical particles. They found that increasing VED led to
increased relative density and decreased pore size to achieve a maximum relative density
of approximately 98.3%. Microhardness also increased with higher VED, reaching values
of 474 Hv [41] and 430 Hv [42]. Other studies on SLM, however, reveal the complexity
of the influence of VED and laser power. Yamamoto et al. investigated how laser power,
scanning speed, and hatch spacing affect the density of W cylinders [50]. The parts printed
from pure polyhedral W powder at a preheating temperature of 35 °C showed that higher
laser power and wider hatch spacing led to denser parts, matching the results of those
from Rebesan et al. [37]. Plotting the VED against relative density showed the highest
relative density reached was 98.58% at a VED of 411 J/mm? (P = 370 W, v = 500 mm/s,
h =90 pm, t = 20 um; Figure 3b). This VED trend differed from those of Guo et al. [41]
and Enneti et al. [51], who reported increasing relative density within the VED range. This
difference highlights the uncertain role of VED in relative density estimation. Hatch spacing
and scanning strategy affect part integrity, porosity type, and thermal history for each layer.
Thus, interpreting these trends requires a full understanding of each study’s parameters
and specific porosity characteristics [50,58]. Wen et al. [30] studied the fabrication of W
cubes with varying laser power, scanning speed, and hatch spacing. They found the
use of low laser power to result in dense, high-relative-density cubes due to the laser’s
impact on melt pool temperature. Increasing the line (laser) energy density (LED) led
to warped morphologies, which were eliminated with a further increase in LED due to
stronger interlayer bonding. Cracks were observed but reduced with higher scanning
speed, reaching a maximum relative density of 98.71% at 200 mm /s scanning speed.

For W materials, a higher VED and subsequent higher processing temperature may
reduce the resultant residual stresses due to enhanced annealing effects [60,109]. This
reduction in residual stresses might be why using EBM generally leads to a reduced
cracking probability in W materials when compared to using SLM [63]. Extremely high
VEDs (e.g., >300 ] /mm?) are not necessarily beneficial (Figure 3c) [19,50,110]. Density in
AM-produced W parts is influenced by several factors. One issue is unstable laser melting.
The intense laser beam can create deep holes, called keyholes, that do not fully solidify,
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leaving air pockets (porosity) throughout a part [19]. Another problem arises from using
too much laser power. Excessive melting disrupts the molten metal pool, trapping air
bubbles and reducing density [32]. Powder characteristics can also be problematic. If
particles do not flow smoothly into the melt pool but instead stick to the edges, they create
voids and hinder densification [32]. Finally, W’s high melting point presents another hurdle.
Some elements that evaporate easily (volatile elements) may vaporize during the printing
process, leaving behind tiny holes that contribute to lower density [60,61].
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Figure 3. (a) The relative density of SLM-fabricated W cubes [36,108], (b) influence of VED on the
density of pure W parts made with SLM [50], (c) influence of substrate preheating temperatures on
the relative density of W samples [19], (d) relationship between VED and density in W-nickel alloy
(W-15Ni) parts fabricated using DED [74], and (e) influence of LED and electron beam power on the
relative density of W parts made with EBM [58]. Data and figures were reproduced with permission
from Elsevier.

The work of Wang et al. on the laser-based DED processing of W found the relative
density of fabricated parts increases with VED (Figure 3d) [74]. In their study on EBM
processing of unalloyed W, Dorow-Gerspach et al. investigated the impact of LED vari-
ations by altering the power and speed of the electron beam to assess its effect on cubic
samples [65]. These experiments were carried out at a substrate preheating temperature
of 1000 °C. They achieved a high relative density of 99.5% but observed cracking in all
fabricated cubes. While increasing electron beam energy led to a decrease in relative density,
it also resulted in a decrease in crack density (Figure 3e), highlighting the trade-off between
densification and structural integrity in this AM process [65].

High energy inputs in AM processes that include SLM affect the molten pool due to
the Marangoni effect. The severity of this effect is directly proportional to the laser energy
input [38,111,112]. This effect can drag gas into the molten pool, leading to pore formation
upon solidification. Excessive laser energy density, especially at lower scan speeds, can
also result in molten pool instabilities, yielding a rough track [29]. As SEM images showing
the typical surface morphologies of scanning tracks at different laser powers in the AM
processing of W (Figure 4a—e [29]) indicate, an optimal laser power can result in a regular
flow front and no cracking (Figure 4b).
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Figure 4. SEM images showing surface morphologies of scanning tracks at a laser power of (a) 250 W,
(b) 300 W, (c) 350 W, (d) 400 W, and (e) 450 W; the scanning speed is 200 mm/s [29].

Properly controlling the melting behavior during AM can yield several significant
advantages. High energy input facilitates the mixing of elements with lower melting
points, enhancing interfacial bonding through Marangoni convection [29,97]. Stable molten
pools promote the formation of complete columnar crystals in additively manufactured
W parts [32]. Additionally, techniques such as EBM can introduce remelting during AM,
annealing the built portion of the W parts, and reducing their susceptibility to cracking [63].
Another parameter affecting melting in AM processing is the layer thickness, as indicated in
Equation (1). The comprehensive review by Marcos et al. indicates that reducing the layer
thickness in PBF processes requires less energy to melt the powder, resulting in continuous
conduction mode tracks at lower energy input levels [58].

Scan Speed

Scanning speed is a dominant factor, accounting for a ~75% variation in W densi-
fication within the SLM process [51,60]. Ren et al. [17] examined how the morphology
of W single tracks can be influenced by laser power and scanning speed. These single
tracks were printed onto a stainless steel substrate preheated to 200 °C. Establishing a
processing map based on the surface characteristics of the single tracks (Figure 5a) allows
different regions to be delineated, where one can observe regular tracks, irregular tracks,
or instances of balling. The scanning speed plays a critical role in determining the quality
of the fabricated tracks. At lower scanning speeds, the laser imparts sufficient energy to
the powder, facilitating the formation of regular and continuous tracks. Conversely, as the
scanning speed increases, the reduced time available for melting and consolidation leads
to the formation of irregular tracks and balling, where molten material forms spherical
particles instead of continuous lines.

Rebesan et al. [37] explored how adjusting the laser scanning speed and spacing
between hatch spacing affects the density of SLM-fabricated W parts under Ar atmosphere
at a power of 170 W and spherical particles (Figure 5b). This approach resulted in achieving
high relative densities of 96.4% to 99.6%. Enneti et al. took a different approach, with
the laser power kept at 90 watts, a VED of 1000 J]/mm?, and the base plate preheated to
80 °C [51,102]. With these settings, densities ranging from 60% to 75% were achieved.
Li et al. [113] examined the impact of process parameters (laser power, scanning speed,
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hatch spacing) on the density of as-SLM bulk W parts, achieving a maximum relative
density of 98.31%, and creating process maps (Figure 6). Here, there was a direct correlation
between laser power and density (Figure 6a), with hatch spacing and scanning speed
having minor effects (Figure 6b,c). High densities (>98%) were consistently attained
with 250-300 W power, 0.08-0.1 mm hatch spacing, and 0.03 mm layer thickness, offering
valuable insights into process optimization. Xiong et al. [45] used image analysis to measure
density and established process parameters for achieving high-density W coupons. They
achieved densities of 97.3% to 98.1% with laser powers between 250 and 300 W and
scanning speeds of 400 to 500 mm/s. Dong et al. [114] conducted a study to investigate how
various factors influence the quality of AM-produced W parts. They utilized a preheating
temperature of 100 °C and employed irregularly shaped (polyhedral) particles for the
powder material. Furthermore, they observed that higher laser power and slower scanning
speeds produced denser parts. However, when the scanning speed was excessively high, it
caused the material to ball up and led to the formation of surface pores. Specific studies on
the effect of nitrogen on W-AM are limited. Dong et al. [114] found that W parts printed
under a nitrogen atmosphere achieved higher density, hardness, and overall strength
compared to those printed under an argon atmosphere.
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Figure 5. (a) Processing map for SLM of unalloyed W [17], and (b) the influence of hatch spacing
and scanning speed on the relative density. The laser was maintained at a power of 170 W and the
substrate was preheated to 80 °C [37]. Reproduced with permission from Elsevier.

Recent findings by Sharma et al. [98] have demonstrated a maximum relative density of
99.2% for pure W, which is the highest value reported in the SLM of pure W. They employed
a multi-scale thermo-kinetic and thermo-mechanical computational model to fine-tune the
laser parameters and understand the thermal behavior during the melting and solidification
phases. Their work demonstrates the potential for further density improvement through
controlling laser power, scan speed, and hatch spacing.

Other Scanning Variables and Strategies

The scanning pattern plays a critical role in determining the thermal history of pro-
cessed W materials, offering flexibility suitable for a variety of applications. This flexibility
represents a unique advantage of AM over traditional manufacturing techniques. Table 3
offers an overview of scanning variables and strategies employed in W-AM. The localized
differences in material properties can be ascribed to the focused energy input from electron
or laser beams or other energy sources that determine the thermal history experiences at a
point [60]. In the EBM process, for example, one can witness multiple instances of melting
and re-melting at a single scanning point [63]. EBM utilizes flexible bidirectional scan
patterns to optimize densification and surface finish, leading to a high print quality [32].
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Figure 6. Processing map for SLM of W. (a) laser power vs. hatch spacing, (b) laser power vs.
scanning speed, and (c) scanning speed vs. hatch spacing, [113].

In PBF for W materials, different scanning patterns have been explored. A 67° rotation
between layers randomizes grain orientation, reducing the ladder-shaped grain structures
which are potential crack-formation sites [21]. While many studies adopt a 67° rotation to
minimize scan alignment, others use rotational angles of 45° or 90° [8,19,27]. Remelting,
which is scanning a track multiple times before recoating, combined with rotation, curtails
the formation of columnar grains and reduces longitudinal cracks, resulting in smaller
grain sizes and reduced surface roughness [21,45,61]. Wang et al. [21] investigated crack
development in SLM of unalloyed W. They studied three scanning strategies: parallel, 67°
rotation, and remelting with 67° rotation. Matching scan tracks between layers resulted
in consistent crack growth along the build direction. Rotation between layers reduced
crack propagation, while remelting did not effectively reduce cracks but instead promoted
thermal fatigue crack growth [21].

A growing body of research explores the relationship between scan pattern design and
the properties of additively manufactured W materials. These studies have quantified the
effects of specific pattern parameters. Hatch spacing, interestingly, is responsible for a mere
~7% fluctuation in the final W densification [60]. Point distance is another crucial factor in
the AM relative density for W materials. Wang et al. [43] and Huang et al. [115] studied the
influences of point distance and hatch spacing on the relative density of W achieved when
pulsed (Figure 7a), and continuous lasers were used (Figure 7b,c), respectively. By adjusting
these parameters, different melting strategies can be deployed, presenting an opportunity
to oversee and regulate re-melting sequences to ensure that they sidestep randomness [46].
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Figure 7. Influence on the relative density of manufactured W cubes due to the interaction between
hatch spacing and point distance with input parameters of (a) a pulsed laser power of 400 W and
exposure time of 100 ps [43], and (b,c) a laser power of 40 W, layer thickness of 50 um, and exposure
time of 300 ps [115]. Reproduced with permission from Elsevier.

In examining the role of scan track design, we find it plays an important role in pattern
design, especially in upholding the quality of SLM-fabricated parts [60]. Parameters such
as the single scan track width and hatch spacing can be adjusted. Within SLM, the overlap
rate is devised in line with these two parameters, serving as an analytical tool to gauge
conditions across multiple scan tracks. Previous studies have underscored a non-linear
relationship between scan track characteristics, which is dictated by overlap design choices,
and the eventual densification of W material. This points to the existence of an optimal
overlap rate that balances these parameters [17].

Table 3. An overview of scanning variables and strategies employed in the AM of W.
Parameters Details Reference

- VED:
- Increased power in AM affects the molten pool via the

Marangoni effect, with the severity proportional to

laser energy.
- Canintroduce gas, causing pore formation and pool

instabilities, resulting in rough tracks.
- Enhances the densification of manufactured parts.
- Reduces residual stresses via annealing.

VED - Relates to pattern design.

! - s [19,29,32,38,50,60,61,63,74,97,109-112]
Extremely high energy densities (>300 ]/mm>~) have

drawbacks: more porosity, excessive fusion risks,
disrupted melt pools with stuck powder particles, and
the vaporization of volatile elements. These challenges
impact printed part quality.

Controlled melting has benefits, allows the mixing of
low melting point elements, and improves interfacial
bonding. It promotes the growth of full columnar
crystals in W-AM.

Scanning Variables

Direction and Angle:

EBM process allows multiple instances of melting and
re-melting at a single scanning point.

90° alternating bidirectional scanning in SLM.

67° alternating bidirectional scan.

Speed: scanning speed affects ~75% of W densification
variation in SLM.

Hatch Spacing: affects ~7% of W densification variation.
Overlap Rate: The relationship between scan track
characteristics and final W material densification is
non-linear. An optimal overlap rate exists.

Scan Track Width

[17,19,27,32,46,51,60,63]
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Wetting Behavior and Interfacial Characteristics

For producing high-quality components via AM, interfacial design and W wetting be-
havior at multiple scales are vital due to their well-documented influence on reducing crack
initiation and propagation, and on mechanical properties (Table 4). Microscopic wetting be-
havior involves the internal heterogeneous boundaries within the AM-produced W parts. W
is not easily wettable by most metals at low temperatures (below 2000 °C). The temperature-
dependent wettability of W has been a focal point for many researchers [60,116]. Mura-
matsu et al. [97,117] underscored the significance of the heterogeneous interface, especially
when considering the broad temperature range covered in AM processes [97,116,118]. To
enhance the AM quality of W-based materials, researchers have introduced small quantities
of transition metals like Ni and Fe. These elements reduce the activation energy required
during the sintering of W, accelerate W diffusion, and provide improved wettability to
facilitate an AM process [60,97].

Table 4. An overview of W wetting behavior and interfacial phenomena at micro as well as macro
scale in AM processes.

Category

Description Examples and Developments References

Microscopic Wetting Behavior

Temperature-dependent wettability of W

Concerns internal heterogeneous Introduction of Ni and Fe to improve [60,97,116-118]

boundaries in W-AM. wettability and AM quality
- Use of stainless steel interlayers
containing nickel
Macroscopic W Relates to interfaces between the - Substituting substrates with Ti-based alloys,
Material/Substrate Interfacial substrate and W material, e.g., Ti-6Al-4V [32,73,97,119]
Wetting and Reaction affecting parts quality. - Sandwich-structural printing sequences

- Risks of diffusion-induced secondary phases
and unwanted reactions

On the other hand, macroscopic W material/substrate interfacial wetting and reaction
involve the interfaces between the substrate and the W material to influence the final
quality of an AM part. Stainless steel interlayers, containing nickel, have been employed
to improve the adhesion between W and other alloying elements because of an enhanced
solid-state diffusion and grain boundary diffusion [97]. For better outcomes, substrates can
be substituted with Ti-based alloys such as Ti-6Al-4V due to the enhanced thermodynamic
compatibility between W and Ti [32]. Novel approaches, like sandwich-structural printing
sequences, have been developed for W materials, leading to better quality AM parts [119].
However, using such interlayers can lead to diffusion-induced secondary phases. Addition-
ally, interactions with other elements might bring about unwanted reactions, such as the
peritectic reaction seen between Fe and W during non-equilibrium solidification [73,97].

3.3. Oxygen, DBTT, and Micro-Cracking

Oxygen, along with other interstitial contaminants like nitrogen and hydrogen, presents
serious challenges in the AM of refractory alloys (including W materials). Such contami-
nants, particularly oxygen, critically affect properties like the DBTT value in W materials,
with molten W being especially sensitive to oxygen [17,120-122]. This heightened sensitiv-
ity leads to embrittlement, increasing DBTT, and decreased strength. Table 5 summarizes
the current understanding of oxygen contamination for W in AM processing. Common
sources of oxygen contamination include oxidized powder surfaces, residual oxygen in the
chamber [49], and oxygen present in the substrate due to high thermal energy inputs which
suggests that substrates may function as oxygen reservoirs [19]. The powders utilized in
AM, owing to their vast surface-to-volume ratio, are notably prone to absorbing oxygen
from their surroundings. Moreover, when W is exposed to oxygen at room temperature,
it promptly forms an oxide layer within an hour [123]. Nagy and Humphry-Baker [122]
conducted a study on the oxidation of W and developed a W oxidation mechanism map
to reveal the kinetics of W oxidation at the 600-1600 °C temperature range (Figure 8).
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This can be useful in W-AM. Under AM’s elevated temperatures, oxygen can not only
diffuse swiftly into the alloy but also react with W, resulting in intergranular cracking upon
cooling [48,63,124].

Table 5. Current understanding of interstitial contamination in W during AM processing.

Factor/Parameter Details/Effects References
Contaminants Oxygen, nitrogen, hydrogen [17,120-122]
- Embrittlement
- Shifts in DBTT
Adverse Effects - Strength reduction [17,21,120-122]

- Cause cracking especially at HAGBs

- Oxidized powder surface

Sources of Oxygen in W Materials - Residual oxygen in the chamber [19,49]

- Substrates due to high thermal energy inputs

- Molten W is sensitive to oxygen

Oxygen Sensitivity in W Materials - Oxide layer formation (1 nm thick within an hour) [48,63,123,124]

- Potential for intergranular cracking upon cooling

- Higher beam power

Oxygen Control Techniques in AM Processes - Enhanced VED [26,63]
- Radio frequency induction plasma treatment
Material Design for Reduced Oxygen Sensitivity Introduction of alloying elements such as Ta to W [48]
Important Studies and Findings Oxidation mechanism map for AM applications exists [122]
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Figure 8. W oxidation map in the temperature range of 600-1600 °C and up to 2 years. Contours

indicate the thickness of the metal oxidized. The parabolic, linear, and sublimation regions are shaded
in green, red, and blue respectively [122]. Reproduced with permission from Elsevier.

Reducing oxygen levels during the AM process is paramount, as this will improve
part quality by reducing the occurrence of cracks [49]. W oxides can remain stable at
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up to 2000 °C, potentially initiating cracks during rapid solidification [120]. To confront
these challenges, researchers can turn to several strategies in many metallic systems. Gas
atomization under inert conditions delivers powders with appreciably lower oxygen and
nitrogen contents. The use of inert gas environments, such as argon or helium, during
AM offers a practical way to minimize contamination by isolating the alloy from potential
contaminants. Additionally, enhancing powder handling and storage protocols—like
the vacuum packaging of powders and handling under inert atmospheres—is another
avenue being explored to eliminate contamination. Implementing techniques like using
higher beam power and enhancing volumetric energy density can diminish the oxygen
content and curb cracking [63]. The role of oxygen is not just restricted to the fabrication
process but extends to preheating, underscoring the necessity for an oxygen-regulated
environment [32]. Innovatively, as pointed out earlier, methods such as radio frequency
induction plasma treatment have been deployed to manage oxygen levels effectively [26].
Furthermore, material design advancements, like introducing Ta to W, offer a promising
avenue to counteract oxygen sensitivity [48]. To facilitate deeper insights, detailed studies
to understand W oxidation have been undertaken, resulting in the creation of an oxidation
mechanism map tailored for AM [122].

Crack nucleation and propagation in the AM of W correlate with its high DBTT of approx-
imately 200-600 °C. Support for this comes from an observed delay between solidification and
crack appearance using in situ high-speed cameras reported by Vrancken et al. [24,35]. Cracks
often propagate along high-angle grain boundaries (HAGBs) [21], where the formation of
cracks in the intergranular regions of SLM-fabricated W has been mostly observed. Such
behavior is linked to W’s grain boundary sensitivity to impurities, notably oxygen, found
in amounts between 30 and 370 ppm in W powder [24,38]. While some researchers attribute
cracks to W oxide aggregation during solidification [21,37,41,42], persistent cracks at low
oxygen levels indicate other possible influencing factors as well [24]. The role of impurities,
including oxygen and hydrogen, in SLM on W brittleness has not been fully explored.
High-speed in situ SLM videos show cracking across W’s DBTT, likely due to the increased
stress [24]. Such stresses from SLM may only be offset by cracking at impurity-contaminated
grain boundaries [42,125]. A study by Rebesan et al. on SLM-fabricated W specimens
revealed a high cracking tendency [37]. Two types of cracks were identified: longitudinal
(along the melt-pool center) and transverse (perpendicular to laser-induced surface ripples).
Longitudinal cracks are linear and 30-100 um long, while transverse cracks are shorter
with an “S”-shape along grain boundaries (Figure 9). The extensive cracking results from
thermal stresses during rapid solidification or recrystallization (Figure 10a), particularly be-
low the DBTT. Micro-cracks that resemble intergranular hot cracking form due to nanopore
aggregation at grain boundaries induced by boiling W oxides (WOy) in the melting pool
(Figure 10b) [37].
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Figure 9. SEM image of surface morphology and crack type in SLM-fabricated W [37].
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Figure 10. SEM images of SLM-fabricated W sample, (a) electrolytically etched displaying a crack
network; (b) a higher magnification of grain boundaries displaying micro-cracks and pores [37].

Cracking in EBM-produced W is comparable to in an SLM one, with their mechanisms
still under debate. Solid-state cracks may arise from inelastic deformation near low-angle
grain boundaries (LAGBs) (Figure 11a), which is supported by EBSD data (Figure 11b) [63].
In laser-based DED, residual stress-induced cracking due to high thermal gradients and
porosity are common challenges [61]. Oxygen contamination and its contribution to micro-

cracking is another challenge.

111

Build Direction

500 um

Figure 11. A vertical crack at grain boundaries of EBM-fabricated W samples: (a) EBSD in which the
crack appears as random unindexed pixels, and (b) an optical image [63].
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Overall, micro-cracking in W-based alloys arises due to several mechanisms, which are
as follows. Thermal stress: The high melting point and low thermal expansion coefficient
of W lead to substantial thermal gradients during the rapid heating and cooling cycles in
AM processes. These thermal gradients induce thermal stresses that exceed the material’s
fracture toughness, resulting in micro-cracks. Solidification cracking: During the rapid
solidification in AM, the difference in cooling rates can cause uneven shrinkage and create
tensile stresses in the material. If the material solidifies with significant residual stresses,
it can lead to solidification cracking. The presence of impurities and alloying elements
can intensify this issue by creating brittle phases or weakening grain boundaries. Phase
transformations: Certain tungsten-based alloys undergo phase transformations during the
cooling process. These transformations can involve volume changes that induce additional
stresses within the microstructure, contributing to micro-cracking. The incompatibility
between different phases in terms of their mechanical properties can further complicate
this problem. Porosity and defects: Incomplete melting and impurities can introduce
porosity and other defects within the material. These defects act as stress concentrators
and can initiate micro-cracks under the applied thermal and mechanical loads during the
AM process and subsequent cooling. Grain boundary embrittlement: Alloying elements or
impurities that segregate to grain boundaries can weaken these boundaries and make them
more susceptible to cracking under thermal and mechanical stresses. This embrittlement
can significantly contribute to the formation and propagation of micro-cracks. In addition
to powder and process parameter-related solutions, post-processing techniques like hot
isostatic pressing (HIP) can be explored as viable techniques for closing microcracks in W-
based alloys to enhance the overall mechanical properties of AM-fabricated W components.

Substrate Preheating

Utilizing a heated substrate plate in PBF processes can potentially mitigate the prob-
lems posed by thermal gradients [19,38]. Preheating is an essential preparatory technique
implemented before the actual PBF processes to optimize the material’s structure and
improve the resultant properties. This method confers several advantages (Table 6). Firstly,
preheating aids in the mitigation of built-up thermal residual stresses within the material
to enhance its stability [109]. Moreover, by controlling the melt pool’s cooling rate and the
thermal gradient during solidification, preheating ensures improved material formation
and properties. This is particularly critical for W which has a high DBTT, preheating can
potentially delay or even avert this transition [44]. Additionally, preheating can emulate
the annealing process, refining W’s microstructure to produce parts with increased density
and fewer microcracks [109]. In some cases, preheating the substrate to temperatures close
to 1000 °C has proven effective in achieving those outcomes [19].

Elevating substrate temperature beyond W’s DBTT decreases cracking likelihood,
thereby improving the relative density of parts manufactured using AM with W. SLM
processing at increased temperatures from 200 °C to 1000 °C reduced cracking. Such
findings have been visually represented in the works of Muller et al. (Figure 12) [19], where
they compare the microstructure of SLM-fabricated W with a substrate temperature of
200 °C that includes grain boundary cracks (Figure 12a) to that of a SLM-fabricated W
using a substrate temperature of 1000 °C without cracks (Figure 12b). In another study,
using ~850 °C substrate heating led to minor cracking [32]. Other observations indicate
that temperatures below 400 °C are inadequate for preventing microcrack formation [8].
Vrancken et al. also showed that the exact temperature above which cracks in SLM-
fabricated W are eliminated ranged from 500 °C to 600 °C. The crack-mitigating effect of
preheating persists when scaling up from a single scan track to a hatched area. Without
preheating, a large crack network is formed (Figure 13a), whereas only small, isolated
cracks are found using 500 °C preheating (Figure 13b) [44].
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Table 6. An overview of the effects and benefits of preheating in the AM of W materials.
Preheating Effects Information/Description Reference
Purpose Used before the process to enhance obtained properties
Benefits
Mitigation of Stress Reduces built-up thermal stresses [102]
Melt Pool Dynamics Controls cooling rate and thermal gradient during solidification
Delay/Avoidance of DBTT Delays or prevents DBTT [44]
Annealing Effect Simulates the annealing process, refining W microstructure [109]
Enhanced Density and Reduced Increases part density and reduces microcrack formation, especially [19,63]
Microcracks with preheating up to 1000 °C in SLM, and more in EBM !
Optimal Preheating Range
Observation Low preheatlng temperatl%rfes b.elow 400 °C are insufficient for 8,32]
microcrack mitigation of W materials
o Higher preheating temperatures minimize high DBTT effects and
General Findings enhance the density of W parts (191
Drawbacks of Excessive Preheating
- Recrystallization Extremely high temperatures trigger recrystallization in material [63]
- Grain Vulnerabilities Larger recrystallized grains are prone to intergranular cracking, [60,121]

acting as pathways for cracks near grain boundaries

Figure 12. Effect of temperature on SLM-fabricated pure W cubes: (a) optical image of a cross-
section at 200 °C, (b) optical image of a cross-section at 1000 °C [19]. Reproduced with permission
from Elsevier.

- b)
No preheating

Figure 13. Crack formations in SLM-fabricated W samples: (a) crack pattern of a 1 by 2 mm area
scanned using hatch spacing h = 25 um, and (b) absence of cracks in a 1 by 2 mm area scanned using
500 °C preheating [44]. Reproduced with permission from Elsevier.

In EBM processing of W, preheating each layer up to 1800 °C may be required to
fabricate high density parts [100]. Ellis et al. observed a lower crack density at 1500 °C
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(corresponding to a preheating input energy of 735 J/mm?) than at 1100 °C (corresponding
to a preheating energy input of 325 ]/ mm?), as shown in Figure 14a,b [63]. This led them to
postulate that the higher preheat energy suppresses cracking by raising the ambient tem-
perature of the build [63]. While preheating is beneficial, overdoing it can have detrimental
effects. Excessive preheating temperatures can induce undesirable recrystallization pro-
cesses within W materials [63]. The formation of larger recrystallized grains, a consequence
of intense preheating, makes the material susceptible to intergranular cracking [60,121].
These grains can then become crack-initiation points, especially in regions close to or on
the grain boundaries [60,121]. As a result, extremely high preheating temperatures can be
counterintuitive and diminish the quality of the product [63].

Figure 14. Cracking in EBM-fabricated W blocks built with nominally identical melt parameters:
(a,b) XY sections, approximate elevations 9 mm, (c¢,d) XZ sections, approximately at the midline. The
build shown in (a,c) did not crack; the build in (b,d) exhibited cracking [63].

Residual stresses in W-AM arise from W’s high melting point and low thermal expan-
sion coefficient. These stresses are generated by the complex thermal cycles experienced
during AM processes, including thermal gradients, solidification stresses, phase transfor-
mations, and mechanical constraints. W parts undergo rapid heating and cooling, leading
to steep thermal gradients that cause differential expansion and contraction. This results
in tensile and compressive stresses within different regions of the part. Furthermore, as
the molten W solidifies, the material shrinks. Non-uniform solidification and cooling rates
across the part introduce residual stresses due to uneven shrinkage. Additionally, W-based
materials may experience phase transformations during cooling, involving volume changes
that generate further stresses. The build platform and surrounding material can also
constrain the part, leading to residual stresses as the material contracts upon cooling. Miti-
gation strategies involve controlled cooling post-deposition to minimize thermal stresses
through preheating, optimizing scan strategies, and designing effective support structures.

Thermal management is crucial in W-AM and can be addressed through various
strategies during the design, AM processing, and post-AM processes. Enhanced support
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structures specifically designed for W-AM can effectively dissipate heat and stabilize the
part. Preheating the build platform, optimizing scan strategies, and adjusting process
parameters to control cooling rates help maintain a more uniform temperature distribution,
thereby reducing thermal gradients during the build cycle. Post-processing heat treatments,
such as annealing or HIP, are employed to relieve residual stresses and improve the
microstructural integrity of AM-produced W components, significantly reducing internal
stresses and enhancing mechanical properties.

Ledford et al. [100] employed a comprehensive experimental design to establish an
optimal processing window for achieving high-density, crack-free pure W using the EBM
method. They successfully attained full density in select fabricated samples by preheating
the substrate to 1800 °C and optimizing the other parameters such as scan speed and layer
thickness. The as-fabricated W samples exhibited subgrains approximately 10-20 pm in
size, with low-angle grain boundaries characterized by high dislocation densities ranging
from approximately 1015 to 1016 per square meter in certain instances. High-temperature
tensile testing revealed significant tensile anisotropy attributed to inherent crystallographic
variations. Yield strength ranged from 85 to 202 MPa, while tensile strength ranged from
121 to 274 MPa, closely resembling annealed tungsten properties.

Similarly, Antusch et al. [126] utilized EBM to manufacture pure W components for
nuclear fusion reactors, achieving 99.8% density and a crack-free microstructure characterized
by elongated columnar grains. The absence of microcracks was attributed to reduced thermal
stress facilitated by optimized pre-heating strategies during EBM and the absence of oxide
precipitates due to manufacturing in a vacuum environment. This resulted in a stable melt
pool during the fabrication process. Tensile testing conducted between 600 °C and 1000 °C
demonstrated ductile behavior with a total elongation of 80% along the building direction and
DBTT ranging from 700 °C to 900 °C. Thermal conductivity measurements were comparable
with values in the literature for conventionally produced W counterparts. These studies
highlight the potential of EBM as a promising method for processing W (Figure 15).

Figure 15. Pure W components fabricated using EBM: (a) complex geometrical parts [126], (b) a
diverter tile and mesh demonstration piece, along with a mockup illustrating the potential diverter
geometry featuring tungsten plasma-facing tiles [100], and (c) the integration of W-EBM with copper
infiltration tailored for fusion applications [126].
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4. Additively Manufactured W Alloys and Composites

Amongst the strategies to mitigate the challenges discussed in the preceding sections,
alloying is a particularly useful approach. Alloying has been shown to impart multifaceted
effects on the properties and behavior of W in AM contexts. Several W alloys have been
studied in the realm of AM. Since W is often insoluble or immiscible with other elements,
its alloyed materials with some elements, have been referred to as composites in some
studies. In this review, we consider all combinations of W with other elements as alloys
and refer to combinations of W with ceramic materials (such as carbides and oxides) as
composites (Table 7). The AM-fabricated alloy groups that have been studied include W-
Re [127-129], W-Ni [74,130], W-Ni-Fe [71,72,75,77,80,83,85,103,131-133], W-Ni-Fe-Co [134],
W-Ni-Fe-Cu [80], W-Ni-Cu [4,135], W-Cu [4,6,136-138], W-Cu-Sn [139], W-Ta [8,140-143],
W-Ta-Re [144,145], W-Nb [110], W-Fe [73,146], W-Mo [147], and W-Cr [86]. W-based matrix
composites with different ceramic phases such as TiC [148,149], ZrC [120], TaC [150],
LayO3 [44], CeO, [44], a mix of LayO3—Zr0O,—Y,03 [44], and Y,03 [42,61] have also been
fabricated via AM methods.

Table 7. Additively manufactured W-based alloys and W-matrix composites.

Materials References
W Alloys
W-1-25%Re [128,151]
W-0.1-40%Ni [74,130]
W-7%Ni-3%Fe [71,72,75,77,80,83,85,103,131,132]
W-4.6%Ni-2.4%Fe [133]
W-6%Ni-2%Fe-2%Co [134]
W-12%Ni-4%Fe-4%Co [134]
W-18%Ni-6%Fe-6%Co [134]
W-8.7%(Ni-Fe-Cu) [80]
W-5%Ni-15%Cu [3]
W-5%Ni-25%Cu [135]
W-10%Ni-10%Cu [135]
W-10-40%Cu [4,6,136-138]
W-20%(Cu19Sn) [139]
W-1-12%Ta [8,140-143]
W-14.8%Ta-17.2%Re [144,145]
W-5%Nb [110]
W-14-79%Fe [73,146]
W-50%Mo [147]
W-12.85%Cr [86]
W Matrix Composites
W-0.5-2.5%TiC [148,149]
W-0.5%ZrC [120]
W-5%TaC [150]
W-5%LaO3 [44]
W-2%CeO, [44]
W—l.750/0La203—0.120/021'02—0.120/0Y203 [44]
Y,03 [42,61]

A comprehensive review of the impact of alloying elements and ceramic particles
on mitigating the challenges associated with the AM of W-based materials, as well as
their microstructure and mechanical properties (Table 8), reveals several key purposes for
these additions. Alloying elements and ceramic particles are introduced for the following
purposes: to lower the melting point of W to enhance densification, for the modification of
laser absorption, reduction in thermal conductivity of W, and reduction in melt viscosity
to enhance densification, to form binding phases to enhance densification, improve grain
boundary strengthening, modify grain structure, enhance grain boundary cohesion and
improve pore distribution to enhance mechanical properties and to mitigate microcracking,
to strengthen through secondary dispersed or precipitated phases to restrict grain boundary
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movement and enhance mechanical properties to mitigate microcracking and enhance low-
temperature ductility, increasing stacking fault energy, boosting dislocation mobility to
improve ductility and lower DBTT, and for other purposes such as self-passivating behavior
and the reduction in fuzz formation in the nuclear application.

Table 8. An overview of the impact of alloying elements and dispersion particles on mitigating the
challenges of the AM of W-based materials and on their microstructure and mechanical properties.

Effects on
W-AM

Alloying
Element(s)

Specifics/Notes

Ref

Ni, Fe, Co, Mo,
Re, Ta, etc.

Due to the lower melting points of alloying phases densification is promoted.
The melting of Ni, Fe, and Co enhances the dissolution of W particles.

[19,41,74,86,130,134-138]

Enhanced Cu
Densification

Occurs due to the role of alloying elements in forming binding phases. Good wetting
allows the molten Cu to spread and adhere strongly to the W particles. Surface smoothing
also contributes to a denser final structure.

[4,6]

Ni, Cu, Ta,
Fe, Mo

Modifications in laser absorption, melt viscosity, and fluidity. Ni works better than Cu.
Ta increases recrystallization temperature and decreases thermal conductivity of WNi and
Fe for improves wettability of W.

[4,6,8,74,130,135-138,140-143]

Re, Ta, Nb, Mo,
Cr, Ti, Ir

Microcrack
Mitigation

Re lowers the DBTT of W alloys, significantly reducing their tendency to crack during
AM processes.
Ta forms a special cellular structure that keeps tiny air pockets (nanopores) separated from
each other. This reduces the overall tendency of the material to crack. Ta also oxidizes more
easily than W during the building process. As a result, fewer nanopores form in the final W
alloy, and the risk of microcracks is reduced.
Nb improves the intergranular bonding of the alloy via solid solution strengthening.
Cr forms the Cr-rich Cr-W phase and causes grain refinement.
Ti (in conventional manufacturing of W) gives rise to a heterogeneous chemical distribution
to prevent the nanostructured microstructure from coarsening.
Ir (proved in conventional manufacturing of W) strengthens grain boundary cohesion,
optimizes dislocation mobility, and reduces cracking.

Adding some of these elements prevents the formation of tiny cracks (microcracks) in the
building process. In general, W solidifies first, causing stress within the material. Alloying
elements helps lessen this stress by essentially acting as a buffer.

They also result in grain refinement of W, improved grain boundary strengthening,
modified grain structure, and better pore distribution.

[4,44,48,86,110,127-129,141—
144,152,153]

W, when alloyed with Re, showed a reduced DBTT and increased low-temperature ductility.

This improvement is attributed to Re’s high solubility in W and its capability as a solution

hardener. The other benefits include the enhancement of grain boundary cohesion, boosting
dislocation mobility and lowering DBTT, and reducing embrittlement.

[127-129]

TiC, ZrC, TaC,
YzOg, La203, etc.

Y,03 leads to more LAGBs and reduces cracking.
W=Y,O; has a better low-temperature ductility and suppresses cracking.
LazO3 not only bolsters radiation resistance but also provides an indirect solution to these
interstitial contamination challenges.
ZrC nanoparticles decrease crack density due to finer grains and increased grain-boundary
length. They also capture oxygen to form ZrOy, reducing embrittlement.

TaC supports the formation of W, C phases within the material, further increasing the
overall strength and crack resistance. It also reacts with any oxygen present, forming TaOx,
effectively removing oxygen from the system.

TiC enhances hardness.

[42,47,120,141,150]

Fe

Strengthening by the formation of secondary or precipitated phases during AM processes.
The non-equilibrium solidification between Fe and W allows for the potential formation of
intermetallic phases like Fe;Ws and Fe; W, improving the hardness.

[73,144,146]

Ni

Tensile strength and fracture toughness enhancement.

[74,130]

Mechanical
Properties

Adjustments Ti, Ir, Hf

Increase in recrystallization temperatures.
Potent carbide formers mitigate the adverse effects of carbon impurities on the
alloy’s mechanics.
Elevate the recrystallization temperatures and improve W’s low-temperature ductility and
high-temperature strength.
Ir can improve mechanical properties by increasing grain boundary cohesion.

[152-156]

Ta, Nb, and other
group V and IV
transition metals

Improvement of intrinsic ductility of W alloys.
Ta can increase hardness.
Solid solution strengthening by Nb.

[110,141-144]

Ta
Others

Fuzz formation reduction, especially during He plasma irradiation.

[140]

Crand Y

Self-passivation behavior for high-temperature applications.

[157]

In the subsequent sections, we will closely examine some of these alloying strategies.

4.1. Alloying for Enhanced Densification

Alloying with metals that have lower melting points is a strategy to decrease the
overall melting point of W. But it is important for this to be carried out in moderation to
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ensure that the intrinsic high-temperature properties of the W alloys are retained [19,41].
W alloys behave differently when melted compared to pure W. The alloying elements can
form phases with lower melting points than pure W, aiding in the binding and dissolution
of W particles [4]. These elements can also affect melt viscosity and fluidity during AM,
especially in SLM. Alloying elements can lead to unique solidification behaviors, leading
to improved grain structures, and reduced stresses, among other benefits. Overall, W
alloys generally exhibit superior AM part quality compared to the use of pure W [60,61]. A
major consequence observed is the enhanced densification of the W matrix. Most alloying
elements, including Ni, Fe, Co, Cu, and Re contribute to this phenomenon. The basis for
this enhanced densification is the lower melting points of these alloying elements compared
to W and the possibility of melting at lower energy inputs and faster scan rates. In the
context of the SLM technique, the melting of Ni, Fe, and Co has been noted to expedite the
dissolution of W particles [134,135], leading to a more consolidated alloy [6,130,134,135].
Cu, as an alloying element, has been studied to reveal its distinct role in W densification
during AM [4,6,136-138]. The significance of Cu lies in its ability to form binding phases
with W. The molten state of Cu ensures the effective wetting of W particles, while W
particles concurrently undergo surface smoothing. Both these effects foster the increased
densification of the W-Cu composite [4].

The alloying elements Ni, Cu, and Ta introduce significant changes in the AM process
by altering parameters such as laser absorption, melt viscosity, and fluidity [4,6,8,74,130,135-
138,140-143]. Among these alloying elements, Ni demonstrates superior efficacy over Cu
in such modifications, primarily due to its lower thermal conductivity [42]. The use of Ta
comes with its benefits, including the elevation of the recrystallization temperature and
a decrement in thermal conductivity [4,130]. Re plays a multifaceted role in the AM of
W alloys, one of which is its contribution to densification. The addition of Re allows for
parts with higher relative density to be achieved (relative to pure W) (Figure 16a) [127].
The addition of alloying elements such as Cu, Ni, Fe, Mo, and Cr can facilitate higher
densification in AM W materials (Figure 16b). Obtaining a relative density of more than
95% in SLM-fabricated unalloyed W is usually difficult, but precise scanning parameter
adjustments, preheating, and the use of optimized starting materials have resulted in
achieving relative densities over 98%. The EBM technique for unalloyed W fabrication has
been shown to achieve relative densities up to 99.5%.

[+3
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Figure 16. (a) Achieved relative (% of theoretical) desnity for SLM-manufactured W-5%Re, W-25%Re
alloys, and unalloyed W versus energy density [127], and (b) obtained relative density of alloyed and
unalloyed W fabricated via different AM techniques.

4.2. Alloying and Ceramic Dispersions for Microcrack Mitigation
4.2.1. Alloying Elements

Alloying is a very useful strategy for reducing interstitial contamination. The intro-
duction of specific alloying elements in W during AM has been shown to substantially
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impact the microcrack mitigation process, which is achieved through mechanisms such as
grain structure modification, improved pore distribution, grain boundary strengthening,
stress reduction, a decrease in DBTT, and reduced nanopore formation. The addition of Ta
induces a cellular structure that spreads the nanopore distribution, culminating in an 80%
reduction in cracking [48,143] (Figure 17). Furthermore, the role of Ta in reducing oxygen
sensitivity during solidification, courtesy of its in situ oxidation, is essential in alleviating
microcracks in the W alloy [48,141-143].

Rapid solidification process
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Figure 17. Schematic illustration of how adding Ta affects the formation of nanopores during SLM of
W and W-Ta alloys [48].

Nb is beneficial as an alloying element due to solid solution strengthening, which
strengthens intergranular bonding to provide an effective countermeasure against microc-
racking [110]. Alloying W with Re offers promising outcomes. Apart from its contribution
to enhancing densification, the resultant alloys show enhanced grain boundary cohesion
and an increased mobility of screw dislocations, significantly altering their mechanical
behaviors. The addition of Re significantly reduces the ease at which W alloy cracks during
the manufacturing process due to the significant lowering of the DBTT [127-129]. Eckley
et al. [127] used EBSD maps and optical microscopy images to show significant cracking in
pure W parts fabricated by SLM (Figure 18). Cracking increased with density and followed
scan tracks, branching at 45-degree angles, and longitudinal cracking traced columnar
grain boundaries in the build direction (Figure 18a,b). The introduction of 5 wt.% Re failed
to effectively mitigate the observed cracking (Figure 18c,d). However, an increase in Re
content to 25 wt.% resulted in a significant reduction in both surface and longitudinal
cracking, and the characteristic horizontal and 45-degree angle cracking behaviors were
notably minimized (Figure 18e,f). This improvement can be attributed to the lowered DBTT
of W due to Re alloying, decreasing brittleness during cooling. Despite these enhancements,
some cracking persisted. This study shows Re alloying to be effective in enhancing the
crack resistance of W-AM. Notably, conventional fabrication has demonstrated the pro-
found influence of Re, with W alloys containing 26 wt.% Re exhibiting a DBTT as low as
—101 °C [60,155,156].
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Figure 18. EBSD maps and optical microscopy images of W cubes made using SLM with different Re
contents: (a,b) pure W cubes, (¢,d) W with 5 wt.% Re cubes, and (e,f) W with 25 wt.% Re cubes. The
laser power, hatch spacing, and scan speed were all kept constant at 200 W, 50 um, and 400 mm/s,
respectively. The build direction is also indicated in the image [127].

The inherent characteristics of alloying elements relieve stress by compensating for
the shrinkage experienced as W solidifies (a direct consequence of its elevated melting
point). This phenomenon plays a direct role in minimizing microcracking [110]. Further
contributions from Cr result in grain refinement, indirectly aiding in crack mitigation. Cr
induces a Cr-rich Cr-W phase to optimize grain refinement [86]. In conventional fabrication
techniques of W-based alloys, adding Ti as an alloying element creates a heterogeneous
chemical distribution, stalling the coarsening of nanostructured microstructures [152],
whereas adding Ir strengthens grain boundary cohesion, optimizes dislocation mobility,
and subsequently deters crack formation [153]. These alloying additions (Ti and Ir) may be
beneficial in materials design for AM as well.
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4.2.2. Ceramic Dispersions (W Composites)

Incorporating ceramic particles in W has been shown to enhance composite resis-
tance to cracking. W’s challenges with oxide retention and the power balling effect are
clear indicators of oxidation difficulties, but solutions are on hand. The integration of
La; O3 not only bolsters radiation resistance but also provides an indirect solution to the
problem of interstitial contamination. Innovations like nanopore segregation have been
introduced, inducing and identifying crack initiation. Achieving a high theoretical density
range of 96-98.5%, combined with the optimal conditions characterized by elevated laser
energy density and low oxygen levels, represent meaningful advancements in countering
these challenges.

W-Y,03 composites offer a refined grain size and commendable low-temperature
ductility [42]. Based on EBSD grain size, and grain misorientation distribution studies
of W-Y,0O3 composites, the use of nano-sized Y,O3 particles leads to grain refinement
and a greater occurrence of LAGBs. The concomitant reduction in HAGBs (which are
more susceptible to cracking) markedly reduces cracking in the resulting W composites
(Figure 19) [42]. Introducing micron-sized Y,0O3 dispersions into W does not lead to grain
refinement, although this increases the fraction of LAGBs (Figure 19¢,d). However, when
nano-sized Y,Os3 dispersions are used in the composite, the fraction of LAGBs and grain
size are both reduced (Figure 19,f).
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Figure 19. EBSD grain size distribution for SLM-fabricated samples: (a,b) pure W, (c,d) W-Y,03
(micron-sized), and (e, f) W-Y,Oj3 (nano-sized) [42].

Li et al.’s study identified zirconium carbide (ZrC) as a crucial ceramic particle [120].
They showed that W-ZrC samples showed a remarkable reduction in crack density com-
pared to pure W, showing fewer and more dispersed cracks in W-ZrC (Figure 20a,b). The
images also reveal that, while pure W had long and densely distributed cracks, W-ZrC
had shorter and sparser cracks (Figure 20c,d). This improved crack resistance is attributed
to secondary-phase nanoparticles in W-ZrC, which refined the grain structure and cap-
tured oxygen impurities to hinder crack propagation. Achieving a fully uniform grain
structure would require further efforts to ensure an even ZrC distribution. Li et al.’s study
highlighted ZrC’s role in reducing crack density, promoting finer grains, and extending
grain boundaries. Their bright field TEM, HRTEM (high-resolution transmission electron
microscopy), and high-angle annular dark field images (Figure 21a—c) along with EDS
chemical maps (Figure 21d-h) at various magnifications, and the SAEDP (selected-area elec-
tron diffraction pattern) of selected nanoparticles (Figure 21f) provide compelling evidence
of Zr(C’s capacity to capture and bind oxygen to form ZrOy particles. This mechanism is a
highly effective means of mitigating embrittlement [60,120].

Tantalum carbide (TaC) particles in W also play an important role in crack mitiga-
tion. This is achieved via the dual action of initiating in situ W,C phase formations and
promoting oxygen consumption through TaOy formation, which collectively suppresses
cracks [141,150]. Titanium carbide (TiC), while predominantly increasing hardness, may
indirectly improve crack resistance due to the improved mechanical properties of the com-
posite [42,47,141,150]. Hafnium carbide (HfC) dispersion in conventionally fabricated W
alloys has provided excellent thermal stability and tensile properties of composites [154,155].
This can be a useful feature to have for materials design in the AM of W as well.

4.3. Alloying and Ceramic Dispersions for Mechanical Properties Adjustments

Besides mitigating the problems discussed above, alloying confers additional benefits.
Fe integration in W alloys during AM strengthens the resulting material due to the for-
mation of secondary or precipitated phases. This is due to the possible peritectic reaction
between Fe and W during non-equilibrium solidification, leading to the emergence of
intermetallic phases such as Fe;W¢ and Fe,W. This formation significantly increases the
hardness of the W-Fe alloy [60,73,146]. Ni addition enhances the alloy’s tensile strength
and fracture toughness [74,130]. Nb provides solid solution strengthening and similarly
improves the mechanical properties of the alloy [110]. The inclusion of Ta and other group
V and IV transition metals improves the intrinsic ductility of W alloys. In particular, Ta not
only enhances ductility but also increases the hardness of resultant alloys [141-144].
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Figure 20. SEM images of SLM-fabricated pure W and W-ZrC nanocomposites: (a,c) the top and side
surface of pure W cubes, and (b,d) the top and side surface of W-ZrC cubes. The build direction (BD)
is also indicated in the image [120].

The incorporation of Ti, Ir, and Hf in conventionally fabricated W alloys achieves mul-
tiple objectives as they influence the mechanical properties in different ways. They increase
recrystallization temperatures and, as potent carbide formers, mitigate the adverse effects
of carbon impurities on the alloy’s mechanics, elevate the recrystallization temperatures,
and improve W’s low-temperature ductility and high-temperature strength [152-156].

Since unalloyed W exhibits limited plasticity, studies have predominantly focused on
reporting compression test results. Conversely, a wealth of tensile test results is available
for W alloys processed using AM (Figure 22). Alloying elements play a pivotal role in
enhancing the tensile properties of W, notably its elongation, which is otherwise limited
or non-existent in unalloyed W. The strength and elongation of W alloys vary depending
on compositions (Figure 22a,b). Wang et al. [74] reported a W-15% Ni alloy with a UTS
of 560 MPa and 3.75% elongation, while W-7% Ni-3% Fe showed a UTS of 1037 MPa
and 3.5% elongation [71], and W—4.6%Ni-2.4% Fe fabricated via powder extrusion 3D
printing and sintering showed a UTS of 1040 MPa and remarkably high (20.7%) elongation



Crystals 2024, 14, 665

30 of 40

(Figure 22a,b) [133]. Ultrashort-time laser liquid phase sintering processing for W heavy
alloy resulted in a UTS of 1374 MPa, and 8.5% elongation (Figure 22a,b) [85].

Figure 21. Analysis of the nanoparticle’s dispersion in the SLM-fabricated W-ZrC nanocomposites:

(a) distribution of nanoparticles, (b) the high-resolution transmission electron microscope of the
selected nanoparticle, (c) the high-angle annular dark field image, (d-h) its EDS elemental maps, and
(f) the selected-area electron diffraction pattern of the selected nanoparticle [120].

Figure 22c depicts the microhardness of AM-fabricated W-based materials. Li et al. [145]
examined the variation in Vickers microhardness due to VED in the context of W-3%Ta
alloy. Operating at a substrate preheating temperature of 150 °C and a 67° layer angle, they
reported a range of microhardness values from 493.8 to 535.6 Hv. This range correlated
with VED values spanning 192 to 1000 ]/mm?, with an average microhardness of 505.7 Hv.
An upward trend in relative density was concurrently observed as VED values increased.
Conversely, Bose et al. [86] reported the highest microhardness achievement of 966 Hv
for a W-Cr component produced through binder jetting and sintering at 1500 °C for 1 h,
demonstrating a striking contrast to the above trends. Zhang et al. [130] and Yan et al. [136]
showed a contrasting narrative, showcasing a decline in hardness with an incremental
influx of Ni in W-Ni and W-Ni-Cu systems. In a related study, Zhang et al. [130] highlighted
a gradient of hardness reduction with the distance from the base of SLM-fabricated samples,
plummeting from 810 to 300 Hv for W-10%Ni and from 490 to 250 Hv for W-40Ni.
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Figure 22. Mechanical properties of AM-fabricated W alloys: (a) ultimate tensile strength, (b) elonga-
tion, and (c) microhardness.

Ivekovic et al. [132] noted a decline in hardness post-heat treatment of SLM-fabricated
W-7Ni-3Fe samples, which diverged from the augmentation in hardness expected. Con-
versely, Wang et al. [135] demonstrated that an escalation in the microhardness of W-Ni-Cu
alloys, ranging from 360 to 395 Hv, was linked to increasing VED. This phenomenon is
attributed to the formation of finer grain sizes owing to elevated melt pool temperatures.
Moreover, Hu et al. [42] brought nano-structural considerations into the equation, under-
scoring the influence of grain size. They documented an upswing in hardness with the
decreasing grain size of Y,O3 particles, transitioning from micro- to nano-scale dimensions.

These findings underscore the fact that enhanced and/or adjusted mechanical proper-
ties are achievable through alloying in the AM of W-based materials.

4.4. Alloying for Other Specific Purposes

The addition of Ta to W alloys is pivotal for reducing fuzz formation. Ta has demon-
strated its capability to reduce fuzz during He plasma irradiation, making these alloys
suitable for nuclear applications [140]. Furthermore, W alloys formulated with the Cr-Y
combination exhibit self-passivation behavior in conventional fabrication. This intrin-
sic property makes W alloys integrated with Cr-Y especially useful in high-temperature
applications [60,157].

Overall, the addition of alloying elements activates several mechanisms to enhance
various properties (Table 8), which are as follows. Alloying elements such as Ta, Re,
and Ni can act as grain refiners in W-based alloys. These elements reduce the grain size
by inhibiting grain growth during solidification, resulting in a finer and more uniform
microstructure [158]. Fine-grained microstructures typically exhibit higher strength and
improved toughness due to the grain boundary strengthening mechanism. Alloying
elements like Mo and Ti lead to solid solution strengthening [159]. These elements distort
the W lattice and impede dislocation motion, thereby enhancing the yield strength and
overall mechanical properties of the alloy. This mechanism is particularly beneficial in
improving the high-temperature strength of W alloys. Certain alloying elements can
form stable second phases or precipitates within the W matrix [160]. For example, carbide-
forming elements such as carbon C can produce W carbides (WC) that enhance the hardness
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and wear resistance of the alloy. These second phases also contribute to the overall strength
by hindering dislocation movement. Alloying with elements such as Cr and Si can improve
the oxidation resistance of W alloys [161]. These elements form protective oxide layers on
the surface, which act as barriers to further oxidation, thereby enhancing the performance of
W components in high-temperature environments [162]. Other elements like Re improve the
ductility of W alloys by reducing the DBTT [128]. This brings about a more ductile fracture
behavior and better toughness at lower temperatures, which is crucial for applications
where mechanical shock or impact resistance is required.

5. Conclusions

Overall, the proposed solutions, which include optimizing process parameters, re-
fining powder characteristics, implementing post-processing treatments, and employing
alloying elements, are essential to address the fundamental issues of densification and
mechanical properties in W-based materials. Here, we provide a detailed discussion of
how each approach contributes to improving densification and mechanical properties,
supported by the relevant literature.

1. Powder Characteristics

Particle Size and morphology: Utilizing W powder with a well-controlled particle size
distribution and spherical morphology enhances flowability, packing density, and uniform
layer formation during the built cycle. These characteristics are crucial for achieving high
relative density and consistent microstructures, as evidenced by improved mechanical
properties in various studies.

Powder purity: High-purity W powder minimizes contaminants that can cause defects
and degrade mechanical properties. Ensuring powder purity is fundamental for producing
high-quality components with superior mechanical integrity.

2.  Process Parameter Optimization

Laser power and scan speed: By carefully adjusting the laser power and scan speed,
we can ensure adequate energy input for the complete melting of tungsten powder while
avoiding defects such as keyhole porosity and excessive vaporization. Optimal control
of these parameters results in improved densification and reduced residual stresses. A
maximum density of 99.2% in SLM and 100% in EBM was demonstrated by adjusting
process parameters.

Volumetric energy density (VED): Our study emphasizes the critical role of VED in
balancing energy input to promote full melting and minimize defects. Extremely high VED
can introduce porosity and fusion issues, while insufficient VED can result in incomplete
melting. Optimizing VED is essential for achieving high relative density and enhancing
mechanical properties.

3. Thermal Management Strategies

Controlled atmosphere: Using an inert gas atmosphere of argon or nitrogen during
the AM process prevents oxidation and contamination, preserving the material’s purity
and mechanical properties. While the majority of studies used argon, processing in a
nitrogen atmosphere could enhance the microstructure and mechanical performance of
tungsten parts.

Substate preheat: Utilizing a heated substrate plate in PBF processes is necessary to
control cooling rates and mitigate thermal gradients such as built-up thermal residual
stresses within the material, and improves material formation and properties. In most
cases, the substrate is preheated in the range of 500 °C to 1000 °C in SLM and up to 1800 °C
in EBM to eliminate crack formation.

Optimized scan strategies: Utilizing optimized scanning strategies such as alternating
scan directions, island scanning, and contour scanning can distribute heat more evenly
across the build area, reducing localized thermal stresses. These strategies help in achieving
uniform thermal profiles and minimizing warping and distortion.
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4. Alloying Strategies

The introduction of alloying elements: Adding alloying elements such as Re, Ta, and
Hf can significantly enhance the mechanical properties and processability of W. Re, for
instance, is known to improve ductility and reduce the DBTT, refine the grain structure,
and improve the toughness of W alloys.

The introduction of ceramic particles: carbide formers (e.g., TiC, ZrC) can be in-
troduced, which act as grain refiners and strengthen the W matrix through dispersion
strengthening to improve the hardness and wear resistance of W components.

5. Post-Processing Treatments

Heat treatment: Post-process heat treatments are vital for relieving residual stresses,
promoting grain growth, and enhancing mechanical properties. Techniques such as anneal-
ing reduce micro-cracks and improve ductility.

Hot isostatic pressing (HIP): HIP applies high pressure and temperature to further
densify the components, close remaining pores, and refine the microstructure. This results
in significantly improved mechanical strength and integrity.

6. Future Directions

Although W-AM holds great promise for producing high-performance parts, its
widespread adoption has been hindered by problems associated with W’s inherent material
properties and printability challenges. Research efforts into the AM of W should be priori-
tized through the fine-tuning of process parameters, as well as microstructural and material
design. We believe in the possibilities of bringing W-AM into a new era of precision, sustain-
ability, and widespread applicability through advancements in atomic-level understanding,
and thermodynamic modeling, as well as through harnessing the power of data analytics.

1.  Atomic-Level Understanding: The Key to Tailored Properties
Further studies are needed to understand W at the atomic level, focusing on the local
atomic structure and short-range order chemistry. Improving our understanding of the
inherent atomic arrangement in W from the microscopic perspective will enable us to
unlock new possibilities for tailored material properties and optimized performance.

2. Thermodynamic Modeling: A Roadmap for Alloy Design
Integrating the thermodynamic calculation of phase diagram modeling into alloy
design will play a key role in predicting phase equilibria and allow researchers to
design W alloys with better control over composition and phase transitions. This
thermodynamic approach ensures a systematic exploration of the uncharted alloy
space, allowing materials with tailored properties to be developed. This provides
insights into process optimization through thermal gradients, melt pool dynamics,
and solidification rates, which are essential for minimizing porosity and achieving
uniform microstructures.

3. Composite Design: Improved Innovative Composite
Researchers can seek to synergize W with other advanced ceramics, to create composites
that exhibit superior mechanical, thermal, and chemical properties. This approach opens
avenues for tailoring W composites for specific applications across diverse industries.

4. Harnessing the Power of Data Analytics: Machine Learning and in situ Monitoring
Researchers can leverage machine learning and statistical techniques to identify pat-
terns and correlations which can help in the optimization of processing parameters.
Multiphysics and multi-scale computational modeling are essential for establishing
process—structure-property relationships in metal AM [163]. This paves the way for
the development of a digital twin for W-AM. Further studies can also develop and
implement advanced in situ process monitoring techniques during AM. The data gen-
erated during the real-time monitoring of temperature, microstructure evolution, and
defect formation will provide valuable insights, enabling adaptive control strategies
to enhance the quality and repeatability of W components.
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5. Sustainable Manufacturing: the Hidden Cost of the Oxidation of W
The high oxygen affinity of W and its influence extends beyond AM-fabricated parts.
The high temperatures and heating profiles employed during AM processes can lead
to the inadvertent oxidation of adjacent powder beds. This oxidation significantly
affects the reusability of W powder, potentially increasing waste and negating the
environmental and cost benefits of AM. Future research efforts should prioritize
mitigating this hidden cost by a comprehensive understanding of W oxidation to
minimize the impact of oxidation and maximize powder reusability.
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