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Abstract

Alloys and intermetallics based on the refractory element niobium (Nb) have proven useful in many high-temperature
applications requiring high strength, ductility, and corrosion resistance. However, its high raw material cost, a high affin-
ity for oxygen embrittlement, and exceptional thermal properties and strength in harsh environments makes the process-
ing of Nb alloys through conventional techniques difficult. Recent advances in additive manufacturing (AM) of these
materials have demonstrated mechanical properties comparable to those produced by conventional casting. Furthermore,
high-throughput computing, machine learning, and automation have opened up unprecedented opportunities to overcome
AM processing challenges like process window selection, oxidation mitigation, and porosity defects. Thus, this review
describes the AM processes that have been applied to Nb alloys, assesses their microstructures, and explains their effects
on the mechanical and physical properties. It also highlights how computation can aid in the design and processing of
Nb alloys for AM. Ultimately, it provides a roadmap for processing Nb alloys via AM, highlighting their most promising
applications as well as where further research is needed.
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1 Introduction

There is a rising demand for materials that exhibit improved
strength and stability in extreme applications including
ultra-high-temperature environments. Refractory alloys,
including niobium (Nb) based alloys, are recognized as one
of the few metallic solutions for these demanding applica-
tions. While metal additive manufacturing (AM) processes
have advanced significantly over the past few decades, the
literature remains sparse regarding Nb alloy AM production.
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This review surveys the AM processes that have been used
to fabricate Nb-based alloys, evaluates their effectiveness,
and identifies unresolved manufacturing challenges that
must still be addressed.

1.1 Niobium material properties

Refractory alloys are a class of materials known for their
excellent high-temperature properties, making them well-
suited for a range of applications in harsh environments
such as nuclear reactors and aircraft engines. Refractory
alloys are commonly defined as alloys composed of refrac-
tory elements that share the common properties of melting
points above 2000 °C and high hardness at room tempera-
ture. This narrow definition includes the elements molyb-
denum (Mo), niobium (Nb), rhenium (Re), tantalum (Ta),
and tungsten (W), and a broader definition can sometimes
include elements with melting points above 1850 °C, such
as chromium (Cr), hafnium (Hf), iridium (Ir), osmium (Os),
rhodium (Rh), ruthenium (Ru), titanium (Ti), vanadium (V),
and zirconium (Zr) [1]. In the aerospace sector, refractory
alloys are known for their exceptional corrosion resistance,
wear resistance, and strength at elevated temperatures up to
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1400 —1800 °C [2—-6]. However, applications of refractory
alloys are impeded by their poor low-temperature ductility
and, consequently, manufacturability. The inferior ductility
can be attributed to partially filled d-orbitals in refractory
elements, which result in the formation of covalent-like
bonds and the formation of body-centered cubic (BCC)
crystal structures [7]. Single-phase BCC refractory alloys
are generally more susceptible to crack initiation during AM
due to their less efficient slip systems and reduced ability
to accommodate thermal stresses during cooling from their
high melting point [8, 9]. The manufacturing difficulty can
also be compounded by the presence of interstitial defects in
the BCC lattice, like oxygen (O), that cause embrittlement
and further diminish ductility [10, 11].

Among all refractory elements, pure Nb exhibits the
highest ductility at room temperature with an elongation at
break as high as 50%, forming a BCC crystal structure (Im(—
3)m space group, a = 0.33 nm) with a bulk density of 8.6 g/
cm?® [12]. This ductility, despite being a BCC metal, is due
largely to its low ductile to brittle transition temperature,
below — 121 °C and increasing with loss of purity, which
means that pure Nb remains in its ductile state in all but the
most extreme low-temperature environments. However, this
ductility drops to nearly zero when Nb contains as little as
1 at% O [13]. O sits interstitially in the BCC Nb unit cell,
occupying octahedral sites as shown in Fig. 1 [14]. Pure
Nb has a melting point of 2477 °C, a boiling point of 4744
°C, and a room temperature thermal conductivity of ~ 54
W/m-K [12]. It becomes superconductive below the critical
temperature of — 263.9 °C, and is useful as a superconduc-
tor when alloyed with Al, Ga, GeAl, Sn, or Ti to improve
performance [14, 15].

As it does not occur naturally in its pure elemental form,
Nb is chemically extracted from iron-based (Fe) minerals
and, consequently, has a relatively high raw material cost
[17]. Brazil is the largest producer of Nb, supplying 90% of
global production and holding 90% of the global reserves
[18]. Canada is the second largest producer, with other
smaller-scale producers in Australia, Russia, and Nigeria.

ONboo

Fig. 1 The crystal structure of a BCC Nb and b BCC Nb with octahe-
dral sites for interstitial O. Data from [14] and drawn with [16]
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With supply concentrated in Brazil, future geopolitical or
environmental risks could impact the supply chain. Hence,
alternative sources and recycling efforts are likely to gain
further attention [19]. Likewise, countries concerned about
Nb supply security, like the U.S. and China, have consid-
ered or implemented strategic stockpiling to mitigate poten-
tial supply disruptions [20].

1.2 Applications of niobium alloys

Nb-C103 alloy, with a composition of Nb-10Hf-1Ti wt%, is
the most widely used Nb alloy in conventional manufactur-
ing and is used in rocket nozzles and jet engines [10, 21—
23]. Another type of Nb alloy, Nb-521 (Nb-5 W-2Mo-1Zr
wt%), is also used in propulsion systems [24]. Other com-
mercial aerospace alloys include C3009 (Nb-30Hf-10 W
wt%), C129Y (Nb-10Hf-10 W-0.1Y wt%), Cb752 (Nb-10
W-2.5Zr wt%), and FS85 (Nb-28Ta-10 W-1Zr wt%). These
alloys demonstrate a favorable combination of low creep
rates and high corrosion resistance at elevated temperatures.
Common alloying elements of similar electronic structure
to Nb, such as Hf, Mo, Ta, Ti, W, Zr, and Y have very high
solid solubility in Nb; they substitutionally occupy the Nb
sites while retaining the BCC structure [25]. Other useful
Nb-based materials are intermetallic niobium silicide (Nb-
Si) composites, which combine the ductility of the BCC
Nb, (solid solution) with the strength, creep resistance, and
oxidation resistance of silicide phases such as Nb;Si and
NbsSi; [26-28].

High-strength low-alloy steel is the most common use
case of Nb in automotive, construction, and other infrastruc-
ture applications [29]. Nb is also used in nuclear applica-
tions in the form of niobium-zirconium (Nb-Zr), which has
good resistance to neutron absorption and corrosion [30].
Similar to aerospace, Nb alloys can be found in the energy
sector to enhance reliability and performance in high-tem-
perature gas turbine components [31]. Lastly, Nb alloys are
used in medical devices and implants, given their biocom-
patibility, corrosion resistance, and mechanical strength
[32, 33]. Therefore, Nb alloys improve upon the mechanical
properties of pure Nb while retaining high-temperature per-
formance. Nevertheless, Nb can be easily oxidized, necessi-
tating a protective coating for many applications to prevent
catastrophic O embrittlement [10, 21]. Embrittlement from
interstitial carbon, hydrogen, and nitrogen must also be
mitigated in certain situations [13, 34]. Due to their unique
low-temperature ductility, Nb alloys are more amenable to
machining compared to other refractory alloys. Despite this,
it is challenging to fabricate complex geometry Nb alloy
parts at affordable costs using subtractive machining due
to the large amount of expensive scrap material lost. This
economic incentive therefore makes Nb alloys particularly



Progress in Additive Manufacturing (2026) 11:6491-6517

6493

suitable for AM and has motivated recent research into AM
Nb parts with complex geometries such as rocket thrusters
(Fig. 2) [35].

1.3 Additive manufacturing of niobium alloys

Compared to traditional casting and forging techniques, AM
offers many advantages including greater design flexibility,
less material waste, and faster prototyping. This is especially
pertinent to actively cooled parts, such as rocket nozzles,
that require internal coolant channels not possible with tra-
ditional manufacturing [36, 37]. Therefore, as an integrated
part of Industry 4.0, AM opens up new opportunities in
manufacturing Nb alloy parts for aerospace applications in
an efficient and precise manner [38, 39]. For instance, pow-
der bed fusion (PBF) and direct energy deposition (DED)
have been extensively investigated to produce Nb alloys,
including pure Nb, Nb-C103, Nb-521, Nb-Si, and Nb-1Zr
[40-48].

As mentioned previously, Nb alloys have specific proper-
ties that make them challenging to process with AM. First,
are their high raw material costs, necessitating an efficient
use of AM feedstock in the design of each AM process to
minimize waste. Second, are their exceptionally high melt-
ing points, requiring sufficiently high energy input to achieve
a molten state in fusion-based AM processes. This can also
lead to severe thermal gradients during AM, thus defects like
lack of fusion and cracking must also be mitigated. Third,
are their susceptibilities to oxidation embrittlement, which
require careful control of the ambient atmosphere during
AM and heat treatments. This is exceptionally important
for powder-based AM techniques, due to the high surface
area to volume ratio exhibited by powders that can lead to
rapid oxidation. If these considerations are not made when
designing an AM process for Nb alloys, then there will be
an inevitable loss of their exceptional strength and ductility.

The inherent costs and material challenges of designing
AM processes for Nb alloys make traditional trial-and-error
approaches less feasible. However, thanks to advances in

Fig.2 Examples of Nb compo-
nents manufactured with PBF
AM: a a pure Nb superconduct-
ing radio frequency cavity, b a
pure Nb rocket thruster alongside
its computer-aided design (CAD)
model above [49], ¢ a Nb-C103
rocket thruster [10]. Images (a)
and (b) reprinted under CC BY
4.0 license from Springer [50],
(¢) reprinted with permission
from Springer

§ Tube with 1 mm

high-throughput computing and artificial intelligence (Al),
materials design and process optimization for AM have
reached an unprecedented level of utility [51-53]. Multi-
scale simulations provide insights into the physical funda-
mentals of AM ranging from nano-scales to micro-scales
and up to device scales [54, 55]. A variety of machine learn-
ing (ML) methods have been adopted to speed up materi-
als simulations across this size spectrum [27, 56], optimize
process parameters [57, 58] and create virtual entities like
digital twins for faster materials qualification [54, 59].
However, this review finds that computational modeling
techniques are notably understudied for AM of Nb alloys.
Thus, there is a considerable opportunity to translate the
success of computational modeling and ML from similar
material systems into the AM design of Nb-based materials
to rapidly optimize the quality and performance.

Although there are a number of reviews on AM refractory
alloys in general [11, 38, 39], more specific AM techniques
[23, 60] and specific alloys [61, 62], as well as computa-
tional modeling for AM [56-58, 63], there is no such a
review that specially focuses on Nb alloys, and how simula-
tion and ML techniques can be integrated into the design of
such materials made by AM.

This review begins with a survey of the state-of-the-art in
AM for Nb alloys, limiting the scope to alloys of >50 at%
Nb. This includes the processing of Nb alloys with different
AM methods (Sect. 2) as well as their resulting material
properties and microstructures (Sect. 3). These are followed
by an examination of how modeling and ML can improve
AM of Nb alloys (Sect. 4).

2 Additive manufacturing
2.1 Powder bed fusion
Powder bed fusion (PBF) methods for AM of Nb alloys

use a focused energy source to convert a powder feedstock
into a bulk material through selective melting. They can be

. . 0.5 mm wall
inner diameter

20 mm
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Fig. 3 Feedstock powder used in the production of Nb alloys in AM a
gas-atomized Nb-C103 [66], b plasma spheroidized Nb-1Zr [65], ¢ jet
milled Nb-521 [24]. Reprinted with permission from (a) Springer, (b)

reprinted under CC BY 4.0 license from MDPI [50] (¢) reprinted with
permission from Elsevier

Fig.4 Schematics of Nb alloy
AM techniques: a laser powder a)
bed fusion and electron beam
powder bed fusion, b cold spray ¢
laser powder direct energy depo-
sition, d wire-arc direct energy
deposition
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broadly broken down into two main areas depending on the
energy source: laser PBF (LPBF) and electron beam PBF
(EPBF). In both techniques, the focused energy source is
rastered across a powder bed (Fig. 3) spread flat atop a start-
ing build plate (Fig. 4a). At each raster point, the powder
bed experiences rapid melting followed by rapid cooling as
the energy source moves on to the next raster location. After
one entire raster pattern across the surface is complete, the

@ Springer

build plate is lowered and another layer of powder is wiped
across the surface so that a new layer can be selectively
melted, building up the volume of solid material in three
dimensions.

LPBF and EPBF primarily differ in the power of the
directed energy beam, the speed of the raster, and the
ambient conditions at which the melt fusion occurs [64].
For example, EPBF has the advantages of higher power
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output and raster speed compared to LPBF. However, EPBF
requires a vacuum atmosphere partially backfilled with
helium whereas LPBF can be performed at atmospheric
pressure in an inert gas, typically argon or nitrogen. This
makes LPBF systems simpler to operate, but EPBF systems
can better prevent contamination in materials prone to oxi-
dation embrittlement like Nb. In addition, the general par-
ticle size range of LPBF (15—65 pm) is smaller than that of
EPBF (45-150 pum), giving it a higher surface area to vol-
ume ratio and making the EPBF feedstock powder relatively
less prone to oxidation [46]. By performing de-focused ras-
ter passes of the electron beam over the surface prior to the
first layer and in between layers, EPBF can be performed
on a build plate and powder bed surface maintained at
relatively high temperature under vacuum (= 1000 °C for
refractory alloys [35]) whereas the build surface in LPBF
cannot achieve such high temperatures due to heat loss to
the ambient atmosphere. Therefore, the thermal gradient in
LPBF is generally higher and the cooling rate is generally
faster compared to EPBF. Broadly speaking, this means that
EPBF better handles two of the inherent challenges of AM
of Nb alloys: it has lower thermal gradients and is less prone
to oxidation, meaning that the resulting parts may generally
have fewer defects.

Because the powder bed must be wiped smooth into a flat
layer with each increment in build height, both PBF meth-
ods require highly spherical and flowable feedstock powders
of a controlled particle size distribution. Gas-atomization
(GA) and plasma spheroidization (PS) have been shown
to be viable methods to prepare powder feedstock for PBF
of Nb alloys, although jet-milling may also be suitable in
some cases if a high particle sphericity and flowability can
be achieved (Fig. 3) [10, 24, 65].

A useful metric for comparing LPBF processing condi-
tions is to take the product of the variables of scan speed,
hatch spacing, and layer thickness to calculate the volumet-
ric build rate (VBR) in mm®/s [49]. Dividing the laser power
by the build rate gives the volumetric energy density (VED)
in J/mm?® [67]. These metrics do not precisely track the heat
flow dynamics of the melt pool, nor include the actual laser
beam spot size, but they provide an approximation of the
heating and cooling behavior. However unlike for LPBF,
process parameters for EPBF are less consistently reported,
making it difficult to compare across different experiments
and calculate VBR or VED. For example, rather than hav-
ing a distinct laser power, the energy input for EPBF is an
electron beam with a beam voltage (kV) and beam current
(mA), where the product of the two equals the power (W)
of the electron beam. Additionally, the electromagnetic
optics have a focus or offset current that influences the beam
spot size. Fortunately, the majority of the EPBF market is
dominated by only a few companies, namely GE Additive

(formerly Arcam), JEOL, and Freemelt AB, all of which are
generally run at a recommended 60 kV beam voltage and a
focus offset of 30-50 mA [44, 46, 68].

Post-processing techniques can be used to further mod-
ify the material properties and microstructure after fusion.
These techniques include compaction, to improve bulk den-
sity and minimize porosity, and annealing, to relieve retained
thermal stress, remove defects, and increase grain size [69].
Given the high-temperature and high stress requirements
of Nb alloys in aerospace applications, post-processing is
a means to improve ductility and thermal conductivity and
therefore reduce the likelihood of brittle failure [70].

2.1.1 Laser powder bed fusion

Several studies have used LPBF on Nb alloys, includ-
ing pure Nb [2, 42, 49, 71, 72], Nb-521 [24, 40, 73], and
Nb-C103 [22, 66, 74]. Comparing their processing param-
eters, different laser powers (110-350 W), layer thicknesses
(0.02 —0.05 mm), scan speeds (250 mm/s—1000 mm/s) and
hatch spacings (0.05-0.12 mm) resulted in a broad range of
VBRs (0.4-2.4 mm®/s) and VEDs (87.5-389 J/mm®).

LPBF on pure Nb generally achieved a relative density
of > 98% [42], and as high as 99.9% when VED was > 100
J/mm? [49, 72]. Nb-521 generally had a slightly lower den-
sity of 98.8-99.2% [24, 73] under similar VED values of >
90 J/mm?, due to an observed increase in porosity and the
formation of low-density ZrO, precipitates. LPBF Nb-C103
reached a density of 99.1% at 121 J/mm® [22] and 99.9%
at 169 J/mm?® [66]. In Nb-521 and Nb-C103, lack of fusion
defects, where heating is insufficient to fully close the voids
between particles, were noted as the primary cause of low
density. Therefore, a VED of > 150 J/mm?® is needed to reach
a sufficient relative density in most Nb alloys and a VED as
high as 390 J/mm® does not appear to have a detrimental
effect beyond slowing the VBR.

Alimited number of studies have produced Nb-Si interme-
tallics via LPBF, particularly using Nbs,Si,¢Ti,,Cr,ALHf,
(98.3% relative density) [75] and Nb,¢Si;sHf;C; (density
not reported) [43]. In both cases, a multi-phase microstruc-
ture was obtained, containing a mixture of Nb,, NbsSi;, and
Nb,Si phases, utilizing a VED of 63 J/mm® — 75 J/mm?>.

2.1.2 Electron beam powder bed fusion

As mentioned previously, VBR and VED are not well
reported for EPBF of Nb. Despite this, useful insights can
still be gained by comparing the processing conditions
used to consolidate Nb-based feedstocks via EPBF [44—46,
65, 76-78]. In all studies where process conditions were
reported, layer thicknesses were ~70 pm, with hatch spac-
ing ranging from 100 to 200 um.

@ Springer
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The process variables that varied most between studies
were beam power (600—1110 W), scanning speed (172-700
mm/s), and preheat temperature (610-1150 °C), which
all influence the heat flow in and out of the part during
AM. In the case of pure Nb, a 99.7% relative density was
reported [44], whereas values of 99.2% and 99.8% relative
density were reported for Nb-521 [45] and Nb-C103 [46],
respectively. Similar to observations in LPBF of Nb-C103,
EPBF builds using a beam current below 15 mA resulted in
unmelted particles and lack of fusion defects, contributing
to the lower relative density. When comparing EPBF pro-
cessing of pure Nb and Nb-C103 at the same scanning speed
of 300 mm/s, the energy input had to be greatly increased
from the pure Nb (720 W and 610 °C powder bed preheat)
[76] to Nb-C103 (1080 W and 1100 °C powder bed preheat)
[46]to achieve similar build quality on the same type of
Arcam EPBF instrument. Despite pure Nb having a slightly
higher melting point and heat capacity than Nb-C103, the
need for added energy input may be due to Nb-C103 having
a lower thermal conductivity [79, 80]. Generally, a faster
scanning speed, which increases the build speed as well as
the cooling rate from melt, can be reasonably offset by a
higher beam current and substrate preheat temperature to
maintain build quality.

Gao et al. have reported the first use of EPBF to manu-
facture an Nb-Si intermetallic [77]. With a composition of
Nb-26Ti-16Si-2.2A1-2Cr wt%, they produced a composite
with roughly 33 vol% Nb-Ti solid solution and 67 vol%
Nb;Si phase.

2.2 Direct energy deposition

A third powder-based fusion method distinct from LPBF and
EPBF is laser powder direct energy deposition (LPDED)
(Fig. 4c). LPDED differs from LPBF in that the powder is
deposited directly from a nozzle at the laser location rather
than being wiped flat across a whole surface, eliminating
the constraint of the build plate size [81]. This makes it pos-
sible to make large-format parts and repair existing parts
by directly manufacturing onto non-flat surfaces. However,
because the laser spot size is significantly larger than in
LPBEF, the microstructure and surface topology cannot be as
finely controlled.

Direct energy deposition (DED) is possible through the
powder feedstock method, LPDED, as well as with a wire
feedstock and either a laser, plasma arc, or electron beam
energy source. The simplest and most common arrangement
is wire-arc DED (WADED), wherein a wire feedstock is
deposited via a plasma arc, similar to conventional welding
(Fig. 4d) [82]. The primary difference from welding is that
the plasma source, wire feed rate, and deposition pattern are
all automated, and a robotic arm is used to raster the arc and
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molten tip of the wire. WADED can be used on alloys that
suffer from poor laser absorption due to reflectivity, such
as Al and Cu, and the wire feedstock has the benefits of
low material cost and high deposition efficiency compared
to powder [83]. Like LPDED, it can produce large format
parts and repair existing parts, with the highest build rate
of the AM techniques in this review. However, because of
the large wire feedstock and arc melt pool, the microstruc-
ture and surface topology in WADED are the least well
controlled and post-process machining is almost always
required to achieve net-shape [84].

Because of the large melt pool in DED, it generally has
a slower cooling rate than PBF and thus solves one of the
inherent challenges of AM of Nb alloys by lowering the
thermal gradients and minimizing cracking [41, 85]. Addi-
tionally, the wire feedstock in WADED has a lower surface
area to volume ratio than powder, minimizing the surface
oxygen uptake in feedstock manufacturing [86]. However,
DED is generally performed under a shielding gas rather
than in a sealed inert gas or vacuum atmosphere and thus
LPDED may introduce more oxygen contamination than
PBF methods [70]. Thus, more research directly comparing
the oxygen uptake using identical alloys and shielding gas
are needed to fully understand this behavior.

2.2.1 Laser powder direct energy deposition

A handful of studies have explored LPDED AM of Nb
alloys, including pure Nb [70], Nb-TiC [70], Nb-C103 [47,
87], and intermetallic Nb-Si [27, 48]. As mentioned previ-
ously, the laser spot size is much larger for LPDED com-
pared to LPBF, which increases the size of the melt pool
during scanning and lowers the special resolution. A larger
melt pool generally slows down the cooling rate from melt
and increases the grain size in the as-built material. This
requires not only very high laser power, (800-1420 W) but
also a relatively low scanning speed (13—14 mm/s) to fuse
pure Nb, Nb-TiC, and Nb-C103. Nbg,Si;; powder, on the
other hand, has a melting point of 2080 °C, lower than pure
Nb powder at 2470 °C, allowing for much higher reported
scan speeds of 600 mm/s with a 900 W laser [26]. Relative
densities of 99.9% and 98.9% were reported for LPDED
Nb-C103 [47] and Nbg,Si, ¢ [48], respectively. Combining
this with the aforementioned results from LPBF indicates
that the multi-phase Nb-Si intermetallic composite strug-
gles to match the density of Nb alloys by LPBF or LPDED,
although the relative densities are similar to the more com-
mon technique of spark plasma sintering (99.2-99.6%) [26,
88]. Note that these general estimations are required because
VED could not generally be calculated for LPDED, as the
powder feed rate was reported instead of the layer thickness.
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2.2.2 Wire arc direct energy deposition

Compared to LPDED, few peer-reviewed studies have
explored WADED of Nb alloys. Islam et al. produced two
studies on WADED of Nb-1Zr wt% under mixed 70% Ar
and 30% He shielding gas [41, 85]. AW electrode with 180—
220 A applied current was held 5 mm from the substrate
and moved at 200 mm/min along with a 0.95 mm feedstock
wire, resulting in a VED range of 138—168 J/mm?, similar to
LPBF of Nb. Unlike LPBF, they reported a microstructure
free of cracks and porosity due to the larger melt pool and
slower cooling rate from melt in WADED. However, they
observed that increasing the VED led to a loss of spatial
resolution, as the melt pool width increased and edge sag-
ging became prominent.

2.3 Cold spray

Cold spray (CS) is a solid-state manufacturing technique
traditionally used for depositing metal powders (Fig. 4b).
Compared to other refractory metals, Nb is relatively duc-
tile and therefore compatible with CS. Unlike conventional
thermal spray methods, CS does not require molten or semi-
molten particles, which is useful given that Nb alloys possess
both a high melting point and are susceptible to oxidation.
Instead, CS relies on accelerating feedstocks in a supersonic
stream of inert gas, causing them to deform upon impact
with the substrate. The high-velocity impact shear deforms
the particle into a “splat” [89]. This extreme deformation
disrupts the oxide layer and facilitates both metallurgical
bonding and mechanical interlocking with the substrate
[90]. CS mitigates the problems of cracking and porosity
during cooling from high temperatures inherent to fusion-
based AM. However, it adds a new problem of introducing
strain and porosity defects during splat deformation. In CS,
the gas pressure, gas temperature, and particle size must all
be tailored to the material to ensure high interparticle bond-
ing and low porosity. Feedstock powder spheroidization is
not always necessary and therefore simpler feedstock prepa-
ration methods, such as ball milling or attrition, can be used
with lower cost than the GA and PS feedstocks needed for
PBF [91].

As with other AM methods, O present in the carrier gas
must be minimized to prevent embrittlement and the growth
of surface oxides, which hurt interparticle bonding [92]. For
example, three studies by Kumar et al. reported pure Nb
manufactured via CS where the spray gas was air at 450 °C
and 2 MPa [93-95]. In each study, they used a powder feed-
stock with an average diameter of 30 um that was crushed,
leading to a jagged and non-spherical morphology. The rela-
tive density of their samples was 99.7% as-deposited, which
they were able to improve to > 99.9% by vacuum annealing

at > 1000 °C for 2 h. The relative density increased with
increasing annealing temperature up to 1500 °C. They
observed that the corrosion performance of the CS Nb was
poor due to preferential corrosion at the boundaries between
particle splats but was improved after vacuum annealing.

It is also worth noting preliminary evidence that the CS
deposition of pure Nb has properties that may be suitable
for superconducting radio frequency (SRF) cavities, but
once again O contamination must be minimized by using
an inert carrier gas [71, 95, 96]. Studies by Nault et al. [97]
and Roper [98] demonstrated successful CS of pure Nb
using He gas at 550-600 °C and 3.1-3.5 MPa instead of
air; a study by Sotiropolous et al. [99] showed that N gas
is also effective if a ceramic “shot-peening” powder is cold
sprayed simultaneously to work-harden the Nb during CS to
improve relative density. As demonstrated in these studies,
high purity inert gas (He) can be used for critical compo-
nents where O content must be minimized while cheaper
gasses (air and N) can be used for less critical applications
where gas cost is a greater concern.

3 Material properties
3.1 Mechanical properties
3.1.1 LPBF

Conventional manufacturing of pure Nb, such as cast-
ing followed by furnace cooling, results in a highly duc-
tile material with a Vickers macrohardness (HV) of 81 HV,
tensile yield strength (o) of ~140 MPa, ultimate tensile
strength (UTS) of ~200 MPa, and an elongation at break
(e,p) Of ~45% [13, 44]. Note that the overwhelming major-
ity of studies in this review reported a Vickers microhard-
ness, but any instances where conversions were necessary
from other measurements followed the guidelines outlined
in [100]. In the case of LPBF on pure Nb, Griemsmann et al.
showed that a low VBR (0.4 mm?>/s) combined with a high
VED (300 J/mm?®) resulted in a 99.9% relative density part
(149 HVO.1, o, = 316 MPa, g, = 12.6%) [49]. By contrast,
Liu et al. showed that a lower VED (146 J/mm?®) and higher
VBR (2.4 mm?/s) achieved roughly the same density but
with improved mechanical properties (300 HVO0.1, o, = 553
MPa, g, = 26%) [2]. A very low VED (100 J/mm?®) and a
high VBR (1.8 mm?/s) resulted in 98% density as well as
diminished strength and ductility (6, = 490 MPa, ¢,, = 9%)
[42]. The results of Liu et al. therefore demonstrated the
best balance of strength and ductility, suggesting that 150
J/mm® is an optimal LPBF VED for pure Nb (Fig. 5). The
uniquely high strength and ductility was attributed to the
combination of high relative density with a high density of
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both low-angle grain boundaries and dislocations. Evidence
from AM of stainless steels suggests that dense dislocation
cell networks can improve both strength and ductility, thus
more research into the effects of these structures in pure Nb
is recommended [101-103].

Nb-521 and Nb-C103 processed via LPBF had similar
strength characteristics to pure Nb. In the case of Nb-521, a
low VED (87.5 J/mm?) resulted in the highest relative den-
sity (99.2%), highest ductility and moderate tensile strength
(o, = 395 MPa, g, = 18%) [73], whereas a higher VED
(143 J/mm®) resulted in roughly the same density but with
improved tensile strength at the expense of ductility (o, =
540 MPa, ¢4, = 8%) [40]. For Nb-C103, the same VED (121
J/mm?®) produced dissimilar results despite using the same
LPBF instrument, the same commercially available feed-
stocks, and the same build layer thicknesses (0.03 mm). In
the first case, Awasthi et al. produced a material with higher
strength and lower ductility (o, = 540 MPa, &, = 19%) [22],
whereas DuMez et al. reported lower strength and higher
ductility (o, = 447 MPa, &,, = 29%) [74]. The more ductile
sample had a microstructure of slightly elongated grains par-
allel to the build direction (~ 63 um diameter, 1.1:1 aspect
ratio), whereas the stronger sample had smaller and highly
elongated grains (~ 56 um diameter, 5.6:1 aspect ratio) par-
allel to the build direction. The stronger sample also exhib-
ited a high-density cellular network of dislocations, which,
in conjunction with grain boundaries, impeded dislocation
motion and likely enhanced the strength while maintaining
relatively good ductility.

However, neither Dumez et al. nor Awasthi et al. fully
reported their process parameters, making it difficult to
assess which variables controlled the grain size and shape
anisotropy. A VED of 169 J/mm?® and 0.02 mm layer thick-
ness used by Brizes et al. resulted in a much finer grain size
(~ 22 pm diameter) and improved strength over the other
LPBF Nb-C103 alloys at the cost of ductility (o, = 601
MPa, g,, = 15%) [66]. It is worth noting that Nb-Si alloys
prepared by LPBF were significantly harder than the other
Nb alloys in this review, due to the composite mixture of
Nb,, and Nb-Si phases [43].

Fig.5 The variation of a UTS

Q

The primary factors for improved strengthening from
LPBF compared to casting are the LPBF microstructure
as well as O embrittlement, which will be discussed later.
The LPBF microstructure is characterized by having a fine
grain size (45-80 um for pure Nb [2, 42, 72], 12—-80 pm for
Nb-521 [24, 40, 73], and 22-63 pm for Nb-C103 [22, 66,
74]) and a high amount of retained thermal stress due to
the rapid rate of cooling from melt (Fig. 6a). The thermal
stress results in a relatively high density of defect structures
including dislocations, which combined with the high den-
sity of grain boundaries contribute to increased strength at
the expense of ductility under well-understood theories of
dislocation-based strengthening in metals [104, 105]. As
mentioned previously, tuning the size of networks of dislo-
cation cells may be one method to overcome this strength-
ductility tradeoff.

PBF AM of BCC materials often results in a dominant
< 001 > crystallographic texture along the build direction
[22, 42]; however, alternative anisotropic texture orienta-
tions have been observed. For example, Chesetti et al. used
asimilar VBR, VED, and raster pattern to Liu et al. and both
studies reported the development of < 111 > grain texture
(the slip direction in BCC metals) aligned with the build
direction. In contrast, Griemsmann et al., using a higher
VED and lower VBR, did not develop < 111 > texture
and reported lower o, and UTS along with an &, that was
between the values reported by Liu et al. and Chesetti et
al. [49]. It is difficult to conclude the effect of anisotropic
texture on the mechanical properties of Nb due to a lack of
studies that systematically isolate texture from other vari-
ables, such as grain size and interstitial alloyants, and there-
fore it is worthy of further study (Table 1).

3.1.2 EPBF

EPBF of pure Nb resulted in a softer material with proper-
ties much closer to conventional processing. For example,
Terrazas et al. reported a macrohardness (unreported applied
load) of 82 HV (o, = 141 MPa, g,, = 34%) [44]. Notably,
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Fig. 6 The electron backscatter diffraction (EBSD) inverse pole figure
(IPF) grain morphology of AM Nb alloys imaged with the build direc-
tion vertical: a LPBF Nb-C103 [22], b EPBF Nb-C103 [46], ¢ LPDED

Table 1 Mechanical property ranges of available LPBF Nb alloys from
tensile and hardness testing

Alloy G, UTS £ HV Refs.

Pure Nb  316-553 525-639 9-26 149-300 [42,49,71,72]
Nb+O 703 747 1.7 N/A [2]

Nb-521  395-540 623-629 8-18 220 [40, 73]
Nb-C103 486-601 447-632 15-29 193 [22, 66, 74]
Nb-Si N/A N/A N/A 490-1410 [43]

N/A indicates that a value was not reported in the reviewed literature.
HV reported following the guidelines of [100]

they reported no increase in O content between the precursor
powder and the EBPF part and therefore O embrittlement
was effectively mitigated. Under similar EPBF processing
conditions and with the same powder precursor, Martinez
et al. reported a microhardness (unreported applied load) of
94 HV for powder of uniform size and a hardness of 112
HYV when the powder was sieved into a bimodal distribution
[76]. In this case, they observed that the improved packing

pure Nb [70], d WADED Nb-1Zr [85]. Reprinted with permission (a)
from Elsevier, (b) under CC BY 4.0 license from Springer [50], (¢)
from Elsevier, and (d) from Wiley

density of the bimodal powder improved the density of the
manufactured Nb and therefore improved the hardness. As
shown in Table 2, EPBF of Nb-C103 had improved strength
over EPBF of pure Nb, albeit at the expense of ductility
through solid solution strengthening [46].

Some less common Nb alloys have been processed via
EPBF. As mentioned previously, Hankwitz et al. manu-
factured Nb-1Zr wt% (o, = 366.5 MPa, &, = 23.6%) and
Nb-10 W-1Zr-0.1 C wt% (o, = 301.0 MPa, g,, = 13.2%)
[65]. Gao et al. processed Nb-Si-Ti with EPBF, producing
a very hard material (700 HV0.5) with poor fracture tough-
ness (~5 MPa-m'? for EPBF compared to ~14 MPa-m"? for
as-cast) due to crack initiation at the boundary between the
Nb-Ti and Nb;Si phase regions [77, 106].

Microstructural differences of EPBF as compared to
LPBF include a larger grain size (200 —250 um for pure
Nb [44, 76]), longer columnar grains parallel to the build
direction, and lower retained thermal stress (Fig. 6b). The
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Table2 Mechanical property ranges of available EPBF Nb alloys from
tensile and hardness testing

Alloy G UTS £ HV Refs.
Pure Nb 141 225 343 82-112 [44, 76]
Nb-C103 247 354 25 N/A [46]
Nb-1Zr 367 429 23.6 N/A [65]
Nb-Si N/A N/A N/A 700 [77]

N/A indicates that a value was not reported in the reviewed literature.
HV reported following the guidelines of [100]
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Fig. 7 A comparison of the average mechanical properties for the AM
techniques used to fabricate pure Nb in this review. Note that data on
WADED of pure Nb was not available

elevated ambient temperature of EPBF (610 —1100 °C pre-
heated powder bed) reduces the severity of thermal cycling
during the raster process compared to LPBF, slowing the
cooling rate from melt, and keeping thermal stresses closer
to those encountered during conventional processing.
Therefore, one clear distinction between LPBF and EPBF
is that EPBF produces mechanical properties closer to con-
ventional processing, as clearly evidenced by the amount of
strength exchanged for ductility. Comparing the inert gas
used in LPBF to the vacuum condition used in EPBF, the
vacuum prevents a significant amount of O from diffusing
into the EPBF part. Additionally, the larger particle sizes
used in EPBF make them less prone to oxidation during
atomization of the feedstock.

3.1.3 LPDED

Of the limited studies using LPDED on Nb alloys, only
Liu et al. reported tensile strength [70]. They showed that
LPDED of pure Nb resulted in a relatively weak material
with poor ductility (o, = 220 MPa, &,, = 0.7%) primarily
due to large columnar grains (180 um) parallel to the build
direction (Fig. 6¢). Despite the use of Ar shielding gas,
oxygen embrittlement was also likely given the exception-
ally low ductility (Fig. 7). The large grains showed inter-
granular cracking in the as-built condition that then led to
brittle intergranular failure under tensile stress. One way
they offset the large grain size of LPDED Nb was to intro-
duce TiC nanoparticles into the powder feedstock up to 3
wt%. The introduction of TiC refined the grain size (112

@ Springer

pm), promoted equiaxed grains without intergranular crack-
ing, and introduced a-Nb,C precipitates, resulting in a dras-
tic improvement in both strength and ductility (o, = 276
MPa, ¢, = 17.8%). Given its higher affinity for ox1dat10n
compared to Nb, the addition of Ti likely also served as an
oxygen absorber, mitigating Nb embrittlement [107]. There-
fore, the introduction of precipitate-forming alloyants, like
TiC, is an effective way to offset the negative impact of the
large melt pool inherent to LPDED of Nb.

3.1.4 WADED

The only WADED studies reporting Nb alloy mechanical
properties are from Islam et al. on Nb-1Zr wt% [41, 85]. As
they varied the VED from 138 J/mm? (147 HVO0.5, o, =326
MPa, &, = 25.2%) to 168 J/mm? (164 HV0.5, o, = 380 MPa,
gp = 24.5%), hardness increased, strength 1ncreased and
ductility remained roughly constant. This balance of tensile
strength and ductility is quite similar to that of EPBF of Nb-
1Zr. Like EPBF, WADED produced a large, columnar grain
size but with dendrites branching off of the main columnar
grains (Fig. 6d). They also reported a very low concentra-
tion of Nb oxides, which was due to a combination of the
low surface area to volume ratio of the wire feedstock com-
pared to powder, as well as the observed preferential oxida-
tion of Zr into ZrO,. Therefore, large grain size and low Nb
oxide content contributed to the high ductility in both EPBF
and WADED.

3.1.5 CS

Few studies to date have used CS for AM of Nb alloys, with
only pure Nb being explored. Kumar et al. reported tensile
strength for CS of pure Nb [93, 94]. They reported tensile
values after annealing the as-sprayed materials at 1000—
1500 °C for 2 h to improve the inter-particle bonding and
density. Increasing the annealing temperature from 1000 °C
(o, =232 MPa, g, = 0.7%) to 1500 °C (o, = 375 MPa, g,
= 2.4%) improved not only tensile strength but also elonga-
tion. Therefore, the heat treatment had the effect of closing
pores, improving bonding between splats, and relieving the
stress of plastic deformation [108]. The tensile properties
are very similar to those observed by Liu et al. for LPDED
of pure Nb, demonstrating that CS followed by annealing
can achieve similar properties to a melt-based technique.
However, the low ¢, in the annealed state indicates that
using air as the carrier gas introduced a high concentra-
tion of O into the CS Nb, preventing CS from achieving the
combination of strength and ductility observed in EPBF and
LPBF. Therefore, further study using N, He, or other inert
gases is encouraged.
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Roper investigated CS on pure Nb using He carrier gas
instead of air and reported a compressive yield strength
of 1.1 GPa [98]. Roper also applied a 1 kW (1.25 MW/m)
constant laser heat source during the spray in a technique
known as laser-assisted CS (LACS) to increase the surface
temperature during deposition. Comparing the as-sprayed
(300 HV0.5) and LACS (260 HVO0.5) hardnesses, the extra
heat from LACS relieved some of the residual stress from
plastic deformation [109].

3.2 Oxygen embrittlement

One of the fundamental challenges of AM for Nb alloys is
controlling the exceptional loss of ductility in exchange
for strength due to O embrittlement. This limits the use-
fulness of Nb alloys in structural applications if ambi-
ent O is not minimized along the entire processing chain
from feedstock to part. It is generally clear that, com-
pared to conventional casting, LPBF improves the tensile
strength of Nb at the expense of ductility. It was reported
by Chesetti et al. that the presence of < 1.3 at% interstitial
O in pure Nb will cause strengthening as well as embrit-
tlement hardening [42]. Interstitial N can have a similar
effect, although at a less severe degree. They observed
that interstitial O and N segregated to the grain boundar-
ies in LPBF Nb but maintained a high enough concen-
tration throughout the Nb matrix to impede dislocation
motion and cause strengthening. Yang et al. reported
strong coupling between crystal lattice vacancies and
solute O, which stabilized the vacancies in the presence
of screw dislocations and prevented their decomposition
(Fig. 8a) [13]. Additionally, O-induced strengthening was
observed by Liu et al. to come at the expense of ductility.
g,;, dropped from 26% for 0.05 wt% O down to 1.7% for
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0.23 wt% O, with the corresponding o, increasing from
553 MPa to 703 MPa, respectively (Fig. 8b) [2]. There-
fore, processes that minimize O uptake in the feedstock
production and AM, such as EPBF and WADED, are best
suited to producing Nb alloys with a combination of high
ductility and strength.

3.3 Post processing
3.3.1 Annealing

One way to test the relative effect of O embrittlement
versus other strengthening mechanisms based around
dislocation motion, such as grain boundaries, crystal-
line defects, and solid solution strengthening, is to see
whether the strengthening is reversible using a heat treat-
ment to anneal out defects and increase grain size with-
out changing the O content. For example, Hankwitz et al.
achieved significant strengthening reversal in exchange
for ductility on EBPF Nb-1Zr wt% by performing a vac-
uum anneal at 1200 °C for 4 h and 12 h [65]. As shown
in Fig. 9, there was a smooth tradeoff between strength
and ductility, suggesting that O embrittlement was not
the primary strengthening mechanism in this case.
Philips et al. found a less conclusive tradeoff between
strength and ductility in EPBF Nb-C103 by annealing
under vacuum at 1500 °C for 4 h [46]. Comparing the
as-fabricated (o, = 247 MPa, g, = 25%) and annealed
conditions (o, = 261 MPa, ¢,, = 28%), o, and &, were
both increased. This was likely due to the increased effect
of solid-solution strengthening from the 10 wt% Hf pres-
ent in Nb-C103, where the high-temperature annealing
encouraged diffusion of Hf throughout the material that
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Fig. 8 Engineering stress-strain curves for pure Nb with and without the effect of O embrittlement from a Yang et al. with the tensile specimens
shown as inset [13] and from b Liu et al. showing multiple values of VED [2]. Both reprinted with permission from Elsevier
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may have remained segregated during EPBF. Results
from Hankwitz et al. on EPBF of Nb-10 W-1Zr-0.1 C
wt% support this hypothesis [65]. They observed that
segregated clusters of W left behind from EPBF began to
dissolve into the alloy matrix when annealed at 1200 °C
for > 4 h, improving both strength and ductility.

Therefore, while the strengthening due to dislocations
is reversible through annealing, solid solution strength-
ening may actually be increased through annealing when
alloyants like Hf and W are not well dispersed during
AM. While annealing may have different effects depend-
ing on the composition of the Nb alloy in question, it is
clearly possible to restore ductility after EPBF in some
cases when O contamination is effectively mitigated. It is
noteworthy that, despite the higher prevalence of O con-
tamination, no studies on LPBF have explored whether
strengthening was a result of O or other microstructural
features, leaving this as an open question worthy of
future exploration.

3.3.2 Hot isostatic pressing

Another common post-processing technique is hot isostatic
pressing (HIP) at high pressures (> 100 MPa) to close voids
and relax stress after AM. This is an effective solution to
one of the fundamental challenges of AM for Nb alloys: it
can remove defects caused by the severe thermal gradients
formed when cooling from its high melting point.

For example, Brizes et al. performed HIP on LPBF
Nb-C103 (1500 °C for 4 h in Ar) (Fig. 10) [66]. This had
a drastic impact on the tensile strength, lowering o, by
44% but increasing ¢,;, from 15% to 27%. HIP had a negli-
gible effect on the measured density but increased the aver-
age grain size by a factor of 10 and eliminated almost all
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Fig. 9 The tradeoff between strength and ductility in EBPF Nb-1Zr
wt% when annealed at 1200 °C. Figure drawn from data reported by
Hankwitz et al. [65]
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low-angle grain boundaries (< 15° misorientation). Simi-
larly, Dumez et al. performed HIP on LPBF Nb-C103 (1593
°C for 2 h) [74]. In this case, the grain size increased by
150% and o, decreased by 31%, although ¢,, was observed
to increase when the tensile load was applied parallel to
the build direction and decrease when it was applied per-
pendicular to the build direction. This indicates that HIP
is successful at relaxing the microstructure through grain
growth, recrystallization, and dislocation motion and anni-
hilation, but retains the material’s anisotropy. In addition to
the annealing in Sect. 3.3.1, Philips et al. performed HIP on
EPBF Nb-C103 (1593 °C for 4 h) [46]. Interestingly, they
observed a 14% increase in o, while ,, was unchanged and
the relative density increased from 99.77% to 99.97%. They
did not comment on changes to grain size, dislocation den-
sity, or O content, although prior work by Philips et al. has
shown a ~ 100 ppm increase in O content in Nb-C103 pow-
der subjected to HIP [10]. Thus, further study is needed to
understand the full microstructural impact of HIP across the
full range of Nb alloys and AM processes.

3.4 High-temperature oxidation resistance

Similar to their tendency to oxidize during AM, Nb alloys
used in aerospace applications undergo high-temperature
oxidation in air which can degrade their structural integrity.
The oxide phases that tend to form on the surface at high-
temperatures, Nb,Os and NbOys, are porous and do not form
a passivating layer to prevent further oxidation [110]. Add-
ing alloying elements that can form more compact oxide
layers, such as Si, are a well-known strategy to improve
the high-temperature resistance. Other strategies to miti-
gate high-temperature oxidation include coatings based on
Si and Al, N-ion implantation, and forming the metastable
Nb,,0,4 phase, which are beyond the scope of this review
and readers should consult other recent studies for more
information [74, 110-117].

A LPBF pure Nb and a LPBF Nb-W-C alloy were tested
for high-temperature oxidation by Cardozo et al. [72]. Using
thermogravimetric analysis (TGA), the samples were heated
in air from room temperature to 1400 °C to observe their
mass gain from oxidation. In the case of LPBF pure Nb, the
onset of oxidation occurred at ~500 °C, which is the same
as conventionally cast pure Nb [111]. In the LPBF Nb alloy
with W-C, the onset of oxidation remained around ~500 °C,
however, the rate of mass gain was lower compared to pure
Nb up to ~1000 °C, beyond which the oxidation rates con-
verged. Li et al. used LPDED to fabricate Nb-Ti-Si alloys
with Zr, Cr, and Mo as additional alloyants and studied the
oxidation behavior by annealing the alloys in air at 1250 °C
[27]. The alloyants Zr, Cr, and Mo were found to improve
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Fig. 10 EBSD band contrast images of LPBF Nb-C103 from Brizes et al. a as-built and b after HIP, showing the dramatic increase in grain size
and loss of low-angle grain boundaries [66]. Reprinted with permission from Springer

the oxidation resistance following a descending effective-
ness of Cr > Zr > Mo. The mass gain per unit surface area
for Nbg;Ti»;Si;4 (130 mg/cm?) dropped by a factor of 4 for
Nb;Ti,;Si;4Cryy (32 mg/cm?), showing that substituting
Cr for Nb can significantly improve the high-temperature
oxidation resistance through the formation of a CrNbO,
passivating layer. Similar studies on binary Nbgg * , alloys
produced by conventional processing has found that the
descending effectiveness of alloying elements in preventing
oxidation follows the trend V> Ti > Si> Cr>Al > W > Hf >
Mo > Zr at 350 °C, indicating that oxidation resistance may
vary depending on the manufacturing method and the other
elements present in the alloy [118].

3.5 Thermal stability

Creep resistance is an important extrinsic property of Nb
alloys for sustained structural performance under extreme
thermal and mechanical loads. It describes their suitability as
replacements for Ni-based superalloys in high-temperature
turbine blades [119], hypersonic vehicle leading edges, con-
trol surfaces, and engine inlets [120]. Unfortunately, exist-
ing data on creep resistance of conventionally processed Nb
alloys is sparse, and the literature does not yet cover those
that are additively manufactured. According to Bowling et
al., most conventionally manufactured Nb alloys exhibit
creep resistance dominated by a solute drag mechanism (i.e.

Class 1 creep), where alloyants Hf and Zr improve creep
resistance [79]. Furthermore, a high annealing temperature
is generally correlated with improved creep resistance, due
in part to the formation of precipitates, although the unde-
termined overall mechanism requires further study.

Despite the gaps in reported literature, there is a small but
growing body of work on how the tensile properties of some
AM Nb alloys vary at high-temperature. For example, Sun
et al. performed tensile testing on LPBF Nb-521 at room
temperature and at 1200 °C in a vacuum environment to
minimize oxidation [40]. Room temperature strength (o,
= 540 MPa, g,, = 8%) diminished significantly at 1200 °C
but ductility slightly improved (o, =200 MPa, g, = 10%).
However, the LPBF sample maintained a higher absolute
strength than conventional hot-rolled and annealed Nb-521
reported by Bukhanovsky et al. at room temperature (6, =
320 MPa, &,,=29%) and 1200 °C (o, = 117 MPa, &,, = 44%)
[121]. Despite this, the LPBF Nb-521 alloy had roughly the
same relative loss of strength as conventional processing
but without a significant improvement in ductility. The low
improvement in LPBF Nb-521 ductility was largely attrib-
utable to the high density of ZrO, precipitates, dislocations,
and elevated porosity as compared to the hot-rolled sample.

A comparison of the change in tensile properties with
temperature of Nb-C103 for different processing tech-
niques is shown in Fig. 11. The tradeoff between strength
and ductility is quite similar to Nb-521, where increasing
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Fig. 11 The change in Nb-C103 tensile strength and elongation with temperature. LPBF samples were annealed at > 1300 °C for > 1 h prior to
tensile testing. Drawn with data from Philips et al. [10] and Brizes et al. [66]

temperature lowers strength without a meaningful increase
in ductility up to ~ 1200 °C. However, above 1200 °C, there
is a dramatic recovery in ductility in both the LPBF and
wrought samples due to recrystallization, which begins
around 1000 °C in Nb-C103 [66].

Given the applicability of Nb alloys to structural materials
in harsh environments, further investigation of the strength
and microstructural evolution at moderate (500—1000 °C)
and high (> 1000 °C) temperatures is needed across all the
AM processes in this review. Specifically, the dominant
mechanisms affecting creep, strength, and ductility, as well
as differences among the different Nb alloys and interme-
tallics, must be studied to isolate whether high-temperature
properties are extrinsic, as a result of the AM process, or
intrinsic to the specific Nb material composition (Fig. 7).

4 Physical simulations and data analytics
4.1 Physical simulations

Within the context of AM, physical simulations can isolate
process variables and explore their effects across multiple
time and length scales. Generally, physical simulations
include first-principles (FP) calculations, phase-field (PF)
modeling, and finite-element methods (FEM). FP calcula-
tions provide insight into the nano-scale quantum physical
phenomena relevant to material behavior. PF modeling is
well suited for capturing micro-scale processes such as dif-
fusion and liquid-solid phase transformations. FEMs are
effective for modeling thermal gradients, residual stresses,
and mechanical deformation during manufacturing and/
or testing at the macroscale. A summary map is shown in
Table 3 to illustrate the various scales and applications
addressed by different simulation methods.
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Table 3 Summary mapping of simulation methods to AM outcomes
for Nb alloys with concepts adapted from [115]
Scale  Model

Nano FP

Mechanism AM applications

Electrons/Atoms Crystal phases,
Thermal stabil-

ity, Alloyants,
Oxidation, Crystal
defects

Defects, Grain size,
Porosity, Melt Pool
Distortion,
Strength, Residual
stress

Micro PF Microstructure/Interfaces

Macro FEM  Heat flow/Bulk material

To date, few studies have applied modeling techniques
to Nb alloys, and even fewer have reported modeling Nb
alloys for AM. Yet, while some examples in this section
may not specifically focus on Nb alloys, the modeling meth-
ods are highlighted for their potential to be translated to the
Nb material system to solve aforementioned challenges of
efficient AM process selection, composition selection for
oxidation resistance, and minimization of AM defects.

4.1.1 First-principles simulations

At the smallest scales, FP calculations of the electronic and
atomic structures have been used to model the phase stabil-
ity, crystal structure, elastic properties, and oxidation resis-
tance of Nb alloys. For instance, Reynolds et al. carried out
density functional theory (DFT) to investigate the interac-
tions between interstitial O atoms in Nb-X-O materials (X
= Al, Cr, Hf, Mo, Re, Ru, Sc, Si, Ta, Ti, V, W, Y, and Zr)
[122]. The variation of binding energy strength between the
X and O atoms was largely ascribed to a geometric mis-
match effect that can be rationalized through atomic attri-
butes, making it straightforward to choose Nb alloyants for
improved oxidization resistance. A subset of FP modeling,
molecular dynamics (MD) has been applied to pure Nb in
multiple studies. For instance, Jain et al. used MD to model



Progress in Additive Manufacturing (2026) 11:6491-6517

6505

the hyper-local heat transfer of a modeled cylindrical super-
cell of BCC Nb atoms using the embedded atom method
(EAM) interatomic potential [123]. They divided the super-
cell into three different cylindrical layers, from inside to out
radially, and applied heating and cooling to the different lay-
ers at a rate of 1 °C/ps and 5 °C/ps, respectively, to observe
atomic-level variations in melt behavior. Rapid cooling
from high-temperature produced amorphous and distorted
BCC clusters in the supercell prior to stabilization of the
BCC phase. Therefore, MD can help predict the atomic-
level aspects of solidification from melt needed to inform
larger scale modeling like FEM.

Other examples of MD modeling less directly applicable
to AM include modeling of crack tip propagation [124] and
point defects like vacancies [125—127] in single crystal pure
Nb, which can aid in predicting oxidation behavior in Nb.
Other studies have developed custom empirical inter-atomic
potentials for Nb alloys which were fit into DFT-calculated
materials properties. For example, Yang and Qi employed a
strategy to create a modified EAM potential that was able
to reproduce multiple mechanical properties of Nb, includ-
ing ideal shear strength and ductility, accurate dislocation
properties, and phonon spectrum in agreement with DFT
calculations [128]. By considering the motion of crystal-
line defects, rather than the perfect crystal lattices of DFT,
MEAM bridges the gap to the micro-scale and allows for
more realistic models of Nb alloy mechanical properties
under applied stress. Therefore, there is a small but growing
body of FP work on Nb alloys to aid in alloy selection, with
specific attention to oxidation resistance, and predict mate-
rial properties for efficient multi-scale modeling of AM.

CALPHAD modeling establishes the relationships
between chemical composition, material properties, and
phase stability, enabling accelerated optimization of com-
position in AM of Nb alloys, especially in high-temperature
applications [119]. Bowling et al. conducted a comprehen-
sive CALPHAD study of common Nb alloys and validated
modeled properties against experimental results [80]. They
reported good agreement between CALPHAD predictions
and measurements for specific heat capacity and coefficient
of thermal expansion. Additionally, they compiled experi-
mental data and developed empirical models for elastic
modulus and thermal conductivity. Together, these ther-
mophysical properties serve as essential inputs for higher
scale models like FEM to predict AM process outcomes.
However, standard CALPHAD databases may not explic-
itly account for elevated oxygen concentrations, which
are common in fusion-based AM processes like LPBF and
LPDED; future validation should determine whether exist-
ing models remain accurate for oxygen contaminated AM
Nb alloys or require modifications to account for interstitial
oxygen effects.

4.1.2 Phase-field modeling

The material properties of additively manufactured alloys
are governed by their resulting microstructure, which
evolves during the AM process [2, 3, 22, 129]. However, the
characteristic length scale of most microstructural features
(~10 pm) is far beyond the capability of FP calculations
(~1 nm), even using the most powerful supercomputers.
PF offers a micro-scale simulation approach for capturing
microstructural evolution, by incorporating thermodynamic
driving forces such as interfacial energy and different trans-
port phenomena, such as heat conduction and diffusion
[130, 131]. It significantly reduces the degrees of freedom,
and therefore computational complexity, by treating the
microstructure evolution as variations of order parameters.

In the most relevant study of PF modeling applied to AM
of Nb alloys, Prabhune et al. applied the volume of fluid
(VOF) method of computational fluid dynamics (CFD) to
model LPDED of Nb-C103 [87]. In this study, they mod-
eled the interfacial interactions between the solid powder
particles, molten deposit, and the solid interface along with
the associated heat flows to reasonably predict the height
and width of one track of LPDED at different laser power
inputs (Fig. 12). The ability to accurately predict the geom-
etry of the LPDED track rapidly expedited the selection of
a Nb alloy processing window (e.g. laser power, scan speed,
raster geometry) that was free of lack of fusion and keyhole
defects.

While not a true Nb-majority alloy, Ti-Nb processed with
AM has been explored with PF modeling to predict the heat
flow within the melt pool and the resulting microstructure.
Fallah et al. used PF modeling of the solid-liquid interface
during LPDED of Ti-30Nb at% to accurately predict the
dendrite arm tip radius and dendrite spacing as it varied
along the build direction, aligning well with experimental
observation of a dendritic spacing minimum distance near
the midpoint of the build height [132]. Likewise, Cheng
et al. applied CFD PF modeling to LPBF of Ti-25Nb at%,
modeling the cooling rate in a bulk solid model as well as in
a powder bed model, revealing a deviation of cooling rate
between the two of up to 27% [133]. This clearly revealed
the importance of incorporating the powder bed character-
istics when predicting heat flow during LPBF. Perhaps most
importantly, their model allowed them to observe when the
local cooling rate would lead to dendritic, cellular, or planar
grain morphologies, a key factor in selecting the LPBF pro-
cessing parameters.

Similar research on other material systems is translat-
able to Nb alloys and shows the potential for PF model-
ing in AM. For example, Zhang et al. used PF to analyze
the role of powder particles in LPBF porosity and density
[134]. Their results indicated that smaller particles mixed

@ Springer



6506 Progress in Additive Manufacturing (2026) 11:6491-6517
(a) —O— Simulation (b) —O— Simulation
2.0 —O— Experiment 1.9 A 0.60 - —{— Experiment
1.7 =
= g 0.45
E g 0.45- 031_1/%3//0 1
_: -
s 154 14 16 1 & D_/D/,,g
= 2 0.37
B 1 4 T 0.30 034 4
0.31
1.2
1.0 . 0.154 .
600 700 800 900 1000 1100 600 700 800 900 1000 1100
Power (W) Power (W)

Fig. 12 CFD simulation of how Nb-C103 LPDED track geometry varies with laser power in terms of a width and b height as compared to experi-
mental validation. Reprinted from [87] under CC BY 4.0 license from Elsevier [50]

with larger particles contributed to higher density because
it improved packing during spreading and aided the sinter-
ing coalescence between particles. This agrees well with
the effects of a bimodal powder size distribution in EPBF
observed by Martinez et al. in Sect. 3.1.2 [76].

Thus, while PFs have successfully reproduced experi-
mental AM observations in other material systems, they
have only recently been applied to the AM of Nb-majority
alloys. Given the high cooling rate from melt and preva-
lence of porosity in Nb alloys made with AM, PF should
be further explored as a line of inquiry to aid in processing
window selection and porosity defect control.

4.1.3 Finite-element methods

At the macro-scale, FEMs provide physical insights into
how temperature distribution and residual stresses develop
during an AM process. In FEM, the behavior of each ele-
ment at each time step is governed by physical principles
describing mechanical and thermal responses, typically
represented by constitutive models and heat flow equations.
Input parameters generally include part geometry, material
parameters (e.g. density, thermal conductivity, Poisson’s
ratio, etc.), meshing schemes (e.g. types of elements and
meshing strategy), as well as specifications of heat models
and boundary/initial conditions that are necessary to deter-
mine evolution of the physical properties with time [135].
Jain et al. used FEM to model the heat flow during elec-
tron beam welding of pure Nb [53]. This enabled them to
predict the melt pool geometry and heat flow into the sur-
rounding solid material over time, as well as predict the
maximum temperature within the melt pool. While this
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model assumed an electron beam encountering a solid mate-
rial, rather than powder as in EPBF, it is one of the few
examples of how to apply FEM modeling to EPBF of Nb.
Islam et al., whose WADED study was reviewed in Sect.
3.1.4, applied FEM to generate a calibrated and validated
stress-strain model of Nb-1Zr wt% by incorporating crystal
plasticity (CP) into the model [41]. Starting with a model of
predicted parameters from the as-built WADED microstruc-
ture, they iteratively adjusted parameters until the modeled
stress-strain response approached the experimental calibra-
tion, resulting in a model that matched the UTS and o, of the
validation data within 3% error. However, they noted that
because the model relied on periodic boundary conditions
and did not incorporate sub-grain features like dendrites, it
could not accurately model the strain localization observed
in experimental plastic deformation due to the inhomoge-
neous residual thermal stresses in WAAM.

Therefore, FEM stands to simplify the process optimiza-
tion of fusion-based AM for parts requiring high geomet-
ric precision and minimize the loss of time and costly raw
materials in trial-and-error experimentation.

4.2 Multi-scale multi-physics modeling

Due to the complexity of AM processes, multi-scale and
multi-physics simulations are necessary to describe the
physical phenomena occurring across various scales: from
DFT, to PF, to FEM. While the aforementioned combination
of MD and FEM for electron beam welding of pure Nb by
Jain et al. comes close, no truly multi-scale models have yet
been reported for AM of Nb alloys. A closely related study
by Zhang et al. explored a multi-scale combination of PF
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and FEM thermal models with a CP mechanical model [136]
in LPBF, but with a Ti-21Nb at% alloy. In their workflow,
the FEM thermal modeling stablished the cooling dynam-
ics from melt, which then was used as the input for the PF
modeling of dendritic and cellular microstructures based on
different LPBF process parameters (laser power and raster
speed). The output microstructures were then fed into the
CP mechanical model to predict the mechanical properties
of strength and hardness and showed reasonable agreement
with experimental validation. Another study by Ghosh et
al. followed the same general workflow to model LPBF of
Ni-5Nb wt%, utilizing FEM to model the heat flow during
cooling and then feeding this into a PF model to simulate
the dendritic microstructure and concentration distribution
of the Nb alloyant [137]. These predictions can be used to
inform any post-processing needed after AM to achieve a
homogeneous microstructures and distribution of alloyant
elements.

Despite the lack of multi-scale modeling studies on Nb
alloys, a materials-agnostic example of how multi-scale
models can be translated to Nb alloys, based on multi-
scale simulations on Ti alloys developed by Yan et al., is
outlined in Fig. 13 [138]. At the nano-scale, a FP model
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was developed to simulate electron-atom collisions from
an electron beam heat source. At the micro-scale, PF meth-
ods were used to model the grain growth and subsequent
coarsening within one molten pool track. Macro-scale FEM
models were focused on predicting the residual stresses and
temperature gradients for repeating molten pool track lay-
ers at larger time and length scales. Combined into one lay-
ered model across scales, this framework was able to inform
the powder selection and optimization of AM instrument
parameters. Thus, translating these principles would allow
for the rapid optimization of instrument parameters for new
Nb alloy compositions while minimizing trial and error.

4.3 Data analytics and machine learning

As has been reported throughout this review, there is a criti-
cal lack of comprehensive study of AM processing of Nb
alloys, especially in terms of data analytics and ML, and
thus a lack of evidence to analyze and draw broad con-
clusions from. Therefore, this section reviews the sparse
reports of applying data analytics to Nb alloys as well as
reviews modeling of AM for similar alloys and how these
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Fig. 13 Multi-scale simulation framework to link process, structures and properties. Reprinted from [138] under CC BY 4.0 license from Springer
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prototypical studies show promise for being applied to AM
of Nb alloys.

4.3.1 ML for Nb alloys

While computational modeling has shown aptitude for over-
coming some of the challenges inherent to AM of well-stud-
ied Nb alloys, such as compositional design for oxidation
resistance and optimizing mechanical properties, ML can
help expedite material selection of novel Nb alloys from a
large space of candidate compositions.

In the most relevant example regarding mechanical prop-
erties, Mohanty et al. utilized a gradient boost regressor ML
model of various Nb (plus any of the 14 common alloyants)
alloy compositions, trained on existing experimental data on
thermal and mechanical properties, to predict UTS and o,
variation with temperature for different alloyant combina-
tions [139]. Their Bayesian optimization method efficiently
scaled down their alloy search space from ~ 1.6 x 10° unique
quaternary alloy compositions and ~ 60 x 10° unique qui-
nary alloy compositions to a shortlist of 7 candidates with
optimal high temperature strength performance. In a similar
study, Xiong et al. used a “gray wolf optimization-extreme
learning machine” ML model to optimize Nb-521 compo-
sition when alloying with low levels of Sc and Y [140].
These elements, though costly in their raw materials, can
provide useful precipitate or solid-solution strengthening.
Thus, their ML model enabled them to predict 6, and &, for
various combinations of Sc and Y in the Nb-521 matrix with
relative deviation from experimental validation values of ~
2% for 6, and ~ 27% for &,;,. This study suggested that &, is
more sensitive to minor changes in microstructure and was
therefore more challenging for the ML model to accurately
predict than 6,. One way to improve the prediction of &,
is to train ML models on entire stress-strain curves, rather
than discrete outputs like UTS and o, as demonstrated by
Wei et al. on Nb-W-Mo-Zr-Ta-Hf alloys [141]. They used a
multimodal-transformer ML model trained on stress-strain
curves of various compositions within the alloy system to
predict an optimal composition. This data was combined
with physics-based elemental alloy descriptors, like atomic
radius and enthalpy of mixing, and a text description of the
alloy processing method to account for variables like heat
treatment or plastic deformation. Their model indicated that
the composition Nb-6 W-2Mo-1Zr-6Ta-1.5Hf-0.05-0.2 N
wt% should outperform Nb-521, and their experimental
validation showed a relative 35% improvement in UTS over
Nb-521 while keeping €., = 28%.

Less attention has been paid to applying ML to optimiz-
ing the oxidation behavior of Nb alloys specifically, how-
ever recent results on Nb-containing refractory high entropy
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alloys (RHEASs) can shed light on how to apply ML to this
problem. Dong et al. used an extreme gradient boosting ML
model to predict oxide weight gain for various combinations
of Nb-Ti-Zr RHEAs alloyed with Cr, Al, V, Ta, Mo, Si, W,
and/or Hf [142]. This model suitably predicted the relative
oxidation rate at 1200 °C and identified that adding Cr, Al,
and Si as alloyants to Nb-Ti-Zr slowed oxidation. However,
using this and other forms of ML models like random for-
est regression for predicting corrosion behavior can result
in a “black-box” understanding of the problem. Therefore,
Shapley algorithm analysis was required in this and simi-
lar studies [143] to uncover the statistical importance of an
input (e.g. alloyant amount) on an optimized output (e.g.
oxidation resistance) and ensure the model aligned with
known physical principles of corrosion behavior.

4.3.2 ML for process optimization

ML models have been developed to optimize the AM pro-
cesses of many alloys, spanning applications from defect
detection to real-time process control, thereby reducing
reliance on skilled operator input. The emergence of com-
puter vision algorithms has advanced the capabilities of
AM in-situ monitoring and defect detection. For instance,
Scime and Beuth used computer vision algorithms to iden-
tify various defects in LPBF (Fig. 14), allowing operators
to automatically locate a build failure [144]. The algorithms
were proven to be robust and versatile on builds of stainless
steels, Inconel 718, Ti-6Al-4 V and AISi10Mg, suggesting
they can be readily translated to Nb alloys. Jin et al. used
a ML model to enable iterative and adaptive optimization
for a DED process [145]. Real-time monitoring and opti-
mization were enabled by computer vision and the fast
response of the ML algorithms. The technique was found to
achieve 98% prediction accuracy on the printed part status
quality, and it responded much faster to defect corrections
compared to expert human operators. These advances in
automatic flaw detection could be adapted to the process-
ing of Nb alloys, offering a valuable use case for preemp-
tively detecting flaws in high-performance applications like
aerospace and power plants. By halting flawed builds early,
these techniques help conserve both manufacturing time
as well as expensive raw materials. While some aspects of
ML flaw analysis may readily translate, such as identifying
large pores or lack of fusion defects, adaptations will require
training ML models on the unique flaw characteristics of
Nb alloys mentioned in Sects. 2 and 3, such as evidence of
oxidation and porosity caused by the increased cooling rate
from melt.

Liu et al. used ML to efficiently optimize the LPBF pro-
cess parameter window for AlSi10Mg samples [146]. By
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Fig. 14 An example flow chart using ML to identify various defects in LPBF. Reprinted from [144] with permission from Elsevier

fixing hatching space and layer thickness, the ML model
generated a map of scan speed and laser power that accu-
rately predicted the process parameters leading to > 99%
density (Fig. 15). Moreover, using computer vision of elec-
tron microscopy images, they were able to extract quan-
tifiable differences in microstructure that could explain
differences in strength between different AM AlSil0Mg
samples. Therefore, alone or in conjunction with multi-
scale modeling, these ML techniques can be used to rapidly
expedite AM process window selection for new Nb alloys,
thus saving time and costly raw materials. Furthermore, ML
microstructural image processing techniques can supple-
ment human expertise in explaining complex process-struc-
ture-property relationships, which is especially valuable
considering the lack of comprehensive AM data for Nb
alloys. However, researchers may benefit from keeping the
variable space limited to only the most important variables
in terms of minimizing computation as well as simplifying
experimental validation.

4.3.3 ML-enabled multi-scale simulations

ML simulations aim to establish a cohesive link between
input AM process parameters, microstructure evolution, and
materials properties outputs. While multi-scale simulations
in AM can apply separate computational models across dif-
ferent length and time scales, challenges remain due to the
high computational cost and difficulty in combining models
of differing scales. ML can produce reduced-order models,
which mimic the behavior of complex systems with lower
computational demands. For instance, Ma et al. developed
an integrated ML/PF model for Inconel 718 to predict the
microstructure at various cooling rates and temperature gra-
dients in LPBF [147]. The ML was trained on PF micro-
structural evolution simulations, and the PF results were
validated against experimental LPBF EBSD images. Simi-
larly, Boillat et al. combined FEM and ML to simulate the
laser melting process of Ti alloys by computing the tem-
perature, specific enthalpy, density, and sintering potential
of the powder [148].
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To reduce the need for well-described training data,
which is currently lacking for AM of Nb alloys, fundamental
physical equations (such as the differential equations gov-
erning heat flow) can be incorporated into ML models. For
instance, Zhu et al. used a physics-informed neural network
(PINN) to predict Inconel 625 laser melt pool dynamics and
temperature gradients without needing an extensively large
training dataset [149]. Similarly, Ren et al. demonstrated the
use of a PINN trained on FEM data to map out temperature
gradients in laser DED [150]. These methods are broadly
materials agnostic and readily translatable to any metal sys-
tem. Therefore, given the relatively small amount of exist-
ing training data on AM of Nb alloys, the PINN framework
makes it possible to apply ML to predict certain simple AM
properties like melt pool dynamics. However, researchers
should exercise caution when using sparse training data to
predict more complex multi-scale properties.

To overcome the challenge of sparse training data, recent
efforts have focused on integrating experimental data with
simulated data to generate comprehensive datasets that nei-
ther approach could provide alone. The integrated strategy
also makes real-time process monitoring and control in AM
more practical, transforming data collected during AM into
a comprehensive dataset, known as a “digital-twin”, that
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can accurately describe the properties of a real AM part. For
example, Du et al. combined LPBF experiments, mechanis-
tic modeling, and PINNs to create a digital twin to more
reliably predict defects (Fig. 16) [151]. Likewise, Gunas-
egaram et al. developed a PINN workflow for digital twins
in PBF and DED to expedite anomaly detection and process
optimization [54]. Thus, similar to PINNS, digital twins for
AM of Nb alloys can be improved by supplementing the
modest amount of existing experimental data with simu-
lated data, making process optimization far more efficient.

5 Conclusions
5.1 Summary

This review surveys AM of pure Nb and its alloys, includ-
ing Nb-C103, Nb-531 and Nb-Si, by LPBF, EPBF, LPDED,
WADED, and CS. Further, computational materials science
and ML-assisted discovery are highlighted as powerful tools
for accelerating the development of Nb alloys tailored for
AM. It is evident that the mechanical properties of AM Nb
alloys can approach those of conventionally manufactured
counterparts. Comparing amongst AM techniques:
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Fig. 16 A schematic of the approach by Du et al. combining experiments, mechanistic models, and physics-informed ML to predict defects in
LPBF. Reprinted from [151] with permission from Elsevier

Fig. 17 A comparison of strength 35 - [Reference] Alloy, authors, year:
and ductility across the range | [4.4] [92] Nb (annealed), Kumar et al., 2016
of Nb alloys and AM methods [44] Nb, Terrazas et al., 2015
LT . 30 [74] ) s
covered in this review. Properties ~_ A [46} Nb-C103, Philips et al., 2024
. 1
are given as-manufactured unless &2 [46] [41]1g7 [%] [65] Nb-1Zr, Hankwitz et al., 2021
otherwise stated 2 25 L) * [. ] [2]' Nb, Liu et al., 2023
:» [6.5] [2]2 Nb-O, Liu et al., 2023
B 204 5 [22] [22] Nb-C103, Awasthi et al., 2023
s | (7] A 4 [24] Nb521 (+HIP), Chen et al., 2022
© 73
© 5[ = Cs (73] [66] [40] Nb521, Sun et al., 2024
o [42] Nb, Chesetti et al., 2024
= e EPBF A .
g + LPBF [49] 49 [49] Nb, Griemsmann et al., 2021
£ 184 [ A][4A0] [66] Nb-C103, Brizes et al., 2025
o 17 LPDED [73] Nb521, Chen et al., 2024
5] ¢ WADED (2] [74] Nb-C103, DuMez et al., 2025
or! 92] [2]2 [70]' Nb, Liu et al., 2024
5 - A [7012 Nb3TiC, Liu et al., 2024
T T T T T T T
0 100 200 300 400 500 600 700 [411Nb-1Zr, Islam etal, 2024
Yield strength o (MPa) [87] Nb-1Zr, Islam et al., 2023
Y

o AsshowninFigs. 7 and 17, LPBF resulted in the highest of ductility, as was especially apparent in LPDED, and
as-built tensile strengths, whereas those made by EPBF O uptake was most effectively controlled in EPBF and
and WADED consistently exhibited high ductility. WADED.

e The primary strengthening mechanisms identified e In general, post-processing heat treatments were a meth-
among AM techniques were relative density, grain size, od to restore ductility at the expense of strength, but the
and dislocation density. relative benefits were dependent on the composition, O

e O embrittlement during all AM process was identified content, and AM method.

as a key contributor to increased strength at the expense
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5.2 Challenges and future opportunities

Important challenges and their associated future opportuni-
ties are:

e Limited compositions have been reported for AM Nb
alloys. Only a small subset of Nb-based alloys (>50
at% Nb) have been explored with AM. Future research
should explore a broader range of alloys used in aero-
space, nuclear applications, and superconductors. Fur-
ther, the literature would greatly benefit from having
multiple studies investigate each alloy and AM process,
reporting in detail the types of defect structures encoun-
tered in each AM process. This will help to mitigate out-
liers and generate a more statistically reliable dataset of
process-structure-property relationships.

e Nb Alloys have intrinsic manufacturing challenges. Nb
alloys have expensive raw materials that AM can bet-
ter utilize compared to subtractive machining. Nb’s high
melting point also confers excellent thermal stability.
However, it demands a high energy input in fusion-
based AM, which can result in changes to composition,
unstable melt pool dynamics, and increased porosity in
LPBF and laser DED. Despite Nb’s high ductility, the
rapid cooling from melt inherent to AM can also cause
thermal cracking, especially in samples with high O con-
tent. Therefore, future efforts should utilize the unique
advantages of EPBF at high ambient temperatures as
well as solid-state AM processes like CS.

® Nb suffers from oxidation and interstitial embrittlement.
Nb has a strong affinity for interstitials including O, N,
C, and H. All AM approaches must carefully control O
exposure, as even trace levels can lead to embrittlement
that severely degrades ductility and toughness. O uptake
can be reduced through alloyant addition (e.g. Si, Cr, Hf,
and Ti) and alloyant selection can be aided through ML-
assisted FP calculations. Further, process modifications
are required, such as mitigating O atmospheres during
LPBF, LPDED, and CS, as well as utilizing post-pro-
cessing treatments that reduce pathways for O ingress,
such as HIP and environmental barrier coatings.

o Computational modeling for Nb alloy AM process opti-
mization is understudied. Optimizing AM processes for
Nb alloys remains challenging due to sparse reported
experimental and computational data on the interplay
between Nb alloy composition, process parameters, and
build geometry. More computational studies are needed
that model Nb alloys across the scales of FP, PF, and
FEM modeling. Trial-and-error AM process parameter
selection can be improved if combined with multi-scale
models and physics-informed ML to predict melt pool
dynamics, solidification behavior, defect formation, and
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residual stresses. To reliably translate model predictions
into AM, validation using process monitoring, charac-
terization, and iterative feedback loops are essential.
Without such a validation infrastructure, the integration
of ML-driven into industrial-scale AM of Nb alloys will
remain limited.
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