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Abstract

Refractory metals and their carbides possess extraordinary properties when subjected to high temperatures and extreme
environments. Consequently, they can act as key material systems for advancing many sectors, including space, energy and
defence. However, it has been difficult to process these materials using the conventional routes of manufacturing. Additive
manufacturing (AM) has shown a lot of potential to overcome the challenges and develop new material systems with tai-
lored properties. This review provides a fundamental understanding of the challenges in the processing of refractory
metals and their carbides, including microcracking, formation of brittle oxide phases and high ductile to brittle transition
temperature (DBTT). We also highlight some of the novel approaches that have been taken to improve the processability
of these challenging material systems using AM. These include in-situ reactive printing, ultrasonic vibration, laser beam
shaping, multi-laser deposition and substrate pre-heating with a focus on microstructural changes to improve the prop-

erties of printed parts.
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Introduction

Refractory metals and carbides are a class of materials
known for their exceptional performance under extreme
conditions, making them useful in a wide range of high-
temperature and harsh environments. These refractory
metals (W, Mo, Nb, Ta, Re, Hf) and their carbides
possess outstanding thermal stability, corrosion resistance,
wear resistance and remarkable mechanical strength at ele-
vated temperatures.'® In the aerospace and space explor-
ation sectors, refractory metals and carbides are essential
for the fabrication of components subjected to the
extreme temperatures and stresses encountered during
re-entry, rocket propulsion, and space exploration missions.
Additionally, they find crucial roles in energy production,
particularly in nuclear reactors and gas turbine engines,
where their ability to withstand extreme heat and aggressive
chemical environments ensures reliable and safe operation.

The production of refractory metals and carbides pre-
sents distinctive challenges due to their exceptionally high
melting temperatures above 2500°C. In conventional
manufacturing methods, the high processing temperatures
are difficult to obtain which results in improper melting,

not achieving the desired properties. Additionally, their
extreme hardness poses an enduring challenge in terms of
tool wear during manufacturing, impacting both process
efficiency and cost-effectiveness.”'® These materials are
often manufactured using casting or powder metallurgical
routes.' ™'

The emergence of additive manufacturing (AM) repre-
sents a novel frontier to manufacture ultra-high-temperature
refractories and composite structures with favourable
microstructures and complex, near-net geometries. For
metal matrix composites (MMCs) in particular, in-situ reac-
tions during AM can potentially improve the reinforcement-
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Cracks

Figure |. Challenges in processing refractory metal W: (a.i, a.ii, a.iii) SEM showing the formation of brittle phases in W. (b) SEM
showing micro-crack formation and un-molten particles. (c.i) SEM showing pores formation in W. (c.iij) EDX showing pore formation in

W. (The figure composition is adopted from Ref.3).

matrix bonding. In addition, the Marangoni convection,
small melt pool size, and rapid solidification rates can
result in a more uniform distribution of reinforcement in
the matrix material.'*!> Furthermore, the use of AM tech-
niques has broadened the application of refractories which
were previously limited by conventional manufacturing.
In addition, layer-by-layer printing enables the deposition
of coatings/claddings with enhanced microstructures on dif-
ferent substrates to be used in extreme conditions.

Nevertheless, there are certain challenges in the AM of
refractory materials, including cracking due to rapid
cooling rates, retention of unmolten powders, pore forma-
tion and sensitivity to impurities like oxygen that can
have an adverse effect on the printability and mechanical
properties of refractory materials.'®'” The oxygen impur-
ities lead to the formation of brittle phases that further
deteriorate the processability of these material systems.
These brittle phases cannot tolerate residual stresses inher-
ent to the process and the resulting crack formation is det-
rimental to mechanical properties.'®** Some of these
challenges are highlighted in Figure 1. Figure 1(a) shows
the formation of brittle phases while printing tungsten.
Figure 1(b) shows an unmolten W particle and cracking
in a single layer print of W and Figure 1(ci,ii) shows the for-
mation of pores in W sample due to the rapid solidification
and high viscosity of the molten tungsten.

In addition to the inherent material challenges, specific
challenges exist for different AM techniques used to
process refractory metals and their carbides. For example,
cracking issues tend to be more prevalent in laser-based
AM compared to electron beam melting (EBM) because
of more oxygen content in the former.>* In addition,
EBM typically exhibits lower level of residual stress than
laser-based AM because of pre-heating the materials
during the printing processing.

This review article discusses novel approaches like sub-
strate heating, alloying, use of ultrasonic vibration, and
laser shaping to improve the AM of refractory metals and
their carbides processed using both fusion-based methods
(e.g. powder bed fusion, direct energy deposition) and
solid-state methods (e.g. binder jetting followed by sinter-
ing and cold spray).

Approaches to improve printability of
refractories

Substrate heating

In fusion-based AM, the high-temperature processing and
rapid cooling rates result in thermal gradients that give
rise to residual stresses. These residual stresses often nega-
tively impact the overall performance as they lead to distor-
tion and cracking (at both micro and macro level). 27
Cracks may also form because of precipitation hardening,
liquation cracking, solidification cracking, or the formation
of undesired phases (e.g. brittle intermetallics).”*=>° The
microcracking issue becomes more acute for brittle refract-
ories with inherently high ductile to brittle transition tem-
perature (DBTT). For refractory metals like tungsten, the
high DBTT around 673 K is a consequence of the limited
mobility in screw dislocations within the BCC lattice.*'
Heating the substrate above DBTT and/or temperature
below which unwanted brittle phases are formed has been
shown to improve printability.31‘34 Especially in the case
of EBM, which inherently involves substrate pre-heating
during the process, the processability of refractory materials
can be enhanced.**"°

Figure 2(a) Shows a schematic representation of an
experimental setup with substrate heating during the AM
process. Figure 2(b) shows the comparison of simulated
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Figure 2. The use of substrate pre-heating to reduce residual stress and microcracking issues. (a) Schematic representation of
experimental setup for substrate heating. For single-track remelted W sample. (b) Top surface view of Von Mises residual stress
simulations. Without pre-heating (i) and Tyrehear = 773 K (ii), (c, 1-3) top surface of two adjacent scan tracks showing (1) cracking
across and adjacent to the scan track without pre-heating, (2) cracking only in the adjacent material for 573 K pre-heating (below
DBTT) indicated by white arrows, (3) scan tracks without cracks with 773 K (above DBTT) pre-heating. (The figure composition is

adopted from Ref.?").

residual stresses without pre-heating (i) and with pre-heating
to 773 K (above DBTT of W) (ii) in a single-track remelted
W sample. Comparison along the horizontal line of symmetry
(the dashed box) shows that pre-heating to 773 K reduces the
absolute stresses by 35-40%. Figure 2(c) shows the reduction
in cracking with an increase in pre-heating temperature. In
case of EBM of W, the high thermal conductivity of W has
shown to maintain high substrate temperature (800-950 °C)
with low pre-heating temperature of 200°C. Thus, high
heat input in not always needed to maintain a high substrate
pre-heating temperature.®’

The effectiveness of crack reduction depends on the pre-
heating temperature as well as the formation of brittle
phases, factors influenced by the processing conditions
and the quality of feedstock. A study showed that heating
the substrate to 673K did not completely mitigate the
cracking issue for both Pure W and W-Ta alloy during
the selective laser melting (SLM) process.*® Similarly, in
the case of composites comprising W with a transition
metal binder (Ni, Co, Fe, Cu), pre-heating to 673K
during SLM process did not solve the cracking issue.
This was attributed to the removal of the binder y-phase
(W-Ni-Fe) at higher processing temperatures and the sub-
sequent formation of a continuous W phase, which is intrin-
sically brittle.’® Miiller et al.*® investigated substrate
heating to 1273 K during SLM, which reduced both the
crack formation and crack density. Although there was a
significant reduction in crack density, it was not completely
suppressed even at such high pre-heating temperatures due
to the difficulty in maintaining low oxygen concentration.*’
Research has indicated that an increase in oxygen concen-
tration to 10, 30 and 50 ppm increases the DBTT of W to
622, 722 and 822 K, respectively.*' Therefore, in addition
to pre-heating temperature, controlling the oxygen content
of the feedstock and process environment also plays an
important role in crack mitigation. Targeted alloying addi-
tions have also been studied to help scavenge oxygen and
increase toughness and strength, thereby reducing cracking,
which is discussed in the next section.

Alloying to improve the printability

The presence of excess oxygen can be detrimental to the
printability of refractory metals thus, different strategies
are used to control the oxygen concentration.**>? In
powder-based AM processes, the presence of oxygen on
the powders’ surface and in the built atmosphere can lead
to the formation of refractory metal oxides that are
trapped upon solidification. These oxides typically precipi-
tate at the grain boundaries (GBs) and can promote the for-
mation of intergranular microcracks (Table 1 (1. a)). The
lower melting point of oxide phases compared to the
matrix phase and their weakening effect on GBs further
exacerbate the cracking issues.” Alloy addition has been
studied to address these challenges. For example, Zr add-
ition in W has been shown to capture oxygen impurities
leading to the formation of zirconium oxide nanoparticles
and thus improving the room temperature toughness and
fracture strength.® ZrC addition to W has also been
shown to decrease oxygen impurities by the preferential
formation of zirconium oxide, which strengthens the GBs
by reducing the oxygen concentration at the GBs.>
Similarly, yttrium addition has been shown to capture
excess oxygen through the formation of yttrium oxide
during high-temperature processing. Furthermore, the for-
mation of yttrium oxide has been shown to form a large
number of low-angle GBs which reduces the propensity
for crack propagation in printed parts.*® Failure to remove
oxygen impurity from W leads to formation of tungsten
oxide. Tungsten oxide gasification forms nanopores that
would accumulate at the GBs. However, adding Nb to W
has been shown to form niobium oxide nano-dispersed
phases, which can interrupt tungsten oxide formation
(Table 1(1, b—d)). Notably, no obvious segregation of nano-
pores at the GBs was observed, resulting in considerable
micro-crack suppression.>’

The presence of impurities, like nitrogen, carbon, and
oxygen, has also been shown to increase the DBTT due
to their segregation at GBs. Literature shows that solid
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Table |. Mechanism of improvement of printability of refractory metals and carbides by alloy-addition by microstructural analysis.

Mechanism

Material system

Microstructural analysis

|. Removal of
excess oxygen

Zirconium addition in
tungsten54

Zirconium carbide addition®®
Yttrium addition®®

Niobium addition in tungsten®’

(a) SEM image of microcracks formed by nanopore segregation and
aggregation (b) SEM image, (c), (d)EDX map of Nanopore morphology in
W-5Nb (adopted from Ref.>’)

2. Reduction in * Yttria addition in
DBTT tungsten®®¢'62
* Rhenium addition in
tungsten59'6°

SEM image of annealed and bent to fracture W at 150X magnification
(a) 2.5% Re, (b) 2.8% Re, (c) 24% Re Alloy (adopted from Ref.*%)

3. Grain

Titanium addition in
tu ngsten5 8.6l

a

Niobium addition in tungsten®®
Tantalum addition in tungsten®*
Carbon addition in
molybdenum®®

4. Formation of
special
microstructures  °

Tantalum addition in tungsten38 2 b < d
Refinement * Zirconium carbide
nanoparticles in tungsten55
Rhenium addition in tungsten
60
and molybdenum — uE

SEM image of (a, b) top surface, (c, d) side view of pure W and W—ZrC
(adopted from Ref.

55)

Electron channeling contrast imaging: (a) nanopores segregate at GB
in Pure W: (b) nanopores grow into tiny crack in pure W. Nanopores
were trapped by cellular structure in W—6Ta, top view (c), side view
(d) (adopted from Ref.*)

solution alloying with elements that have (i) a different crystal
structure (FCC or HCP) than the base alloy and (ii) do not
have a high DBTT can be used as a strategy to reduce the
DBTT of W.>® Rhenium (HCP crystal structure) is one
example that has been shown to reduce the DBTT in W.*°
Table 1 (2. a—) shows an enhanced reduction in cracking
with increasing the percentage of Re in W. Addition of
1.9 wt-% Re in W reduced the DBTT to 491 K whereas
the addition of 9.1 wt-% Re reduced the DBTT to 200 K.®°
Similarly, the HCP crystal structure in yttrium also reduces
the DBTT, thus making W more processable.’®¢!:2

Grain refinement is another mechanism that has been
widely studied to improve the printability of refractory
metals and carbides (Table 1(3.)). For example, the addition
of tantalum to tungsten has been shown to reduce grain size
significantly and reduction in microcracking. The reduction
in the grain size, in this case, was due to the constitutional
undercooling and segregation of alloying elements.*®
Similarly, the addition of ZrC nanoparticles has also been
shown to reduce the cracking issues in W because of

grain refinement. (Table 1(3)) shows the top view (a and
b) and side view (¢ and d) of printed W with and without
the addition of ZrC. Furthermore, ZrC has also been
shown to form a coherent interface with the W matrix,
which in turn improves the cohesion between the grain
and phase boundaries.”” In an alternative mechanism, the
addition of Re to W has been shown to refine grain size
by increasing the recrystallisation temperature, which
reduces grain growth during the printing process.®® In
another manner, the addition of liquid titanium has been
shown to inhibit grain growth by forming a Ti-rich layer
of constant thickness around the W grains.’® However,
due to the formation of inclusions that tend to segregate
at the GBs below 600 °C and the rapid oxidation problem
above 600 °C, the addition of liquid titanium to W may
not be a practical design strategy.’®!

Alloying has been shown to form microstructures that
improve the mechanical properties of refractory metals.
For example, a study on the addition of Nb in W showed
that increasing the weight percent of Nb in W transforms
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the microstructure from primarily dendritic to a honeycomb
structure which enhances the grain and GB strength and
reduces crack initiation sites.> The use of Ta has also
been shown to improve the ductility of W by modifying
the microstructure. Nanopores are shown to be segregated
to the GBs in pure W (Table 1 (4. a)), which results in
the formation of micro cracks (Table 1 (4. B) in the pure
W microstructure. On the other hand, the alloy with a
6 wt-% addition of Ta formed a fine, submicron intragranu-
lar cellular structure. This microstructure is composed of
many interlocked dislocations which help suppress crack-
ing by trapping the nanopores (crack initiation sites)
inside the grains, as shown in Table 1 (4. ¢, d). The cells
also served as dislocation sources, and under external
load, the dislocation slip facilitated plastic deformation.
The residual strain energy was more efficiently absorbed
by the plastic deformation, thus reducing crack formation.®*
A similar cellular structure was formed with the addition of
0.45 wt-% C during the laser powder bed fusion (LPBF)
process of Mo. Due to constitutional super-cooling, the
solidification mode changed from planer to cellular. The
cells formed in this case were organised with a misorienta-
tion angle between 0 and 0.5 and the adjacent cell colonies
were separated by high-angle GBs. This resulted in the
change in the fracture mode from inter- to trans-granular
thus improving the printability of Mo.®*

Non-melt-based additive manufacturing

In the previous sections, the use of melt-based AM techni-
ques has been discussed, whereas this section includes
some of the non-melt-based metal AM techniques for the
production of refractory metals and carbides. Non-melt pro-
cesses are advantageous as they eliminate the need for
melting, resulting in reduced energy consumption, shrink-
age and warping issues, and can be applied to a wider

range of materials.®*®® Despite these advantages, there
are certain challenges in using non-melt-based techniques.
There is a need for post-processing and the resultant grain
growth during post-processing is not desirable.*~"!
However, there is ongoing research on creating combined
processes to overcome these issues. For example, a study
produced WC parts by binder jet’? AM, then infiltrated
the green part with”> cobalt to minimise shrinkage and
grain growth.”> With an approximate Co content of
25 wt-% shrinkage reduced to within 3% in all directions.
Figure 3(a) shows a schematic representation of Binder
jet printing followed by melt infiltration. Figure 3(ai)
shows Co loaded into WC confinement and heated to pro-
cessing temperature. Figure 3(aii) shows the infiltration of
Co into WC preform using capillary forces. Figure 3(a,
iii) and (a, iv) shows the part fully infiltrated with Co to
form WC—Co composite structure.”* Figure 3(b), (c)
shows SEM and EDX analysis of the same part.
Figure 3(b) shows the WC surrounded by Co (formed in
the lower part of the preform) whereas Figure 3(c) shows
WC surrounded by a ternary phase consisting of WC-Co
and some WC-Co,W,C (where x is mostly 3 or 6)
formed in the top part of the preform. The formation of
ternary phase was depended on the height of the sample,
as the diffusion of Co decreases as the distance from Co
source increases. Thus, no ternary phase formed at the
bottom and a significant amount formed at the top. The for-
mation of ternary phase as shown in Figure 3(c) promotes
cracking as it is more brittle than Co phase and thus can
be detrimental to the final properties.”>’® Several other
studies also mention the use and advantages of binder
jetting followed my melt infiltration for manufacturing net-
shaped parts with WC and other refractory carbides.”*’®
Bound metal deposition (BMD) is another hybrid tech-
nique combining powder induction moulding (PIM) and
extrusion-based AM to process refractories. This technique

a) Graphite furnace for
debinding and pre
sintering

WC prints with
aqueous-based binder

WC-Co

I N
WC-Co Co-W-C

(iv) (iii) (ii) (i)

Cobalt infiltration stages

Co placed in confinement of
pre-sintered part

Part placed in the same furnace for
another cycle for cobalt infiltration

Figure 3. Binder jetting followed by melt infiltration. (a) Schematic showing cermet process flow for binder jet additive manufacturing
followed by melt infiltration showing progression of Co infiltration into WC to form WC—-Co. For binder jet of WC followed by Co
infiltration SEM and EDX analysis showing (b) SEM and EDX analysis of WC—-Co microstructure in the lower part of the preform (c)
ternary phase formation consisting of WC—-Co and WC-Co,W,C (where x is mostly 3 or 6) formed in the top part of the pre-

74,76 76
).

form. (The figure composition is adopted from Ref.
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uses a powder mixture with an organic binder which is then
converted into precision rods (6 mm diameter and 150 mm
length). These rods are fed into an extrusion-based printer
to form green parts. Subsequently, a solvent debinding
step is conducted to remove a controlled amount of the
binder phase, followed by a final sintering cycle.”’ This
technique has proven capable of producing parts with
high densities (>99.5% dense) and mechanical properties
on par with those of commercially available industrial-
grade products.®*%?

Selective laser curing (SLC) is another novel technique
that is used for the fabrication of high-temperature
carbide composites. This technique involves simultaneous
irradiation of powders that induces a curing reaction in
the pre-ceramic polymer binder phase. In the absence of
binder or the use of polymeric binders, shrinkage is often
an effect of subsequent heating treatments such as pyroly-
sis, which forms the porous part. In SLC, the removal of
the pre-ceramic binder phase is not required as the irradi-
ation of the powders and the curing reaction are concurrent.
Therefore, the processes occurring simultaneously mitigate
the shrinkage induced by pyrolysis. The porous structure is
then infiltrated using liquid metal to form a fully dense
part.®* Selective laser sintering (SLS) is used in a similar
way to process refractory carbides followed by metal infil-
tration.*>®® In SLC, lower temperatures than SLS is
required for effective sintering. The absence of a binder
phase in SLS requires higher temperatures during process-
ing to trigger the sintering of the ceramic particles.
Distinctly, the lower temperature required in SLC results
in less thermal gradient-induced damage and produces
parts with better dimensional accuracy.®’

Cold gas-dynamic spray, also known as cold spray, is
another non-melt metal AM technique used to process
refractory metals by accelerating powdered material
towards the substrate by employing a supersonic jet of com-
pressed gas.®®®*® Figure 4(a) shows schematic representa-
tion of the cold spray technique.”® This technique has

been shown to form highly dense and hard deposits due
to plastic deformation induced strengthening.”' Studies to
understand the bonding mechanism, deposition character-
istics, effect of process parameters and heat treatment
have been conducted to further advance the field.”>%®
The deposits in cold spray are formed by building blocks
known as splats as shown in Figure 4(b) and (¢). Due to sig-
nificant plastic deformation induced during the process, the
crystalline structure undergoes lattice rotations”” and there
is an increase in dislocation density. These phenomena
form highly refined and elongated grain structure at the
inter-splat jetting regions as shown in Figure 4(d) and
equiaxed ultrafine nano-grains nested within them as
shown in Figure 4(e).”!

Tantalum produced by the cold spray method shows high
strength, attributed to the formation of ultrafine grains and
elongated coarse grains. Specifically, the ultimate tensile
strength (UTS) of cold-sprayed Ta reaches approximately
485 MPa, surpassing values reported for EBM tantalum at
205 MPa and powder metallurgy-produced tantalum at
approximately 310 MPa.'” While the UTS of cold-sprayed
parts falls below that of SLM, which has been reported at
around 600-750 MPa, SLM parts exhibit reduced ductil-
ity."”" The crack branching and formation of secondary
cracks observed in the cold spray samples indicates an
enhanced energy release without substantial propagation of
the primary crack. The tantalum printed parts had an
average hardness value of 265.97 +2.34 HV surpassing the
hardness of EBM Ta (110 HV) and powder metallurgy com-
pacted Ta (120 HV).'?

Additionally, parts processed by the cold spray techni-
ques have been investigated for corrosion resistance.”**>
This property is especially crucial for refractory metals
used in high-performance applications such as aerospace,
nuclear energy and defence, as corrosion can compromise
the integrity of the part and potentially lead to catastrophic
failures.'®~'% Refractory metals like titanium formed by
cold spray technique showed good corrosion resistance

a) Powder Hopper
—
G Gas Jet
Carrier un
Heater
High
Pressure
|:> [ Sprayed
Particles
Working Gas

Gas Heater

Figure 4. Cold spray of refractory metals and carbides. (a) Schematic of cold spray process. (b—e) Multiscale hierarchical micro-
structure of cold-sprayed deposit. (b) Monolithic deposit with high integrity and negligible porosity. (c) Splats, the building blocks of the
deposit. (d, e) Extensive plastic deformation at the inter-splat jetting regions showing dynamic recovery, with (d) elongated subgrains

and (e) nested equiaxed nano-grains. (The figure composition is adopted from Refs.

50,91
)-



Mukherjee et al.

105

due to the percolation of corrosion medium through inter-
spat boundaries that form a protective oxide layer to
prevent bulk titanium from further corrosion. Research
has also shown improved corrosion resistance of cold-
sprayed samples of tantalum and niobium especially in
as-printed conditions . The weight loss percentage of a Ta
sample processed with cold spray technique was measured
by immersing it in a corrosion medium prepared by adding
12 drops of HF to 50 ml distilled water. Over the period of 5
weeks, the average corrosion rate was as low as 7.5% at a
heat treatment temperature of 1500 °C. The average corro-
sion rate for a Nb sample was 10% under a heat treatment
temperature of 500 °C.'"** The presence of defects in cold-
sprayed coatings significantly influences their corrosion
performance, making the optimisation of processing para-
meters essential for achieving top-quality coatings with
enhanced corrosion resistance. Specifically, employing ele-
vated pre-heating temperatures in cold spray processes can
enhance plastic deformation during impact, resulting in
denser refractory coatings.'®’

Hardness is another key property for refractory coatings
like those made of WC—-Co. The hardness of WC—Co
samples produced by SLM and EBM is around
1500 HV.? For samples produced by binder jetting the hard-
ness value is lower and reported to be around 1300-
1400 HV.'% For cold spray coatings, the hardness value
can be as high as 1600-2000 HV which gives this tech-
nique an edge over other AM techniques to deposit refrac-
tory coatings with high hardness values.'®’

The cold spray technique has a lot of potential for use in
oxygen sensitive materials. When powder feedstock strikes
the substrate with a very high velocity, there are high
chances of breaking the oxide layer on the powder, thus
reducing the oxygen content in the final coating. This is
advantageous for refractory material systems since the
presence of oxygen forms brittle oxide phases that lead to
cracking issues. Additionally, high melting temperature
refractory metals can be processed by cold spray technique,
offering a more energy and material-efficient processing
route as it does not require heating the material to the
extremely high inherent melting temperatures.'%*'%°
Nevertheless, there are certain challenges in using the
cold spray technique for processing refractory metals and
carbides including the brittle nature of these materials
causing reduced coating quality due to limited plastic
deformation. While increasing the temperature can assist
in deposition, it can also lead to oxidation of the particles
if not processed in a controlled environment. There is a
lot of room for innovation in cold- spray and other non-
melt-AM processes to address the challenges in the process-
ing of refractory metals and their carbides to achieve the
desirable properties.

Future trends

AM is a fast-evolving field where continuous advancements
are being made to solve the materials and manufacturing
challenges we are currently facing. In the previous sections,
we addressed some of the challenges in the AM of refractory

alloys and their carbides, including microcracking, brittle
oxide phase formation, and their characteristic DBTT. In
this section, we will discuss some novel trends in AM to miti-
gate these challenges, which have the potential to be adopted
for processing refractory metals and carbides.

In-situ reactive printing

In-situ reactive printing relies on in-situ chemical reactions
of elemental powder blends instead of using pre-alloyed
powders to produce new material systems.110 There are
several advantages of in-situ reaction-based AM, including
thermodynamically stable reinforcements, strong matrix to
reinforcement bonding, and improved properties due to
homogeneous dispersion of the reinforcements.''! Several
studies have been conducted to explore and utilise the
advantages of in-situ alloying strategy in the AM of
MMCs, [12-114

Zang et al.''> demonstrated a novel way of in-situ pro-
cessing refractory metals and their carbides which has great
potential to be extended to AM process. As shown in
Figure 5, steam cracker tar was used as a binder and light
absorber as it has a significantly lower attenuation coefficient
than metals. As a result, it was possible to use a lower laser
power (<2 W CO, laser in air) to process refractory metals. In
addition, it was possible to execute the process in air without
the need for a vacuum or an inert atmosphere, as tar has a
high affinity to oxygen which can suppress the formation
of metal oxides. This technique has the potential to overcome
undesirable oxide formation in refractory metals and
MMCs.""® Furthermore, sourcing refractory carbide feed-
stock is challenging, but utilising in-situ reactions to generate
carbides may offer the opportunity to investigate novel
refractory carbide material systems.

In another study, a thermally driven reaction of a metal/
metal oxide mixture with CH,4 gas was carried out, resulting
in the in-situ production of metal carbide. The reaction
mixture was ball-milled to increase the adsorption of CHy
gas and H, gas was added to obtain better carbide yield.
Figure 6(a) shows schematic of high-volume, low-pressure
(HVLP) air-assisted slurry spray deposition for low pres-
sure deposition of the feedstock film on a substrate.
Figure 6(b) shows the schematic of the setup for carrying
out the gas—solid reaction. The conversion of a metal to a
ceramic (Cr to Cr,C;3) resulted in volume expansion,
while the conversion of metal oxide to non-oxide ceramics
(Cry,05 to Cr3C,) resulted in volume reduction. In all, the
reaction led to an isovolumetric Cr;C, formation. The isovo-
lumetric conversion can suppress cracking and thus makes
this approach appealing for fabricating non-oxide ceramics
and potentially refractory carbides.''® Figure 6(c) shows
SEM of Cr/Cr,O5 precursor film where the large particles
show Cr embedded in a population of smaller Cr,0O;. SEM
analysis of the final Cr,C; formed is presented in Figure 6(d)
and (e). The low magnification image in Figure 6(d) reveals
a moderately homogeneous microstructure that formed
during the process. Meanwhile, the higher magnification
image in Figure 6(¢) shows the formation of a continuous
network of Cr,C;, with the Cr particles increasing in volume
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Figure 5. Schematic of laser annealing of refractory metal carbides using petroleum tar as light-absorbing binder, (a, b) illustration of
laser-sintered metal thin film with tar-binder. (c) Carbon segregation on metals with low carbon solubility like Al and Cu after laser
sintering. (d) Metals with high carbon solubility led to a smooth surface after sintering; refractory metals Mo and W form carbides. (e)
Schematic of double layer metal printing using tar. (f) SEM of printed double layer molybdenum carbide highlighting bonding interface.
(The figure composition is adopted from Ref.''®).
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Figure 6. Isovolumetric synthesis Cr,C;. (a) HLVP spray deposition for feedstock film deposition. (b) Gas—solid reaction of Cr/Cr,O3
precursor film with CH4 and H,. (c) SEM of Cr/Cr,O3 precursor film where large particles are Cr embedded in smaller Cr,0O3
particles. SEM showing final formed Cr3;C,. (d) Low magnification showing moderately homogeneous microstructure. (e) High mag-
nification showing particle connectivity forming a continuous network. (The figure composition is adopted from Ref.''®).
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as they are converted into Cr;C,. The smaller Cr,O; particles,
on the other hand, coalesce as they are converted into Cr3C,. 116
There is scope of research in further using this technique for
processing refractory material systems.

A challenge associated with this method is the difference
between the laser absorptivity for metals and their oxides
and thus, processing parameters needs to be optimised
accordingly. Also, effective laser penetration depth
depends on size and thermal conductivities of feedstock.
Choosing the appropriate particle size is crucial for effect-
ively implementing this technique to enhance conversion
rates and minimise coalescence.''” This technique offers a
significant benefit, particularly in the processing of refrac-
tory metals and carbides, as the precursors can undergo con-
version below their melting points, allowing for processing
at lower laser energies. However, while efforts are under-
way to extend this technique to other refractory metal
carbide material systems such as HfC and TaC, the selec-
tion of appropriate precursors and the understanding and
controlling of the processing parameters remain a
challenge.''®

Unconventional scanning strategies

Laser beam shaping. A recent trend in metal AM is the use
of laser beam shaping to engineer light-matter interactions
that could tailor the microstructure and properties of
printed parts.''~'** Adaptive beam shaping enables tailor-
ing the beam power distribution that could enable a modifi-
cation of heat input and also influence the melting and
solidification behaviour.'** Figure 7(a) shows a schematic
representation of the laser beam shaping process where
polarisation and altering the amplitude and phase are

being used to modify a conventional beam.'*® Laser beam
shaping has been shown to promote microstructural
changes using predictive simulations that combine ultra-fast
hydrodynamic melt flow, full laser tracing, and a cellular
automated method for grain growth.'?® Figure 7(b) com-
pares the laser-metal interactions under the effect of
Gaussian beam and elliptical beam modeled using
ALE3D finite element code. Here the Gaussian beam
forms a deeper depression relative to the elliptical beam,
which can have more of an effect on the local thermal gra-
dient and microstructure. Shi et al.'*¢ found a strong correl-
ation between melt pool geometry, nucleation propensity
and beam-shaped geometry when assessing the circular
Gaussian beam, transverse elliptical beam and longitudinal
elliptical beam.'?® Simulations show that at a similar laser
power and scanning speed, the temperature gradient is
usually most steep in the scanning direction using the trans-
verse elliptical profile (68 x 10° K/cm), followed by the
Gaussian (50 x 10° K/cm) and longitudinal ~elliptical
(47 x 10° K/cm) profiles. This is due to the fact that the cen-
treline of tracks melted by the longitudinal elliptical profile
experience heating longer than those melted by the trans-
verse elliptical profile. Figure 7(c) shows an example of
SS316 microstructure highlighting the reduction in the
major axis length of the grains when processed using an
elliptical beam.

Bessel-shaped beam profiles have also been shown to
stabilise melt pool turbulence and increase the time for
solidification by reducing thermal gradients.''® Figure 8
shows the effect of Bessel beam and Gaussian beam on
melt pool size where Figure 8(bi,ii) shows melt pool size
plotted as a function of velocity, beam diameter and volu-
metric energy density. The melt pool generated by Bessel
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Figure 7. Schematic representing laser-shaping strategy to aid additive manufacturing. (a) Schematic demonstrating the laser beam
shaping by tailoring the amplitude, phase and polarisation of light. (b) ALE3D simulation of single tracks for (i) Gaussian beam shape and
(ii) elliptical beam shape (pseudo-colour range corresponds to temperature variation). (c) Microstructures of cubes built with (I)
Gaussian beam and (2) elliptical beam. Grains are coloured by major axis length in (I, 2). (The figure composition is adopted from

Refs.' Ig"25).
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Figure 8. Effect of laser beam shaping on the melt pool characteri

stics. (a) Typical transverse melt track cross-section dimensions

labeled. Here, h =bead height, d = substrate penetration depth, w = maximum width of track root, 8 = contact angle. b.i,ii) shows effect

of beam shaping on melt pool dimensions. Melt pool size is plotted

as a function of velocity, beam diameter and volumetric energy

density for (b.i) Gaussian Beam and (b.ii) Bessel beam. Solidification time for Gaussian and Bessel beams at (c) centre and (d) edge of the
fluctuating melt pool. (The figure composition is adopted from Ref.'?).

beam is larger (deeper and narrower) and has a monotonic
variation for a broader parameter space as compared to that
produced by Gaussian beam. Figure 8(c) and (d) shows the
solidification time is more for Bessel beams as compared to
Gaussian beams at both the centre and periphery of the melt
pool. The melt pool solidification time is plotted as a func-
tion of energy density (AH/hs) which is the ratio of absorbed
energy density to the volumetric melting enthalpy. Bessel
beams stabilise the melt pool turbulence and increase the
time for melt pool solidification, leading to reduced thermal
gradients. While these studies are mainly focused on non-
refractories, the reduction in thermal gradient achieved
through beam shaping can be leveraged in the printing of
refractory metals and carbides.'*’

Despite its benefits, the laser beam shaping has several
limitations, such as the need to choose an appropriate oscil-
lation frequency since some material systems are better at
absorbing low frequencies while others are better at absorb-
ing high frequencies. In addition, slow processing speeds
are a result of frequency limitations and there is limited
flexibility to generate different shapes due to current con-
straints in optical equipment and technology.'**™'3! The
evaluation of different beam profiles for enhancing metal
AM is ongoing and could potentially enhance the process-
ing of refractory materials.

Multi-laser systems. Multi-laser AM is an advanced technol-
ogy that simultaneously employs multiple laser beams in
3D printing processes. This innovation offers several

advantages, including increased throughput and the ability
to manipulate thermal history, thereby influencing micro-
structures and residual stress development in printed
parts.'** Prior studies have shown that while the peak tem-
perature of the melt pool is relatively insensitive to changes,
the magnitudes of temperature gradients are highly sensi-
tive to factors such as scan strategy and the number of
lasers used. Achieving an optimal scan strategy depends
on various factors, including the dimensions of layers,
laser wavelength, synchronicity, power and speed.
Additional work, both computational and experimental, is
required to optimise these process parameters to attain spe-
cific thermal profiles.'® This technique has the potential to
tightly control heat input and distribution, thus reducing
thermal stresses and enhancing the processability of refrac-
tory metals and carbides.'**

Ultrasonic vibration

Ultrasonic vibration in AM has been used to improve the
printability of refractory materials and other material
systems.'>>1*® Figure 9(a) shows a schematic of an ultra-
sonic vibration setup integrated with laser-based AM
process. The introduction of high-intensity ultrasonic vibra-
tions for microstructure modification has been studied in the
literature to understand the advantages of ultrasonic cavita-
tion, dendrite fragmentation, and acoustic streaming.'**~'>¢
Zhao et al."*” used ultrasonic vibration-assisted laser clad-
ding to process WTaNbMo refractory alloy. Ultrasonic
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vibration improved the homogeneity of the microstructure,
decreased grain size from 0.48 to 0.30 pm?, and improved
microhardness from 753 to 980 Hv and reduced the wear
rate by 15% at room temperature.'>’ The improvement in
printability by this technique can be attributed to the acous-
tic flow effect, which is the combination of circulation,
laminar and turbulent flow, and stirring. Thus, the acoustic
flow effect reduces macro-segregation and enhances disper-
sion by the cavitation effect.'>® Figure 9(b) shows a flow
chart that illustrates the actions and ultimate influences of
ultrasonic vibration. Acoustic streaming and transient cavi-
tation are the direct actions of ultrasonic vibrations.
Acoustic streaming is a steady flow generated in the liquid
due to the absorption of acoustic oscillation. As a result,
mixing, stirring and dispersion of crystals will occur, which
can reduce the thermal stresses and homogenise the material.
Transient cavitation facilitates the formation, growth, pulsa-
tion and collapse of micro-sized bubbles. This mechanism
helps in the nucleation and dispersion of crystals, which can
induce grain refinement (as shown in the microstructure in
Figure 9(c)) and may suppress cracking. Thus, the use of ultra-
sonic vibrations for the AM of refractory metals and carbides
could potentially overcome the challenges like precipitation of
brittle oxide phases at the GBs leading to microcracking.
Although the use of ultrasonic vibration to aid metal AM
has now been widely studied, work is needed to overcome
certain challenges to couple ultrasonic vibrations to the melt
pool and to understand the attenuation of ultrasonic vibra-
tions through different substrates. Most of the studies men-
tioned in the literature coupled the ultrasonic setup to the
build plate and thus do not allow the build plate to be
clamped which in turn could lead to distortion in larger
parts. Also, if the ultrasonic vibration systems are directly
attached to the build plate as shown in Figure 9(a), it
could lead to excessive heating of the electronics thus
could lead to their damage. In AM techniques like LPBF

the use of ultrasonic vibrations is challenging as it may
disrupt the layer of powder after recoating.'> Studies have
shown that ultrasonic vibrations tend to attenuate more
with an increase in distance,'® an increase in the density
of medium,'®" and an increase in the temperature.'®*'%
Therefore, when dealing with refractory powders that have
high density and require high processing temperatures, it is
crucial to conduct an in-depth analysis of the attenuation of
ultrasonic vibrations used to aid the AM process.

Summary and perspectives

With the advancement in the space, energy and defence
sectors, the need to develop novel materials that can with-
stand extreme environments has become critically import-
ant. Refractory metals and their carbides are promising
materials for these applications but have certain challenges
that make them difficult to process. These challenges
include requirement of high processing temperatures, for-
mation of brittle oxide phases that segregate at GBs
leading to cracking, high DBTT, and inherent brittle
nature leading to micro-crack formation. Improvements
and innovations in AM have the potential to both solve
these challenges and develop novel material systems with
even better properties. This paper gives a comprehensive
overview of the present advancements in AM and the
future research trends in this field. Some challenges and
future scopes in research in the discussed approaches to
aid the AM of refractory metals, and their carbides are:

1. The application of substrate heating has been demon-
strated to mitigate cracking during the processing of
refractory materials. However, the appropriate pre-
heating temperature is contingent on the materials’
DBTT, which is influenced by feedstock impurities.
The majority of studies in this field have employed
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custom laboratory-scale setups and require additional
research to establish scalability. It is also worth noting
that the elevated temperatures required to achieve the
mentioned benefits are demanding and would result in
high energy consumption, thereby increasing the manu-
facturing cost.

2. We discussed different mechanisms by which alloy add-
ition can improve the printability of refractory metals
and their carbides. For instance, some alloying elements
can effectively eliminate excess oxygen present in feed-
stock. However, one of the major challenges with this
approach is to ascertain if the resulting oxide phase
has any negative impact on the microstructure, such as
the formation of a brittle phase or porosity due to
oxide phase evaporation. Ultimately, the microstruc-
ture’s formation is contingent on the material system
and processing parameters, making it difficult to gener-
alise. There is ample room to investigate new chemis-
tries for grain refinement, reduction in DBTT and
improving the printability of refractory material
systems. However, procuring refractory metal powders
for custom chemistries is challenging because of the
limited number of high-quality suppliers.

3. The use of in-situ reactions is promising for reducing the
necessary processing temperatures for refractory mater-
ial systems and generating new high-temperature phases
through controlled reactions. However, such reactions
may result in the formation of undesired phases which
can deteriorate the properties of the printed part.
Furthermore, controlling the reaction becomes difficult
due to the fast-cooling rates in most AM processes.

4. Laser beam shaping has significant potential for control-
ling the melt pool, microstructure, and properties of 3D
printed parts, particularly refractory materials. However,
there are hardware limitations to overcome, such as slow
processing due to frequency limitations and limited
flexibility in choosing beam shapes due to current
optical equipment constraints. To address these lim-
itations, it is necessary to explore various strategies,
and there is a considerable scope for further research
in this field. Using good quality beam delivery systems
can help minimise the beam distortion, increase the
beam shaping accuracy and reduce the energy losses
due to beam scattering. Also, the frequency of the laser
beam plays a crucial role in optimising the laser beam
shaping process. For example, high-frequency laser
beams have a better resolution but are very complex
and expensive which limits their use. Further computa-
tional and experimental research is needed to learn
more about the impact of beam shaping and apply it to
process refractory material systems.

5. Utilising ultrasonic vibration in AM has the potential to
homogenise material dispersion, smooth thermal gradi-
ents, refine grains and reduce microcracking. This tech-
nique has been widely used in metal AM and now been
expanded to refractory material systems. However, most
of the ultrasonic systems being used currently are con-
nected directly to the substrate and thus the substrate is
not typically clamped. This can result in distortion

while printing taller parts. Additionally, techniques like
PBF cannot use the ultrasonic vibration assistance since
it may disrupt the powder layer. The intensity of ultra-
sonic vibrations decreases with increased distance away
from the source, so this technique becomes less efficient
in higher layers. Moreover, high temperatures are often
necessary for printing refractory metals and carbides in
melt-based AM, making it challenging to design electronics
that can withstand such high temperatures during printing.
Furthermore, high-temperature processing would attenuate
the ultrasonic vibrations, so more studies need to be con-
ducted to optimise the transfer of ultrasonic vibrations to
assist the printing process.

The interest in refractory metals and carbides has increased
significantly over the past few years because of the demand
for ultra-high-temperature materials with better properties.
By understanding the current capabilities of AM, highlight-
ing the pertinent challenges of the materials, and addressing
future research trends, it is reasonable to expect novel mater-
ial systems with enhanced properties in the near future.
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