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Abstract

Niobium-based refractory alloys have attracted attention in several industrial areas, such as metalworking, steelmaking, military, and
armoring applications, among others. The production of these refractory alloys using additive manufacturing techniques, specifically
selective laser fusion in a powder bed (L-PBF), has been a major challenge; this is primarily due to the complex optimization of the
sintering process parameters required to obtain dense parts, free of porosity or cracks, and to achieve highly homogeneous layers in
the powder bed. However, the success of L-PBF is highly dependent on the physical properties of the powders used in the process.
Key factors such as good flowability, reduced particle size and narrow distribution, sphericity, and density influence powder spreading,
powder layer uniformity, and the final part integrity. Furthermore, properties of the composite, such as hardness, toughness, and wear
resistance, can be modified by changing the cermet composition, which could also negatively impact its flowability. This work aims
to evaluate the physical properties of NbC-based cermets with different compositions to better understand their influence on metallic
powder flowability. Optimizing powder properties and flowability through processing parameters is crucial for L-PBF to fully harness

the potential of NbC-based cermets, thereby paving the way for their broader adoption in high-performance applications.
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1. Introduction

Cermets, a class of composite materials combining ceramic and
metallic phases, have gained significant attention due to their
unique balance between hardness, wear resistance, and tough-
ness [1]. These materials are widely used in applications requiring
extreme mechanical and thermal stability, such as cutting tools,
wear-resistant coatings, and aerospace components [2]. The chem-
ical composition and physical characteristics of cermets strongly
influence their properties, particularly particle size distribution
and flowability, which play crucial roles in their processing and
final performance [3].

The chemical composition of cermets determines their fundamen-
tal properties, such as hardness, toughness, oxidation resistance,
and thermal stability [1, 3]. Transition metal carbides, such as
titanium carbide (TiC), tungsten carbide (WC), and niobium car-
bide (NbC), are commonly used as ceramic reinforcements, while
metals like cobalt (Co) and nickel (Ni) act as the binder phase. The
choice of binder influences the material’s toughness and process-
ability, making it a critical factor in cermet design [4].

During the development of additive manufacturing (AM) technol-
ogy, numerous terms and definitions have been used in different

technical fields, such as selective laser sintering (SLS) and selective
laser melting (SLM). Often, concerning specific application areas
and registered trademarks, the terms SLS and SLM are examples
of this, generating ambiguity and confusion among engineering
professionals, technicians, and researchers. Laser Powder Bed Fu-
sion (L-PBF) is the general nomenclature used to define the digital
additive manufacturing process. It has been used more frequently
by several industrial sectors to reduce the production costs of
components with complex geometries, mainly for the manufacture
of high-value, low-volume mechanical components and for com-
plex shapes.

The two techniques are identical; what differentiates SLM from
SLS is that SLM is more common for obtaining dense metals,
requires more energy and rapid cooling, and can generate more
residual stresses and distortions. On the other hand, SLS is more
commonly used for polymers, requires less thermal energy from
the laser, and does not completely melt the powder [5]. Unlike
conventional casting or subtractive manufacturing techniques, L-
PBF enables precise control over microstructure and mechanical
properties [6—8]. However, the materials must exhibit specific
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physical properties for successful implementation, including op-
timal powder flowability, controlled particle size distribution, low
agglomeration tendency, and high thermal stability.

L-PBF’s ability to produce near-net-shape components with min-
imal material waste and its capacity to manufacture intricate ge-
ometries that are difficult or impossible to achieve using tradi-
tional methods make it a highly attractive option for the aerospace,
biomedical, and high-performance tooling industries [9, 10].

In addition to composition, the physical properties of cermet pow-
ders significantly affect their behavior during processing, especially
in additive manufacturing (AM) techniques like L-PBF. Particle
size distribution impacts packing density, layer uniformity, and
final part density, whiles flowability governs the ease of powder
deposition and spreading across the powder bed. Poor flowability
can result in irregular layers, leading to defects such as lack of
fusion, increased porosity, and residual stresses. Hence, one of the
main challenges in L-PBF is achieving uniform powder deposition
across the powder bed, which directly influences the mechanical
integrity of the final part [10, 11].

For the direct sintering technique, the behavior of the metal powder
is a critical parameter. The powder flow for deposition is a complex
phenomenon that needs to be understood or even modeled. The
properties of metal powders are sensitive to external factors such
as relative humidity (%), geometric sizes and shapes, or voltages
applied between the particles. Other factors that also contribute to
the deposition flow are the surface roughness and oxidation state,
the apparent density, and the electrostatic and magnetic charac-
teristics of the material. This complexity significantly affects the
powder bed’s flowability, whether in terms of flow or cohesiveness.
If the powders are more cohesive than expected, this can limit the
deposition flow, reduce powder bed homogeneity, and negatively
impact the quality of the final product. Therefore, accurately char-
acterizing the powder feed flow behavior for a specific process is
extremely important [11, 12].

Spherical metal powders manufactured for the L-PBF process are
considered ideal powders for the production of sintered parts, as
they have uniform sizes, smooth surfaces, and fine sizes with good
flowability, and are capable of providing a continuous flow in the
nozzles or feeding ducts. In addition, they have low porosity and
high density. However, these are high-cost metal powders [10, 11].
In contrast, conventional metallurgy powders typically have high
surface roughness due to their coarse surface textures and irregular
shapes.

Thus, flowability is one of the key properties of cermet powder to
be evaluated for maintaining consistency in layer deposition and
ensuring high-density parts with minimal defects. Flowability is
mainly influenced by particle morphology, size distribution, surface

roughness, and the presence of agglomerates. Particle sizes to be
used in L-PBF are typically in the range of 10 to 60 um, and it is well-
known that the flowability of particles below 100 um is problematic
due to their cohesive behavior [12]. However, surface modifications
and flow agents can enhance powder behavior, reducing the risk of
segregation and improving spreadability [13].

The application of NbC-based cermets in AM has gained trac-
tion as industries seek to optimize their performance for high-
precision and complex geometries. The L-PBF process, in partic-
ular, presents challenges due to the inherent difficulties in pro-
cessing ceramic—metal composites. Issues such as poor powder
flowability, heterogeneous microstructure formation, and cracking
due to thermal stresses require careful optimization of process
parameters and powder characteristics [7].

In our previous studies [14, 15], the production of NbC-based alloys
using different processes was investigated, as many industries—
such as aerospace, biomedical, and tooling—are exploring the
potential of NbC-based cermets in additive manufacturing (AM)
for producing components with superior wear resistance and
lightweight properties. However, those studies only discussed the
final parts’ microstructures, porosities, and hardness.

The scope of this study is to evaluate how the properties of NbC-
based cermets, including composition, particle size, and mainly
flowability indicators, influence their properties and processability
in AM, addressing key challenges and proposing strategies for
process optimization.

2. Materials and methods
2.1. NbC cermet preparation

Pure commercial Co, Ni, NbC, and WC were used to prepare sam-
ples of powdered composites of NbC-based alloys. Small amounts
of WC were added to NbC-based powder mixtures due to its ability
to inhibit grain growth and promote the formation of fine-grained
carbides during the sintering process [16, 17]. Additionally, it rein-
forces the metal matrix by increasing the dissolution of WC in the
metallic binder phase (Co and Ni), which enhances the hardness
of the binder up to a certain level and contributes significantly
to improvements in both overall hardness and fracture toughness
(Kic) [18]. Although no sintering process was carried out in this
study, the presence of a typical 3.0 wt.% WC in the powder mixture
may still influence its flowability.

Table 1 presents the properties of all the commercial metallic
powders, as evaluated in a previous study, including particle and
bulk densities, purity, and particle size, while Figure 1 shows the
particle morphology.

Table 1 e Properties of ceramic and metallic powders (Miranda et al. [4]).

Powder Density (g.cm—3) Particle size (um)
Real Bulk

NbC 7.65 2.82 <1.0

wWC 15.63 4.02 1.5

Co 8.90 1.81 2.0

Ni 8.91 2.66 4.8

Purity (%) Origin/suppliers

99.65 F&X Electro-Materials Ltd. (Jiangmen, China)
99.53 Buffalo Tungsten Inc. (Depew, NY, USA)
99.97 Nanjing Hanrui Cobalt Co. (Nanjing, China)
99.85 CVMR Corporation (North York, ON, Canada)
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Figure 1 ¢ SEM images of (A) cobalt, (B) nickel, (C) NbC raw material before being mixed in suspension, and (D) NbC-Co composite.

The raw materials NbC, WC, Ni, and Co were characterized ac-
cording to their particle size distribution (Figure 2) using a
laser diffraction S3550 analyzer (Microtrac, Montgomeryville, PA,
USA). Analysis showed that NbC and CO powders exhibited the
narrowest distributions and the smallest particles (<0.1 pm). In
contrast, Co, Ni, and WC powders all displayed larger particles and
broader distributions compared to NbC.
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Figure 2 ¢ Granulometric distribution of raw materials (NbC, Co,
Ni, and WC) [4]: frequency distribution (solid lines) and cumula-
tive distribution curve (dashed lines).

The true density was determined by a helium pycnometer, model
AccuPyc IT 1350 (Micromeritics, Norcross, GA, USA).

The composition of the prepared mixtures is detailed in Table 2,
which shows that 3 wt.% WC was added to all mixtures. This is
crucial for controlling abnormal grain growth of NbC during liquid
phase sintering and improving the mechanical properties after

direct sintering [18]. It is worth noting that direct laser sintering
(L-PBF) is not within the scope of this analysis.

Table 2 « Weight balance and selected properties of prepared NbC

alloys.
Sample Composition (% weight) dsauter = Bulk
density
NbC WC Co Ni (um) (g.cm—3)
NbC-Co 67.0 3.0 30.0 0.0 139 2.01
NbC-Ni 67.0 3.0 0.0 30.0 138 1.84
NbC-Co-Ni  67.0 3.0 15.0 15.0 155 1.82

The NbC, Co, Ni, and Co/Ni combination powders were mixed
using conventional powder metallurgy techniques. A MSM-B me-
chanical stirrer (Werner Mathis, Ziirich, Switzerland) (Figure 3A)
with a marine propeller operated at 3000 rpm for 2 h, using a 1:1
powder-to-isopropyl alcohol suspension (Figure 3B). Next, the
isopropyl alcohol was removed by conventional drying in an oven
at 200 °C for 4 h.

Figures 4—-6 show SEM images (BSE/SE modes) along with their
respective chemical spectra and elemental quantification. These
images display the elements present in the NbC-based powder
mixtures (as detailed in Table 2), distinguishing dark particles (Ni,
Co, and NbC) from light particles (WC).

A comparative analysis of the NbC-Co (Figure 4), NbC-Ni
(Figure 5), and NbC-Co-Ni (Figure 6) alloys reveals that WC ap-
pears as light particles. At the same time, NbC, Co, and Ni primarily
differ in particle morphology. This analysis was performed using a
Vega 5 LMS Scanning Electron Microscope (SEM) (Tescan, Brno,
Czech Republic).
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Figure 3 ¢ Conventional mechanical agitator: (A) propeller in a marine-type propeller; (B) glass container with a maximum capacity
of 5 kg for metal powder mixtures [4].
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Figure 4 « SEM images (A) SE and (B) BSE of the same NbC-Co alloy and chemical spectrum—quantification of the elements in the
NbC-Co powder mixture.
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Figure 5 « SEM images (A) SE and (B) BSE of the same NbC-Ni alloy and chemical spectrum—quantification of the elements in the
NbC-Ni powder mixture.
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Figure 6 ¢« SEM images (A) SE and (B) BSE of the same NbC-Co-Ni alloy and chemical spectrum—quantification of the elements present

in the NbC-Co-Ni powder mixture.

A sieve shaker LGI-VW-SSO model) (LGI Scientific, Sdo Paulo,
Brazil) and a precision analytical balance were used to analyze
the particle size distribution of the NbC-based mixtures. A set of
standardized sieves (maximum capacity of 6 sieves) was selected.
These sieves are commonly used for hard metal mixtures in man-
ufacturing processes and feature the finest mesh sizes: # 150 mesh
(100 um), # 200 mesh (75 um), # 325 mesh (44 um), # 400 mesh
(37 um), # 500 mesh (25 um), and # 600 mesh (15 pm).

2.2, Powder rheology and flowability

A FT-4 powder rheometer (Freeman Technology, Tewkesbury, UK)
[19, 20] equipped with a 50 mm diameter accessory assembly
was used to evaluate the dynamic properties of the powders. This
involved measuring the energy expended when the powder was
“bulldozed” by a twisted blade. A detailed description of this equip-
ment and its tests can be found elsewhere in the literature, as well
as the definition of some specific test parameters, such as flow rate
index (FRI) and aeration ratio (AR) [13, 19, 20]. All tests were
performed at least in duplicate.

The dynamic test, comprising the basic flow energy (BFE) and
variable flow rate (VFR), involves a blade moving up and down
along a helical path through a powder bed. Powder deformation
and flow are induced by the blade’s motion, with the axial and
rotational components of the applied force determining the energy
expenditure associated with powder redistribution. For this test,
seven consecutive BFE measurements were performed at a con-
stant blade tip speed of 100 mm/s to evaluate powder bed stability
and test consistency. Subsequently, four additional tests were con-
ducted at decreasing blade speeds (100, 70, 40, and 10 mm/s) to
assess the VFR.

The compression test evaluated how bulk density varies with ap-
plied normal stress. Measurements were taken at eight consolida-
tion states ranging from 0.5 to 15.0 kPa.

The aeration test is a BFE test conducted with air injected at
the base of the powder bed. It assesses the reduction in BFE as
a function of the air velocity permeating the powder bed, which
fluidizes the particles and reduces interparticle contacts. Figure 77
displays the FT-4 Powder Rheometer and the accessories used to
carry out the above-described measurements.

Figure 7 ¢ FT-4 Powder Rheometer® (A) and its corresponding accessories and vessels (B) [19].
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The shear experiment relies on the rheological and frictional char-
acteristics of bulk solids and determines the cohesion of powders
in a consolidated (compressed) state. To achieve these parameters,
a yield locus composed of five shear points—ranging from 20% to
80% of the applied consolidation stress (3, 6, 9, and 15 kPa)—is
obtained. Finally, beyond the cohesion obtained directly from the
yield locus, the powder flow function (FF), which defines powder
flowability, was also estimated from the major principal stress
(MPS) and unconfined yield strength (UYS) [13, 20, 21].

The particles’ powder characteristics and rheological properties
directly influence the compacted layer in the powder bed. These
properties correlate with variations in powder bed filling, compres-
sive strength, permeability, and dynamic flow, and are predictably
influenced by AM processing parameters. Further investigation
into the behavior of fine and submicron powders in the dynamic
regime is necessary, especially for NbC-based alloys containing
particles smaller than 1 um. This requires greater measurement
repetition to better differentiate between powders with similar
rheological properties across all packing states [4, 10, 11, 20].

3. Results and discussion

The evaluation of particle size distribution in powdered composites
is essential across all processes aimed at the production of sintered
parts. This is because particle size is intrinsically linked to the final
part’s density and linear or volumetric shrinkage. Coarse particles,
resulting from the mixing of raw materials, underwent a sieving
granulometric classification according to the Tyler system, ranging
from #50 to #400 mesh (37 to 297 um). The Sauter diameter
(dsautrr) was used as the mean particle size reference. Figure 8
shows the particle size distribution obtained using a sieve vibrator
for 15 min, which was a reasonable time to allow for separation and
preliminary classification of the different grain sizes of the powder
samples.

100%
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70% ~B-NbC-Co-Ni
60%
50%

40%
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Figure 8 o Particle size distribution of pure components and
NbC-based alloys.

1000

It is observed that the particle size distributions of all three NbC-
based alloy samples are monodisperse and very similar, with mean
sizes ranging from approximately 138 to 155 um. This indicates that
particle size is a characteristic of the mixture process used, which
causes granulation of the original smaller raw material particles.
Hence, the mixing process is very consistent and reproducible.

Figure 9 shows the raw materials’ basic flow energy (BFE). Ni
particles exhibited the highest resistance to flow. This behavior is
likely due to their irregular and coarse morphology, which causes
interlocking as the blade passes through the sample. On the other
hand, Co particles, being more spherical, showed the smallest and
most concise BFE values. Finally, NbC presented an intermediate
behavior.
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Figure 9 ¢ Result of basic flow energy (BFE) and variable flow rate
(VRF) tests.

Regarding the composites, all of them exhibited smaller BFE values
compared to pure NbC samples. NbC-Co presented the smallest
value, similar to pure Co metal, suggesting that Co could be an
effective flowability agent for NbC. However, a similar flow pattern
was observed for NbC-Ni and NbC-Co-Ni, despite the presence of
Ni in the latter. This indicates that only 15% of Co is insufficient to
improve NbC’s flowability in these specific composite mixtures.

Another interesting behavior across all tested samples is that their
BFE increases with the reduction in the blade speed. This means
that the force to move the powder by an accessory doubles when
the powder movement reduces to one-tenth of the initial speed.
This finding is essential for developing accessories and devices that
promote powder flow at very small velocities.

The compressibility of the powder composites, measured as the
reduction in volume during compression (Figure 10), provides
essential information regarding the causes of major defects or
microstructural aspects. Consequently, it will influence the part’s
properties and application. All three composites exhibited similar
compressibility, indicating they would form a powder bed with
comparable compaction properties. This suggests that the nature
and amount of binders in the evaluated composites will not affect
the compressibility conditions; therefore, they should be selected
based on another suitable property.

Better than nothing, the compressibility was also unrelated to each
powder’s particle size. Still, regarding their shape, rounded par-
ticles exhibited higher compressibility, while more cubic-shaped
particles provided the lowest compressibility behavior.

It can also be observed that the NbC-Ni-based sample showed the
highest compressed bulk density. This is particularly interesting
since the loose sample was in a nonconsolidated state, suggesting
that the small NbC particles effectively fill the interstitial spaces of
larger Ni particles.
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Figure 10 o Graphical results of the compressibility test of powder

composites and raw materials.

Table 3 presents the results of the BFE test and the compressibility
test (subject to 15 kPa of normal stress), which also evaluated the
bulk density of the samples.

Table 3 ¢ Relationship between apparent density and compression
percentage of samples.

Samples Bulk BFE Compressibility BDcomp-
density (mJ) @ 15 kPa (%) (g.cm~3)
(g.cm~3)

NbC 2.66 2652.3 18.35 2.82

Ni 2.34 33914  10.74 3.00

Co 2.18 1239.4 16.59 2.18

NbC-Ni 2.26 2388.0 14.93 2.92

NbC-Co-Ni = 2.40 2260.2  13.81 2.62

NbC-Co 2.45 1493.2 13.08 2.82

The aeration test serves as an indicator of the powder permeabil-
ity under lower-stress conditions. While this information is not
particularly useful during powder bed layer constitution in an AM
process, it becomes crucial when filling die cavities or deep molds,
where air must permeate the powder bed without carrying it away.

Furthermore, the aeration test indicates powder cohesion at no
consolidation stress. Incipient fluidization describes the state
where the particles’ weight is counterbalanced by the drag force
from an upward fluid flow. Generally, surface forces are more
significant for small particles due to their high specific surface area.
For particles with fewer interactions, airflow can easily separate
them [22, 23]. If each particle is completely separated from the
adjacent ones, their interactions become negligible, and the mea-
sured BFE tends to be minimal, as the blade encounters no net re-
sistance. Conversely, a cohesive residual interaction between par-
ticles is observed as higher BFE values at the incipient fluidization
condition, which is identified by a plateau in the aeration test graph
(Figure 11).

The aeration test indicates that all powders are easily portable, as
the aeration plateau is observed at a very small air velocity. When
comparing the raw materials, both Co and Ni exhibited easier
aeration behavior than NbC. This is likely due to the smaller par-
ticles in the NbC sample, which develop a more cohesive behavior,
forming larger and denser agglomerate clusters than Co particles.
This results in a higher residual BFE value even after the incipient
fluidization stage.
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Figure 11 e Graphical results of the powder composite and raw

material aeration test.

It is also noticeable that NbC and NbC-Ni samples are more
cohesive than NbC-Co. However, all binders and their mixtures
enhance the powder composite’s fluidization and reduce the resid-
ual BFE value under incipient fluidization conditions. Observing
the results obtained in Table 3 it is clear that powder mixtures
comprising Ni require higher energy (BFE) to be moved by the
blade. This behavior is similar to what was seen in the aeration
test (Figure 11), where higher BFE values at steady state were
observed for these samples. Therefore, it can be stated that the
transfer of both NbC-Ni and NbC-Co-Ni powder mixtures from the
container to the powder bed will exhibit low fluidity.

Cohesion may only be quantitatively estimated through a shear
experiment. Results of shear experiments have proven that
NbC-Ni is the most cohesive powder composite, as shown in
Figures 12 and 13, and in Table 4.

Shear test results confirmed that NbC-Co is the least cohesive
powder composite, corroborating the aeration test’s results. This,
coupled with its lower BFE, makes it the optimal composite com-
position for the LPB-F process, despite similar compressibility to
other composites. This superior flowability is likely due to the
identical particle sizes of its components (1 and 2 pm) and the
nearly spherical shape of the Co particles.
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Figure 12 ¢ Construction of the typical yield of NbC-based mix-
tures at 3 kPa.
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Table 4 ¢ Quantitative parameters evaluated by the shear test.

Samples Parameter g3kPa 6kPa o9kPa 15kPa
NbC Cohesion (kPa) 1.35 1.97 2.05 2.45
ATF (°) 29.2 20.6 29.13 34.7
Ni Cohesion (kPa) 0.48 0.51 0.71 0.80
ATF (°) 29.7 318 31.0 32.9
Co Cohesion (kPa)  0.60 0.87 1.11 1.29
AIF (°) 37.0 33.8 33.7 33.5
NbC-Ni Cohesion (kPa) 1.42 1.99 3.08 2.93
AlF (°) 35.7 38.7 371 399
NbC-Co-Ni = Cohesion (kPa) = 1.06 1.56 2.07 2.32
ATF (°) 32.7 33.7 334 36.5
NbC-Co Cohesion (kPa)  0.70 0.93 1.19 1.23
ATF (°) 29.4 317 31.1 32.4

On the other hand, the composite comprising NbC and Ni parti-
cles exhibited the highest cohesion and more challenging fluidiza-
tion conditions. The discrepancy in the particle sizes between the
raw material and the cubic shape of Ni could contribute to this
behavior.

Finally, a beneficial effect of Co was observed in the NbC-Ni sam-
ple, reducing its cohesion and enhancing its fluidization pattern,
though no effect was noted on its BFE. Therefore, the inclusion
of Ni in the composition of NbC-based alloys warrants careful
consideration, as it leads to a significant reduction in composite
powder flowability.

The Mohr circles, estimated through the experimental yield locus
for each sample at the four different consolidation states, allowed
for plotting the flow function of the raw materials and composites,
as shown in Figure 14.

According to the flow function, all powders tend to become more
cohesive at low stress, which is the prevailing condition during the
deposition of a powder layer in the L-PBF process. For others, the
powder is subject only to its weight. Moreover, the classification of
all powder composites’ flowability and the excellent flowability of
NbC-Co composite become evident.

Miranda et al. [4] developed a pneumatic industrial turbine con-
tainer (GT series with silencer connector) coupled with a metal
roller. This roller’s rotation speed is controlled independently of

the displacement speed. In this direct sintering process, metal
powder compaction is applied inside the sintering chamber. The
metal powder flows under the fluidizing container and, through its
translation and rotation movement, can simultaneously spread and
compress. Within this device, the powder composites must flow
under the fluidizing container while simultaneously being spread
and compacted. The compaction of thin layers with a compact-
ing roller is particularly interesting for extra-fine metal powders
in applications focused on three-dimensional printing (e.g., SLS,
SLM, 3DP, or L-PBF) [23]. Therefore, understanding the powder’s
behavior under these conditions (aerated, non-consolidated, and
compacted) is essential for the correct setup of the device and,
consequently, the properties of the final part.

15
| NbC-Co-Ni ONbC-Ni ONbC-Co *Co xNi XNbC | Very cohesive
13 o
o
10
—_ X
© Cohesive
g 8
wv
>
2
5
X
Easy-flowing
3 —
Free flowing
0
0 5 10 15 20 25 30
MCS (kPa)
Figure 14 o Flow function of the samples estimated by the shear
test.

The FT4 Powder Rheometer has emerged as a new powder flow
testing device [9, 20]. Flow resistance is characterized by flow
energy, defined as the sum of the rotational and translational work
required to drive a rotating impeller a certain distance in a powder
bed. This device can differentiate the flowability of powders that
otherwise exhibit similar behavior in shear tests, partly attributable
to the dynamic nature of the test. In other cases, flow energy has
correlated well with other flowability measurement techniques.
Currently, the device is primarily used for comparative testing
rather than process design [24—26].

The differences in flowability between Co- and Ni-based NbC
powders are expected to significantly impact powder bed unifor-
mity and, consequently, the integrity of final parts produced via
L-PBF. The superior flowability of NbC-Co powders, attributed
to the spherical morphology and lower cohesion of Co particles,
promotes a more uniform and consistent powder layer during
deposition. This reduces the likelihood of defects such as uneven
layer thickness, voids, or poor interlayer fusion, which can com-
promise mechanical properties. In contrast, the higher cohesion
and reduced flowability of NbC-Ni powders, likely due to Ni’s more
irregular particle shape and stronger interparticle interactions, can
lead to uneven spreading, increased powder bed roughness, and
localized agglomeration. These effects may result in insufficient
fusion, increased porosity, and residual stresses in the printed part,
negatively affecting its mechanical strength and reliability. There-
fore, optimizing powder flowability, particularly through binder
selection, is crucial for enhancing L-PBF process efficiency and
ensuring high-performance NbC-based cermet components.
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The L-PBF technique is a promising alternative for NbC-based alloys
with Ni and Co metal powders, which are selectively deposited and
melted by a computer-controlled laser, layer by layer [24, 27]. One of
the advantages of the L-PBF technique is the ability to manufacture
tungsten mechanical components with complex shapes (external
and internal) and small dimensions, something that cannot be easily
manufactured by traditional techniques such as casting, forging,
machining, and conventional powder metallurgy [9, 10, 26, 28—30].
However, not all materials suit this AM process, involving the dry
powder bed deposition technique and rapid localized melting and
solidification. The dry powder deposition technique is essential for
AM via L-PBF. Therefore, information indicating which formulation
properties make it suitable or unsuitable for this processing method
is necessary, and the tests carried out via FT-4 contribute greatly, as
demonstrated in this study.

4. Conclusions

This work investigated the rheology of NbC-Ni, NbC-Co, and NbC-
Co-Ni powder composites, comparing them with pure Co and Ni
metallic powder via FT-4 analysis. The goal was to establish critical
functions, both analytically and experimentally, to advance the
construction of deposited and compacted layers in the powder bed.

Here are the key findings:

I. Pure Ni binder, despite its good flowability and aeration pat-
tern, worsened the properties of pure NbC in the NbC-Ni
composite.

II. The best powder flow conditions were observed in samples
containing only Co, specifically NbC-Co, exhibiting flowabil-
ity comparable to WC-Co. Conversely, the NbC-Ni samples
showed very poor flow.

III. The benefit of Co was also evident when added to the NbC-Ni

composite, improving the flowability of this powder composite.

The porosity of all evaluated NbC-based composites was similar,
suggesting that a single compaction technique (device) during
powder bed formation will suffice to produce a flawless part.

V. The packing of the NbC-Ni mixture indicated higher levels
of cohesion than the NbC-Co- and NbC-Co-Ni-based alloys,
attributable to the apparent densities of the mixtures.

VI. The mixed particles (Co, Ni, and NbC) achieved the best pack-
ing/compressibility. Larger and denser particles, such as Ni,
tend to flow more freely in the powder bed, enabling them to
slide over each other to form a more compacted and cohesive

powder bed.

These conclusions are interesting and complementary to our pre-
vious discussion (Miranda et al. [4]), encouraging new research in
this field:

A. The alloys containing the Co binder phase showed higher
hardness when compared to those containing Ni and Co-Ni
binders.

B. The NbC-based alloys with Ni exhibited the lowest levels of
thermal residual stress, below 50 MPa (compressive stress).

Finally, to assess the impact on the additive manufacturing (AM)
process, a spreadability test using these fully characterized pow-
ders should be conducted to evaluate powder bed formation.
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