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Tantalum nitride is an indispensable material for various technological applications due to its exceptional me-
chanical, thermal, electrical and biological properties. In the literature, tantalum nitride has so far mainly been
produced in the form of thin coatings, which has limited its use in bulk shapes. This research represents a
breakthrough advance in the simultaneous synthesis and consolidation of tantalum nitride and reports the
successful fabrication of bulky shapes using laser powder bed fusion (LPBF) technology. The process involves the
controlled interaction of tantalum powders with nitrogen within the LPBF chamber, resulting in the formation of

tantalum nitride. The study demonstrates the feasibility of generating bulky tantalum nitride samples and opens
up promising possibilities for practical applications in various industries such as implantology, electronics and
solar water splitting. This innovative approach not only expands the application range of tantalum nitride, but
also emphasizes the potential of additive manufacturing techniques in advancing materials synthesis and design.

1. Introduction

Tantalum nitride stands is an indispensable material in the field of
advanced materials owing to its remarkable combination of properties
such as a high melting point, excellent thermal stability, superior
hardness and chemical inertness [1]. Shin et al. [2] reported several
phases of tantalum nitride: equilibrium phases such as y-TasN hexagonal
closed pack form, e-TaN hexagonal and solid-solution of a-Ta(N) but also
lots of metastable forms, including Ta;N hexagonal, 5-TaN simple hex-
agonal, TasNg hexagonal, TasNs tetragonal, TagNs orthorhombic. The
allotropic configurations make tantalum nitride suitable for a variety of
applications ranging from microelectronics to aerospace components.

One of the most common uses of tantalum nitride is in hard coatings
[3], which are produced, for example, by physical vapour deposition
[4]. Tantalum nitride is a refractory material with high corrosion and
wear resistance and good mechanical properties [5,6]. In addition, TaN
thin films also have excellent electrical properties, which enable their
use in the manufacture of energy commutators, ignition transducers [7]
and strain gauges [8]. Tantalum nitride can also be used for advanced,
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environmentally valuable applications. The current focus on pollution
and energy scarcity is driving research in the field of photocatalytic
materials. Photocatalytic materials are essential for water splitting and
the degradation of pollutants. Tantalum nitride (TagNs) exhibits good
photocatalytic activity [9], it has a broad wavelength absorption (from
the UV range to at least 600 nm) and can theoretically achieve an effi-
ciency of about 17 % in the conversion of solar energy into hydrogen
[10].

Tantalum nitride has outstanding biomedical properties (corrosion
resistance, chemical stability and histocompatibility) [11] and excellent
blood compatibility, making it a potential replacement for low-
temperature isotropic pyrolytic carbon in artificial heart valves [12].
Corona-Gomez et al. deposited tantalum nitride directly on biomedical
grade CrCoMo alloy, and the coating showed high adhesion to the
substrate. The coating also reduced the wear rate, resulting in a longer
hip joint life [13]. Other authors used tantalum nitride coatings on ti-
tanium alloy implants to improve their biocompatibility (especially cell
adhesion and proliferation) and bioactivity of osteogenesis [14]. Babaei
et al. [15] deposited nanostructured TaN coatings using a reactive DC-
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magnetron sputtering and found that hexagonal and orthorhombic TaN
phases lead to a denser microstructure and better corrosion behavior.

Finally, the low temperature coefficient of resistivity, the low voltage
coefficient of resistivity and the good barrier properties in copper
compounds are suitable for use in the semiconductor industry [16]. The
barrier effect is strongly dependent on the phases present in the nitride.
In fact, the behavior of the nitride can change considerably with the
same chemical composition [17]. The phase stability of 1:1 tantalum
nitride has been studied in an interesting way by Grumski et al. [18].

Despite its numerous advantages, the practical use of tantalum
nitride is mainly limited to thin-film coatings due to the difficulties in
producing bulk material. In the production of thin films, the choice of
process parameters can have a significant impact not only on the
macroscopic quality of the film, but above all on its structural properties.
Several authors observed the contemporary production of different
tantalum nitride phases by DC magnetron sputtering systems as a
function of the Ny/Ar gas ratio [17,19]. The nitrogen flow in the
magnetron sputtering system influences the phase formation of
tantalum nitride and consequently its hardness, wear, adhesion, corro-
sion resistance, and biocompatibility [20,21]. Ramezani et al. observed
the effects of nitrogen ion flux on tantalum nitride films prepared by
nitrogen ion implantation [22]. Other authors used direct current
sputtering to produce tantalum nitride and correlated the resistivity of
tantalum nitride with structural properties [23,24]. Lei et al. used the
concentration of the reactive gas NH3 to obtain a single-phase TaNj
[25]. X. Zhao et al. demonstrated the production of an atomic layer of
tantalum nitride by CVD using a suitable precursor [26]. The atomic
layer deposition of tantalum nitride is carried out with the plasma-
assisted solution [27], which allows a wide range of chemical pre-
cursors and a process at low temperatures. An inductively coupled
plasma-assisted sputtering system guarantees control over the crystal
structure of the film and increases the density of the layer [28].Baik et al.
investigated the production of tantalum nitride by inductively coupled
plasma-assisted sputtering [29]. Hee et al. produced a bioactive
tantalum nitride coating by cathodic vacuum arc deposition [30].

Conventional manufacturing methods have often struggled to ach-
ieve the synthesis of bulky tantalum nitride, limiting its potential in
various industrial sectors. Recently, some authors have hypothesized
that light absorbers can be produced using metamaterials. The artificial
structures (which do not occur in nature) of metamaterials offer original
interactions with light. Lu et al. [31] see additive manufacturing (AM) as
a promising solution for the fabrication of broadband metamaterials as
adsorber metamaterials, but claim that tantalum nitride is not suitable
for fabrication using additive technology.

The advent of AM technologies has revolutionised the landscape of
material synthesis, offering unprecedented opportunities for the pro-
duction of complex geometries and customised components. Among the
myriad AM techniques, Laser Powder Bed Fusion (LPBF) has emerged as
a frontrunner due to its high precision, versatility and ability to process a
wide range of materials such as metals, ceramics and composites. Recent
developments include the use of a reactive atmosphere in the build
chamber to achieve in-situ synthesis of specific phases or reinforced
microstructures [32,33]. The present research leverages the unique
properties of reactive LPBF to explore a novel approach for the synthesis
and fabrication of TaN in bulky forms. The motivation for this research
endeavor stems from the critical need to expand the application range of
tantalum nitride beyond conventional thin film coatings. Whilst thin
films are widely used in microelectronics, corrosion protection and wear
resistant coatings, the limitations associated with film thickness and
substrate compatibility have hindered the wider application of TaN in
various engineering domains. By moving from coatings to bulky shapes,
this study aims to unlock new opportunities for the use of tantalum
nitride in areas such as aerospace, automotive, energy storage and
biomedical engineering.
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Table 1
Composition of the raw powder as provided by the manufacturer. Values are in
wt%.

Ta 0] H N C Cr Fe Ni
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Fig. 1. Layout of the build job with the nitrogen flow and recoating direction.

2. Experimental procedures
2.1. L-PBF specimens manufacturing

Tekna (Macon, France) supplied gas atomized pure tantalum powder
with the nominal chemical composition shown in Table 1, and the
particle size distribution D¢ = 19 pm and Dgg = 45 pm, as reported in
the manufacturer datasheet.

The powder was used to produce solid specimens using a 3D4steel
LPBF machine (3D4MEC S.r.l., Sasso Marconi, Bologna, Italy) equipped
with a 500 W Raycus Yb fiber CW laser (Wuhan Raycus Fiber Laser
Technologies Co., Wuhan, Hubei, China) operating in a nitrogen atmo-
sphere, with a wavelength ranging from 1050 to 1090 nm. The machine
was equipped with an IntelliSCAN III 20 (SCANLAB GmbH, Puchheim,
Germany) galvanometer head operating with a protective glass filter at
an optimum wavelength of 1064 nm. Nitrogen was generated by a local
generator (Barzagli Generatori S.a.s, Grosseto, Italy) with a purity of
99.9 % and flooded into the build chamber. The machine was equipped
with a Minox i 200 (Ntron Ltd., Navan, Ireland) oximeter, which mea-
sures the percentage of oxygen in the working chamber and eventually
stops production if the oxygen level exceeds 1 %. The measured per-
centage of oxygen in the working chamber was <0.7 % throughout the
production.

Specimens of 15 x 5 x 5 mm?> (%, y, z) were built on a steel base plate
(CA40 steel) after 5 layers of support structures to facilitate the removal of
the samples. The supports used are of the volumetric type, with a
rhomboid mesh structure, a cell size of (1.5 x 1.5) mm2, and a single
section size of 0.6 mm. The scanning strategy used for the specimens was
a standard hatching, where the order of consolidation was outer con-
tour, inner contour and then infill. The scan direction of the infill of the
first layer was inclined by 22.5° with respect to the Ny flow direction,
while the scan vector rotation was set to 67° for the subsequent layers.
The direction of the recoater was perpendicular to the N5 flow direction,
while the samples were placed on the buildplate at an angle of 10° to the
direction of the recoater. Fig. 1 shows the geometry of the samples and
the layout of the job.

The various sets of process parameters used to manufacture the
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Table 2
Process parameters used for specimens production: P — laser power, v — laser
scanning speed, h - hatch distance, t - layer thickness and Es - surface energy
density.

Sample ID P \Y h t Es
[P_v_E] [W] [mm/s] [mm] [mm] [J/mm?]
150.90_12 150 90 0.14 0.05 12
150.1209 150 120 0.14 0.05 9
150_150_7 150 150 0.14 0.05 7

Omgut. %
10 pm
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specimens are listed in Table 2. This results in a surface energy density
Eg, which is calculated as E; = P / (v  h) where P is the laser power, v is
the laser scanning speed and h is the hatch distance.

2.2. Density analysis

After production, the specimens were subjected to density mea-
surement according to the ASTM B962-23 standard [34] using an Ohaus
PA214C analytical balance (Ohaus, Nanikon, Switzerland) equipped
with an Archimedes density kit. The measurement procedure was
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Fig. 2. FESEM images of the raw powder obtained by the in-lens detector of the FESEM microscope. (a) Overall image, arrows indicate particles with rough surface;
(b) SE detector, particle with smooth surface and (c) SE detector, particle with rough surface. The oxygen content was obtained by EDS analysis in “spot mode”. (d)
XRD pattern of the raw powder (e) Sectioned powder particles.
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repeated three times for each sample.
2.3. Structural characterization

The raw powder and all the produced specimens were subjected to
structural characterization by scanning electron microscopy (SEM),
energy dispersive spectroscopy (EDS), X-ray diffraction (XRD) and
Fourier transform infrared spectroscopy (FTIR).

The morphology and chemical composition of the samples were
investigated by a Zeiss Supra 40 high-resolution field emission scanning
electron microscope (FESEM) equipped with a Bruker Quanta 200
microanalyser (EDS). EDS analyses were performed both in “area
mode”, i.e. over the entire scanned field of view, and in “spot mode”
with a stationary electron beam to obtain the chemical composition of
the sample from an area as large as the spot of the electron beam.
Properly prepared samples viewed in cross section were analyzed in EDS
“line scan” mode to detect elemental variations from surface to bulk.

For the FESEM/EDS analysis, the raw powder was dispersed on a
carbon disc glued to the top of an aluminum stub. To investigate the
internal structure of the particles, the raw powder was embedded in
HARDROCK 554 epoxy resin, ground by emery paper and polished with
diamond paste.

The XRD investigations were carried out using a Bruker D8 Advance
diffractometer operating at V = 40 kV and I = 40 mA, with Cu-Ka ra-
diation, in the angular range 20 = 5°- 80°. The XRD patterns were
analyzed using the DIFFRAC.EVA software package including
ICDD—PDF 2 for search/match analysis. The shape analysis of the XRD
peaks was performed with the OriginPro 2024 software package. Riet-
veld analysis of the XRD patterns performed using the MAUD software
[35] allowed quantitative information on the total amount of phases
present in the samples to be obtained.

FTIR analysis was carried out using a Perkin Elmer Spectrum GX1
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spectrometer with the ATR accessory and a ZnSe crystal on the samples
reported in Table 2. The spectra were recorded in the 4000-500 cm ™
range with a resolution of 4 cm™!. Each spectrum was the average of 32
scans. The samples were placed directly on the ZnSe crystal without any
preparation. Three IR spectra were recorded for each sample and the
average absorbance spectrum was calculated. The background spectrum
was obtained from the clean crystal before each measurement. The raw
IR spectra were then converted to absorbance mode and vector
normalized using Perkin-Elmer’s Spectrum 10.4.0 software from.

The sample built in the condition 150_150_7 was subjected to further
analyses as it was considered the most promising due to its consolidation
behavior. Three different specimens with the 150_150_7 setup were
prepared to analyze (a) the upskin surface, (b) the rupture surface and
(c) the internal microstructure. Micro- and nano-hardness tests were
performed on this last sample.

The upskin surface was prepared by placing it on a stab in its as-built
condition. In addition, a fracture surface was obtained by manually
fracturing an as-built sample and analyzing a surface parallel to the
build direction (Z-axis).

For the microstructure analyses, a 150_150_7 sample was sectioned
and embedded in low shrinkage Technovit 4000 resin. After resin
consolidation, the sample was ground and finally vibro-polished with a
suspension of silica particles with a size of 0.05 um. The sample was then
chemically etched with a solution of 15 mL sulphuric acid, 5 mL nitric
acid and 5 mL hydrofluoric acid [36] for a total of 2 s. Then, the
microstructure was observed using a Nova NanoSEM 450 scanning
electron microscope.

2.4. Micro-hardness and nano-hardness analysis

Vickers micro-hardness measurements, according to the UNI EN ISO
6507-1 standard [37] were carried out using a Remet HX-1000 (Remet,

Fig. 3. Images of 150_150_7 solid sample: (a) overall upskin view, (b) detailed view along the thickness of the sample, (c-d) SEM images of a polished section.
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Bologna, Italy) microdurometer. The tests were performed with a load of
0.1 kgf (HV 0.1) and a dwell time of 10 s on the polished section of the
sample used for the microstructural observations and obtained using the
procedure described in section 2.3. Ten indentations were made
randomly in the center of the specimen thickness and distributed along
its entire length.

Instrumented indentation tests were performed in an area of the
same sample where the consolidation was effective, far from inter-layer
defects, according to the guidelines of the ISO 14577-1 standard [38] in
the nano range, using an Anton Paar NHT3 (Anton Paar, Graz, Austria).
The instrument consists of a vibration damping stage, a microscope, and
an indenter with a Berkovich tip. The indentation cycle was set with a
force application time of 30 s, a dwell time of 10 s and a force removal
time of 30 s. The Oliver & Pharr method was used to calculate the
hardness. Five force levels were defined to test the sensitivity of the
material to the applied force: 50, 100, 150, 200, 250 mN. For each level,
5 indentations were made. The values of indentation hardness (HIT),
Vickers hardness (HVIT) and indentation modulus (EIT) were calculated
for each force level.

3. Results and discussion
3.1. Powder characterization

The raw powder observed by the in-lens detector of the FESEM mi-
croscope consists of spherical particles with a size in the range of 5-40
pm, as shown in Fig. 2(a). Statistical analysis of the FESEM images using
the ImageJ software confirmed the particle size distribution as specified
by the manufacturer. Fig. 2(a) shows that although most of the particles
have a smooth surface, some show a rough surface (indicated by arrows
in Fig. 2(a)). The FESEM observations carried out with the SE (Sec-
ondary Electron) detector made it possible to evidence differences in the
surface morphology of the particles (Fig. 2(b-c)). Fig. 2(b) shows the
smooth surface of a particle, while Fig. 2(c) shows a detail of the
morphology of a rough particle. The EDS analysis, which was performed
in “spot mode” on both particles, resulted in a high oxygen content in the
particle with the rough surface. The percentage values are shown in
Fig. 2(b-c).

The XRD pattern of the raw powder is shown in Fig. 2(d). The
diffraction peaks are due to the only phase present in the sample, namely
a-Ta, body centered cubic (bcc), space group Im-3 m (229), and nominal
lattice parameter a = 0.330580 nm (ICDD-PDF2 file n. 4-788). The
width and intensity of peaks indicate a well crystallized Ta phase. No
other crystalline compounds are present in the raw powder. However,
the presence of oxygen detected by EDS analysis suggests the possible
formation of tantalum oxide. Therefore, the absence of peaks attribut-
able to tantalum oxide in the XRD pattern in Fig. 2(d) can be ascribed to
the formation of a thin and amorphous surface oxide layer coating the
particles of the raw powder.

The SEM image of the inner structure of the powder particles is
shown in Fig. 2(e). In the particles, some pores are dispersed in a general
compact structure. The presence of pores, which form during the cooling
phase of the gas atomization process used to produce the raw powder,
reduces the density of the material. The manufacturer’s datasheet gives
10.6 g/mm? as the value for the tap density of the powder, measured
according to ASTM-B527 method. The nominal value of the a-Ta bulk
density is 16.637 g/cm?, as stated in ICDD file No. 4-788.

3.2. L-PBF specimens characterization

During the L-PBF process, all the specimens (150_90_12, 150_120_9,
and 150_150_7, as indicated in Table 2) warped and rose above the
powder bed after 5-10 layers, leading to the job abortion. This is likely
due to excessive shrinkage-induced stresses and an indication that the
process parameters need to be further optimized. However, for the
samples produced with the lowest energy density (150_150_7), the build
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Fig. 4. XRD patterns of samples manufactured with the optimized printing
parameters.
Full dot — TayNg ge; full square - Tay0.

Table 3
Quantitative composition of samples as provided by the Rietveld refinement.
Sample name TasNo g6 Tay0
(Wt%) (wWt%)
150.150_7 77 23
1501209 54 46
150.90_12 74 26

proceeded successfully for a higher number of layers than at the more
energetic conditions. The largest sample that could be built (Fig. 3(a-b))
has a size of 15 x 5 mm? (x, y), with a maximum thickness of 300-400
pm (z), even though there are clear signs of adhesion problems between
the layers. Inter-layer defects can be better observed on the polished
section of a 150_150_7 specimen (Fig. 3(c-d)).

Poor adhesion between the layers is also a possible symptom of
insufficient remelting due to lack of energy. These results suggest that a
higher energy density is required to achieve a deeper melt pool and
better bond between the layers. However, more energetic parameters
would increase the risk of warping and job failure. It can be assumed
that a tighter attachment of the part to the build plate must be ensured
before attempting to optimize the parameters of the laser process to-
wards better control of cooling rates and the shape of the melt pool.
Nevertheless, the result is already the first proof of the feasibility of bulk
consolidation of tantalum nitride.

3.2.1. Structural characterization

The XRD patterns of the samples manufactured with the optimized
printing parameters listed in Table 2 are reported in Fig. 4.

XRD patterns in Fig. 4 show peaks of $-TasNg gs, hexagonal, space
group P-31 m (162), nominal lattice parameters a = 0.5285 nm and ¢ =
0.4919 nm (ICDD-PDF2 file n. 89-5199) and of Tay0, cubic, space group
123 (197), nominal lattice parameter a = 0.668 nm (ICDD-PDF2 file n.
74-2305). No peaks of pure Ta were detected by the XRD analysis. Peak
shape analysis and Rietveld refinement of the XRD patterns allowed
obtaining the relative amount of phases present in the samples. The
results are reported in Table 3.

Sample 150_150_7 produced with the lowest value of surface energy
density (Egyf = 7 J/mm?) contains the highest amount of tantalum
nitride (TagNg.gs) compared to all other samples. In addition to the
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Fig. 5. EDS analysis in line scan mode through the surface of the 150_150_7 specimen observed in cross section. Blue line — Ta, green line — O, red line — N. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. FTIR spectra of samples. The inset shows the wavenumber range
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nitride, this sample also exhibits peaks that can be attributed to the
tantalum oxide TapO (Fig. 4). All the compounds present in sample
150_150_7 (TayNg g6 and Taz0) are well crystallized, as evidenced by the
narrow width of the peaks (Fig. 4). However, the XRD pattern of sample
150_150_7 also shows a broad diffraction effect at about 26 = 20°, which
suggests the presence of amorphous and/or poorly crystallized com-
pounds. The formation of poorly crystallized compounds in this sample
is a direct result of the high cooling rates typical of the LPBF process and
the low energy density of this sample, which limits the thickness of the
remelted layer during laser exposure.

The sample produced with Egyuf = 9 J/mm? (150_120_9) has the
highest proportion of tantalum oxide (Table 3). On the contrary, at the
highest value of the surface energy density (Esuf = 12 J/mm?), the
amount of tantalum nitride prevails over the oxide and all compounds
are well crystallized (Fig. 4 and Table 3). However, a broad diffraction
effect of very low intensity around 20 = 20° is also visible in this sample,
indicating the formation of amorphous and/or poorly crystallized

compounds, albeit in smaller quantities than in sample 150_150_7.

The EDS analysis carried out in area mode evidenced the presence of
nitrogen in all samples. The total amount of nitrogen is almost the same,
about 1 wt%, regardless of the manufacturing conditions.

The EDS analysis in line scan mode was carried out on samples that
were properly prepared and observed in cross-section. The results of
these analyses, shown in Fig. 5 for sample 150_150_7, are representative
of all samples analyzed.

When the sample is line-scanned from regions outside the surface to
about 30 pm inside, the signals of all elements undergo an abrupt change
at the sample surface. The change is most evident in the oxygen signal
(green line), which has the highest concentration at the sample surface,
indicating the presence of a surface oxide layer. Inside the sample, the
oxygen remains almost constant with an average value of about 15 wt%.
Nitrogen (red line) is not present outside the sample, but is clearly
present inside the sample with an almost constant concentration of
about 1 wt%. The concentration of tantalum (blue line) remains almost
constant throughout the sample. These results in combination with those
of the XRD analysis indicate that the sample consists of a superficial
Ta0 layer, only a few micrometers thick, while the tantalum nitride
TagN g6 is present throughout the sample (Fig. 5).

FTIR analysis was used to examine the compounds formed in the
samples and to understand the chemical bonding. The results of the FTIR
analysis carried out on the manufactured samples are reported in Fig. 6.
To facilitate comparison, the FTIR spectra in Fig. 6 have been shifted
vertically.

In the spectral range between 500 and 700 cm ™, the average spectra
of the three samples analyzed show intense bands at 551, 595, and 632
cm™!, confirming the presence of tantalum oxide, as they are repre-
sentative of the Ta—O bond. In contrast, the region between 800 and
1000 cm™!, shows less intense bands, which originate from the
stretching of the Ta—N bond and confirm the presence of tantalum
nitride [10]. As described in the literature, the small peak at 870 cm tin
the sample 150_90_12 can probably be assigned to the stretching mode
of the Ta-O-Ta bonds [39].

The spectral range 2200-2600 cm !, is known to show the charac-
teristic bands of the Ta—O double bond in TaO0s. In particular, the band
at 2335 cm™! is attributed to the amorphous conformation of the
tantalum oxide, obtained with annealing up to 500-600 °C, while the
band at 2340 cm ™! is associated with the crystalline conformation of the
metal oxide, obtained with annealing above 700 °C [39]. The spectra of
samples 150_150_7 and 150_90_12 show bands representative of both
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Table 4
Results of density measurements. Mean value and devia-
tion of 3 measures are given.

Sample name Density [g/cm®]

1509012 15,5+ 0.3
150.1209 14.6 + 0.7
150.150_7 154 +£0.3

conformations (at 2337, 2345, and 2360 cm ™! and at 2338, 2357, and
2372 cm ™, respectively), with a predominance of the crystalline phase,
while the spectrum of sample 150_120_9 shows the bands at 2344, 2361,
and 2376 cm™!, confirming the presence of the only crystalline phase.
These results are in close agreement with those obtained by the XRD
analysis.

Overall, the spectral analysis of the three samples confirms the
presence of both tantalum oxide and tantalum nitride. The different
conformation of the latter in sample 150_90_12 and the presence of both
an amorphous and a crystalline conformation of tantalum oxide in
samples 150_150_7 and 150_90_12 indicate a strong influence of the
value of the surface energy density. Further investigation and charac-
terization of these samples could provide valuable insights into their
properties and potential applications in various fields.

Scan track

e P S, e,
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3.2.2. Density analysis

The results of the density measurement carried out on all samples are
listed in Table 4. Within the uncertainties, the density values are similar
for all samples.

The values obtained lie between the density of pure tantalum (16.7
g/cm3 [40]) and tantalum nitride (13.7 g/cm3 [40]). However, it is
important to mention that this result could be influenced by the presence
of closed pores in lack-of-fusion areas or at the interface between the
layers.

As previously mentioned, samples 150_150_7 were subjected to a
deeper characterization due to the better result in terms of the size of the
consolidated parts compared to the other samples.

3.2.3. Upskin surface characterization

SEM observations of the top surface of the 150_ 150_7 sample are
shown in Fig. 7(a-b). The images show very good surface integrity of the
individual melt tracks, as well as good adhesion between neighboring
tracks (Fig. 7(a-b)). The result indicates a good tuning of the LPBF pa-
rameters [41]. In addition, Fig. 7(b) reveals the presence of at least two
phases, that continue through adjacent scan tracks.

3.2.4. Rupture surface characterization
Fig. 7(c-d) shows an overall view of the rupture surface of a

=17
thickness. :

Fig. 7. SEM images of the specimen 150_150_7: (a) upskin surface, SE, 4 adjacent scan tracks (b) upskin surface, BSE, detail of scan tracks adhesion. (c) rupture
surface, SE, overall view, (d) rupture surface, BSE, overall view, (e) and (f) detail of the cleavage phenomenon on the rupture surface.
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Fig. 8. Images of the section of specimen 150_150_7: (a) SEM image, BSE, overall view, (b) SEM image, BSE, detail of an insufficiently melted area (c) OM image of

the etched surface;

150_150_7 sample that was manually fractured. The section shows a
thickness of approx. 100-300 pm of bulky material, which has
completely melted and become a solid part. Below the sample, the
downskin region is visible, which consists of sintered and partially
melted powder particles. The failure mechanism is fragile and is char-
acterized by many cracks and frequent occurrence of the cleavage
phenomenon (Fig. 7(e-f)).

3.2.5. Microstructural characterization

Fig. 8(a) shows an SEM image of a polished section of sample
150_150_7, which again demonstrates that the build-up has occurred to
a local thickness of 0.6 mm, with interlayer detachment being the
limiting factor in building higher parts. Fig. 8(b) shows that even where
the sample is macroscopically solid, the interlayer zone suffers from
incomplete melting as the original powder particles can still be recog-
nised. After chemical etching, the samples exhibit a microstructure with
predominantly equiaxed grains, as shown in Fig. 8(c). The observed
microstructure is consistent with the microstructure of tantalum and
tantalum oxide described in the literature [42]. In addition, the grains
shown in Fig. 8(c) reflect the fracture surface shown in Fig. 7(e).

3.2.6. Micro-hardness and nano-hardness analysis

Hardness tests were performed on a section of sample 150_150_7 to
test the material properties in a core area that should better represent
the properties of the bulk material. The microhardness tests yielded a
value of 862 + 111 HVO0.1, a value at the lower limit of the range
measured by Kim and Cha [17] on thin TaN films deposited by D.C.
magnetron sputtering at various N2/Ar gas ratios. Therefore, a more
localised evaluation is performed by instrumented indentations, the
results of which are shown in Table 5 for force levels of 50, 100 and 150

Table 5
Results of indentations performed with three different force levels.
Force [mN] EIT [GPa] HIT [GPa] HVIT [Vickers]
Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.
50 210 9 16.7 0.9 1540 85
100 210 7 16.0 0.4 1475 40
150 211 8 16.8 0.9 1555 80

mN. The measurements at 200 and 250 mN are not shown as the depth
of the indentation was outside the calibrated range of the instrument,
resulting in an unreliable measurement. The hardness values deter-
mined with the load range of 50-150 mN show only very small de-
viations and no load dependence. In addition, the values are within the
hardness range of 16 to 20 GPa specified by Bernoulli et al. [19] for a
tantalum nitride film, while Leng et al. [43] measured higher values for
TayN. Details of the force-depth curves and of the indentations shape are
given in Fig. 9(a-b).

4. Conclusions

This research represents a pioneering breakthrough in the synthesis
and construction of tantalum nitride and marks the first successful
fabrication of bulky TaN shapes utilizing the reactive LPBF technique.
By harnessing the intrinsic reactivity of tantalum with nitrogen under
specific processing conditions, the research has achieved unprecedented
success in the consolidation of samples consisting of tantalum nitride
and oxide. The presence of oxide is not ascribed to the manufacturing
phase itself, but to the original supply conditions of the powder.
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Fig. 9. (a) Force vs. depth plot of representative indentations for the 3 force levels and (b) backscattered electron images of the indentations.

The presence of TaN was confirmed by XRD analysis, which detected
TayNy g6, FTIR analysis, which identified Ta—N bonds, and hardness test
results, which were consistent with values reported in the literature for
TaN. Additionally, EDS analysis confirmed the presence of nitrogen in
the sample, further supporting the formation of TaN.

Further studies are required to optimize the process parameters and
enable the production of larger components. However, the results not
only open up the possibility of customising TaN for specific applications,
but also wunderline the transformative potential of additive
manufacturing for progress in materials science and engineering.
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