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Abstract

In metal additive manufacturing (AM), inert gases are traditionally used to achieve a controlled atmosphere and mitigate
the effects of residual reactive gases. However, the interaction between gases and laser processes, particularly in reactive
laser powder bed fusion (RL-PBF) technology, offers the possibility of opening up new avenues for material synthesis. In
this experimental work, the authors observed the presence of C;N, in the residual powder during the manufacture of AISI
1070 steel parts by L-PBF, indicating a reactive process occurred during parts production. This investigation revealed the
formation in the working chamber of a waste product containing C;N, carbon nitride, due to the reaction between the carbon
released from the steel and the nitrogen in the chamber. Remarkably, despite carbon depletion, the final product of AISI 1070
steel complies with the specifications of use. Hence, the L-PBF machine was modified to allow black powder sampling from
various locations in the chamber. Authors attempted to enhance the production of the C;N, material by increasing the SED up
to 7143 J/mm? to sublimate a pure graphite rod and concurrently manufacture parts in AISI 1070, in a nitrogen atmosphere.
The results obtained at higher SED values showed that in both cases (graphite rod or AISI 1070 steel) a C;N, compound in
the black powder is formed in the investigated atmosphere by reaction of nitrogen atoms with the carbon atoms vaporized by
the laser beam. Thus, the study highlights the novel achievement of synthesizing carbon nitride as a high-value by-product
while producing functional AISI 1070 steel parts via L-PBF through reaction with nitrogen atmosphere.

Keywords Additive manufacturing - Reactive laser powder bed fusion - Nitrogen atmosphere - Carbon nitride - Filtering
system

1 Introduction

In the additive manufacturing (AM) of metals, inert gases
such as nitrogen and argon are generally used to ensure a
controlled atmosphere and mitigate the effects of residual

P4 Maria Laura Gatto
m.].gatto@univpm.it

Dipartimento di Ingegneria “Enzo Ferrari”, Universita di
Modena e Reggio Emilia, Via Vivarelli 10, 41125 Modena,
Italy

2 3D4MEC S.r.1, Via Porrettana 48, 40037 Sasso Marconi, BO,
Italy

Dipartimento DIISM, Universita Politecnica delle Marche,
via Brecce Bianche 12, 60131 Ancona, Italy

Dipartimento SIMAU, Universita Politecnica delle Marche
and UdR INSTM, via Brecce Bianche 12, 60131 Ancona,
Italy

Published online: 09 September 2024

reactive gases (especially oxygen). However, the synergistic
interaction between gases and laser processes sets novel pos-
sibilities for manipulating material composition and phase
formation by reactive laser powder bed fusion (RL-PBF)
technology [1].

Since RL-PBF leads to the formation of carbide- and
nitride-based phases and thus extends the design flexibil-
ity of multi-material components, several applications
have been explored in the literature recently. For instance,
localized surface modifications can be obtained directly
through the RL-PBF production process at specific sites
on the printed component. This approach bypasses the ex
situ deposition methods, which are effective in creating
ceramic layers but suffer from certain drawbacks, such
as the inability to process complex surfaces and reentrant
shapes, and thermal modifications in the substrate material
[2]. According to Sahasrabudhe et al. [2], composite coat-
ings of titanium nitrides and calcium titanate on an a-Ti
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matrix were generated in situ by reactive multi-material
laser engineered net shaping (LENS™), where a mixture
of Ti-6Al-4 V powder and calcium phosphate (CaP) was
processed in an oxygen-free, nitrogen-argon environment.

In addition to surface treatment directly during the AM
process, bulk composites were also investigated. The in-
situ formation of metallic glass—ceramic composites was
explored by Goetz et al. [1] as a possibility for AM pro-
cessing. The formation of ZrN in a Zr-based bulk metallic
glass is observed after processing using RL-PBF [1], the
results were subordinate to the gas solubility in the melt-
ing pool, the phase diagram and the process conditions.
Furthermore, the reactive AM approach paves the way for
in situ strengthening of pure metals and alloys. According
to Dong et al. [3], strong and ductile pure Ti was synthe-
sized via an approach involving ball-milled pure Ti powder
and RL-PBF in an Ar-N, atmosphere. RL-PBF has also
been shown to enable the in-situ synthesis of carbide and
nitride ceramic phases such as Cr;C, and CrN, overcom-
ing previous limitations in the additive manufacturing of
non-oxide materials [4]. The reactive approach may as
well be viable for the additive manufacturing of numer-
ous ultra-high-temperature ceramic materials (HfC, ZrC,
TiC, HfN, ZrN, and TiN), that cannot be readily produced
using current methods [5].

The use of reactive atmosphere for stainless steel is
widespread and the main goal is to obtain oxide dispersion-
strengthened steels (ODS) in a non-conventional way. The
main advantages are the possibility of obtaining customiz-
able products by a cost-effective process. The main authors
who have worked in this field are Haines et al. [6]; Wang
et al. [7]; Yin et al. [8] and Horn et al. [9]. Each author
has applied the L-PBF technology with different reactive

atmospheres and with different process parameters, which
are listed in Table 1.

All authors agree that the use of a reactive atmosphere,
either carbon dioxide or oxygen, makes it possible to obtain
oxides in the final products, in nano- or micron size. Oxygen
tends to combine with yttrium, and when it is not available,
the preferred oxygen getter is aluminium. Yin et al. investi-
gated the difference in end products that results from using
different oxygen getters at different atmospheres. His studies
emphasize that yttrium produces the smallest oxide diameter
(approx. 50 nm in all atmospheres) and the highest oxygen
percentage (approx. 600 ppm) where a plateau is reached.
Under these conditions, an acceptable amount of ODS is
obtained, comparable to other commercial counterparts and
sufficient to enhance mechanical properties, but it is not pos-
sible to obtain a high-density dispersion of nano-oxides due
to surface oxidation and oxide agglomeration.

Despite the various applications of reactive additive fab-
rication witnessed in the most recent literature, no study
has yet investigated its benefits in the production of new
materials as a by-product of the RL-PBF production process
in N, atmosphere.

The present experimental study originated from the detec-
tion of C;N, in the residual powder remaining in the work-
ing chamber after the production of AISI 1070 steel parts
by laser powder bed fusion (L-PBF) in a nitrogen atmos-
phere. Findings suggested a reactive process involving
carbon atoms vaporized from the metal and the N, gas. To
collect the carbon nitride formed, the L-PBF machine was
modified so that the black powder could be sampled from
various points in the chamber. The black powder consists
of the waste products formed in the build chamber during
the production process. Black powder is blown out of the

Table 1 Use of L-PBF technology in literature with different reactive atmospheres and process parameters to obtain oxide dispersion-strength-

ened steels

Work Powder Atmosphere  Power (W) Scanning Layer Hatch
speed thickness  distance
(mm/s) (um) (um)
Haines et al. [6] Fe—19.2 Cr—4.59 Al—0.55 Ti—0.0262 —0.0055C 100% Ar 140 600 30 90
0.02% O,-Ar 170 1000
2% CO,-Ar 200 1400
8% CO,-Ar
100% CO,
Wang et al. [7] Fe—22 Cr—>5.1 Al—0.5 Ti—0.26 Y—0.0202 0—0.0686N 0.3% O,-Ar ~ 300 1318 30 110
0.5% O,-Ar
1% O,-Ar
99.99% N,
Yin et al. [8] 316-L Si; 316-L Al; 316-L 0.5Y; 316-L 1.2Y; 316-L 2.0Y;  100% Ar 90 400 25 80
1% O,-Ar 600
2% O,-Ar 1000
Hornetal. [9] Fe—14.99 Cr—0.15 Y—0.10 Ti—0.060, this powder was 1% O,-Ar 90 1500 20 80
gas atomized in Ar then in O, 5% O,-Ar
Air
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building platform by the gas flow and then collected in the
filtering system.

Carbon nitride organic materials are a versatile group of
functional materials with significant potential for various
applications in the field of energy and sustainability. Car-
bon nitrides, which are characterized by a high nitrogen-
to-carbon ratio, are synthesized by thermal condensation
of carbon with nitrogen-containing precursors. The special
properties of carbon nitrides, such as tunable optical prop-
erties, high stability, biocompatibility and low cost, have
stimulated interest in their applications in different fields
[10]. The first synthesis of a polymeric carbon nitride was
reported by Berzelius and Liebig in 1834 [11], making it one
of the oldest synthesized polymers. Carbon nitrides exist in
several allotropes with diverse properties, but the graphitic
phase g-C;N, is regarded as the most stable under ambi-
ent conditions, especially as a photocatalyst for hydrogen
production by water splitting [12, 13]. Moreover, g-C;N,
has demonstrated high thermal, mechanical, and chemi-
cal stability due to its structure based on the tri-s-triazine
(CgN,) building blocks and strong covalent bonds between
carbon and nitrogen atoms, as well as suitable optoelectronic
properties due to its band gap value E,=2.7 eV [14, 15].
Nanoscale graphitic carbon nitride has been synthesized
in the form of three-dimensional (3D) nanoparticles, two-
dimensional (2D) nanosheets and one-dimensional (1D)
chains [16-18]. Nevertheless, the performance of C;N, in
photocatalytic applications is still limited since it strongly
depends on the crystal structure, porosity, charge transport,
and limited light harvesting in the visible and near-infrared
regions. For this reason, crystalline carbon nitrides with a
different stoichiometry than C;N, have recently emerged,
exhibiting very promising properties for optoelectronic
applications [19]. Generally, C,N, materials are synthe-
sized by organic modifications, oxidation treatments, inor-
ganic doping, and mechanical denaturation [10]. Many of
the investigated production technologies use hazardous and
non-environmentally friendly components. Other solutions
(e.g. polymer templates) are not robust enough for large
scale production.

The findings from three key experiments are presented in
this paper. First, the authors report on the successful manu-
facturing of AISI 1070 parts by L-PBF with optimized pro-
cess parameters and the simultaneous reactive formation of
C;N, as a by-product. In this case, values of the surface
energy density (SED) in the range of 0.67—15 J/mm?® were

explored. Secondly, a rod of pure graphite was exposed to
the laser beam by increasing the SED up to 7143 J/mm?,
to cause the sublimation of the graphite and thus the reac-
tion of the carbon atoms with the nitrogen atmosphere, for
enhancing the production of the C;N, compound. Thirdly,
the authors attempted to improve the production of the C;N,
material at high values of SED as the second experiment, to
manufacture parts in AISI 1070 in a nitrogen atmosphere.
The results obtained at higher SED values showed that in
both cases (graphite rod or AISI 1070 steel) a C;N, com-
pound is formed in the investigated atmosphere by reaction
of nitrogen atoms with the carbon atoms vaporized by the
laser beam. XRD and FTIR analyses of the black powder
collected in the filtering system of the L-PBF machine evi-
denced a higher efficiency of C;N, formation in the case of
sublimation of the pure graphite rod, than in the L-PBF of
AISI 1070 steel. These results pave the way for the inves-
tigation and optimization of new methods for the produc-
tion of C;N, materials by reactive laser powder bed fusion
(RL-PBF).

2 Experimental procedure

2.1 Manufacturing of AISI 1070 steel specimens
by L-PBF

AISI 1070 steel gas-atomized powder in the diameter range
15-53 pm was supplied by MIMETE Srl. The chemical com-
position of the standard AISI 1070 is listed in Table 2, based
on the manufacturer’s specifications.

To optimize the process parameters for AISI 1070, three
cubes of 12x 12x 12 mm® were fabricated for each pro-
cess parameters combination reported in Table 3 using a
3D4Steel Laser Powder Bed Fusion (L-PBF) manufactur-
ing system (3D4MEC Srl, Sasso Marconi (BO), Italy). The
machine used a 1000 W Yb-fiber laser operating in a nitro-
gen atmosphere, provided by an on-board local generator.
An oxygen probe ensured that the oxygen content in the
chamber remained below 0.2% throughout the entire manu-
facturing process. The cubes were fabricated atop a support
structure on a steel baseplate of 110 x 110 mm?, employ-
ing a standard raster scanning strategy with an 80° rotation
between layers. In addition to raster scanning, pre-contour
and post-contour passes were executed along the outer edge
of each slice.

Table 2 Chemical composition of the raw powder as provided by Mimete Srl according to AISI 1070 standard. Element concentration in wt.%

C Mn Cr Ni Si Mo* P* S*
0.65-0.73 0.6-0.9 0.2-0.6 0.2-0.6 0.15-0.35 0.1 0.03 0.03
* %max
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Table 3 Process parameters used for the optimization of AISI 1070
L-PBF process; Power (P), scanning speed (v), hatching space (h),
layer thickness (#) and surface energy density (SED)

Sample name P v h t SED
(W)  (mm/s) (mm) (mm) [J/mm?]

P170v1400 170 1400 0.14 0.05 0.87
P170v1600 1600 0.76
P170v1800 1800 0.67
P190v150 190 150 9.05
P190v1400 1400 0.97
P190v1600 1600 0.85
P190v1800 1800 0.75
P210v100 210 100 15.00
P210v150 150 10.00
P210v200 200 7.50
P210v1600 1600 0.94
P210v1800 1800 0.83

To correlate the density of the obtained specimens and
the deposition parameters, surface energy density (SED) was
calculated by Eq. (1):

P
SED = 7 ey
where P is the power of the laser beam, v the scanning speed
and h the hatch distance.

Several papers in literature proposed correlating param-
eters, such as laser power, scanning speed and hatching
space, using an approach based on energy density, which
was demonstrated to control the material density and pore
distribution [20, 21]. According to Gordon et al. [22], a full
density sample can be obtained within the “process window”
by optimizing printing parameters, generally power (P) and
scanning speed (v).

Two SED regimes were adopted: (a) high surface specific
energy (SED > 7 J/mm?) and (b) low surface specific energy
(SED < 1 J/mm?).

The density of the samples was measured using the
Archimedes technique according to ASTM B962-17. For
each AISI 1070 L-PBF process condition with a high surface
specific energy (SED > 7 J/mm?), the density was measured
on three samples, and results were presented as the average
value.

During the processing of AISI 1070, the unmelted
residual powder in the chamber after production was
analyzed. In a second stage of the research, the 3D4Steel
L-PBF manufacturing system was modified to allow dif-
ferent sampling points for black powder. Figure 1 shows
the sampling points introduced with the 3D4Steel machine
modification (marked with asterisks in Fig. 1). Addition-
ally, previous experiences indicate that the use of high sur-
face energy densities necessitates a complex optimization

@ Springer

Fig.1 Closed loop gas flow scheme: (1) working chamber; (2)
cyclone; (3) rough filter; (4) fine filter; (5) pump. Asterisks indicate
the black powder sampling points

phase of the protective gas circuit. Therefore, the 3D4Steel
L-PBF machine underwent a partial modification to assess
the pressure losses upstream and downstream of each
device in the gas circuit, including the pressure drop across
the cyclone filter, pre-filter, final filter, as well as the inlet
and outlet of the work chamber.

2.2 Structural characterization by SEM, XRD
and FTIR

The chemical composition, microstructure and morphol-
ogy of the AISI 1070 raw powder and specimens produced
with a SED in the range of 0.67—15 J/mm? were investigated
using a Tescan Vega3 scanning electron microscope (SEM)
equipped with an EDAX microanalysis (EDS) system. A
Bruker D8 Advance X-ray diffractometer operating at V =40
kV and I = 40 mA with Cu Ka radiation in the angular range
26 = 20°-80° was used for the structural characterization
of raw powder, residual powder, black powder and samples
by X-ray diffraction (XRD). The XRD patterns were ana-
lyzed using the DIFFRAC.EVA software package including
ICDD-PDF 2 for search/match analysis. The shape analysis
of the XRD peaks was carried out using the OriginPro soft-
ware package. The microstructure of the AISI 1070 sample
was observed with an optical microscope (OM) after metal-
lographic preparation and etching with 2% Nital.
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The chemical analysis of the sample with maximum
density was performed by Optical Emission Spectrom-
etry (OES) (mass fraction) using a SPECTRO MAXX7 S
Quantometer.

Fourier transform infrared spectroscopy (FTIR) was
used to characterize the molecular structure of materials
and investigate their degree of polymerization. In this ana-
lytical technique, infrared radiation is passed through the
sample and the amount of radiation absorbed at different
wavelengths is recorded. The resulting spectrum provides
information about the chemical bonds and functional groups
present in the material. Black powders formed during the
sublimation of the graphite rod and the manufacturing of
AISI 1070 parts at SED values up to 7143 J/mm? were char-
acterized by FTIR. IR spectra were recorded in reflectance
mode using a Perkin Elmer Spectrum GX1 spectrometer
with the ATR accessory and a ZnSe crystal. The spectra
were collected 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 crys-
tal 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.

Fig.2 Raw powder of AISI 1070: A SEM image and B XRD pattern

Intensity (arb. units)

EZ a-Fe (200)

3 Results and discussion

3.1 Production of AISI 1070 parts with optimized
parameters and reactive formation
of the C;N, as a by-product

SEM observations of the AISI 1070 raw powder revealed
particles with numerous satellites (Fig. 2A), which compro-
mise the sphericity and thus the smoothness of the powder
itself. This condition could affect the uniformity and appar-
ent density obtained by recoating and thus the dimensional
tolerance and final density of the manufactured parts. The
XRD investigation of the AISI 1070 raw powder is reported
in Fig. 2B, showing that the powder consists entirely of a-
Fe (ferrite), cubic (bcc), with the nominal lattice parameter
a=0.28664 nm (ICDD PDF file n. 06-0696). The estimation
of the peak intensity by shape analysis of the XRD peaks
visible in Fig. 2B evidenced a low preferential growth of the
(101) crystallographic planes of the ferrite.

The optimum conditions for laser irradiation of high-
density carbon steel depend on the carbon content in the
steel powders [23]. According to Nakamoto et al. [23], the
energy required for full densification decreases with increas-
ing carbon content. This phenomenon can be attributed to
the increased wettability of the molten Fe—C alloys resulting
from higher carbon contents.

AISI 1070 specimens produced by L-PBF with low SED
values (< 1 J/mm?) exhibited surface porosity that made
them unsuitable for the production of parts due to poten-
tial crack initiation sites. Minimization of process-induced
porosity is the principal objective in additive manufactur-
ing technology and a number of papers in literature have
developed such topic. Therefore, only the relative density
of the specimens produced with high SED values (> 7 J/

(8)
AISI 1070

Raw powder

a-Fe (110)

(4.
o
D
o
-
o
[
o

260 (%)
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mm?) was measured (Table 4). At each layer, the laser melts
a depth of material corresponding to a multiple of the sin-
gle layer thickness. The number of layers melted depends
on the SED and is typically between four and six for our
samples, ensuring material continuity through the sequence
of layers. Table 4 reports the relative density of the samples
at high SED values. At SED values >9 J/mm?, all samples
had a relative density p >98.6%, indicating near-full density
according to Yue et al. [24].

AISI 1070 steel samples fabricated by L-PBF with the
process parameters resulting in SED values listed in Table 4
have an overall porosity of about 1%. This is a significantly
lower value compared to components produced by casting,
for example, and therefore, meets the requirements of many
applications. The chemical composition, microstructure and
phase analysis were studied exclusively on the sample with
the highest relative density, i.e. P210v100, which was pro-
duced with the highest SED value of 15 J/mm?.

The experimental chemical composition of P210v100
measured by OES revealed a significant reduction in car-
bon content with respect to the raw powder, while other ele-
ments remained within the range of standard acceptance, as
detailed in Table 5. The results of EDS are consistent with
those of OES. Despite the notable disparity in composition
between the AISI 1070 powder reported in Table 2 and the
samples obtained by L-PBF (Table 5), mechanical properties
(reserved data) of AISI 1070 produced samples are suitable
for the end user applications.

The SEM micrograph in Fig. 3 illustrates the microstruc-
ture of the P210v100 specimen, after chemical etching. The
microstructure is very similar to the microstructure of a nor-
malised steel with the same composition described in the
literature [25].

In addition to the AISI 1070 raw powder, the L-PBF
P210v100 cubic sample and the unmelted powder left in the

Table 4 Surface energy density (SED) and average value of relative
mass density (p) of AISI 1070 samples manufactured by L-PBF

Sample designation SED (J/mm?) p (%)
P190v150 9.0 98.9
P210v100 15.0 98.9
P210v150 10.0 98.6
P210v200 7.5 97.8

Fig.3 SEM image of the P210v100 sample microstructure after
chemical etching with 2% Nital

chamber after production (residual powder) were subjected
to XRD investigations. All the results of the XRD analysis
are shown in Fig. 4, with the patterns shifted vertically for
better comparability. The patterns of the raw powder and
the P210v100 sample are identical, indicating that they con-
sist exclusively of a-Fe (ferrite), as shown in Fig. 4 (XRD
patterns #1 and #2). On the contrary, the residual powder
(XRD pattern #3 in Fig. 4) shows broad and low intensity
peaks of C;N,, hexagonal, with nominal lattice parameters
a=0.64978 nm and ¢=0.46909 nm (ICDD PDF file n.
53-0671), in addition to a-Fe.

The presence of C;N, in the residual powder after the
production of the AISI 1070 cube samples (Fig. 4) indi-
cates a reactive process occurring in atmosphere inside the
manufacturing chamber between carbon atoms vaporized
from the melt pool during laser exposure and the nitrogen
atmosphere. The laser beam performs a dual action: it splits
the nitrogen molecule (N,) into atomic nitrogen (N) and
vaporizes the carbon atoms. The C;N, formed in atmos-
phere falls to the residual powder during the layer-by-layer
manufacturing process. To confirm the formation of C;N,
in atmosphere and to understand the mechanisms involved,
the powder collected by the cyclone filter, here called “black
powder”, was analyzed. The black powder contains the

Table 5 Chemical composition by mass % in the center of the P210v100 sample. The second row shows the results obtained with EDS, which

agree with the OES results

C Si Mn P S Cr Mo \"% Ni
OES 0.55 0.18 0.52 0.011 0.006 0.40 0.06 0.05 0.45
EDS 0.2 0.52 0.01 0.01
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AISI 1070 #3 - Residual powder

o #2 - Cube specimen
Lg #1 - Raw powder
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Fig.4 XRD patterns of the samples: #l—raw powder, #2—cube
P210v100 specimen and #3—residual powder in the chamber after
fabrication. The diffraction peaks of the a-Fe phase are labeled, while
those of C;N, marked by solid squares. The patterns are shifted verti-
cally for better comparison

waste material produced in the production chamber and is
blown by the flowing nitrogen. The presence of C;N, in the
black powder suggests that the C—N reaction preferentially
occurs in the atmosphere rather than on the surface of the
sample, during or after the laser exposure. After formation,
C;N, is collected in the filtering system. The fact that XRD
pattern #3 in Fig. 4 shows broad and low intensity C;N,
peaks means that the compound is poorly crystallized, which
is consistent with the conjectured reaction in the atmosphere.

3.2 Reactive formation of C;N,in N, atmosphere
by sublimation of a pure graphite rod
with high values of SED

To study the presence of C;N, in the black powder, a rod
of pure graphite was exposed to the laser beam to cause the
sublimation of the graphite and thus the reaction of the car-
bon atoms with the nitrogen atmosphere. The pure graphite
rod was ground in a mortar to a polycrystalline powder in
order to carry out a structural characterization by XRD and
FTIR. Results of the XRD investigation of the pulverized
graphite rod are shown in Fig. 5.

The XRD pattern in Fig. 5 is given in square root inten-
sity to emphasize the lower intensity peaks and shows that
the powder consists of two different types of C—graphite,
namely: (a) C—Graphite-2H, hexagonal, space group
P63/mmc (194), lattice parameters a =0.24704 nm and
¢=0.67244 nm (ICDD-PDF file no. 41-1487) and (b) C—
Graphite-3R, RhomboH axes, space group R3 (146), lattice
parameters a =0.2456 and ¢=1.0044 nm (ICCD-PDF file

® Graphite-2H (PDF 41-1487)
e O Graphite-3R (PDF 26-1079)

[Intensity]" (arb. units)

[Intensity]"? (arb. units)

20 30 40 50 60 70 80

Fig.5 XRD pattern of pure graphite rod ground to powder. The inset
shows diffraction peaks in the angular range 260 =41°-46°

no. 26-1079). Inset in Fig. 5 is an enlargement of the area
marked by the dashed rectangle in the XRD pattern, which
shows the diffraction peaks of the two graphite phases in the
short angular range 20=41°-46°. The FTIR spectrum of the
pulverized graphite rod (not shown here) demonstrates the
presence of organic material such as aliphatic hydrocarbons,
which are used as binders for graphite [26, 27].

The graphite rod was exposed to the laser beam using
the combination of process parameters reported in Table 6,
where both short and long samples names are indicated. The
sublimation of the rod graphite was achieved by multiple
scans without hatching space.

In order to obtain high SED values up to 7143 J/mm?,
the laser beam was operated at P=900 W with different
scanning speeds (Table 6). The high laser power is needed
to achieve the vaporization of the carbon atoms from the
rod and the dissociation of the nitrogen molecules (N,)
in the atmosphere into atomic nitrogen (N) ready to react
with the carbon atoms. In principle, this should increase
the total amount of C;N, formed in the atmosphere and
thus the amount of C;N, collected in the cyclone filter. The
results of the structural characterization by XRD and FTIR
of the black powder collected in the cyclone filter after laser-
induced sublimation of the graphite rod are shown in Fig. 6.
The XRD patterns (Fig. 6A) are given in square root inten-
sity in the angular range 20 =41°-46° to better distinguish
the diffraction peaks of graphite and C;N,.

It is worth noting that the shape and position of the peaks
in the range 260 =42-44° in Fig. 6A, which include the
C-2H (100), C;N, (210) and C-3R (101) diffraction peaks,
depend strongly on the SED, while the C-2H (101) peak
remains almost unaltered. At the highest SED value (7143 J/
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Table 6 Pro.cess parameter s Short sample name Long sample name P (W) V (mm/s) H (mm) SED (J/mm?)
used to sublimate the graphite
rod by the laser beam #900/1 P900V0.9 900 0.9 0.14 7143
#900/2 PO00V1.8 1.8 3571
#900/3 Po00V3.4 34 1891
A Graphite rod #9003 - E, = 1891 Jimm’ ®) §

#900/2 - E¢ = 3571 J/mm?

Cyclone filter
#900/1 - Eg = 7143 J/mm?

.:":T ® Graphite - 2H
=
S | O Graphite - 3R
2 | mC,N
3 3'%4
=
= | #900/3
C
i)
£ (#9002 =
g I =
° | |
#900/1 2
T T T T
41 42 43 44 45 46
26 ()

Fig.6 Black powder collected in the cyclone filter after laser subli-
mation of the graphite rod at P=900 W: A XRD patterns, B FTIR
spectra. The XRD patterns are shown in square root intensity in the
short angular range 20=41°-46°. Full dot—Graphite-2H, open

mm?, pattern #900/1 in Fig. 6A), the peaks are well sepa-
rated, although the C;N, (210) reflection is quite low. At
SED =3571 J/mm? (pattern #900/2 in Fig. 6A), the C;N,
(210) and C-3R (101) peaks tend to shift to higher angles,
as a consequence of the smaller lattice parameters of the
compounds. On the other hand, analyzing the peak shape
showed that the C;N, (210) peak increases in intensity, sug-
gesting higher amount of C;N, collected in the cyclone filter.
At the lowest value of SED (1891 J/mm?, pattern #900/3 in
Fig. 6A), the three peaks tend to overlap, resulting in a broad
diffraction effect that can be deconvoluted by peak shape
analysis. In this case, both C;N, and C-3R increase their
lattice parameters (diffraction peaks shifted to lower angles),
while the C;N, (210) peak shows its highest intensity com-
pared to all other samples, suggesting massive formation
of C;N, at the lowest SED value. This is confirmed by the
FTIR analysis. Figure 6B depicts the FTIR spectra of the
black powder collected in the cyclone filter. The spectra of
samples #900/2 and #900/3 exhibit a similar trend, confirm-
ing the presence of triazine units organized in the C;N, com-
pound. The adsorption peaks within the 1300-1600 cm™"
range can be attributed to C-N and C=N stretching vibra-
tions of the aromatic CN repeating unit [28]. Characteristic
out-of-plane vibrations of triazine units are confirmed by
peaks at 859 and 806 cm™! (not shown here) [29]. In the
spectrum of sample #900/1, the characteristic bands of C3N,
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display lower peak intensities, indicating a lower concen-
tration of carbon nitride. On the contrary, in the spectrum
#900/3, the peaks associated with C;N, are well defined with
high intensity (Fig. 6B), indicating a massive formation of
this compound. The characteristic peaks of the hydrocarbon
portion (not shown here) can also be recognized in the FTIR
spectra, suggesting contamination by additives or paraffinic
material in the chamber.

Divergent spectral trends among the samples highlight
that, as reported in the literature [14], C;N, is composed of
rigid planes of triazine units formed in a temperature range
between 550 and 700 °C. Different values of these param-
eters can destabilize the rigid plane of the structure, which
disintegrates into smaller fragments such as nanosheets.

3.3 Reactive formation of C;N,in N, atmosphere
as a by-product of the AISI 1070 parts
produced with high values of SED

Following the results obtained with the graphite rod, the
same laser parameters reported in Table 6 were adopted to
produce 12x 12x 12 mm? cube specimens of AISI 1070,
in order to study the formation of C;N, as a by-product of
manufacturing. Also in this case, the black powder collected
in the cyclone filter was analyzed by XRD and FTIR. The
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results are shown in Fig. 7 for the specimen built with the
lowest SED value of 1891 J/mm®.

The XRD pattern in Fig. 7A shows the a-Fe (110) dif-
fraction peak of the body centered cubic ferritic phase and a
broad and low intensity peak of C;N,, which indicates low
crystallinity of C;N,. Figure 7B shows the FTIR spectrum
of AISI 1070 black powder collected from the cyclone filter.
The spectral pattern strongly suggests the presence of the
C;N, material, characterized by bands at 1626 cm™! (C=N
bond), 1489 cm™!, and 1401 cm™! (C-N bond). The high
intensity peak at 3423 cm™' was attributed to the stretching
vibrations of non-condensed primary (—-NH-) and second-
ary (-NH,) amines present in the residual amino groups at
the edges of the aromatic ring of the triazine units. The pres-
ence of metal atoms and other impurities originating from
the laser melting of the AISI 1070 raw powder likely influ-
ences the formation of C;N, as it forms coordination bonds
with the triazine units and keeps them separated from each
other. Overall, however, the formed carbon nitride appears
to be homogeneous, with no evidence of hydrocarbon
contamination.

Metal atoms have a significant effect on the structure and
properties of carbon nitrides. Alwin et al. [30] demonstrated
that metal doping at the molecular level can regulate the
structure of carbon nitride materials and lead to enhanced
catalytic activity. Furthermore, the introduction of metals
onto the surface of carbon nitride can result in changes such
as an increase in the specific surface area, atomic ratio, and
number of defects in the crystalline structure [31]. The coor-
dination of metal complex fragments to carbon nitride can
also tune its properties and lead to the development of novel
catalysts. Chen et al. [32] showed that various carbon nitride
scaffolds, such as linear melem oligomers and poly(triazine/
heptazine imides), can effectively isolate metal atoms and
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influence their average oxidation state. Overall, the presence
of metal atoms in carbon nitrides can enhance their photo-
catalytic, electrocatalytic, and catalytic activities, opening
up new avenues for various applications [33].

4 Conclusions

In this experimental work, the findings from three key
experiments were presented: (1) Successful manufac-
turing of AISI 1070 steel parts by L-PBF in nitrogen
atmosphere (SED=0.67-15 J/mm?), and the simultane-
ous reactive formation of C;N, as a by-product; (2) Laser
sublimation of a pure graphite rod in nitrogen atmosphere
(SED = 1891-7143 J/mm?) to enhance the production of the
C;N, compound; and (3) Manufacturing of parts in AISI
1070 in a nitrogen atmosphere at high values of surface
energy density (SED = 1891-7143 J/mm?), for improving
the production of the C;N, material.
The results obtained can be summarized as follows:

e AISI 1070 parts with a density of over 98% were suc-
cessfully manufactured with a laser power of 210 W
and a SED value of 15 J/mm?®. The microstructure and
composition of the components align closely with stand-
ard specifications and are suitable for various industrial
applications;

¢ C;N, (ICDD-PDF file no. 53-0671) with hexagonal lat-
tice structure was detected in the residual powder as a
result of the reaction between the nitrogen atmosphere
and the carbon atoms vaporized during the laser beam
exposure;

e XRD and FTIR analyses confirmed the presence of C;N,
in the black powder collected from the cyclone filter after

B)
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Fig.7 Black powder collected in the cyclone filter during the production of AISI 1070 specimens at P=900 W: A XRD pattern in the reduced
angular range 20=41°-46°, full square—C;N, and B FTIR spectrum in the wavenumber range 3700-1200 cm™!
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sublimation of a pure graphite rod at SED values of up to
7143 J/mm?;

e The black powder collected from the cyclone filter after
the manufacturing of AISI 1070 parts with high SED val-
ues contains C3N, with a high amount of residual amino
groups located at the edges of the aromatic ring of the
triazine units. This effect is due to the vaporization of
metal atoms and impurities from the melt pool, which
interfere with the formation mechanism of C;N,,.

In conclusion, this study underscores the innovative
accomplishment of synthesizing carbon nitride as a valu-
able by-product during the production of functional AISI
1070 steel parts via L-PBF, achieved through reaction with
a nitrogen atmosphere. Therefore, the technology of reac-
tive laser powder bed fusion, based on the laser-induced
reaction between vaporized atomic species and the atmos-
phere, opens up new perspectives for numerous scientific
and industrial applications.
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