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Abstract. In recent years, the development of additive technologies has been one of the priority tasks in the sector. Primarily, additive 

technologies enable the effective implementation of various design and engineering ideas in high-tech industries, such as the aircraft 
industry, engine technology, and rocket engineering. The expanded range of standardized materials for additive technologies will facili-
tate their integration into large-scale production. Of significant interest is the potential use of nitrogen-containing heat-resistant powder 
alloys to produce complex-shaped aircraft parts using additive technologies. This paper describes the complete process of obtaining 
samples from powders of alloys with superequilibrium nitrogen content using the selective laser melting (SLM) method. Four different 
compositions of high-nitrogen steels were obtained through mechanical alloying. Subsequently, the powders of these steels under-
went processing using the plasma spheroidization method to be utilized in the SLM process. The SLM method was also employed to 
produce samples for mechanical tests. Throughout each stage of the process, the powders were thoroughly analyzed. One of the most 
critical parameters was the nitrogen content in the resulting powders. At each subsequent production stage, its proportion decreased, 
yet it remained at the superequilibrium content level of 0.13–0.44 wt. %. The mechanical tests confirmed that the alloys fabricated 
by the SLM method are not inferior in terms of their properties compared to those obtained using classical metallurgical technologies. 
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IntroductionIntroduction
Currently, nitrogen is extensively utilized as 

an alloying element alongside Cr, Ni, Mn, Mo, and 
others [1]. This usage enables the production of steels 
with a distinctive blend of strength, ductility, and corro-
sion resistance. Nitrogen possesses a critical advantage 
over other alloying elements due to its virtually unlim-
ited availability. Obtaining nitrogen does not necessi-
tate the destruction of the Earth’s surface and subsoil, 
which is typically unavoidable during ore mining.

Presently, research on steels alloyed with nitrogen, 
focusing on structure formation and the interrelation-
ships of steel properties with nitrogen, has generated 
significant results, leading to the proposal of new areas 
for their application [2–5]. Owing to their exceptional 
properties, nitrogen-containing steels have found wide-
spread use in nuclear and thermal power engineering, 
the medical industry, aviation, the automotive industry, 

and more. Nitrogen alloying has the capability to confer 
special properties to steel and enhance its characteris-
tics, thereby broadening its scope of applications. As 
of now, the full potential of nitrogen alloying remains 
unrealized, and research in this field continues. 

The literature review reveals active scholarly 
investigations into the potential use of nitrogen-con-
taining steels in various additive technologies (AT). 
Numerous studies have been published examining 
the testing of nitrogen-containing steels in selec-
tive laser melting (SLM) [6; 7], laser powder bed 
fusion (LPBF) [8–15], wire and arc additive manufac-
turing (WAAM) [16–19], and electron beam additive 
manufacturing (EBAM) [20–22]. Each technology pos-
sesses its distinct characteristics and features.

Studies [6; 7] emphasize that nitrogen emission occurs 
during the SLM of nitrogen-containing stainless steels. 
The emission levels correlate with the energy den-
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Аннотация. В последние годы развитие аддитивных технологий является одной из приоритетных задач отраслей. Аддитивные 

технологии позволяют, прежде всего, эффективно реализовывать любые конструкторские и инженерные идеи в таких 
высокотехнологичных отраслях, как авиастроение, двигателестроение, ракетостроение. Расширение номенклатуры стан-
дартизованных материалов для аддитивных технологий будет способствовать их внедрению в массовое производство. 
Значительный интерес представляет возможность использования азотсодержащих жаропрочных порошковых сплавов для 
изготовления деталей летательных аппаратов сложной формы с применением аддитивных технологий. В данной работе 
описан полный цикл получения образцов из порошков сплавов со сверхравновесным содержанием азота методом селек-
тивного лазерного плавления (СЛП). Механическим легированием были получены 4 различных состава высокоазотистых 
сталей. Затем порошки этих сталей были обработаны методом плазменной сфероидизации для использования в процессе 
СЛП. Также методом СЛП были изготовлены образцы для механических испытаний. На каждом этапе процесса порошки 
подвергались детальному исследованию. Одним из наиболее важных параметров было содержание азота в получаемых 
порошках. С каждым этапом производства его доля снижалась, но оставалась на уровне сверхравновесного содержания 
0,13–0,44 мас. %. Механические испытания показали, что сплавы, полученные методом СЛП, не уступают по своим 
свойст вам сплавам, изготовленным по классическим металлургическим технологиям.  

Ключевые слова: высокоазотистые стали, сверхравновесное содержание азота, плазменная сфероидизация, механическое 
легирование, аддитивные технологии, селективное лазерное плавление
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sity, which is directly proportional to the laser power 
and inversely proportional to the scanning speed. 
Investigations [9–14] demonstrate the potential use 
of powders of nitrogen-containing steels in LPBF tech-
nology. They indicate that regardless of the process gas 
used to feed the powder into the melt pool, the nitro-
gen content decreases. Higher melt pool temperatures 
reduce nitrogen solubility in the melt, resulting in 
degassing and the formation of gas pores. Moreover, 
a study [15] illustrates that during LPBF, local changes 
in the geometry of the melt pool, influenced by energy 
density, can affect nitrogen emission. Elevated energy 
densities lead to prolonged melt pool lifetimes and 
higher maximum liquid phase temperatures. Assuming 
that nitrogen is primarily lost during the melting stage, 
increased maximum temperatures and extended life-
times of the melt pool contribute to nitrogen loss. With 
increased energy density, the size of the melt pool – its 
depth and area – along with its temperature and lifetime 
also increase. 

The paper [19] introduces a novel concept in wire 
and arc additive manufacturing aimed at achieving pure 
austenite with an exceptionally high nitrogen content. 
This technique involves the simultaneous introduc-
tion of nitrogen-containing steel welding wire and 
nitride alloy powder into the melt pool. As the nitride 
powder dissolves within the melt pool, it dissociates 
and is adsorbed to create steel with a superequilibrium 
nitrogen content. The authors highlight that during 
the wire and arc additive manufacturing process utilizing 
HNS6 wire (Fe–21.6Cr–16.8Mn–2.1Ni–1.2Mo–0.8N), 
there is a recorded nitrogen loss rate of up to 17.7 %. 
However, in hybrid wire and arc additive manufactur-
ing, where nitride powder is introduced into the melt 
pool, the nitrogen content in the resultant material 
increases significantly, potentially reaching 1.07 wt. % 
based on the powder feed rate. Concurrently, there is a 
substantial reduction in ferrite content. As the feed rate 
reaches 0.33 g/min, the ferrite phase disappears entirely, 
resulting in a fully austenitic structure in the deposited 
metal. This transformation contributes to the enhance-
ment of the material’s mechanical properties.

The paper [20] details the successful applica-
tion of the electron-beam additive method to produce 
high-nitrogen steel with the chemical composition: 
Fe–20.7Cr–22.2Mn–0.3Ni–0.6Si–0.15C–0.53N (wt. %), 
utilizing rods as the initial material. The authors demonst-
rate that during the manufacturing process, significant 
amounts of manganese and nitrogen undergo combus-
tion. Consequently, the alloy obtained, with the compo-
sition Fe–22.9Cr–10.8Mn–0.1Ni–0.6Si–0.1C–0.48N, 
exhibits an increased proportion of ferrite, rising from 
20 % in the initial rod to 40 % in the alloy produced 
via additive technologies (AT). Their findings indi-

cate that alloys generated using both At and traditional 
me thods possess comparable mechanical characteristics.

The primary method for producing nitrogen-con-
taining steel powders is through gas atomization [6; 7; 
9; 13; 14; 22–24]. The nitrogen content in these resul-
tant powders typically does not surpass the equilibrium 
level and is contingent upon the specific alloy compo-
sition. Nevertheless, several researchers have explored 
the possibility of producing steel powders with nitrogen 
content surpassing equilibrium levels. In a study by 
the authors [25], the impact of various factors – such 
as atmosphere composition, chamber pressure, and gas 
jet pressure – during atomization on the nitrogen con-
tent in Cr17Mn11Mo3N alloy powder was investigated. 
The research demonstrated that the nitrogen propor-
tion in atomized powders escalates as the pressure in 
the chamber increases during the melting and spraying 
process. Through the combined effect of chamber pres-
sure during melting and spray pressure, the nitrogen 
content can reach up to 0.4 wt. % even in the absence 
of nitrogen-containing components added to the charge. 
The findings suggested that by regulating the spray 
pressure and/or pressure in the chamber, it is feasible 
to control both the powder particle size and the nitrogen 
content in the resultant powders. 

The paper [26] presents findings from research 
involving the production of 17-4PH stainless steel 
powder using plasma wire atomization. The authors 
successfully produced powder with a nitrogen content 
of up to 0.15 wt. %, which was then utilized in the SLM 
technology.

In the paper [27], the production of high-nitrogen 
steel powders through plasma spraying of a rotating 
electrode is detailed. The resulting powder exhibited 
a notably high nitrogen content, surpassing levels achiev-
able under normal conditions, and displayed an almost 
perfect spherical particle shape. Notably, in a nitrogen 
atmosphere during plasma spraying, the nitrogen content 
in the steel powders remained consistently at approxi-
mately 0.6 wt. % N, regardless of the nitrogen content 
in the plasma gas itself. It was observed that even when 
the nitrogen content in the plasma gas is 0 %, the steel 
becomes nitrogenized to 0.6 wt. % N. This occurrence 
is attributed to the interaction between the argon plasma 
and the surrounding nitrogen gas, which is sufficient for 
nitrogen sorption onto the steel particles. 

The papers [28; 29] detail the process involving 
powders of AISI 316L and Fe17Cr11Mn3Mo alloys 
obtained through gas atomization and subsequently 
nitrogenized in a nitrogen atmosphere under pressure. 
The research demonstrates that, based on the nitro-
genizing duration and powder composition, powders 
with nitrogen content up to 1.3 wt. % can be achieved. 
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Analysis indicates that this elevated nitrogen content 
is attained due to the formation of chromium nitride 
both on the surface and throughout the cross-sec-
tion of the powder particles. However, this process is 
characterized as low-yielding, and there exists an issue 
concerning the homogeneity of nitrogen content across 
the particles.

The LPBF technology as described in paper [8], 
allows the utilization of non-spherical-shaped powder 
materials. High-nitrogen austenitic steel derived from 
powder synthesized by mechanical alloying (MA) 
is explored in this context. The study demonstrates 
that the alloy retains more than 71 % of the initial 
powder mixture’s nitrogen content. Remarkably, this 
material surpasses 316L steel significantly in terms 
of mechanical properties.

Furthermore, in the additive technology (AT) process 
of welding steels with high nitrogen content, there’s a 
tendency for nitrogen to be released in the melt pool, 
resulting in diminished mechanical characteristics 
of the final products. Researchers have been exploring 
various methods over the last few decades to increase 
nitrogen content in the solid solution in deposited mate-
rial and reduce loss due to nitride or pore formation. 
These methods include optimizing the chemical compo-
sition to enhance nitrogen solubility [30–33], modifying 
shielding gas characteristics by increasing nitrogen par-
tial pressure [34–37] or adding surfactants [38] or multi-
component gas mixtures [39] during welding, and using 
nitride flux-cored wire as feed material [40; 41]. While 
these approaches can reduce nitrogen loss during steel 
welding to some extent, the nitrogen content in the weld 
or deposited metal remains lower than that in the base 
or filler metal. Thus far, no solution has been presented 
to increase the nitrogen content in the depo sited metal or 
weld beyond that of the filler or base metal. 

Based on the outlined objectives, the following 
research is proposed: 1) establishing physical and 
chemical synthesis patterns of metallic nitrogen-con-
taining heat-resistant powder alloys via MA and plasma 
spheroidization methods; 2) determining the influence 
of physical and chemical parameters within the SLM 
process on the nitrogen content of the alloy and evaluat-
ing the resulting material’s mechanical properties.

This investigation will focus on studying a 
specific heat-resistant nitrogen-containing steel, 
Fe16Cr2.2Ni0.6Mn1.1Mo0.1N, with the following 
chemical composition, wt. %:

Fe . . . . . . . . . Base Ni . . . . . . . 2.0–2.5
Cr . . . . . 15.0–16.5 C . . . . . . 0.12–0.18
Mo . . . . . .  0.9–1.3 Si . . . . . . . . . . ≤0.6
Mn . . . . . . . .  ≤0.6 N . . . . . . 0.03–0.10

Materials and methodsMaterials and methods
In this research, powder materials of the composi-

tion Fe–16Cr–2.2Ni–0.6Mn–1.1Mo were synthesized 
using the MA method. Gaseous nitrogen, nitroge-
nized ferrochrome (FCr20), chromium nitride (Cr2N), 
and nitrogenized ferromanganese (Mn87H6) were 
employed as nitrogen source during the synthesis. In 
order to investigate how the method of nitrogen intro-
duction during MA affects the nitrogen content and dis-
tribution in the alloy, six compositions were exami ned: 
1) Fe–Cr–Ni–Mn–Mo – mechanical alloying in the nitro-
gen atmosphere; 2) Fe–Cr–Ni–FeMnN–Mo – incorpora-
ting manganese in the form of nitrogenized ferromanga-
nese; 3) Fe–Cr2N–Ni–Mn–Mo – introducing chromium in 
the form of chromium nitride; 4) Fe–FeCrN–Ni–Mn–Mo – 
adding chromium in the form of nitrogenized ferro-
chromium; 5) Fe–(0.5Cr–0.5Cr2N)–Ni-Mn–Mo and 
Fe–(0.5Cr–0.5FeCrN)–Ni–Mn–Mo – incorporating 
50 % of the total chromium content in the form of chro-
mium nitride or nitrogenized ferrochrome.

The calculation was conducted utilizing the 
CALPHAD method through ThermoCalc software for 
thermodynamic analysis employing the TCHEA4 data 
package.

Experimental investigations regarding pow-
ders plasma spheroidization were carried out using 
the TekSphero 15 unit (Tekna Plasma Systems 
Inc., Canada). This unit is equipped with a high-
frequency generator reaching a maximum output 
of 15 kW, opera ting within a frequency range of 2 
to 4 MHz. The expe riments were conducted on com-
positions including Fe–(0.5Cr–0.5Cr2N)–Ni–Mn–Mo,  
Fe–Cr2N–Ni–Mn–Mo, Fe–(0.5Cr–0.5FeCrN)–Ni–  
–Mn–Mo and Fe–FeCrN–Ni–Mn–Mo within 
both argon-hydrogen and argon-nitrogen plasma 
environments.

For studying powder morphology, the SEM 
Tescan Mira 3 scanning electron microscope (Tescan, 
Czech Republic) was utilized alongside the X-Flash 6/10 
fluorescence detector (Bruker, USA), while the Leica 
DMI 5000 optical microscope (Leica Microsystems, 
Germany) aided in obtaining cross-sectional images 
to assess chemical makeup. The carbon content analy-
sis was conducted using the absorption method via 
the CS-230 analyzer (LECO, USA, ISO 9556-1989). 
Determination of oxygen and nitrogen content was car-
ried out by the reducing fusion method in an inert car-
rier flow (helium) using the TC-500 analyzer (LECO, 
USA, ISO 17053-2005 and ISO 15351-1999). The par-
ticle size distribution analysis of the acquired powder 
(ISO 8130-13) was performed using the Analysette 22 
laser diffractometer (Fritsch GmbH, Germany). X-ray 
diffraction analysis was conducted using the Bruker D8 
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Advance X-ray diffractometer (USA) with CuKα radia-
tion (1.5406 Å) within the range 2θ = 30÷100°.  

The samples were produced from nitrogen-contain-
ing steel powders using the SLM technology within 
a nitrogen atmosphere, employing the SLM280HL 
selective laser melting system (SLM Solutions GmbH, 
Lübeck, Germany). This system is equipped with 
the YLR laser featuring a wavelength of 1070 nm and 
focal length of ~80 μm.

Nitrogen-containing steel powders were com-
pacted using the SLM technique. The experi-
ments were conducted on compositions including  
Fe–(0.5Cr–0.5Cr2N)–Ni–Mn–Mo, Fe–Cr2N–Ni–Mn–Mo, 
Fe–(0.5Cr–0.5FeCrN)–Ni–Mn–Mo and Fe–FeCrN–Ni– 
–Mn–Mo, synthesized in an argon-hydrogen plasma, 
influenced by oxygen content within the produced 
powder. To examine the influence of SLM parame-
ters on the relative density and chemical composi-
tion of the resulting alloys, cubic samples with a side 
length of 10 mm were manufactured. This was achieved 
by varying laser power, scanning speed, and energy 
density. The powder layer applied was 0.05 mm thick, 
and the laser pass spacing was set at 0.12 mm. The spe-
cific SLM parameters utilized in these experiments are 
detailed in Table 1.

Results and discussionResults and discussion
The phase diagram calculation for the Fe–16Cr– 

–2.2Ni–0.6Mn–1.1Mo–0.04C–N alloy, performed 
using the ThermoCalc software package for thermody-
namic analysis, revealed that the nitrogen concentra-
tion limit during crystallization is 0.2 wt. %. When this 
limit is surpassed, nitrogen is emitted into the gas phase, 
potentially leading to the formation of bubbles and 
pores during crystallization. Throughout solidification, 
the composition of the liquid phase and the evolving 
solid phases continuously alter with changes in tempe-
rature and the amount of the liquid phase. Consequently, 
the solubility of nitrogen in δ-ferrite within the tempera-

ture range of 1470–1750 K does not exceed 0.07 wt. %, 
while in austenite, it reaches 0.6 wt. %.

It has been observed that during the initial stages 
of MA, the dissolution of alloying elements in all investi-
gated systems follows a general pattern. Due to significant 
plastic deformation, the particles from the initial powder 
undergo flattening and subsequent welding, resulting in 
the formation of a composite structure. Following a dura-
tion of MA for τMА = 5 h, the composite particles exhibit 
a characteristic layered structure comprising various 
combinations of the initial components. 

With a prolonged duration of MA, the primary 
processes involve the homogenization of the compo-
sition concerning chemical makeup and the interac-
tion between the initial components aimed at reduc-
ing the system’s free energy. Analysis of the acquired 
diffractograms revealed that Ni is the initial alloy-
ing element to dissolve into the iron lattice (atomic 
radius ra = 124 pm), followed by Mn (ra = 127 pm), 
Cr (ra = 130 pm), and Mo (ra = 139 pm). This 
sequence is attributed to Ni, Mn, and Cr alloying ele-
ments forming substitutional solid solutions with 
iron, whereby the atomic radius of nickel is closest 
to that of iron (ra = 126 pm), followed by manganese, 
chromium, and molybdenum, respectively. The dis-
solution of alloying elements leads to a modifica-
tion of the α-Fe lattice parameter, ranging from 0.2866 
to 0.2887 nm, contingent upon the system. Considering 
the proportions of the components, it is presumable 
that diffusion predominantly occurs along the crys-
tal lattice defects during the MA process. In both 
the initial Fe–16Cr–2.2Ni–0.6Mn–1.1Mo composi-
tion and the one utilizing nitrogenized ferromanganese 
as the nitrogen source, the alloying elements exhibit 
nearly uniform distribution throughout the powder 
volume. They correspond to the chemical composi-
tion of the initial mixture after τMA = 10 h (Fig. 1, a). 
However, the dissolution of molybdenum is conside-
rably impeded due to its atomic radius being signifi-
cantly larger than that of the other composition ele-
ments. The MA process in these systems is similar 
owing to the fact that nitrogenized ferromanganese is 
prima rily composed of manganese nitride – a compound 
easily degraded – with inclusions of iron and a small 
quantity of ferromanganese from the initial charge. 

In systems where chromium nitride (Cr2N) and 
nitrogenized ferrochrome (according to XRD results – 
80 vol. % CrN + 20 vol. % Cr2N) were utilized as 
nitrogen sources, the dissolution behavior of alloying 
elements differed from that in the initial composition. 
Following τMА = 10 h, alloying elements exhibited hete-
rogeneous distribution across the volume. Upon rea-
ching τMА = 15 h, chromium continued to remain 
non-uniformly distributed, residing inside the particles 

Table 1. SLM parameters for printing mode testing 
Таблица 1. Параметры СЛП  

при отработке режимов печати 

No. Laser 
power, W Scanning rate, mm/s Е, J/mm3

1 240 650 61.54
2 300 800 62.50
3 300 650 76.92
4 360 650 92.31
5 300 500 100.00
6 300 650 115.38
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in the form of submicron-sized inclusions evenly dis-
persed throughout the volume (Fig. 1, b). This pattern 
emerged because chromium was introduced in the form 
of chromium nitride – a relatively stable chemical 
compound – not in elemental powder form. Evidently, 
the energy imparted during the MA process might be 
insufficient for its breakdown and subsequent dissolu-
tion. Upon joint analysis of XRD results and the distri-
bution of alloying elements within particle volumes, it is 
evident that the decline in Cr2N peaks is likely attri buted 
to its disintegration and distribution across the volume, 
rather than its dissolution into the iron lattice (Fig. 2). 
According to XRD results, a portion of Cr2N remains 

undissolved even after 15 h of mechanical alloying. 
However, when materials such as chromium nitride 
or nitrogenized ferrochrome are incorporated at 50 % 
of the total chromium content, they demonstrate almost 
complete dissolution into the iron lattice, with only spo-
radic submicron-sized inclusions observed. This change 
in solubility may be attributed to the presence of pure 
chromium, which, due to its high affinity for nitro-
gen, attracts a portion of the nitrogen from the nitride, 
expediting its decomposition and facilitating nitrogen 
diffusion into the lattice. 

The nitrogen content analysis in powder samples 
revealed that throughout the MA process, up to 2.5 wt. % 
nitrogen can be introduced into the Fe–16Cr–2.2Ni–
–0.6Mn–1.1Mo alloy, while the equilibrium content 
remains at 0.1 wt. % (Table 2). The samples employ-
ing nitrogenized ferrochrome or chromium nitride as 
the nitrogen source exhibited the highest nitrogen pro-
portions. With this method of introduction, the nitro-
gen assimilation rate reached approximately 90 %. 
According to XRD and SEM results, a major por-
tion of the nitrogen is dissolved within the Fe lattice. 
However, some nitrogen remains in nitrides, uniformly 
dispersed throughout the particle volume in the form 
of submicron-sized inclusions. 

The analysis of the particle size distribution in 
the obtained powders indicates a correlation between 
higher nitrogen content in the alloy and an increased 
presence of powder particles smaller than 45 μm. This 
reduction in particle size is attributed to undissolved 
submicron nitride inclusions, inducing significant dis-
tortions within the crystal lattice and acting as stress 
concentrators. Under intensive mechanical forces 

Fig. 1. Component distribution  
of the Fe–16Cr–2.2 Ni–0.6Mn–1.1Mo composition after MA

a – without nitrogen, τМА = 10 h 
b – with nitrogenized ferrochromium, τМА = 15 h 

Рис. 1. Распределение компонентов композиции  
Fe–16Cr–2,2Ni–0,6Mn–1,1Mo после МЛ

а – без азота, τМЛ = 10 ч 
b – с азотированным феррохромом (ФХ20), τМЛ = 15 ч

Fig. 2. Evolution of phase constitution  
with MA duration in Fe–Cr2N–Ni–Mn–Mo composition 

Рис. 2. Изменение фазового состава в зависимости  
от продолжительности МЛ композиции Fe–Cr2N–Ni–Mn–Mo
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du ring the MA process, the existence of such stress 
concentrators tends to prompt crack formation, subse-
quently leading to material disintegration.

Several research studies [42–44] have high-
lighted that spherical powders of nitrogen-containing 
alloy Fe–16Cr–2.2Ni–0.6Mn–1.1Mo with a high 
degree of sphericity can be produced using ther-
mal argon-hydrogen and argon-nitrogen plasma 
generated in a high-frequency plasmatron (Fig. 3). 
Investigation into powder particle morphology indi-
cated that the proportion of spheroidized particles in 
the resulting powders ranges between 70–96 %. It was 
observed that, at the same powder feed rate, the occur-
rence of non-spherical particles after spheroidization in 
argon-nitrogen plasma is higher due to differing physi-
cal and chemical properties of the plasma-forming gas 
mixtures. Hydrogen dissociates by 90 % at T = 4700 K, 
while nitrogen does so at T = 9000 K, significantly affec-
ting the plasma’s heat content (enthalpy). To achieve 
powders with an equivalent proportion of spheroidized 
particles, the powder feed rate in argon-nitrogen plasma 
needs to be reduced by 10–15 %. 

The analysis of SEM images and particle size dis-
tribution in the obtained powders has revealed distinct 
characteristics. Powders with low nitrogen content 
(Fe–Cr–Ni–Mn–Mo, Fe–Cr–Ni–FeMnN–Mo composi-
tions) exhibited a differential curve in the particle size 
distribution after plasma spheroidization. The peak 
of this curve lies within the range of 30 to 125 μm, 
indicating a slight shift towards smaller sizes compared 
to the initial material (which ranged from 45 to 125 μm). 
Conversely, in powders with high nitrogen content, 
a considerable proportion (about 30–50 %) of particles 
emerged with sizes below 30 μm, despite the initial 
powder size range being 45 to 125 μm. These variations 
suggest the presence of elevated mechanical stresses and 
microcracks within the powder particles, likely a conse-
quence of the intense mechanical impact during the MA 
process. The initial plasma temperature signi ficantly 
surpasses the material’s boiling point, not merely its 
melting point. Consequently, the powder particles expe-
rience rapid melting. During this swift heating and melt-
ing process, nitrogen might be swiftly released from 
the solution, transforming into the gaseous phase at a 
high rate. This phenomenon contributes to the wedging 

Table 2. Chemical composition of MA-powder for Fe–16Cr–2.2Ni–0.6Mn–1.1Mo alloy 
Таблица 2. Химический состав МЛ-порошка сплава Fe–16Cr–2,2Ni–0,6Mn–1,1Mo

Composition
Element content, wt. %

Fe Cr Ni Mn Mo N C
Fe–Cr–Ni–Mn–Mo Basic 16.28 2.10 0.64 1.24 0.02 0.05

Fe–Cr–Ni–FeMnN–Mo Basic 15.63 2.44 0.83 1.05 0.04 0.19
Fe–Cr2N–Ni–Mn–Mo Basic 15.92 2.26 0.59 1.29 1.90 0.15

Fe–FeCrN–Ni–Mn–Mo Basic 15.59 2.37 0.65 1.13 2.48 0.28
Fe–(0.5Cr–0.5Cr2N)–Ni–Mn–Mo Basic 16.15 2.11 0.82 1.11 1.06 0.14

Fe–(0.5Cr–0.5FeCrN)–Ni–Mn–Mo Basic 16.23 2.35 0.69 1.02 1.32 0.22

Fig. 3. Powder morphology after plasma spheroidization
а – Fe–Cr–Ni–Mn–Mo; b – Fe–(0.5Cr–0.5Cr2N)–Ni–Mn–Mo; c – Fe–Cr2N–Ni–Mn–Mo 

Рис. 3. Морфология порошка после плазменной сфероидизации
а – Fe–Cr–Ni–Mn–Mo; b – Fe–(0,5Cr–0,5Cr2N)–Ni–Mn–Mo; c – Fe–Cr2N–Ni–Mn–Mo
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of microcracks and the destruction of particles before 
melting occurs, or during the intensive boiling and dis-
integration of already-melted particles. Some powders 
were found to contain individual hollow spheres, pri-
marily exhibiting a cracked shell structure.

The X-ray phase analysis conducted on the pow-
ders post-spheroidization revealed the existence of α- 
and γ-Fe peaks (Fig. 4, 5). Nitrogen, being an element 
conducive to austenite formation, results in a marginal 
increase in the proportion of γ-Fe as the nitrogen content 

Fig. 5. Phase composition of Fe–Cr–Ni–Mn–Mo alloy powders 
after spheroidization in argon-nitrogen plasma 

Рис. 5. Фазовый состав порошков 
сплава Fe–Cr–Ni–Mn–Mo после сфероидизации 

в аргоноазотной плазме

Fig. 6. Nitrogen content in powders post plasma flow treatment (a) and particle size-dependent nitrogen content variation (b)
1 – Fe–Cr–Ni–Mn–Mo; 2 – Fe–Cr–Ni–FeMnN–Mo; 3 – Fe–Cr2N–Ni–Mn–Mo; 4 – Fe–FeCrN–Ni–Mn–Mo;  

5 – Fe–(0.5Cr–0.5Cr2N)–Ni–Mn–Mo; 6 – Fe–(0.5Cr–0.5FeCrN)–Ni–Mn–Mo 

Рис. 6. Содержание азота в порошках после обработки в потоке плазмы (а) 
и зависимость содержания азота от размера частиц (b)

1 – Fe–Cr–Ni–Mn–Mo; 2 – Fe–Cr–Ni–FeMnN–Mo; 3 – Fe–Cr2N–Ni–Mn–Mo; 4 – Fe–FeCrN–Ni–Mn–Mo;  
5 – Fe–(0,5Cr–0,5Cr2N)–Ni–Mn–Mo; 6 – Fe–(0,5Cr–0,5FeCrN)–Ni–Mn–Mo

Fig. 4. Phase composition of Fe–Cr–Ni–Mn–Mo alloy powders 
after spheroidization in argon-hydrogen plasma 

Рис. 4. Фазовый состав порошков 
сплава Fe–Cr–Ni–Mn–Mo после сфероидизации 

в аргоноводородной плазме
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in the alloy elevates. The phase composition of the pow-
ders subsequent to plasma spheroidization aligns with 
the results derived from the calculated state diagrams, 
indicating that the powders are in a quenched state. 

The investigation revealed that a portion of nitrogen 
is lost from the alloy during spheroidization in plasma. 
Post-spheroidization, in argon-hydrogen plasma, 
the nitrogen content ranges between 0.01 to 1.0 wt. %, 
showcasing a decrease by 50–75 % (Fig. 6, a). 
Conversely, in argon-nitrogen plasma, the nitrogen 
content experiences a maximum reduction of 40 %. 
The use of argon-nitrogen plasma leads to the cham-
ber atmosphere becoming saturated with molecular 
( ) and atomic (N+) nitrogen ions. This occurrence 
arises from the excitation of electronic states within 
molecules by oscillating electrons in the flow of high-
temperature argon plasma, followed by the subsequent 
decomposition of excited molecules. Consequently, this 
saturation contributes to an increased limit concentra-
tion of nitrogen within the melt during crystallization. 
Additionally, it slows down the release of nitrogen 
from the melt and aids in plasma-chemical nitriding 
processes. The variance in nitrogen content concern-
ing the fractional composition of the powder mixture 
can be attributed to diffusion processes. Specifically, 
it involves the differential distance of nitrogen dif-
fusion from the powder particle to its surface during 
spheroidization when the powder transforms into metal 
droplets. Furthermore, differences in the temperature 
of molten metal droplets play a role in this varia-
tion. Therefore, particles with smaller diameters tend 
to exhibit a lower mass fraction of nitrogen compared 
to particles with larger diameters. Regarding residual 
nitrogen amounts, the investigation found 0.54 wt. % 
in the powder fraction of 71–100 µm and 0.39 wt. % 
in the powder ranging from 45–71 µm. This is in con-
trast to the initial alloy’s nitrogen content, which was 
approximately ~0.9 wt. % (Fig. 6, b).

In the process of spheroidization, when hydrogen 
is introduced into the plasma-forming gas, oxides are 
reduced, resulting in a decrease in the oxygen content 
to levels lower than 0.1 wt. % across all compositions. 
Conversely, during spheroidization in argon-nitrogen 
plasma, the reduction in oxygen content occurs pri-
marily due to the evaporation of the oxide phase from 
the surface of molten particles, followed by subsequent 
condensation into submicron particles. Chemical analy-
sis revealed that the oxygen content in the powders 
produced via spheroidization in argon-nitrogen plasma 
ranges between 0.2 and 0.3 wt. %. 

The testing of the obtained powders in the SLM 
unit resulted in the formation of compact alloys show-
casing a minimum porosity of 0.8 % (as depicted in 
Fig. 7). Notably, an increase in the initial powder’s 

nitrogen content correlates with a rise in the minimum 
alloy porosity, reaching up to 11.5 %. During the SLM 
process, the nitrogen content in the alloy ranges from 
0.13 to 0.44 wt. %, exceeding the nitrogen concen-
tration limit during crystallization by twofold. This 
excess in nitrogen concentration prompts a challenge 
in steel solidification, where nitrogen release occurs 
into the gas phase, leading to the formation of nitrogen 
bubbles and subsequent porosity within the material. 
Throughout solidification, there’s a continual altera-
tion in the composition of the liquid and solid phases, 
contingent upon variations in temperature and the quan-
tity of the liquid phase. Moreover, the local solubility 
of nitrogen in the residual liquid phase experiences 
changes, depending on the type of crystallization (aus-
tenitic, ferritic, or mixed) and the proportion of phase 
quantities. Ensuring compliance with a specific condi-
tion throughout the entire solidification duration is cru-
cial for obtaining a dense ingot [45]: 

[N]L, T < [N]L, eq. Ptot 
,

where [N]L, T is the nitrogen content in the residual liquid 
at temperature Т; [N]L, eq. Ptot

 is the equilibrium nitrogen 
content in the liquid metal at the same temperature T 
and under the total pressure in the system. 

Fig. 7. Relative porosity of alloys fabricated  
via selective laser melting at various energy density levels

1 – Fe–(0.5Cr–0.5Cr2N)–Ni–Mn–Mo 
2 – Fe–Cr2N–Ni–Mn–Mo 

3 – Fe–(0.5Cr–0.5FeCrN)–Ni–Mn–Mo 
4 – Fe–FeCrN–Ni–Mn–Mo 

Рис. 7. Относительная пористость сплавов,  
полученных методом селективного лазерного плавления  

с разной плотностью энергии
1 – Fe–(0,5Cr–0,5Cr2N)–Ni–Mn–Mo 

2 – Fe–Cr2N–Ni–Mn–Mo 
3 – Fe–(0,5Cr–0,5FeCrN)–Ni–Mn–Mo 

4 – Fe–FeCrN–Ni–Mn–Mo 
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As noted above, the limit concentration of nitrogen 
during crystallization of the studied alloy does not exceed 
0.2 wt. %. The actual nitrogen content in the liqu id 
phase during printing is greater than its equilibrium 
solubility, the pressure in the chamber being 1 atm, so 

nitrogen is released in the gaseous state. It is worth not-
ing that the porosity of alloys obtained from powders in 
which nitrogenized ferrochrome was used as the source 
of nitrogen is higher than that of alloys with chromium 
nitride, which is due to the higher decomposition tem-

Fig. 8. Component distribution in Fe–FeCrN–Ni–Mn–Mo composition after SLM 

Рис. 8. Распределение компонентов в композиции Fe–FeCrN–Ni–Mn–Mo после СЛП 

Fig. 9. Stretching diagram of alloys  
fabricated via SLM method

Test temperature: а – 20 °С; b – 500 °С 
1 – Fe–(0.5Cr–0.5Cr2N)–Ni–Mn–Mo; 2 – Fe–Cr2N–Ni–Mn–Mo 

3 – Fe–(0.5Cr–0.5FeCrN)–Ni–Mn–Mo; 4 – Fe–FeCrN–Ni–Mn–Mo 

Рис. 9. Диаграмма растяжения сплавов,  
полученных методом СЛП

Температура испытаний: а – 20 °С; b – 500 °С 
1 – Fe–(0,5Cr–0,5Cr2N)–Ni–Mn–Mo; 2 – Fe–Cr2N–Ni–Mn–Mo 

3 – Fe–(0,5Cr–0,5FeCrN)–Ni–Mn–Mo; 4 – Fe–FeCrN–Ni–Mn–Mo

Fig. 10. Stretching diagram of alloys  
fabricated via SLM method followed by HIP

Test temperature: а – 20 °С; б – 500 °С 
1 – Fe–(0.5Cr–0.5Cr2N)–Ni–Mn–Mo; 2 – Fe–Cr2N–Ni–Mn–Mo 

3 – Fe–(0.5Cr–0.5FeCrN)–Ni–Mn–Mo; 4 – Fe–FeCrN–Ni–Mn–Mo 

Рис. 10. Диаграмма растяжения сплавов,  
полученных методом СЛП с последующим ГИП

Температура испытаний: а – 20 °С; б – 500 °С 
1 – Fe–(0,5Cr–0,5Cr2N)–Ni–Mn–Mo; 2 – Fe–Cr2N–Ni–Mn–Mo 

3 – Fe–(0,5Cr–0,5FeCrN)–Ni–Mn–Mo; 4 – Fe–FeCrN–Ni–Mn–Mo
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perature of the latter. Further investigation into the dis-
tribution of elements revealed that the alloying elements 
exhibit an even distribution across the cross-sections 
of the alloys (Fig. 8). 

The obtained alloys underwent heat treatment fol-
lowing this procedure: quenching from a temperature 
of 1040 ± 10 °C in oil, followed by tempering within 
the range of 640 to 680 °C for 2 h. Mechanical tests 
conducted at room temperature and at 500 °C revealed 
(Fig. 9 and Table 3) that the alloys produced via 
the SLM technology did not meet the specifications’ 
requirements for the Fe16Cr2.2Ni0.6Mn1.1Mo0.1N 
alloy due to excessive porosity, resulting in inadequate 
relative elongation. In order to mitigate the porosity 
issue, the alloys underwent hot isostatic pressing (HIP) 
at 1160 °C and a pressure of 150 MPa for 3 h. Following 
HIP treatment, the porosity in the alloys was success-
fully reduced to not exceeding 0.2 %, consequently 
enhancing the material’s ductility at room temperature 
(Fig. 10, Table 3). 

The heat treatment applied to the SLM alloys fol-
lowed the standard mode specified in the TS for 
Fe16Cr2.2Ni0.6Mn1.1Mo0.1N steel. However, due 
to variations in carbon content between the synthesized 
alloy and the Fe16Cr2.2Ni0.6Mn1.1Mo0.1N steel com-
position (TS14-1-1431-75), the heat treatment methods 
as outlined in TS do not yield the most optimal prop-
erties for the synthesized alloy. Consequently, adjust-
ments in the heat treatment modes are required, which 
will be the focus of future research. 

ConclusionConclusion
The study revealed that during the initial stages 

of the MA process, regardless of the method of nitro-
gen introduction, the dissolution of alloying elements 
in all investigated systems follows a general pattern, 
forming a layered composite structure. When nitro-

gen is introduced as chromium nitride (Cr2N), it is not 
fully dissolved in the iron lattice; instead, it distributes 
evenly throughout the volume as submicron inclusions. 
The stability of chromium nitride as a chemical com-
pound might prevent its complete decomposition and 
dissolution due to the insufficient energy flow during 
the MA process.

By employing various nitrogen-containing initial 
components in the MA process, nitrogen up to 2.5 wt. % 
can be introduced, whereas the crystallization limit con-
centration remains ≤0.2 wt. %. Consequently, the degree 
of nitrogen assimilation reaches approximately 90 %. 
The increase in nitrogen content in the alloy correlates 
with a higher proportion of powder particles ≤45 µm 
in size. This is attributed to significant distortions in 
the crystal lattice caused by submicron nitride inclu-
sions, resulting in crack formation and subsequent 
material disintegration.

During spheroidization in argon-hydrogen plasma, 
there is a reduction in nitrogen content by 50–75 % 
from its initial levels, while spheroidization in argon-
nitrogen plasma leads to a decrease in nitrogen con-
tent by no more than 40 %. Synthesis of powders with 
a spherical shape and nitrogen content up to 1.2 wt. % 
was demonstrated, depending on the method of nitro-
gen introduction in the MA process and the composi-
tion of the plasma-forming gas. 

The investigation delved into the impact of SLM 
process parameters on nitrogen content in alloys, their 
porosity, and mechanical properties. As the nitrogen 
amount in the alloy increases, the minimum poros-
ity escalates to 11.5 %. Nitrogen content in the alloy 
obtained by SLM ranges from 0.13 to 0.44 wt. %, 
which surpasses the nitrogen concentration limit 
du ring crystallization twice. Mechanical tests affirmed 
that the alloys produced via selective laser melting 
exhibit comparable characteristics to those obtained 
using traditional metallurgical methods. 

Table 3. Mechanical properties of alloys fabricated via SLM method 
Таблица 3. Механические свойства сплавов, полученных методом СЛП 

Composition

SLM SLM and HIP
20 °С 500 °С 20 °С 500 °С

s0.2 , 
MPa

su , 
MPa

d, 
%

s0.2 , 
MPa

su , 
MPa

d, 
%

s0.2 , 
MPa

su , 
MPa

d, 
%

s0.2 , 
MPa

su , 
MPa

d, 
%

Fe–Cr2N–Ni–Mn–Mo 730 780 5.5 480 560 5 620 840 16.0 400 560 8.2
Fe–FeCrN–Ni–Mn–Mo – 980 – 600 820 4 800 1070 1.2 600 830 1.4

Fe–(0.5Cr–0.5Cr2N)–Ni–Mn–Mo 700 790 12.0 430 610 10 610 780 21.0 370 460 4.0
Fe–(0.5Cr–0.5FeCrN)–Ni–Mn–Mo 960 1100 10.5 560 800 9 770 890 16.0 530 620 8.5

15Х16Н2АМ  
(According to TS14-1-1431-75) 740 935 14.0 540 640 – 740 935 14.0 540 640 –
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