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Abstract: Austenitic stainless steels are characterized by paramagnetic properties, good ductility, toughness and corrosion re-
sistance. However, their strength properties are relatively low. Nitrogen alloying is an effective way to increase their strength.
The increased nitrogen and manganese content in steels of this class makes it possible to reduce the nickel content. The presence
of delta ferrite in the structure of austenitic steels can improve their resistance to the formation of hot cracks. Wire arc additive
manufacturing is a modern method of producing parts from austenitic steels. The authors have developed a flux-cored wire
for wire arc additive manufacturing, which makes it possible to deposit metal containing nitrogen in chemical composition, high
chromium and manganese content, low nickel content, and providing a structure of austenite and a small amount of &-ferrite.
The aim of the work was to certify the deposited material, including the determination of structural features, micromechanical
characteristics, and mechanical properties under conditions of static tensile loading and cyclic loading in the low cycle fatigue
testing. As a result of multilayer depositing, deposited layers were obtained with a composition (by wt. %): <0.1 C; 21.1 Cr;
3.3 Ni; 5.0 Mn; 2.0 Mo; 2.8 Cu; 0.239 N. According to the results of X-ray and EBSD analyses, the structure of the deposited
layers consists of austenite and 6 wt. % o-ferrite. The properties of the studied material are compared with those of the widely
used austenitic stainless steel AISI 321. Higher strength properties of the studied material are shown both during instrumental
microindentation (HM=2.7 GPa; H;1=3.1 GPa) and static tensile testing (60,=595 MPa; 6u=790 MPa; 5=28 %). The transition to
multi-cycle fatigue of the developed material occurs at a stress amplitude within 550 MPa.

Keywords: nitrogen-containing austenitic steel; wire arc additive manufacturing; microindentation; tensile tests; low-
cycle fatigue; fractography
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INTRODUCTION

Austenitic stainless steels are widely used in the chemi-
cal, marine, oil and gas, and aerospace industries [1; 2].
They are characterized by paramagnetic properties, good
ductility, impact toughness, and corrosion resistance [1].
However, their strength properties, particularly the yield
strength, are relatively low [1].
Nitrogen alloying is an effective way to increase
the strength of austenitic steels [2]. For instance, increasing

© Soboleva N.N., Kuznetsov A.M., Mushnikov A.N.,
Veselova V.E., Smolentsev A.S., 2026

the nitrogen content from 0.008 to 0.34 wt. % raised the
yield strength from 249 to 757 MPa [3]. The addition of
nitrogen stabilizes the austenitic structure, improves corro-
sion resistance, and causes solid solution strengthening of
the austenite [3]. The solubility of nitrogen in iron-based
alloys increases with higher chromium and manganese con-
tent [2]. Furthermore, the presence of austenite-stabilizing
elements like nitrogen and manganese allows reducing the
nickel content in stainless steels [4].
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It should also be noted that austenitic stainless steels are
susceptible to hot cracking during hot plastic deformation
and welding. The presence of a small amount of d-ferrite in
the structure of such steels can improve resistance to hot
cracking [5]. The formation of &-ferrite depends on
the chemical composition and cooling conditions [6]. Its
presence acts as a barrier to dislocation motion and retards
the growth of austenite grains [7]. It should be noted that
the precipitation of d-ferrite does not impair the corrosion
resistance of austenitic steels [7].

Components made of austenitic steels can be fabricated
using additive manufacturing technologies. For producing
large-scale parts in shipbuilding and the chemical industry,
Wire Arc Additive Manufacturing (WAAM) is a relevant
method. WAAM equipment is cheaper and easier to operate
compared to other additive methods; moreover, in this tech-
nology, the more expensive powder is replaced by less cost-
ly wire [8].

The production of materials for additive manufacturing
is a critical factor for their industrial adoption. The most
common grades of austenitic stainless steel (e.g., AISI 304,
AISI 321, AISI 308) are produced as solid wires and are
used in wire arc additive manufacturing [2; 9]. For research
purposes and flexible chemical composition modification,
flux-cored wires are most suitable, as they allow changing
the composition and content of the powder fill inside
the core [10].

Based on the principles outlined above, a flux-cored
wire for wire arc deposition was developed. This wire pro-
duces a deposited metal with a chemical composition that
includes nitrogen, increased chromium and manganese con-
tent, and reduced nickel content (compared to popular aus-
tenitic stainless steel grades), and provides a structure con-
sisting of austenite with a small amount of d-ferrite.

The aim of this study is the certification of the deposited
material, which includes determining its structural features,
micromechanical characteristics, and mechanical properties
under static tensile loading and cyclic loading.

METHODS

Wire arc additive manufacturing

Multilayer deposition was performed on the edge of
a 20 mm thick St3 steel plate. The developed 1.6 mm diam-
eter flux-cored wire was used as the electrode material.
Wire arc deposition was conducted using an Aotai AMIG-
500PS setup (China) with a welding tractor in a shielding
gas mixture of 82 % Ar+18 % CO, . The deposition param-
eters were as follows: welding current — 262.5 A, voltage —
25.7V, travel speed — 2.8 mm/s, wire feed rate — 1.5 m/min,
electrode stick-out — 20 mm, shielding gas flow rate —
151/min, oscillation amplitude — 10 mm.

To eliminate the influence of the substrate metal on
the properties of the deposited metal, specimens were cut
at a depth of 10 mm or more from the substrate surface.

Chemical composition determination

The chemical composition of the deposited metal was
determined using a SPECTROMAXx metal analyzer spec-
trometer (Germany). The nitrogen concentration was de-

termined by fractional gas analysis. The distribution of el-
ements across the cross-section of the deposited metal was
analyzed using a Tescan VEGA II XMU microscope (Czech
Republic) equipped with an INCA ENERGY 450 X-ray
energy-dispersive microanalysis system (UK).

Microstructure and phase composition investigation

Phase composition was determined by X-ray diffrac-
tion analysis using a Shimadzu XRD-7000 diffractome-
ter (Japan) with CrKa radiation. Quantitative analysis of
the austenite content was performed using the method of
homologous pairs. The material microstructure was ex-
amined in the transverse section of the deposited layers
in the upper third of the specimen using a NEOPHOT 21
optical microscope (Germany) and a Tescan VEGA II
XMU scanning electron microscope. Electron backscat-
ter diffraction (EBSD) analysis was employed. Specimen
surfaces for EBSD analysis were prepared using abrasive
papers of various grit sizes. Subsequently, ion etching
was performed in two stages on a SEMPrep 2 system
(LINDA Technoorg, Hungary): first at an accelerating
voltage of 10 kV for 20 minutes, then at 1kV for
10 minutes. Scanning of the prepared surface was con-
ducted at an accelerating voltage of 30 kV. To reveal
the microstructure, specimens were chemically etched by
immersion in a IHNO3:3HCI reagent.

Microhardness measurements
and instrumented indentation

Microhardness measurements and instrumented indenta-
tion were performed on the transverse section of the depos-
ited layers across the entire height of the specimen. Micro-
hardness was determined using the Vickers indenter method
on a Shimadzu HMV-G21DT microhardness tester under
a load of 0.98 N (100 gf). Instrumented microindentation
and loading diagram recording were performed according
to the ISO 14577 standard on a Fischerscope HM2000
XYm measuring system using a Vickers indenter with
a maximum load of 0.49 N (50 gf). The loading/unloading
time was 20 s. The holding time at maximum load was 15 s.
The error in the microindentation characteristics, based
on 10 measurements, was calculated with a confidence
probability of p=0.95.

Static tensile and zero-to-tension cyclic
loading tests

Static tensile and zero-to-tension cyclic loading tests
were conducted on a Zwick Z 2.5 mechanical testing
machine (Germany) integrated with a KTX-20 heat-cold
chamber (OOO “NPF Tekhnologiya”, Russia). For the
investigations, flat specimens were cut from the central
part of the deposited layers in the longitudinal direction
of deposition (i.e., along the welding tractor travel direc-
tion) using an electrical discharge machine. Before each
test, the specimen was held for at least 10 minutes after
reaching the required temperature. In the static tensile
tests, a video extensometer was used to determine
the strain in the gauge section during testing. The offset
yield strength (c0.) and the ultimate tensile strength (cv)
were determined from the obtained stress — strain dia-
grams. The percentage elongation after fracture (8) was

84

Frontier Materials & Technologies. 2026. No. 1



Soboleva N.N., Kuznetsov A.M., Mushnikov A.N. et. al “Mechanical properties of nitrogen-containing austenitic steel...”

determined in accordance with GOST 1497-2023 using
calipers and marks applied to the specimen’s gauge sec-
tion. Cyclic zero-to-tension tests were performed under
load control in the low-cycle fatigue region (up to 10° cy-
cles) at a low frequency of 0.3 Hz.

Fractographic analysis of the fracture surfaces of speci-
mens after static and cyclic tensile testing was performed
according to RD 50-672-88 using a Tescan VEGA II XMU
scanning electron microscope (Czech Republic) at an accel-
erating voltage of 20 kV.

RESULTS

Chemical composition

Fig. 1 shows the distribution of chemical elements
across the cross-section of the multilayer deposited sample,

Fe, wt.%
70

65 .\_/-/ '\/_/.
60

55

—n
gy /’/. \l‘l/'\./'/'\.F_./l
~

determined at local points using energy-dispersive microa-
nalysis. A relatively uniform chemical composition is evi-
dent across different deposition layers, except for the near-
complete absence of manganese in the top layer of the mul-
tilayer deposit. Consequently, the top 3 mm of the deposit
was not used for further investigations. Spectral macro-
analysis of the remaining metal in its upper and lower parts
shows good agreement in chemical composition across dif-
ferent zones (Table 1).

Structure and phase composition

In the diffraction pattern segment of the studied sample
(Fig. 2), X-ray reflections corresponding to the y-Fe (111),
(200), (220) phases with an fcc lattice and the a-Fe (110),
(200), (211) phases with a bcc lattice were recorded.
The volume fraction of austenite (y-Fe) was 94 %. The in-
tensity ratio of the y-Fe solid solution X-ray reflections
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Fig. 1. Distribution of elements across the cross-section of the multilayer deposited sample,
h — distance from the deposition surface (sheet 1 of 2)
Puc. 1. Pacnpedenenue snemeHmos no cewenuio oopasya u3 MHO2OCI0UHOU HANAABKY,
h — paccmosnue om nosepxnocmu Hannagexku (ucm 1 uz 2)
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Fig. 1. Distribution of elements across the cross-section of the multilayer deposited sample,

h — distance from the deposition surface (sheet 2 of 2)

Puc. 1. Pacnpedenenue snemenmos no ceuenuio oopasya uz MHO20CI0UHOU HaNnlasKu,

h — paccmosanue om nosepxnocmu nannagéxu (mucm 2 u3s 2)

Table 1. Average chemical composition of the deposited metal in different zones, wt. %
Tabnuya 1. Cpeonuii xumuueckuti cocmas HaniagieHHO20 MeMAla @ pasubix 30Hax, macc. %

A‘;i'ey:‘s C Si | Mn| o | Ni | Mo | cul| co Ti Nb % w N
Upperpart | <0.1 | 0.54 | 5.08 | 21.07 | 335 | 2.08 | 2.86 | 0.028 | 0.020 | 0.043 | 0.105 | 0.070 | 0.239
Lowerpart | <0.1 | 050 | 488 | 21.17 | 323 | 2.00 | 270 | 0.022 | 0.029 | 0.042 | 0.102 | 0.066 | *

Note. Fe — balance; * — not determined.
THpumeuanue. Fe — ocmanvhoe; * — ne onpedensinoce.

I(111):1(200):1(220) was 100:58:17, whereas for isotropic
polycrystalline y-Fe — 100:80:50!. This indicates the pres-
ence of a crystallographic texture, the main component
of which is the (111) reflection; the relative intensities
of the (200) and (220) X-ray reflections are 1.4 and 3 times
lower, respectively, compared to isotropic y-Fe.

The microstructure of the deposited metal (Fig. 3 a, ¢) con-
sists of austenite grains that formed from the liquid phase dur-
ing solidification, exhibiting a dendritic morphology. d-ferrite

! Mirkin L.I. Rentgenostrukturnyy kontrol mashinostroitelnykh
materialov [X-ray structural testing of engineering materials:
a handbook]. Moscow, Mashinostroenie Publ., 1979. 134 p.

particles with an average size of 5.2 um are located both
at dendrite boundaries and within dendrite cells (Fig. 3 b). Ac-
cording to EBSD analysis results, the volume fraction
of d-ferrite is 6 %. The presence of contrast (Fig.3 d) on
the orientation map indicates that the crystal lattice within
the dendrites is oriented at different angles relative to each
other. However, it can be noted that the orientation with Miller
indices (111) is slightly predominant, which aligns with
the data obtained from the X-ray phase analysis.

Micromechanical characteristics

Table 2 presents the results of microhardness and instru-
mented indentation measurements of the deposited metal, as
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well as comparative data for AISI 321 steel in the quenched
state (100 % of austenite in the structure) [11], obtained using
the same measurement methodology and under the same in-
denter load. The average microhardness value of the studied
material was 30040 HV 0.1.

Based on the instrumented microindentation results,
the studied material is characterized by significantly higher
Martens hardness (HM) and indentation hardness at maximum
load (Hjr) values compared to AISI 321 steel. The indentation
modulus of elasticity (E£*) does not differ. The values of
the total mechanical work of indentation (7)), which consists
of the work of plastic deformation and the work of elastic re-
covery, are lower for the developed material. The work of elas-
tic deformation during indentation (#.), released upon unload-
ing, is greater for the developed material. The values of ; and
W. are used to calculate the plastic contribution to the work
done during material indentation: @=(1—W./W;)-100 % [12].
It is evident that AISI 321 steel possesses a greater plastic
(i.e., smaller elastic) contribution to the indentation work. Fur-
thermore, the developed material has higher values of elastic
recovery (R), as well as the ratios H/E* and Hy?/E*2.

Mechanical properties under static tension

The mechanical properties of the deposited metal,
measured at different temperatures 7, are presented in Ta-
ble 3, which also provides comparative data for specimens
of AISI 321 austenitic steel cut from a wrought alloy and man-
ufactured by wire arc additive manufacturing (WAAM) [13].

Fig. 4 shows the results of fractographic analysis of
the fracture surfaces, conducted at different scale levels.
The macroscopic fracture of the specimen tested at 20 °C is
uniform and matte, with failure occurring along the grain body
(Fig. 4 a). The fracture is predominantly fibrous with signs of
ductile fracture (necking, diverging ridges). Elements of den-
dritic rupture were recorded. At the micro-level (Fig. 4 b), both
dimples of various sizes with spherical Ti and Mn carbides at
their centers (according to energy-dispersive microanalysis
results) and quasi-cleavage facets are observed.

The fracture of the specimen tested at =50 °C is char-
acterized by a less developed fracture surface relief at

the macro-level (Fig. 4 c¢), which correlates well with the
established reduction in plastic properties at lower test
temperatures. At the micro-level, the fracture exhibits
features characteristic of brittle failure — quasi-cleavage
facets and river patterns (Fig. 4 d). Flat areas (20-25 um
in size) are present, but they are not smooth, instead
showing a characteristic wavy relief. These areas also
present contain less deep (compared to the specimen
tested at +20 °C) dimples of various sizes with spherical
particles at their centers.

Mechanical properties under cyclic tension

When varying the maximum stresses in cyclic zero-to-
tension tests of the developed material at room temperature
from 0.99 to 0.75 oy (where oy is the ultimate tensile
strength determined in static tests), the number of cycles to
failure varied from 175 to 19,305. On the fatigue strength
diagram, a horizontal section of cyclic creep (up to approx-
imately 10° cycles) can be distinguished, after which
the low-cycle fatigue region begins with a more rapid de-
crease in stress amplitude (Fig. 5).

Figs. 6 and 7 show the fracture surfaces after cyclic

loading. The examined fractures after cyclic loading are
characterized, at the macro-level, by a low degree of rough-
ness and minimal evidence of plastic deformation.
Zones characteristic of cyclic loading with fatigue striations
were not found in specimens obtained at stress amplitudes
of 0.95 oy (failure at 688 cycles, Fig. 6 a, b) and 0.85 oy (failure
at 9,552 cycles, Fig. 6 c,d). However, at magnifications
over x3000, fragments of brittle fatigue striations along grain
boundaries (as opposed to ductile fatigue striations found with-
in grains) are detected in the specimen with an amplitude of
0.85 oy (Fig. 6 d).

In both cases, intergranular and transgranular fracture fac-
ets formed, which is a result of cyclic crack growth along crys-
tallographic planes. However, alongside areas of intergranular
fracture, elements of ductile relief are also present in the form
of numerous ridges, and in the specimen with an amplitude of
0.85 oy, also in the form of ductile dimples (Fig. 6 d). Fur-
thermore, secondary cracks are observed in the specimens,
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Fig. 2. X-ray diffraction pattern of the deposited metal
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Fig. 3. Microstructure of the deposited metal:
a — optical microscopy, b — scanning electron microscopy, ¢ — phase distribution map
(color code: red is the fcc lattice, yellow is the bec lattice, black is the high-angle grain boundaries with misorientation >15°),
EBSD analysis; d — phase orientation map for bce and fec lattices, EBSD analysis
Puc. 3. Muxpocmpyxmypa nannagnenno2o memanna:
a — onmuyeckas MUKpockonus, b — pacmpoeas snexmponnas Mmukpockonus,; ¢ — kapma pacnpeoenenus gas
(yeema: kpachwiii — I'l[K-pewemxa, scenmoiti — OL[K-pewiemka, uepHbviii — blCOKOY2/108ble SPAHUYBL 3ePEH C PA30PUEHMUPOSKOU > 15°),
EBSD-ananus; d — kapma opuenmuposok ¢asz ¢ OL[K- u I'l[K-pewemramu, EBSD-ananuz

Table 2. Microhardness and microindentation results of the studied material and quenched AISI 321 steel
Taoauya 2. Muxpomeepoocmy u pe3yiomamsl MUKPOUHOEHMUPOBAHUS UCCTIe0yeM0o20 Mamepuana u 3axkaniennou cmanu AISI 321

Micro- Characteristics determined Calculated parameters based
hardness by instrumented microindentation on microindentation results
Material
HV 0.1 HM, Hir, E*, Wi, We, 0, R, | HE*, | HP/E*
) GPa GPa GPa nJ nJ % % 1073 2, MPa
Studied 300+40 2.7+0.18 3.1+0.26 170+6 461+15 63+2 86.2 | 12.8 18 1.05
AISI321 [11] (HV28%25) 1.44+0.01 1.5+0.01 169+20 600+5 45.8+0.6 92 7.9 9 0.1

Note. HM — Martens hardness;
Hir — indentation hardness at maximum load; E* — indentation modulus of elasticity,
Wi — total mechanical work of indentation; W.— work of elastic deformation during indentation;
@ — plastic contribution to the work done during material indentation; R — elastic recovery.
Ipumeyanue. HM — meepoocms no wikane Mapmenca;
Hir — meepoocmub undenmuposanus npu Maxcumanvbroll Hazpyske, E* — mooyne ynpyeocmu npu unoenmuposanuu;
Wi — obwan mexanuueckas paboma eoasnusanusi, W. — paboma ynpyeoii deghopmayuu npu uHOeHMuposanuu;
@ — nracmuYeckas cocmagusiowds pabomol, cOBEPUICHHOU NpU UHOEHMUPOosanuu mamepuaid; R — ynpyeoe eoccmanognenue.

88 Frontier Materials & Technologies. 2026. No. 1



Soboleva N.N., Kuznetsov A.M., Mushnikov A.N. et. al “Mechanical properties of nitrogen-containing austenitic steel...”

Table 3. Mechanical properties under static tensile loading

Taonuya 3. Mexanuueckue ceoticmea npu cCmamuyeckom pacmsdceHuu

Material T, °C 60.2, MPa oy, MPa 0, %
Studied +20 595 790 28
Studied =20 655 885 20
Studied =50 720 940 14
AISI 321, wrought alloy [13] +25 232 640 94
AISI 321, WAAM [13] +25 372 643 50

oriented at different angles to each other. Secondary cracks
appear in the material as a result of local stress relaxation dur-
ing the propagation of the main crack and are typically orient-
ed perpendicular to its growth direction.

In the specimen obtained at a stress amplitude of 0.75 oy (fail-
ure at 16,928 cycles, Fig. 7), two zones of cyclic fracture can
be distinguished: a stable crack growth zone (Zonel in
Fig. 7a) and an accelerated crack growth zone (Zone 2 in
Fig. 7 a). The stable crack growth zone (Fig. 7 b, c) is charac-
terized by the presence of fatigue striations, which are the pre-
dominant failure mechanism during the stable crack growth
stage. In the accelerated crack growth zone (Fig. 7 d, e), signs
of static fracture appear — ductile dimples, at the bottom of
which spherical particles identified as carbides are located.

DISCUSSION

Element burn-off (loss) characteristic of casting and welding
processes is also observed in wire arc additive manufacturing
[14]. Manganese is one of the elements most prone to burn-off.
In the studied sample formed by wire arc deposition using
flux-cored wire, manganese burn-off also occurred. However,
according to the results of chemical analysis across the cross-
section of the multilayer sample, this process significantly
affected its content only in the top layer. This result al-
lows using high-manganese wires for multilayer wire arc
deposition, taking into account the need to remove
the top layer to ensure uniform chemical composition
across the cross-section of the component.

The presence of a small amount of d-ferrite has
a beneficial effect on the structure of austenitic steels, as
its precipitation during solidification retards austenite
grain growth [7]. In austenitic-ferritic stainless steels, the fer-
rite phase has lower hardness than austenite [15]. However,
the presence of ferrite, which significantly refines the aus-
tenite grain and impedes dislocation glide, increases
the average hardness of austenitic steels [7]. Furthermore,
the presence of nitrogen in the deposited layers positively
contributes to strengthening, as it promotes solid solution
hardening [16]. This explains the increased hardness of
the studied material noted in Table 3 compared to
the hardness of AISI 321 steel, whose typical microhard-
ness values range from 160-200 HV [11; 17], and for AISI
321 steel produced by WAAM — 196-247 HV [18].

Microindentation allows recording loading diagrams during
measurements, obtaining “load — indenter penetration
depth” curves, and thereby evaluating both plastic and elas-
tic properties of materials. The increased values of Martens
hardness and indentation hardness at maximum load
(Table 3), detected by instrumented indentation compared to
the characteristics of AISI 321 steel, indicate an increased
resistance of the material to permanent deformation.
The higher value of the total mechanical work of indenta-
tion (W;) indicates that the surface of the developed material
deforms less under the indenter compared to quenched AISI
321 steel. The higher calculated values of the parameters R,
Hi/E*, and Hp?/E**for the developed material
allow concluding that its surface has better resistance to
elastoplastic deformation compared to the austenitic steel.

The increased resistance of the materials to contact
loads, determined by microindentation results, as well as
the higher tensile strength properties of the studied mate-
rial (at room temperature, the ultimate tensile strength
0y=790 MPa and the offset yield strength 69,=595 MPa)
compared to the characteristics of AISI 321 austenitic
steel (Tables 2 and 3), are attributed to several factors.
They are the formation of fine-grained austenite during
the crystallization of the structure with ferrite (it is well
known that fine-grained steels possess higher strength);
the uniform distribution of ferrite in the structure, which
acts as a barrier to dislocation glide; and solid solution
hardening of austenite by nitrogen [3]. It should be noted
that, according to [13], the use of WAAM technology has
practically no effect on the ultimate tensile strength.
The lower plastic properties (percentage elongation after
fracture — 28 %) are explained by both the presence
of ferrite in the structure and the material fabrication
method — additive manufacturing.

It is well known that test temperature affects the me-
chanical properties of materials. For instance, reference
[19] shows that duplex stainless steel exhibits a decrease in
ductility, yield strength, and tensile strength with increasing
test temperature. In [20], AISI 304 stainless steel was inves-
tigated at temperatures from 20 to 298 K, and lowering
the temperature led to an increase in strength properties and
a significant decrease in percentage elongation after frac-
ture. Similar results for AISI 321 are presented in [21]: at
a temperature of —60 °C, the ultimate tensile strength
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Fig. 4. Fracture surfaces of the studied material after static tensile testing at different temperatures:
a,b—+20°C; ¢, d——50°C; a, c— x100; b, d— x1000
Puc. 4. Ilosepxnocmu paspyuwenus ucciedyemozo Mamepuaia nocie UCHulmaHuil
HA CIMamuyeckoe pacmaxcerue npu PAsiuYHbIX memMnepamypax:
a,b—+20°C; ¢, d——50°C; a, c— x100; b, d— x1000

Stress amplitude, MPa

1 10 100 1000 10000 100000
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Fig. 5. Fatigue strength diagram of the studied material
Puc. 5. JJuacpamma ycmanocmuou npouHoCmu ucciedyemo2o Mamepuand

90

Frontier Materials & Technologies. 2026. No. 1



Soboleva N.N., Kuznetsov A.M., Mushnikov A.N. et. al

“Mechanical properties of nitrogen-containing austenitic steel...”

Fig. 6. Fracture surfaces of the studied material
after zero-to-tension cyclic tensile testing at different stress amplitudes:
a,b—0.950u; ¢, d—0.850u; a, ¢c— x1000; b, d— %3000
Puc. 6. [losepxnocmu paspyuwienus uccieoyemozo mamepuana
nocie UCNbIMAHULL Ha OMHYIE80€ YUKIUUECKOE PACHSIICEHUE C PAZIUYHBIMU AMAIUNTYOAMU HANPNCEHUIL:
a, b—09508 ¢ d—038508 a c— *x1000; b, d— *x3000

increased by 26 %, and the percentage elongation after
fracture decreased by a factor of 1.7 compared to +24 °C.

As with known stainless steels, lowering the test tem-
perature of the developed material leads to an increase in
strength properties compared to those at room tempera-
ture. For example, at —50 °C, the ultimate tensile strength
of the studied material increased by 19 % (to 940 MPa),
and the offset yield strength increased by 21 %
(to 720 MPa) compared to the test results at room tem-
perature. The percentage elongation after fracture
at =50 °C decreased by a factor of 2 compared to +20 °C.

The obtained dependencies of mechanical properties on
temperature are consistent with the results of fractographic
analysis of the fracture surfaces conducted at different scale
levels. Features of the fracture surface of specimens after
static toughness tests at +20 °C, such as dimples, necking,
and diverging ridges, indicate plastic deformation and
a high capacity for energy absorption during fracture.
The presence of elements of dendritic rupture is characteris-
tic of cast and deposited metal.

At low temperatures, a noticeable decrease in the plastic
properties of the material occurs, which affects the fracture

morphology. A less developed fracture surface relief,
as well as quasi-cleavage facets and river patterns, are typi-
cal signs of brittle fracture. However, the presence of areas
with shallow dimples on the fracture surface also indicates
a contribution from plastic deformation [22].

It is well known that in low-cycle fatigue tests
(including under load control), a near-linear decrease in stress
amplitude with the logarithm of the number of cycles to fail-
ure is observed on the fatigue strength diagram in the range
from 10° to 10° cycles [23]. A further decrease in stress am-
plitude leads to a more significant increase in the number of
cycles to failure (in the high-cycle and gigacycle fatigue re-
gions). The stable crack growth zone characterized by
the presence of fatigue striations becomes distinguishable
after 10* cycles to failure. Thus, the combination of cyclic
test data and fractographic studies defines the limit of transi-
tion to high-cycle fatigue for the developed material at a level
of 550 MPa. This value is more than twice the stress level
reported for WAAM-fabricated AISI 308L steel [24], con-
firming the effectiveness of the chosen strategy of nitrogen
alloying and forming a structure with d-ferrite for enhancing
the fatigue durability of WA AM-deposited materials.
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Fig. 7. Fracture surface of the studied material
after zero-to-tension cyclic tensile testing at a stress amplitude of 0.75 ou: a — overall view;
b, ¢ — stable crack growth zone (Zone 1 in Fig. 7 a);
d, e — accelerated crack growth zone (Zone 2 in Fig. 7 a); b, d— x1000; ¢, e — x3000
Puc. 7. Ilosepxrnocms paspyuienust ucciedyemo2o mamepuaid
nOCIe UCNbIMAHULL HA OMHYNe80€ YUKIUUECKOe PACMANCEHUE ¢ aMnaumydou Hanpsicenuil 0,75 op:
a — obwuil 6ud, b, ¢ — 30na cmabunvro2o pocma mpewunv (30na 1 Ha puc. 7 a);
d, e — 30Ha yckopennoeo pocma mpewunsl (30na 2 na puc. 7 a); b, d— x1000; ¢, e — x3000

CONCLUSIONS

Using multilayer wire arc additive manufacturing with
the developed flux-cored wire, a workpiece of nitrogen-
containing steel with an austenite structure and 6 vol. % J-fer-
rite was produced.

The studied material is characterized by higher
values of microhardness (300+40 HV 0.1) and micro-
indentation parameters indicating resistance to elastoplastic

deformation, as well as superior strength (c0,=595 MPa;
6y=790 MPa) but lower ductility (6=28 %) during static
tensile testing compared to AISI 321 austenitic steel.

Based on the results of cyclic testing and corresponding
fractographic analysis, it follows that for the transition to
high-cycle fatigue in the developed material, the stress am-
plitude should be within 550 MPa.
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AnHomayua: AyCTCHUTHBIE HEP)KABEIOIINE CTATH XapaKTEePU3YIOTCs TapaMarHUTHBIMU CBOWCTBAMH, XOPOIIEH IIIacTH4-
HOCTBIO, YIAPHOU BSI3KOCTBIO M KOPPO3UOHHON CTOMKOCTBIO, OIHAKO MX NMPOYHOCTHBIE CBOWCTBA OTHOCUTENBHO HEBBICOKHE.
OddexTuBHBIM CrIOCOOOM MOBBIMIEHHS MX IPOYHOCTU SABISETCA JIETHpOBaHHE a30ToM. [IoBbIIIEHHOE cozmepkaHHEe a30Ta
Y Mapratia B CTaJIX TaKoro Kiacca I03BOJIIeT 00eCIeunTh CHIDKEHHE colleprkaHus Hukerst. Hammaue 3-epputa B CTpyKTY-
pe ayCTEeHUTHBIX CTaJled MOXKET YIy4IIHUTh UX CONPOTHUBISIEMOCTh OOPa30BaHUIO TOPSINX TPEIINH. DJIEKTPOLYTOBask IIPOBO-
JIOYHasl HaIUIABKa SIBJSIETCS. COBPEMEHHBIM METOJIOM TIOJyUeHHUS W3/IeNIUH U3 ayCTEHUTHBIX CTaieil. ABTopaMu pazpaboraHa
TIOPOLIKOBasi POBOJIOKA JUIsl SJIEKTPOLYTOBOM HAIUIABKH, ITO3BOJISIOLIAs] HAILIABUTH METAJLI, XUMUUECKHH COCTaB KOTOPOTO
BKJIIOYAET a30T, MOBBIIICHHOE COJEP)KaHWE XpOMa W MapraHIia, TOHW)KEHHOE COICp)KaHWE HUKENs, M 0OecleYrBaronias
CTPYKTYpy M3 ayCTeHHWTa W HeOOJIBIIOro KoimdecTBa o-eppura. Llemp paboThl — arrecTanys HAaIUIaBJIEHHOTO MaTepuala,
BKJIIOYAIOLIAsl OIPENeNICHHE CTPYKTYPHBIX OCOOEHHOCTEH, MUKPOMEXaHWYECKHX XapaKTepHCTHUK, MEXaHMYECKHX CBOWCTB
B YCIIOBHUSX CTAaTHYECKOTO HAarpy)KeHWsl NPU PACTSHKCHUM W IUKIMYECKOro HarpyeHus. B pesynsrare MHOToCIOHHON
HAIUIABKY OBLTH ITOJyYeHbI HAIUTABIICHHBIE CIIOU ¢ comeprkanneM (Mac. %): mo 0,1 C; 21,1 Cr; 3,3 Ni; 5,0 Mn; 2,0 Mo; 2,8 Cu;
0,239 N. Ilo pesynbratam pertreHodaszoBoro u EBSD-ananmza, CTpykTypa HAIUIaBICHHBIX CIIO€B COCTOHMT W3 ayCTCHUTA
n 6 00. % d-teppura. IIpoBeneHO cpaBHEHHE CBOMCTB MCCIIEIYyeMOTO MaTepralla CO CBOHCTBAMH IIHPOKO HCIIONB3YeMOU
aycteHUTHOI HeprkaBeromier ctanu AISI 321. Tloka3ans! 6osee BRICOKHE MPOYHOCTHBIE CBOICTBA HCCIIEAyeMOro MaTepHaa
Kak Ipu MHCTpyMeHTanbHoM MukpouHneHtupoanmu (HM=2,7 I'Tla; Hir=3,1 I'Tla), Tak 1 Ipu UCTIBITAaHUAX HA CTaTHYECKOE
pactsokenue (60,=595 MIla; og=790 MIla; =28 %). Ilepexoq kK MHOTOITUKIIOBOH YCTaJIOCTH Pa3pabOTaHHOIO Marepuaia
MIPOUCXOAUT MPU aMIUTUTY/E HaNpsbkeHUH B penenax 550 Mlla.

Knrouegvie cnosa: azotconepkaiasi ayCTeHUTHAs! CTallb; DIIEKTPOIYTOBasl IPOBOJIOYHAS HAIIaBKa; MUKPOWHIEHTHUPO-
BaHME; UCTIIBITAHUS Ha CTATHUECKOE PACTHKEHHE; UCIIBITAHUS HAa IMKINIECKOE OTHYJIEBOE pacTshKEeHHE; ppakTorpadus

bnazooapnocmu: ViccrenoBaHue BBIONHEHO 3a cuer TpaHTa Poccuiickoro naywyHoro c¢onzma Ne 24-19-20059
(https://rscf.ru/project/24-19-20059/) u IIpaBurensctBa CBepAIOBCKON 00TacTH. DKCIEPUMEHTAIBHEIC CCICIOBAHUS BEI-
MIOJTHEHHI ¢ ucrons3oBanneM obopynoBanus LIKIT «ITractomerpusy UMAIL YpO PAH.

Crarpsl HOATOTOBJIEHA 110 MaTepHaiaM AOKIanoB ydacTHUKOB XII MexmyHaponHoi mkoms! «Pu3nyeckoe Marepuao-
Beaenuey (ILIOM-2025), Tompsartu, 15-19 centsiOpst 2025 roxa.
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