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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 δ-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. % δ-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; HIT=3.1 GPa) and static tensile testing (σ0,2=595 MPa; σU=790 MPa; δ=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 

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 δ-ferrite in 

the structure of such steels can improve resistance to hot 

cracking [5]. The formation of δ-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 δ-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 δ-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 % CO₂ . The deposition param-

eters were as follows: welding current – 262.5 A, voltage – 

25.7 V, travel speed – 2.8 mm/s, wire feed rate – 1.5 m/min, 

electrode stick-out – 20 mm, shielding gas flow rate – 

15l/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 CrKα 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 1 kV 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 1HNO3:3HCl 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 (σ0.2) and the ultimate tensile strength (σU) 

were determined from the obtained stress – strain dia-

grams. The percentage elongation after fracture (δ) was 
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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 105 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, 

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 γ-Fe (111), 

(200), (220) phases with an fcc lattice and the α-Fe (110), 

(200), (211) phases with a bcc lattice were recorded.  

The volume fraction of austenite (γ-Fe) was 94 %. The in-

tensity ratio of the γ-Fe solid solution X-ray reflections 

 

 

 

 

 

 

 

 

Fig. 1. Distribution of elements across the cross-section of the multilayer deposited sample, 

h – distance from the deposition surface (sheet 1 of 2) 

Рис. 1. Распределение элементов по сечению образца из многослойной наплавки,  

h – расстояние от поверхности наплавки (лист 1 из 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) 

Рис. 1. Распределение элементов по сечению образца из многослойной наплавки,  

h – расстояние от поверхности наплавки (лист 2 из 2) 

 

 

 
Table 1. Average chemical composition of the deposited metal in different zones, wt. % 

Таблица 1. Средний химический состав наплавленного металла в разных зонах, масс. % 

 

 

Analysis  

area 
C Si Mn Cr Ni Mo Cu Co Ti Nb V W N 

Upper part <0.1 0.54 5.08 21.07 3.35 2.08 2.86 0.028 0.029 0.043 0.105 0.070 0.239 

Lower part <0.1 0.50 4.88 21.17 3.23 2.00 2.70 0.022 0.029 0.042 0.102 0.066 * 

Note. Fe – balance; * – not determined. 

Примечание. Fe – остальное; * – не определялось. 

 

 

 

I(111):I(200):I(220) was 100:58:17, whereas for isotropic 

polycrystalline γ-Fe – 100:80:501. 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 γ-Fe. 

The microstructure of the deposited metal (Fig. 3 a, c) con-

sists of austenite grains that formed from the liquid phase dur-

ing solidification, exhibiting a dendritic morphology. δ-ferrite 

                                                           
1 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 µm are located both  

at dendrite boundaries and within dendrite cells (Fig. 3 b). Ac-

cording to EBSD analysis results, the volume fraction  

of δ-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 300±40 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 (HIT) values compared to AISI 321 steel. The indentation 

modulus of elasticity (E*) does not differ. The values of  

the total mechanical work of indentation (Wt), 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 (We), released upon unload-

ing, is greater for the developed material. The values of Wt and 

We are used to calculate the plastic contribution to the work 

done during material indentation: φ=(1−We/Wt)·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 НIT/Е* and НIT
3/Е*2. 

Mechanical properties under static tension 

The mechanical properties of the deposited metal, 

measured at different temperatures T, 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 µm 

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 σU (where σU 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 103 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 σU (failure at 688 cycles, Fig. 6 a, b) and 0.85 σU (failure 

at 9,552 cycles, Fig. 6 c, d). However, at magnifications 

over ×3000, 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 σU (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 σU, also in the form of ductile dimples (Fig. 6 d). Fur-

thermore, secondary cracks are observed in the specimens,
 

 

 

 

 

Fig. 2. X-ray diffraction pattern of the deposited metal 

Рис. 2. Рентгеновская дифрактограмма наплавленного металла 
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 a b 

     

 c d 

Fig. 3. Microstructure of the deposited metal:  

a – optical microscopy; b – scanning electron microscopy; c – phase distribution map  

(color code: red is the fcc lattice, yellow is the bcc lattice, black is the high-angle grain boundaries with misorientation >15°),  

EBSD analysis; d – phase orientation map for bcc and fcc lattices, EBSD analysis 

Рис. 3. Микроструктура наплавленного металла:  

a – оптическая микроскопия; b – растровая электронная микроскопия; c – карта распределения фаз  

(цвета: красный – ГЦК-решетка, желтый – ОЦК-решетка, черный – высокоугловые границы зерен с разориентировкой >15°),  

EBSD-анализ; d – карта ориентировок фаз с ОЦК- и ГЦК-решетками, EBSD-анализ 

 

 

 

Table 2. Microhardness and microindentation results of the studied material and quenched AISI 321 steel 

Таблица 2. Микротвердость и результаты микроиндентирования исследуемого материала и закаленной стали AISI 321 

 

 

Material 

Micro-

hardness 

Characteristics determined  

by instrumented microindentation 

Calculated parameters based  

on microindentation results 

HV 0.1 
HM, 

GPa 

HIT, 

GPa 

E*, 

GPa 

Wt, 

nJ 

We, 

nJ 

φ,  

% 

R, 

% 

HIT/E*, 

10−3 

HIT
3/E*

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] 
200 

(HV 0.025) 
1.4±0.01 1.5±0.01 169±20 600±5 45.8±0.6 92 7.9 9 0.1 

Note. HM – Martens hardness; 

HIT – indentation hardness at maximum load; E* – indentation modulus of elasticity; 

Wt – total mechanical work of indentation; We – work of elastic deformation during indentation; 

φ – plastic contribution to the work done during material indentation; R – elastic recovery. 

Примечание. HM – твердость по шкале Мартенса; 

HIT – твердость индентирования при максимальной нагрузке; E* – модуль упругости при индентировании; 

Wt – общая механическая работа вдавливания; We – работа упругой деформации при индентировании; 

φ – пластическая составляющая работы, совершенной при индентировании материала; R – упругое восстановление. 
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Table 3. Mechanical properties under static tensile loading 

Таблица 3. Механические свойства при статическом растяжении 

 

 

Material T, °С σ0.2, MPa σU, MPa δ, % 

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 σU (fail-

ure at 16,928 cycles, Fig. 7), two zones of cyclic fracture can 

be distinguished: a stable crack growth zone (Zone 1 in 

Fig. 7 a) 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 δ-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 (Wt) 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, 

НIT/Е*, and НIT
3/Е*2 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 

σU=790 MPa and the offset yield strength σ0.2=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 °С; c, d – −50 °С; a, c – ×100; b, d – ×1000 

Рис. 4. Поверхности разрушения исследуемого материала после испытаний  

на статическое растяжение при различных температурах:  

a, b – +20 °С; c, d – −50 °С; a, c – ×100; b, d – ×1000 

 

 

 

 

 

 

Fig. 5. Fatigue strength diagram of the studied material 

Рис. 5. Диаграмма усталостной прочности исследуемого материала 
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Fig. 6. Fracture surfaces of the studied material  

after zero-to-tension cyclic tensile testing at different stress amplitudes:  

a, b – 0.95 σU; c, d – 0.85 σU; a, c – ×1000; b, d – ×3000 

Рис. 6. Поверхности разрушения исследуемого материала  

после испытаний на отнулевое циклическое растяжение с различными амплитудами напряжений:  

a, b – 0,95 σВ; c, d – 0,85 σВ; a, c – ×1000; b, d – ×3000 

 

 

 

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 103 to 105 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 104 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 δ-ferrite for enhancing 

the fatigue durability of WAAM-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 σU: a – overall view;  

b, c – stable crack growth zone (Zone 1 in Fig. 7 a);  

d, e – accelerated crack growth zone (Zone 2 in Fig. 7 a); b, d – ×1000; c, e – ×3000 

Рис. 7. Поверхность разрушения исследуемого материала  

после испытаний на отнулевое циклическое растяжение с амплитудой напряжений 0,75 σВ:  

a – общий вид; b, c – зона стабильного роста трещины (зона 1 на рис. 7 a);  

d, e – зона ускоренного роста трещины (зона 2 на рис. 7 a); b, d – ×1000; c, e – ×3000 

 

 

 

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. % δ-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 (σ0.2=595 MPa; 

σU=790 MPa) but lower ductility (δ=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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Аннотация: Аустенитные нержавеющие стали характеризуются парамагнитными свойствами, хорошей пластич-

ностью, ударной вязкостью и коррозионной стойкостью, однако их прочностные свойства относительно невысокие. 

Эффективным способом повышения их прочности является легирование азотом. Повышенное содержание азота  

и марганца в сталях такого класса позволяет обеспечить снижение содержания никеля. Наличие δ-феррита в структу-

ре аустенитных сталей может улучшить их сопротивляемость образованию горячих трещин. Электродуговая прово-

лочная наплавка является современным методом получения изделий из аустенитных сталей. Авторами разработана 

порошковая проволока для электродуговой наплавки, позволяющая наплавить металл, химический состав которого 

включает азот, повышенное содержание хрома и марганца, пониженное содержание никеля, и обеспечивающая 

структуру из аустенита и небольшого количества δ-феррита. Цель работы – аттестация наплавленного материала, 

включающая определение структурных особенностей, микромеханических характеристик, механических свойств  

в условиях статического нагружения при растяжении и циклического нагружения. В результате многослойной 

наплавки были получены наплавленные слои с содержанием (мас. %): до 0,1 С; 21,1 Cr; 3,3 Ni; 5,0 Mn; 2,0 Mo; 2,8 Cu; 

0,239 N. По результатам рентгенофазового и EBSD-анализа, структура наплавленных слоев состоит из аустенита  

и 6 об. % δ-феррита. Проведено сравнение свойств исследуемого материала со свойствами широко используемой 

аустенитной нержавеющей стали AISI 321. Показаны более высокие прочностные свойства исследуемого материала 

как при инструментальном микроиндентировании (HM=2,7 ГПа; HIT=3,1 ГПа), так и при испытаниях на статическое 

растяжение (σ0,2=595 МПа; σВ=790 МПа; δ=28 %). Переход к многоцикловой усталости разработанного материала 

происходит при амплитуде напряжений в пределах 550 МПа.  

Ключевые слова: азотсодержащая аустенитная сталь; электродуговая проволочная наплавка; микроиндентиро-

вание; испытания на статическое растяжение; испытания на циклическое отнулевое растяжение; фрактография 
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