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Abstract—The paper studies kinetics of austenitic grain growth (when heating) and the peculiarities of 
phase transformations (when cooling) that depend on the manufacturing technology of high-strength steel. 
The method of vacuum etching has been applied to reveal former austenitic grain boundaries in steel. It is 
shown that the necessary homogeneous structure in morphology and dimensions of structural elements in 
martensitic steels is formed under the influence of additional quenching from furnace heating with tempering 
after quenching from rolling heating. 

Keywords: low-carbon high-strength steel, quenching with tempering, quenching from rolling heating, 
vacuum etching, austenitic grain size, phase transformations, rolled sheets, structure, microhardness 
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Abstract—The structure and properties of specimens obtained by direct laser deposition from 
09CrNi2MoCu steel have been investigated. The results of anisotropy of properties and structural hetero-
geneity induced by high rate of obtaining cold-resistant steel specimens are presented. It is shown that the 
content of residual austenite and cementite in the steel structure, after direct laser deposition at the bound-
aries of fusion rolls is significantly higher, which contributes to anisotropy. Rolling of the deposit specimens 
was carried out in order to reduce the anisotropy of properties and to increase the strength and plastic 
properties. In the work two rolling technologies are considered: hardening from furnace heating and from 
rolling heating, as well as the next high tempering. 

Keywords: direct laser deposition, additive technologies, hot rolling, shipbuilding steel, microstructure, 
mechanical properties 

ACKNOWLEDGMENTS 
The research was financially supported by the Russian Foundation for Basic Research under research 

project No 20-38-90205 and financially supported by the Priority-2030 Strategic Academic Leadership Pro-
gram, agreement No 075-15-2021-1206 “Digital Industrial Technologies”. 
DOI: 10.22349/1994-6716-2023-115-3-17-26 

 

http://www.crism-prometey.ru/
mailto:mail@crism.ru


 

© 2023  
   NRC “Kurchatov Institute” – CRISM “Prometey”  
   http://www.crism-prometey.ru   

Scientific and Technical Journal 
“Voprosy Materialovedeniya” 

 
 

REFERENCES 
1. Korsmik, R., Tsybulsky, I., et al., The approaches to design and manufacturing of large-sized ma-

rine machinery parts by direct laser deposition, Procedia CIRP, 2020, V. 94, pp. 298–303.  
DOI: 10.1016/j.procir.2020.09.056 

2. Feng, L., Gao, J., et al., Effect of grain orientation on microstructure and mechanical properties of 
laser welded joint of additive manufactured 300M steel, Materials Today Communications, 2023, V. 35, 
Art. 105497. DOI: 10.1016/j.mtcomm.2023.105497. 

3. Çalişkan, C.İ., Khan, H.M., Özer, G., Waqar, S., Tütük, İ., The effect of conformal cooling channels 
on welding process in parts produced by additive manufacturing, laser powder bed fusion, Journal of Man-
ufacturing Processes, 2022, V. 83, pp. 705–716. DOI: 10.1016/j.jmapro.2022.09.036. 

4. Mendagaliev, R.V., Zadykyan, G.G., Davletshin, A.O., Mukashev, T., Rashkovets, M., Direct laser 
deposition of cold-resistant steels for Arctic shelf development, Materials Today: Proceedings, 2020,  
V. 30 (3), pp. 707–711. DOI: 10.1016/j.matpr.2020.01.531 

5. Moeinfar, Kh., Khodabakhshi, F., Kashani-bozorg, S.F, Mohammadi, M., Gerlich, A.P., A review on 
metallurgical aspects of laser additive manufacturing (LAM): Stainless steels, nickel superalloys, and tita-
nium alloys, Journal of Materials Research and Technology, 2022, V. 16, pp. 1029–1068.  
DOI: 10.1016/j.jmrt.2021.12.039 

6. Mendagaliev, R.V., Ivanov, S.Y., Babkin, K.D., Lebedeva, N.V., Klimova-Korsmik, O.G., Turichin, 
G.A., Influence of the thermal cycle on microstructure formation during direct laser deposition of bainite-
martensitic steel, Materials Chemistry and Physics., 2023, V. 300, Art. 127523. DOI: 10.1016/j.matchem-
phys.2023.127523. 

7. Khlusova, E.I., Golosienko, S.A., Motovilina, G.D., Pazilova, U.A., Vliyanie legirovaniya na strukturu 
i svoistva vysokoprochnoi khladostoikoi stali posle termicheskoi i termomekhanicheskoi obrabotki [Influ-
ence of alloying on structure and properties of high-strength cold-resistant steel after heat and thermome-
chanical treatment], Voprosy Materialovedeniya, 2007, V. 1 (49), pp. 20–32. 

8. Zhao, Y., Bian, H., Wang, H., Aoyagi, K., Yamanaka, K., Chiba, A., Non-equilibrium solidification 
behavior associated with powder characteristics during electron beam additive manufacturing, Materials 
and Design, 2022, V. 221, Art. 110915. DOI: 10.1016/j.matdes.2022.110915. 

9. Gorynin, I.V., Rybin, V.V., Malyshevsky, V.A., Ekonomnolegirovannye stali s nanomodifitsirovannoi 
strukturoi dlya ekspluatatsii v ekstremalnykh usloviyakh [Economically alloyed steels with nano-modified struc-
ture intended for operation in extreme conditions], Voprosy Materialovedeniya, 2008, V. 2 (54), pp. 7–19. 

10. Malakhov, N.V., Motovilina, G.D., Khlusova, E.I., Kazakov, A.A., Strukturnaya neodnorodnost i 
metody ee snizheniya dlya povysheniya kachestva konstruktsionnykh stalei [Structural heterogeneity and 
methods of its reduction for improvement of quality of structural steels], Voprosy Materialovedeniya, 2009, 
V. 3 (59), pp. 52–64. 

11. Han, G., Hu, B., Yu, Y.S., Rong, X.Q., Xie, Z.J., Misra, R.D.K., Wang, X.M., Shang, C.J., Atomic-
scale study on the mechanism of formation of reverted austenite and the behavior of Mo in a low carbon 
low alloy system, Materials Characterization, 2020, V. 163, Art. 110269. DOI: 10.1016/j.matchar. 
2020.110269. 

12. Lemarquis, L., Giroux, P.F., Maskrot, H., Barkia, B., Hercher, O., Castany, P., Cold-rolling effects 
on the microstructure properties of 316L stainless steel parts produced by Laser Powder Bed Fusion 
(LPBF), Journal of Materials Research and Technology, 2021, V. 15, pp. 4725–4736.  
DOI: 10.1016/j.jmrt.2021.10.077. 

13. Tian, X., Zhu, Y., et al. Isotropic and improved tensile properties of Ti-6Al-4V achieved by in-situ 
rolling in direct energy deposition, Additive Manufacturing, 2021, V. 46, Art. 102151.  
DOI: 10.1016/j.addma.2021.102151. 

14. Zhang, T., Li, H., Gong, H., Wu, Y., Shuaibu Ahmad, A., Chen., X., Effect of rolling force on tensile 
properties of additively manufactured Inconel 718 at ambient and elevated temperatures, Journal of Alloys 
and Compounds, 2021, V. 884, Art. 161050. DOI: 10.1016/j.jallcom.2021.161050. 

15. Gorynin, V.I., Anizotropiya soprotivlyaemosti khrupkomu razrusheniyu nizkouglerodistykh stalei s 
poloschatoi strukturoi [Anisotropy of resistibility to brittle failure of low-carbon steels with duck streak pat-
tern], Voprosy Materialovedeniya, 2008, V. 3 (55), pp. 89–95. 

http://www.crism-prometey.ru/


 

© 2023  
   NRC “Kurchatov Institute” – CRISM “Prometey”  
   http://www.crism-prometey.ru   

Scientific and Technical Journal 
“Voprosy Materialovedeniya” 

 
 

16. Kan, W.H., Jiang, D., et al. Effect of in-situ layer-by-layer rolling on the microstructure, mechanical 
properties, and corrosion resistance of a directed energy deposited 316L stainless steel, Additive Manu-
facturing, 2022, V. 55, Art. 102863. DOI: 10.1016/j.addma.2022.102863. 

17. Li, Ch., Tian, Y., Chen, Y., Hodgson, P., Wu, X., Zhu, Y., Huang, A., Hierarchical layered and 
refined grain structure of Inconel 718 superalloy produced by rolling-assisted directed energy deposition, 
Additive Manufacturing Letters, 2021, V. 1, Art. 100009. DOI: 10.1016/j.addlet.2021.100009. 

UDC 621.791.14 

MICROSTRUCTURAL ASPECTS OF FATIGUE STRENGTH OF WELDED JOINTS OF MEDIUM  
CARBON STEELS PRODUCED BY ROTARY FRICTION WELDING 

A.V. ISAEVA1,2, Cand Sc. (Eng), E.Yu. PRIYMAK1,2, Cand Sc. (Eng),  
A.S. ATAMASHKIN1, Cand Sc. (Eng), Ya.S. SEMKA1  

1 Orenburg State University, 13 Pobedy Ave., 460018 Orenburg, Russian Federation 
2ZBO Drill Industries, 13 Pobedy Ave, 460026 Orenburg, Russian Federation. 

E-mail: stepan4uckova@yandex.ru 

Received April 18, 2023 
Revised May 10, 2023 
Accepted May 15, 2023 

Abstract—The paper studies the resistance to fatigue failure of welded joints of steels 32Mn2-40CrNi2Mo, 
intended for the production of drill pipes for geological exploration. The connection of pipe billets for the 
purpose of manufacturing experimental samples was carried out by means of rotational friction welding at 
various process parameters. The assessment of resistance to fatigue loads was carried out on solid cylin-
drical samples with a welded joint under conditions of bending with rotation, which made it possible to 
identify the weakest zone in which the initiation and development of a fatigue crack occurred. The micro-
structure was studied using optical and electron scanning microscopy using the electron backscatter dif-
fraction (EBSD) method. In the course of research, it was found that the greatest resistance to fatigue loads 
is provided due to the intensive development of strain hardening processes in the thermomechanical af-
fected zone of welded joints, which depend on the parameters of rotary friction welding. 

Keywords: rotary friction welding, medium carbon steels, welded joint, thermomechanical affected 
zone, cyclic durability, strain hardening 
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Abstract—The analysis of gradients of structure-phase states and dislocation substructure at a depth of 
up to 10 mm along the central axis of the head of DT400IK rails after 234.7 million tons passed on the 
Transbaikal railroad has been carried out using transmission electron microscopy methods. The formation 
of bending contours of extinction, indicating the elastically stressed state of the material, is revealed. 
Sources of curvature-torsion of the crystal lattice are indicated: intra- and interphase boundaries. The mech-
anisms of destruction of lamellar pearlite (cutting by moving dislocations) and dissolution with displacement 
of carbon atoms to defects are considered. 
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Abstract—The state of technology and equipment for thermal and chemical-thermal treatment used for 
manufacturing of the main parts of starters, ignition distributors, generators has been analyzed. It is noted 
that the technical level of these technologies and equipment does not meet modern requirements. Tech-
nologies of carburization in solid carburizer and cyanidation in liquid medium often lead to formation of 
unstable parameters of diffusion layer on the surface of parts and finally to “spot” hardness and intensive 
wear of parts during operation.  
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In order to modernize the processes of cementation and cyanidation, environmentally friendly tech-
nologies of chemical-thermal treatment have been developed, which provide stable parameters of the dif-
fusion layer, thereby contributing to the improvement of the operational characteristics of automotive 
transport electrical equipment products. 
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Abstract—The article presents the results of a study of the mechanism of nucleation of single crystals of 
a given crystallographic orientation from rhenium-ruthenium containing nickel superalloys from the seeds 
of the Ni–W–Re–C system with a liquidus temperature of 1550–1600°C  
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Abstract—The effect of tungsten on the structure and properties of Cr–32Ni–W alloys was studied. Char-
acteristic tungsten concentrations were separated: up to 3%, 3–10%, and more than 10%, which determine 
the structure of the alloys. The mechanical properties of the alloys are determined. The area of rational 
application of the alloy Cr–32Ni–W is shown.  
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Abstract—Flat compression tests of Al–Cu–Li alloys are made. Samples deformed in isothermal conditions 
at deformation value ε = 55%, in strain rate intervals 10–3–10–1 s–1 and temperatures 400–480°C. The em-
pirical equations connecting thermomechanical parameters of Al–Cu–Li alloys deformation are received. 
The high-temperature deformation mechanism diagrams (DMD) Al–Cu–Li alloys are plotted. Temperature 
and strain rate mechanisms action areas of hot deformation and warm deformation are specified. It is shown 
that the warm deformation area on DMD is equal to the dynamic poligonization area on structural conditions 
diagram, and the hot deformation area is equal to the partial recrystallization area. 
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The paper presents the results of research on the development of technology for the application of 
functional coatings with high values of adhesion strength, microhardness and wear resistance using the 
method of supersonic cold gas dynamic spraying. Oxidized powder from X15Yu5 steel was used as a 
starting material for obtaining such coatings. 

Keywords: oxidation, powder, functional coating, adhesion strength, microhardness, wear resistance 
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Abstract—The analysis of basalt-like slag obtained by pyrolysis of waste in a high-temperature plasma 
converter using various physicochemical methods has been carried out, and the possibility of obtaining 
basalt fibers from slag has been shown. The effect of the morphological composition of waste on the yield 
of basalt-like slag has been studied. With the use of statistical methods, a mathematical model was obtained 
that relates the yield of basalt-like slag to the morphological composition of the waste. A promising direction 
for the use of basalt fibers is their use in the composition of basalt and basalt-carbon composites to create 
strength shells. 

Keywords: plasma pyrolysis of waste, waste composition, basalt-like slag, basalt fiber, mathematical 
model, basalt and basalt-carbon composites, strength shells 
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Abstract—Registration of acoustic emission in the process of spheroplastics destruction in a high-pressure 
hydrostatic chamber is realized. Hardware design does not require specialized equipment and is based on 
available components. Time synchronization on pressure and acoustic emission graphs ensures pressure 
fixation of pressures at which the formation of cracks in the spheroplastic sample begins. It is shown that 
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accumulation of destructions begins with pressure, smaller, than pressure fixed as short-term hydrostatic 
durability. 

Keywords: spheroplastics, hydrostatic strength, acoustic emission 
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Abstract—A method has been developed for determining the heater power at the cooling stage when 
welding polyethylene pipes for gas pipelines at low ambient temperatures (below those recommended by 
regulatory documents). Efficiency of the method is verified by studies of materials crystallization kinetics in 
the heat-affected zones of welded joints 

Keywords: polyethylene, welding, low temperatures, thermal process, inverse problem, functional min-
imization, thermal analysis 
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Abstract—The Washburne adsorption method (capillary rise method), as an alternative to the standard 
single fiber method, is proposed to investigate the surface energy characteristics of glass and carbon fibers 
using a K-100 processor tensiometer. The paper considers sample preparation of fibrous materials meas-
ured by the Washburn method: filling a Teflon tube with glass and carbon fibers, packing density of the 
resulting capillary, and determination of the capillarity constant. The results of measurements of the wetta-
bility of fibers in test liquids (water, hexane) and in the solution epoxy binder UP-2227N are presented. The 
influence of appretting on the surface energy characteristics of glass fiber and carbon fiber was studied, a 
comparative analysis of the obtained values (wetting angle, SEP, adhesion) was carried out before and 
after the removal of lubricants. 

Keywords: K-100 tensiometer, glass fiber, carbon fiber, binder, Washburn method, contact angle, sur-
face free energy, adhesion, impregnation, lubricant 
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Abstract—Modification of epoxy binders with butadiene-styrene thermoplastic elastomers was used to ob-
tain functional-gradient carbon plastics with increased impact resistance. Samples were made and com-
parative tests of carbon fiber-reinforced plastics for resistance to impact loads and compression after impact 
were carried out. It is shown that smooth change of modifier concentration at transition from the external 
surface of the part to the internal one allows to increase effectively the impact strength of carbon fiber-
reinforced plastic while maintaining the rigidity of the composite material. 

Keywords: epoxy polymer, butadiene-styrene thermoplastic elastomers, composite material, compo-
sition gradient, carbon fiber-reinforced plastic, impact strength, modification 
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Abstract—A prepolymer foaming composition based on 3,3',4,4'-benzophenonetetracarboxylic acid di-
anhydride methyl ester and diamines: 4,4'-diaminodiphenylmethane and m-phenylenediamine for the pro-
duction of high-temperature polyimide foam (PIF) is proposed. The possibility of using PIF as a binder for 
composite materials (foam composites) reinforced with carbon or organic fibers with low density (0.4–1.1 
g/cm3) as a result of foaming of the binder during the formation of the foam composite is shown. The density 
and mechanical properties of the foam composite can vary within a relatively wide range depending on the 
volume content of the fiber and air pores. The high glass transition temperature of 260°C, combined with 
the high thermal stability of carbon or polyimide fibers, contributes to the retention of the mechanical prop-
erties of such composites at elevated temperatures. The temperature of the start of mass loss of the foam 
composite must be at least 550°C, and it depends on the type of fibrous material. The combination of the 
excellent thermal and mechanical properties of lightweight PIF composites, together with the exceptional 
fire resistance of polyimide materials, may provide new applications in advanced aircraft and shipbuilding 
technologies.  

Keywords: polyimide foam, foam composite, thermal stability, mechanical properties 
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Abstract—Corrosion resistance in hydrogen sulfide-containing environments of the main structural steels 
used in infrastructure facilities of gas fields has been studied. Gas objects are distinguished by the fact that 
most of the internal space of equipment and pipelines is in contact with the vapor phase, the internal cor-
rosion of which under hydrogen sulfide conditions has been little studied. The corrosion rates and the com-
position of the formed corrosion products, which differ depending on the type of medium (water or steam), 
are determined. The phase composition (crystalline or X-ray amorphous) of the resulting products affects 
their protective ability and differs in the vapor and aqueous phases. It has been established that under 
gaseous conditions of moisture condensation, local pitting lesions are formed under fragile corrosion prod-
ucts. The thickness of the iron sulfide film in the vapor phase turned out to be lower than in the aqueous 
medium. It was revealed that dangerous corrosion consequences (in the form of blisters and cracking) 
appear on the studied samples of carbon and low-alloy steels, which are characteristic of the process of 
hydrogenation under conditions of hydrogen sulfide corrosion. 

Keywords: microstructure of steel, hydrogenation, iron sulfide, corrosiveness, corrosion products, hy-
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Abstract—The studies of corrosion cracking of stainless ferrite-martensitic steel with chromium content of 
12%, irradiated to a damage neutron dose of ~12 dpa, selected as a candidate material for internals of 
supercritical water-cooled reactors (SWCR), have been carried out. Corrosion cracking tests were carried 
out in autoclaves in supercritical water (at a temperature of 450°C and a pressure of 250 atm) simulating 
the primary circuit coolant of SWCR. Tests were performed on specially designed miniature disk specimens 
under constant load. The load was maintained by means of the developed compact loading devices whose 
size allows them to be placed in the autoclave up to nine pieces at a time and to test several specimens 
under different loads in the same environment. In the first part of the present work, loads providing tensile 
stresses on the specimen working surface in the range of ~0.3σY–0.7σY were calculated and autoclave 
tests in supercritical water were carried out. 

Keywords: ferritic-martensitic stainless steel, supercritical water-cooled reactors (SWCR), neutron  
irradiation, stress corrosion cracking, autoclave tests 
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