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MAGNITOGORSK ROLLING PRACTICE 2020:  

OUTCOMES AND PROSPECTS 

Korchunov A.G. 

Nosov Magnitogorsk State Technical University 

 

In November of 2020 NMSTU held the 5th anniversary International Youth Sci-

entific and Technical Conference Magnitogorsk Rolling Practice 2020 devoted to met-

al and alloy forming. In 2014 scientists of Nosov Magnitogorsk State Technical Uni-

versity introduced the initiative of holding the international youth forum devoted to 

basic and applied issues of metal and alloy forming [1]. The idea of organizing the 

youth scientific and practical conference received an encouraging response from re-

searchers, specialists and students. Relevance of subjects of the conference is proved by 

a geographic growth of participants and its constant support by the Russian Foundation 

for Basic Research (RFBR)*. Plenary sessions for different years of the conference 

included reports given by leading scientists: T.G. Langdon, J.M. Cabrera Marrero, P. 

Tandon, M. Dabala, Hailiang Yu, I. Calliari, G.I. Raab, A. Zhilyaev, A.M. Glezer, V.N. 

Trofimov, A.V. Vydrin, E. Korznikova, and A. Pesin. Many young researchers present-

ed their research results at previous conferences prepared and successfully defended 

their theses and got PhD in engineering. Communications as part of the conference 

gave an impetus to strengthening collaboration between young researchers of leading 

research schools, building new research teams capable of achieving the most challeng-

ing objectives [2-3]. 

This year the Conference had a title of the winner of the competition held by 

the Russian Foundation for Basic Research for the best projects of organizing scientific 

events in the Russian Federation. In view of the current epidemiological situation, the 

Organizing Committee of the Conference decided to hold an online conference (Fig.1). 

 

 
 

Fig.1. E-conference Magnitogorsk Rolling Practice 2020 
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The conference program included reports delivered by young researchers in 

sessions “Innovative technology and materials in metal forming”, “Cross-disciplinary 

solutions in advanced materials engineering (iSmart-MetalForming)” and “Fundamen-

tal challenges of metal forming in the scope of current demands of the global industry”, 

the workshop on “Basics of finite element modeling in Abaqus” and individual consul-

tations on the difficulties of research for young researchers. 

Over 100 participants from 32 universities, industrial companies and research 

institutions took part in the virtual conference sessions. Total online time of the confer-

ence exceeded 20 hours. 

The information partners of the Conference included journals, such as FER-

ROUS METALLURGY. Bulletin of Scientific, Technical and Economical Information, 

Ferrous Metals, CIS Iron and Steel Review, Vestnik of Nosov Magnitogorsk State Tech-

nical University, Theory and Technology of Metallurgical Production, and Mechanical 

Equipment of Metallurgical Plants. 

The conference participants were welcomed by the members of the Program 

Committee: Puneet Tandon, Indian Institute of Information Technology, Design and 

Manufacturing (Jabalpur, India), Irene Calliari, the University of Padua (Padua, Italy), 

and Megumi Kawasaki, Oregon State University (the USA). 

They emphasized in their speeches the importance of holding the conference in 

such a complicated epidemiological situation, a good opportunity for young researchers 

from various research schools to share their experience and knowledge, promoting the 

development of prospective research areas. They put a particular emphasis on giving 

reports in English to take an active part in international conferences of the highest level. 

In spite of rather an unconventional online format and a young age of speakers, 

their reports had a high scientific level, and speakers wanted to present their research 

results as clearly and attractively as possible and showed themselves to be quite mature 

researchers capable of solving complicated issues in metal and alloy forming. 

Subjects of the reports made by young researchers show that there is a current 

interest in research areas related to developing: 

–finite element models of metal and alloy forming processes using special 

software: DEFORM 3D, Abaqus and others, 

–innovative cold and hot metal forming processes, 

–new materials with a higher level of performance properties, 

–new methods used to determine true resistance of metals and alloys to defor-

mation, and 

–physical simulation of metal and alloy forming processes. 

Thus, we may state a great commitment of young researchers, specialists, stu-

dents and postgraduate students to development and introduction of innovative research 

products, having a basic and applied value for developing potential of the metal and 

alloy forming industry, its expansion and diversification, contributing to a successful 

settlement of production issues in an efficient relationship between science and the 

industry. 

Following the results of the sessions, the committee determined nominees, di-

ploma and prize winners of the conference. 

The nomination “The best start to science” was awarded to three young re-

searchers: Nikita Bunits (Moscow Institute of Steel and Alloys, Moscow), Alexandra 
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Tymchenko (Karaganda State Industrial University, Temirtau, Kazakhstan), and Ilya 

Tsyrganovich (the Sukhoi State Technical University of Gomel, Gomel, Belarus). The 

nomination “The best progress in research” was awarded to Ekaterina Ustinova (Ural 

Federal University, Yekaterinburg, Russia). The nomination “The best practical imple-

mentation” was awarded to Denis Voroshilov (Siberian Federal University, Krasno-

yarsk). The nomination “The best numerical simulation” was awarded to Denis 

Salikhyanov (Ural Federal University, Yekaterinburg). 

The 3rd degree diplomas were awarded to Nikita Zavartsev (OJSC ROSNITI, 

Chelyabinsk, Russia) for his report on “Research of the heating temperature influence 

on technological plasticity of steel grade 15KH13N2 (AISI 414) applicable to the screw 

rolling process” and Olesya Biryukova (Nosov Magnitogorsk State Technical Universi-

ty, Magnitogorsk, Russia) for her report on “Development of the asymmetric rolling 

technology for aluminum alloys”. The 2nd degree diploma was awarded to Luca Pezzato 

(the University of Padua, Padua, Italy) for his report on “Potential biomedical applica-

tions of AZ61 magnesium alloy after large strain extrusion machining”. 

The winner of the conference getting the 1st degree diploma was Mikhail 

Erpalov (Ural Federal University, Yekaterinburg, Russia) presenting his report on 

“Theoretical and experimental analysis of a neck profile of cylindrical specimens”. 

The best reports were named and their authors were invited to publishing in 

journals, information partners of the conference, indexed in Scopus and included into 

the List of leading Russian peer-reviewed scientific publications. 

The participants thanked the organizers for a very high professional level of the 

conference, for its well-thought agenda, smooth running of the event in an online for-

mat and expressed their confidence that the youth scientific forum would have a long-

term and successful future. 

The organizers, for their part, presented a draft program of the next conference, 

combining advantages of offline events with best practices of online technologies. 

We intend to hold a plenary session with invited leading scientists, globally 

known in the area of metal and alloy forming, expand a program of industrial tours, 

present a unique complex of asymmetric rolling and incremental forming of the interna-

tional laboratory “Mechanics of Gradient Nanomaterials”, and visit ski resorts located 

near Magnitogorsk. 

The Conference came to an end, and its participants agreed to meet at the 6th In-

ternational Youth Scientific Conference Magnitogorsk Rolling Practice. 
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SESSION 1 – Innovative Technology and Materials in Metal 

Forming 
 

POTENTIAL BIOMEDICAL APPLICATIONS OF AZ61 MAGNESIUM  

ALLOY AFTER LARGE STRAIN EXTRUSION MACHINING (LSEM) 

Luca Pezzato, Rachele Bertolini, Stefania Bruschi,  

Andrea Ghiotti, Manuele Dabalà 

University of Padova, Padova, Italy 

luca.pezzato@unipd.it 
 

Magnesium alloys are very promising candidates for producing degradable and ab-

sorbable temporary implants, since they have the ability to dissolve in human environ-

ment and remain non-toxic thanks to their high biocompatibility [1]. Intense grain re-

finement followed by Severe Plastic Deformation (SPD) is one of the main strategies 

used by researchers to increase corrosion resistance of magnesium alloys [2]. 

A previous study [3] proves that Large Strain Extrusion Machining (LSEM) repre-

sents an efficient cutting strategy to achieve an intense SPD layer near the machined 

surface. 

LSEM is a single-step plane strain deformation process that combines large shear 

strains induced by machining with proper dimensional control of the extruded chips. 

The obtained chips are in form of sheet produced directly from the bulk material in a 

single stage of deformation. (Fig. 1) shows a scheme of the process. A constraining tool 

is placed above the cutting tool, which travels at cutting speed V0, with the aim of ex-

truding the chip from t0 to t. 

 

Fig. 1. Scheme of the LSEM process 

The material objective of the study was a commercially available AZ61 magnesi-

um alloy in annealed condition (Fig.2a). The LSEM tests were carried out on a Mori 

Seiki™ lathe equipped with a specially designed apparatus that included the constraint 

tool placed above the cutting tool to fulfill large strain extrusion cutting conditions, and 
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the liquid nitrogen supply system. The microstructure of the obtained bars and chips 

was evaluated with optical microscope analysis, the mechanical properties – with Vick-

ers micro-hardness measurements and the corrosion properties – with potentiodynamic 

polarization tests in simulated body fluid at 37°C.  
 

 

Fig. 2. Microstructure of the annealed AZ61 alloy (a), of the bar after LSEM under 

cryogenic cooling (b) and of the chip coming from LSEM 

An SPD region near the machined surface formed by heavily deformed grains, which 

are strained and elongated along the cutting speed direction, can be found in the bar 

after LSEM (Fig.2b) whereas an equiaxed structure can be found in the chip (Fig.2c). 

The application of liquid nitrogen as cooling medium led to the formation of a thicker 

SPD layer characterized by finer grain compared with the corresponding dry case. As a 

result, the corrosion performance is improved. With regard to the chips, harder chips 

characterized by a cold-worked microstructure are obtained when machining with liq-

uid nitrogen compared with the dry case. This cause leads to slight decrease in the cor-

rosion resistance compared with the latter. 

References 

1. Peron M, Torgersen J, Berto F. Mg and Its Alloys for Biomedical Applications. 

Mechanical Failure. 2017. Vol. 7. pp. 252. 
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HARDNED TAPE SUBSTRATES MADE ON (CU-NI-ME) - ALLOYS  

FOR 2D GENERATION HIGH-TEMPERATURE SUPERCONDUCTOR WIRE 

Suaridze T., Khlebnikova Yu., Egorova L. 

M.N. Mikheev Institute of Metal Physics of the Ural Branch of the Russian Academy of 

Sciences, Yekaterinburg, Russia 

Teona_S@imp.uran.ru 

 

In this work, the process of texture formation in thin metal tapes made of ternary 

alloys (Cu–40% Ni–1.3% Mn, Cu–40% Ni–0.8% Mo and Cu–40% Ni–0.5% Nb) was 

studied in order to obtain tape substrates used in film multilayer compositions, includ-

ing those used to make high-temperature superconductor wire of the second generation 

(2G HTS wire). The cubic texture perfection degree is analyzed by the electron 

backscattered diffraction techniques. Tensile tests of textured tape substrates from Cu-

40% Ni-Me alloys have been carried out. 

Copper alloys with a cubic recrystallization texture are interesting as substrates for 

2G HTS wire due to the fact that a perfect biaxial cubic texture close to the single crys-

tal {100} <001> can be obtained on them, and also because of their non-magnetization 

properties and low cost. The value of the stacking fault energy (SFE) of copper has a 

value close to the lower limit, at which a classical deformation texture of the "copper" 

type is formed, and during annealing, a sharp cubic texture can be formed. The low SFE 

of copper naturally limits the amount of the alloying element when creating FCC-alloys 

based on copper with a biaxial cubic texture, since alloying always reduces the SFE [3, 

p. 210]. 

In the course of the research work, the ternary alloys Cu – 40% Ni – Me were 

melted on the basis of oxygen-free 99.95% pure copper and 99.99% pure nickel. The 

purity of other alloying elements was not lower than 99.94%. All alloys were melted in 

alundum crucibles in an argon atmosphere in a vacuum-induction furnace. After forging 

and grinding, blanks for cold rolling were obtained. Cold deformation of blanks was 

carried out in 2 stages: stage 1 - on a rolling mill with a diameter of 180 mm, the degree 

of deformation is ~ 90%, stage 2 - on a duo rolling mill with polished rolls to a thick-

ness of 100-80 μm. The total degree of cold deformation was 98.6-99.1%. Then, a se-

ries of recrystallization annealing of the tape samples was carried out at the tempera-

tures of 1000, 1050 and 1100 °C, in order to form a sharp biaxial texture in the alloys. 

The annealing time was 1 hour. 

As a result of the EBSD analysis of ternary alloys after the corresponding techno-

logical procedures, it was found that a sharp biaxial cubic texture is realized on the 

surface of the alloys after all conditions of recrystallization annealing. The proportion 

of cubic grains after annealing ranged from 72 to 97%. The optimal conditions of re-

crystallization annealing, which makes it possible to obtain the most perfect texture on 

the surface of all samples, is annealing at 1050°С for 1 h. As a result of such annealing, 

94, 96, and 97% grains with {001}<100> orientation were formed in Cu–40% Ni–1.3% 

Mn, Cu–40% Ni–0.5% Nb, and Cu–40% Ni–0.8% Mo alloys, respectively.  

The structure investigation of textured tapes made of Cu-40% Ni-Me alloys (where 

Me = Mn, Nb, Mo) showed that a uniform structure without any inclusions is formed in 

these alloys. 

The evaluation of the mechanical characteristics showed that the value of the yield 

strength for Cu–40% Ni–1.3% Mn, Cu –40% Ni–0.5% Nb and Cu–40% Ni–0.8% Mo 
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alloys is 85, 102, and 108 MPa, respectively. Copper alloying contributed to the 

strengthening of tapes made of Cu-40% Ni-Me alloys by 3.4-4.3 times compared with 

tapes made of pure copper. The yield strength of the latter is only 25 MPa. 

As a result, it was found that the tape substrates made of ternary alloys Cu–40% 

Ni–Me (Me=Mn, Nb, or Mo), which combine a perfect cubic texture, non-magnetic 

characteristics and high strength, can be used for epitaxial deposition of buffer and 

superconducting layers in the production of 2G HTS wires. 

The reported study was funded by RFBR and the Sverdlovsk Region, project num-

ber 20-43-660034. 
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1. Gallistl B., Kirchschlager R., Hassel A.W. Biaxially textured copper–iron al-

loys for coated conductors. Physica Status Solidi A. 2012. V. 209. No. 5. pp. 875–879. 

2. Varanasi C.V., Barnes P.N., Yust N.A. Biaxially textured copper and copper–

iron alloy substrates for use in YBa2Cu3O7−xcoated conductors. Superconductor Sci-

ence and Technology. 2006. V. 19. pp. 85–95. 
3. Shtremel М.А. Strength of alloys. P. I. Lattice defects. Мoscow: МISIS, 

1999. 384 p. 

FEM SIMULATION OF TEMPERATURE CHANGES DURING  

ASYMMETRIC CRYOROLLING OF ALUMINUM 

Pustovoitov D., Pesin A., Biryukova O.  

Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia 

pustovoitov_den@mail.ru 

 

Conventional strengthening mechanisms applicable to aluminum alloys like solid 

solution strengthening, work hardening and precipitation hardening have their own 

limitations [1]. A possible way to further increase strength of aluminum alloys is to 

form an ultrafine grain (UFG) structure using severe plastic deformation (SPD) meth-

ods [2]. Cryorolling and asymmetric rolling are techniques that have potential applica-

tion for large-scale industrial production of UFG aluminum alloys [3]. Cryorolling is a 

simple rolling process in which the cryogenic temperature is maintained by liquid ni-

trogen [4]. Deformation at cryogenic temperature is one of the main mechanisms lead-

ing to improvement in both strength and ductility of UFG aluminum alloys as well as 

narrow grain size distribution, bimodal structure, gradient structure [5]. The great ad-

vantages of cryorolling are the high accumulation of dislocations and the suppression of 

dynamic recovery in the processed material [6]. Asymmetric rolling is a process in 

which the speeds of the top and bottom rolls are different [7-10]. It is well known that 

shear strain plays a critical role in the grain refinement [10]. The great advantage of 

asymmetric rolling is a creation of additional high shear strain in the processed materi-

al. Asymmetric cryorolling is a technique that combines the advantages of cryorolling 

and asymmetric rolling, and can result in greater grain refinement compared to the other 

techniques [11]. The asymmetric cryorolling technique has been used successfully to 

produce UFG aluminum alloys. Yu et al. [11] carried out experiments on the asymmet-

ric cryorolling process for Al 1050 and Al 6061 alloys in a multifunction rolling mill 

with of 50 mm diameter work roll under dry friction condition. For Al 1050, when the 

rolls speed ratio was 1.4, the grain size was about 211 nm [11]. The grain size of the 
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processed material continuously decreases with increasing the applied shear strain. 

High shear strain through sheet thickness can be obtained by asymmetric cryorolling 

with the high thickness reduction per pass and high friction coefficient. However it 

leads to the problem with the heat generated in the roll gap. The temperature rise during 

the asymmetric cryorolling can be as large as to increase the sheet temperature above 

the cryogenic temperature. So the prediction of sheet temperature during asymmetric 

cryorolling is very important. There are only some experimental investigations on the 

microstructural evolution and the corresponding mechanical properties of aluminum 

alloys processed by asymmetric cryorolling. However, no research on finite element 

simulation of asymmetric cryorolling has been found. The goal of this paper is the finite 

element simulation and analysis of the temperature rise during asymmetric cryorolling 

of Al 1100, Al 5083 and Al 6061-T6 alloys. The results of investigation can be useful 

for the development of the optimal treatment process of aluminum alloys by cryogenic 

SPD to obtain the UFG structure and high strength properties. Asymmetric cryorolling 

with high thickness reduction per pass, high rolls speed ratio and high friction coeffi-

cient leads to serious increase of the effective strain up to mode of SPD when e > 1.0. 

However it leads to temperature rise of the strip above the cryogenic temperature. Ef-

fective strain can be extremely high (e = 4.1) during asymmetric cryorolling with thick-

ness reduction e = 60 % and the rolls speed ratio of 55 %. However the temperature rise 

exceeds 300 K in this case and the cryogenic conditions are not provided. Cryogenic 

conditions when the strip temperature is maintained in the range from 77 K to 173 K 

during asymmetric cryorolling of aluminum alloys with a large strain (e > 1.0) can be 

obtained with decreasing of roll temperature from 300 K to 77 K and with decreasing of 

rolling velocity from 1.0 - 10.0 m/s to 0.05 - 0.1 m/s or lower. However the main disad-

vantage of the low rolling velocity is the low productivity of the asymmetric cryorolling 

process. Low strength aluminum alloys (e.g. Al 1100) can be processed with high 

thickness reductions per pass (up to 40 %). Medium and high strength aluminum alloys 

(e.g. Al 5083 and Al 6061-T6) should be processed with the decreased thickness reduc-

tions per pass (e.g. no more than 20 %). The results of investigation can be useful for 

the development of the optimal treatment process of aluminum alloys by cryogenic 

SPD to obtain the ultrafine grain structure and high strength properties. 

The reported study was funded by RFBR according to the research project № 18-

58-45013 IND_a. 
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RESTORATION OF THE STEEL BILLET CONTINUOUS CASTING  

MACHINE ROLLER FACE BY DIRECT LASER FUSION 

Pashkeev K., Bykov V., Radionova L., Samodurova M.  

South Ural State University (National Research Institute), Chelyabinsk, Russia 

vitaliy.bykov.97@mail.ru 

 

A robotic complex set of the Laboratory for Mechanics, Laser Processes and Digi-

tal Production Technologies was used in this work. [1] 

To carry out this research, we took two steel billet continuous casting machine 

rollers provided by SMS Group (Fig. 1). The steel grade of the rollers is 21CrMoV5-7. 

It should be noted that the two rollers had different wear on their faces. The main re-

quirement was that the diameters of the rollers remained the same after completion of 

the work. 

 

  
Fig. 1. Worn steel billet continuous casting machine rollers 

 

During the work, it was necessary to select such surfacing modes that would en-

sure minimum porosity, the absence of cracks and that would make it possible to obtain 

a surface with a hardness of 30-55 HRC according to the customer's requirements. [2-3] 

Having analyzed the powder alloy market, we decided to use Castoline Eutalloy 
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number 16004, with a particle size from 61 to 151 µm and a very fine martensitic struc-

ture, to rebuild the steel billet continuous casting machine roller faces. The chemical 

composition of the alloy is according to the certificate. 

Preliminary testing of surfacing modes was carried out on thick-walled pipes made 

of steel grade С25. The appearance of the obtained samples is shown in Figure 2. 

              

                                     a)                                                    b) 

Fig. 2. Appearance: a) beads after direct laser fusion; b) metallographic specimens 

 

Studies of the microstructure at x100 (Fig. 3, a) and x500 (Fig. 3, b) magnification of 

the sample showed that the surface quality corresponds to the required characteristics, 

namely, it allows to obtain a minimum porosity of at least 1% in the coating and prevent 

the formation of cracks and microcracks. 

 

    a)   b) 

Fig. 2. Microstructure of the deposited layer:  

a) at x100 magnification; b) at x500 magnification 

 

Microhardness measurements were carried out on a stationary universal hardness 

tester model HV-1000. The hardness values were 43 HRC. 
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Due to their physical and mechanical properties, as well as constantly decreasing 

production costs, titanium alloys are widely used today in various fields of technology, 

especially in the production of parts for aerospace industry. The requirements for the 

quality of manufactured parts due to the specifics of their work in these areas are very 

high. As is well-known, the properties of products are formed during the entire set of 

technological processes involved in their manufacture. Changes in the properties of 

products during their manufacture and operation are explained by the phenomenon of 

technological heredity. Technological heredity refers to the phenomenon of transferring 

the properties of objects from previous technological operations to subsequent ones. 

The development of the technological process of sheet stamping requires both obtaining 

special properties of the metal, without which it is impossible to provide the required 

strength, performance properties of the part and its service life, and providing the nec-

essary geometry of the part. 

Sheet stamping of titanium alloy parts is the final technological process of manu-

facturing the necessary product. The general process of manufacturing a part takes 

place with alternating deformation of the metal when obtaining a titanium sheet by 

rolling and when stamping a sheet billet under the influence of various temperature and 

force factors. It can be argued that the quality of the part after stamping is determined 

by the features of all previous operations, starting with the receipt of the sheet blank. A 

special feature of titanium alloys is their low thermal conductivity, high chemical activ-

ity, and limited deformability in a cold state. In this regard, most of the titanium alloy 

deformation processes involve heating of the metal. 

One of the important properties of a rolled sheet that is to be stamped is its ability 

to deform without destruction. The integral indicator of this property is stampability. 

Stampability depends primarily on the characteristics of plasticity, strength and the 

ability of the metal to resist the localization of deformation during the deformation 

process. 

The overall structure of the process can be represented as a sequence of changes in 

the main parameters of the shape, metal structure, strength and ductility characteristics, 

surface quality and other parameters from the workpiece to the finished part (Fig.1). 

mailto:eadiev@yandex.ru
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Fig.1. The structure of the technological process:    - technological operations; 

     - initial parameters of the workpiece;     - technological parameters of the pro-

cessing mode 

The technological heredity of properties in the part manufacturing process can be 

described by a graph that reflects the transmission coefficients and the influence of 

physical, mechanical and geometric parameters. The initial vertex of the graph when 

describing the technological process is a blank, the final vertex is a finished part. The 

edges of the graph show the transfer of the workpiece properties during processing. The 

edge transfer is described by a heredity coefficient   that reflects quantitative changes 

in properties and is equal to the ratio of the previous     and subsequent       values of 

the property: 

  
  

    
  

Heredity coefficients describe the influence of technological factors on the consid-

ered property for the operation and can be represented in this way: 

        
      

       
     

To determine the effect of technological heredity on the performance properties of 

parts obtained by sheet stamping, we recommend a sequence of parameters: characteris-

tics of strength, plasticity, grain size, structural uniformity, surface roughness, and the 

value and sign of residual stresses. 

Methods of technological control and control of technological heredity of parts 

properties include: measurement of physical, mechanical and geometric parameters of 

the workpiece and the part during processing; determination of technological heredity 

mechanisms based on transfer coefficients and the mutual influence of technological 

and operational properties, development of manufacturing quality control measures. 

The reported study was funded by RFBR 19-38-90222 Improvement of the princi-

ples of alloying and parameters of external influence to increase the thermal stability 

and the level of physical and mechanical properties of aviation materials based on 

titanium and nickel. 
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The single pass drawing of rods (a range of diameters from 5 mm to 40 mm) with 

small reduction (1-3 mm) is one of the most important processes for mechanical engi-

neering, military and car industries. In this case, the final products are different axes, 

shafts and rod constructions, which are usually used under the static and cyclic loads 

during all life period of products. For this reason, the inhomogeneity of mechanical 

properties due to non-uniform deformation is crucial in prediction of the potential relia-

bility of the finished product [1-6]. This problem plays particularly important role in the 

case of rod drawing process of ferritic-pearlitic steels [7], because inhomogeneity of 

deformation can lead to large differences in mechanical properties in the workpiece 

layers. Numerical modelling of the process of rod drawing can be a support for the 

design of best technologies for these steels. Thus, development of the model, which 

describes phenomena occurring in the microstructure of the ferritic-pearlitic steels dur-

ing drawing, was the main objective of the work. Macro level models do not take into 

account the complicated behavior of the ferritic-pearlitic microstructure in the micro 

scale [8-9]. Therefore, development of modeling methods, which allow predicting the 

properties distribution in the metal volume with the behavioral features of the micro-

structure under the influence of the deformation, was needed [10]. It is an important 

theoretical problem, which involves specific numerical solutions. Due to necessity of 

application very fine mesh with large number of elements, these solutions are computa-

tionally very costly. Thus, numerical representation of ferritic-pearlitic steels micro-

structure does not allow using it directly in numerical simulations. Therefore, statistical 

methods were used to generate Statistically Similar Representative Volume Element 

(SSRVE) (Figure 1), which simplifies original microstructure. 

 
Fig. 1. SSRVE creation scheme 
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The results showed that multiscale modeling has revealed new technological 

modes of rod drawing from position of favorable stress-strain state. However, the clas-

sical techniques of the multiscale simulations of phenomena occurring in the micro-

structure are not always optimal from the perspective of the required computational 

resources. Therefore, the SSRVE concept was applied in the present paper and the fol-

lowing goals were reached: 1) simplifying and automating the process of creating a 

microstructure model; 2) reduction of the computing time; 3) reduction of the required 

computational resources. All these goals were reached while the accuracy of the predic-

tion was kept on the reasonably stable level. Further prospective development of the 

SSRVE conception is application to steels with a more complex microstructure (like as 

TRIP-steel) and accounting for different deformation mechanisms. 

The reported study was funded by RFBR according to the research project №16-

38-00619 mol_a. 
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Copper-based alloys (e.g., the CuNiCrSi system) are widely used as conductors, contac-

tors and welding electrodes as a replacement for the popular CuCr and CuCrZr alloys [1]. 
The above alloy combines high hardness and electrical conductivity. The radial-shear rolling 
method (RSR) [2] proposed in this article as a technique for producing semi-finished prod-
ucts from copper alloys is currently used to produce bars from titanium alloys [3, 4], steels 
[5] and other alloys. A lot of research has been carried out to better understand the RSR of 
aluminum alloys [6, 7], magnesium alloys [8] and copper [9]. However, the main methods 
for producing semi-finished products in the form of bars from copper and aluminum alloys 
include pressing or drawing [1]. 

The aim of this work is to study the changing structure and properties of the CuNiCrSi 
alloy after hot RSR. CuNiCrSi alloy ingots with a diameter of 110 mm were rolled on a 
three-roll mill MISiS-130T into bars with a diameter of 60 mm through the following stages: 
110 mm→90 mm→75 mm→65 mm→60 mm, with a total drawing coefficient µ=3.36. The 
temperature of the workpiece before rolling was T=900 °C. 

After rolling, the bars were subjected to the following regime of heat treatment (HT): 
soaking for 1 h at 960 °С, then quenching in water; then aging for 4 hours at 495 °C and 
cooling in air. After RSR and HT, the microhardness and electrical conductivity of the bars 
were measured and the microstructure was analyzed in three zones: 1 - the center of the bar; 
2 - ½ radius; 3 - surface. 

   

Fig. 1. The microstructure of the alloy CuNiCrSi (x100 magnification) 
 

After RSR (Fig. 1), a characteristic gradient microstructure with a fine grain (<50 μm) 
in the surface layer is formed, which is attributed to the localization of shear deformations in 
the zone of contact with the tool [9]. Fig. 2 shows graphs showing how the microhardness 
changes across the cross section of the bars. 

     

Fig. 2. Distribution of microhardness across the cross section of the CuNiCrSi alloy: 
as-received ingot (a) and after RSR and RSR + HT (b) 

center ½ radius surface 

mailto:1thewall1@gmail.com
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The hardness of the original ingot averages 130...150 HV. After deformation, the cross-
sectional hardness increased to 155…170 HV. After HT, the hardness increased to 215...230 
HV. The electrical conductivity of the bars after RSR was 30.17 %IACS (Table 1), and, 
following HT, it increased to 45.17 %IACS. 

 
Table 1 – Electrical conductivity of CuNiCrSi samples 

As-received ingot After RSR After RSR + HT 

MSm/m % IACS МSm/m % IACS МSm/m % IACS 

19.80 34.10 17.50 30.17 26.20 45.17 
 

In the Specification (Russian Standard) for hot-pressed semi-finished products made 
of the CuNiCrSi alloy, the hardness should be at least 180 HB (190 HV), the electrical 
conductivity – 24 MSm/m (41.4 %IACS). Thus, the properties of the bars obtained by 
RSR method exceed the regulatory requirements even with a total µ=3.36. 
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Modern forming methods are applied to deform a wide range of materials. This is 

especially true for methods implementing severe plastic deformations. A distinctive 
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feature of SPD methods is the ability to form an increased level of mechanical, physical 
and operational properties of processed materials [1]. In addition, as a result of pro-
cessing by SPD methods, it is possible to deform materials that experience difficulties 
with plastic deformation under normal conditions. Dominant compressive stresses and 
formed shear deformations provide a significant refinement of the microstructure and 
structural components down to the ultrafine-grained and nanoscale structures. When 
working with these methods, the group of alloys of the Al-Si-Fe system is of a particu-
lar interest. This group of alloys is being intensively studied; however, scientists most 
often focus on aluminum or iron of the triple phase diagram of the Al–Si–Fe alloy. At 
the same time, there is already enough information that an increase in the proportion of 
iron and silicon causes properties that are fundamentally different from properties of 
alloys with an element concentration of less than 5-8%. An analysis of the crystalliza-
tion features of the Al–Si–Fe alloy [2], as well as earlier studies [3, 4] of the formed 
phase composition revealed the formation of a highly symmetric phase component. 

When the temperature reaches 755° C, the Al8Fe2Si phase is formed. The Al8Fe2Si 
phase or the τ5 phase has a hexagonal lattice with the parameters of a = 1.2404 and c = 
2.6234. The τ5 phase is observed up to a temperature of 551° C. With a further decrease 
in temperature, the τ5 phase is completely transformed into the τ6 phase, which has a 
monoclinic lattice. The presence of highly symmetric phase components will provide 
plastic deformation of the alloy under study. To process the alloy, we used the method 
of equal channel angular pressing with back pressure (ECAPBP). Back pressure was 
ensured by a step in the tool outlet channel. After the deformation, the processed work-
pieces were examined using a transmission electron microscope. 

Three cycles of ECAPBP promotes the appearance of equilibrium boundaries (indi-

cated by arrows in Fig. 1). In this case, the prevailing grain size is 0.2-0.25 μm. The inclu-

sions of aluminum and silicon carbides are located both along the grain boundaries and 

within the grain. The grain boundaries are fixed by inclusions with a size of 0.01-0.1 μm, 

which causes their turn and facilitates grain refinement. As a result of the processing, a 

compact alloy with an ultrafine-grained structure and nanostructure was produced. 

a)       b) 

Fig. 1. An Al–Si–Fe alloy after 3 cycles of ECAPBP (TEM), x48000: 

a) bright field; b) dark field 
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Currently, one of the most progressive and highly effective approaches to improv-

ing the combination of physical and mechanical properties in metals and alloys is based 

on deliberate formation of ultrafine-grained (UFG) and ultrafine structures in the mate-

rial by means of various metal forming techniques. These techniques are based on the 

principles of severe plastic deformation (SPD), in which the structure refinement de-

pends on the following factors: the strain rate; hydrostatic pressure; scale factor and 

non-monotonic nature of the strain. The main principle of SPD is to ensure a high ac-

cumulated degree of strain in the metal when forming a billet without bringing it to 

fracture [1].  

The main (basic) SPD methods are based on the application of either torsion strain 

– torsion under pressure (TP), or a straining process with a change in the trajectory of 

the strain path – equal channel angular pressing (ECAP). The issue of achieving the 

UFG structure in long components (which primarily include wire) is of particular inter-

est since almost all of the known SPD methods are discrete and allow to produce bars 

of small length. 

Of all the currently proposed continuous methods of wire nanostructuring, the 

methods of equal channel angular drawing and torsion under pressure are the closest to 

practical application.  

Based on the data of applying the principles of these methods, various methods 

have been proposed for processing long products, such as ECAP drawing, continuous 

shear drawing – CSD, accumulative angular drawing – AAD, and shear drawing. 

Since 2001, the Department of Mechanical Engineering and Metallurgical Tech-

nologies (currently the Department of Materials Processing Technologies) at Nosov 

Magnitogorsk State Technical University (NMSTU), under the guidance of Professor 

V. A. Kharitonov, has been researching the use of radial shear strain for wire produc-

tion. This method is called radial-shear drawing (RSD) and implies a simultaneous 

application of linear strain and torsion shear strain during drawing. 
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Radial-shear drawing is a method of producing wire by radial-shear strain, which 

is carried out by applying a front pulling force to the wire (wire rod) without torsion, 

while simultaneously rotating the roller drawing around the wire. The roller drawing 

has three non-drive rollers located at an angle of 120° to each other, with feed angles β 

> 16°. Each roller has a working cone and a calibration belt [2]. 

The prototype of radial-shear drawing is radial-shear rolling, which has become 

widespread for the production of round bars using both hot and cold strain. The princi-

pal difference between radial-shear rolling and drawing is the supply of energy to the 

strain center: when rolling, it is carried out through the drive rolls, and when pulling – 

through the front end of the workpiece.  

A. Yu. Manyakin from NMSTU was first to conduct an experimental study of the 

RSD installation kinematics. He showed that the drawing force is about 30% lower than 

when drawing through a monolithic draw die. An experimental laboratory study con-

ducted on U12A steel wire showed that radial-shear drawing helps achieve a deeper 

penetration of compression strain across the wire cross-section enhancing the wire 

formability and reducing the number of cycles involved in the wire manufacturing pro-

cess. 

M.Yu. Usanov was first to simulate the process of cold radial-shear drawing in De-

form-3D and study the stress-strain state of and the drawing force for workpieces made 

of steel St3 and steel grade 80 at the following tapered roller angles: α=4°, 6° and 8°. 

He established the following dependencies [3, 4]: 

- due to the rotation of the rollers around the workpiece, the stresses act cyclically, 

which creates a "helicoidal" metal flow and an inhomogeneous stress state with tensile 

stresses in the center and compressive stresses on the wire surface.  

- with a decrease in the tapered roller angle, the torsion angle decreases, which 

leads to an increase in the accumulated degree of strain.  

- the drawing force is significantly lower compared with solid die drawing and 

tends to increase as the strength of the workpiece decreases due to a wider contact area.  

Studies have shown that the use of RSD dies allows to shorten the drawing route 

by 1-2 passes compared with solid die drawing. The use of the classic roller drawing 

technique in the drawing operation involving RSD dies will lead to an additional in-

crease in the accumulated degree of strain across the wire cross-section. 

Based on the authors' research results, two methods of wire production are pro-

posed: 

– a method for producing high-carbon steel with a crushed structure by forming the 

torsion angle γ (RF patent No. 2498870); 

– a method for manufacturing high-tensile wire reinforcement, in which, before be-

ing profiled, the workpiece is deformed in RSD dies with equal extensions and torsion 

in opposite directions (RF patent No. 2502573). 

The reported study was funded by RFBR according to the research project №18-

58-45008 IND_a. 
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Magnesium alloys are of interest to the aerospace, automotive and electronic in-

dustries due to their low density and high specific strength. Moreover, in recent years, 

magnesium alloys are of great interest to medicine as materials of good biocompatibil-

ity and biodegradability. However, at low temperatures, magnesium demonstrates poor 

formability. It is caused by the structural features of the hcp-lattice and a limited num-

ber of active slip systems. The formation of the fine-structure by severe plastic defor-

mation methods (SPD) such as high-pressure torsion (HPT) or equal-channel angular 

pressing (ECAP) improves the ductility of materials [1]. But most of the SPD-methods 

are mainly of academic interest. At the same time, the method of hydroextrusion allows 

to obtain long rods and sections from magnesium alloys. Nevertheless, for successful 

deformation of magnesium by hydroextrusion, deformation temperatures above 100°C 

are required. Application of the lower deformation temperatures leads to the destruction 

of the sample [2].  

In this study, the possibility of magnesium deformation by hydroextrusion at room 

temperature is shown. A cylindrical magnesium billet with the diameter of Ø10 mm and 

the length of 70 mm was placed in a thick-walled shell made of copper alloy. The shell 

is used to prevent magnesium from cracking during hydroextrusion. The assembly (Mg-

billet inside Cu-shell) was subjected to one pass of extrusion at room temperature. Dur-

ing deformation, the copper shell was destroyed, and a long magnesium Ø5 mm rod 

was formed. Mg-rods obtained by such method show high ductility and could be sub-

jected to extrusion at room temperature without the shell or they can be drawn down to 

smaller diameter rods.  

The yield strength of magnesium rods reaches 111 MPa. Moreover, it is found that 

low-temperature annealing leads to an increase in the yield strength up to 145 MPa. We 

attribute this temperature-related phenomenon to the processes of self-blocking of dis-

locations during low-temperature annealing of pre-deformed magnesium [3, 4].  

Particular attention is given to the development of technologies for producing fine 

and extra-fine wires. For example, the paper [5] describes the results of a study that 

looked at the extra-fine wires with a diameter of up to 0.03 mm made of a wrought 

magnesium alloy Mg97Zn1Y2. However, the method for producing such an alloy and the 

subsequent process of deformation treatment are complicated. As for pure Mg, there is 
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lacking information on the use of SPD-methods to produce wires with diameters less 

than 1.5 mm.  

Based on the combination of hydroextrusion in the shell and the following cold 

drawing, we have developed a process for producing extra-fine Mg-wires. A Mg-rod is 

inserted into a Cu or Al shell and deformed by hydroextrusion at room temperature. In 

this case, the shell does not crack during the extrusion process. Then, the several Cu 

(Al) /1Mg-rods obtained are inserted into a Cu (Al) shell with holes located at equal 

distance from each other, and the assembly is subjected to hydroextrusion. A certain 

scheme is used to produce Сu/Mg or Al/Mg-composites with different number of Mg-

filaments (Fig. 1a) [6]. The diameter of such composites could reach 0.25 mm after 

drawing. The diameter of the Mg-wires inside the matrix depends on the overall diame-

ter of the composite. Chemical etching in HF and H2SO4 acids is used to remove Mg-

wires from the Cu- or Al-matrix. As a result, the shell dissolves leaving fine wires of 

Mg. For example, 0.25 and 0.10 mm Mg-wires have been obtained by extraction from 

composites (Fig. 1b).   

 

     
 

(a) (b) 

Fig. 1. Cu/49Mg-composite obtained by HE (a); magnesium rods and wires of dif-

ferent diameters obtained by HE in the shell and cold drawing (b) 

Such thin Mg-wires could be quite useful in medicine for production of biode-

gradable and biocompatible ligatures and surgical staples, stents and implants [7]. 

Therefore, the presented results could support a wider application of magnesium alloys 

in both the industry and science.  

This study was funded by the Russian Foundation for Basic Research (RFBR pro-

ject No. 18-33-00474) as a part of the following state assignment: “Pressure”, No. 

AAAA-A18-118020190104-3. 
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High strength of metallic materials can be achieved by well-known strategy such 

as grain refinement by severe plastic deformation (SPD) [1], However, SPD usually 

leads to dramatic loss of ductility of materials [2]. Ductility is measured under tensile 

loading either as total elongation to failure or as uniform elongation. The decrease in 

ductility with increasing strength is often observed because high strength metallic mate-

rials often have low strain hardening rate, as in the case of cold worked metals and 

nanostructured metals. 

Nature is a rich source of inspiration for the design and fabrication of high-

performance materials for different engineering application [3], Gradient structures 

exist overall in the nature in many biological systems, because they have superior prop-

erties over homogeneous structures. Recently gradient microstructures were introduced 

into metallic materials, including steel, aluminum, copper and other alloys. Creating of 

gradient microstructure through the thickness of processed materials represents a new 

strategy for producing a superior combination of high strength and good ductility. In 

gradient metallic materials the grain size increases gradually from nanoscale at the sur-

face to coarse-grained in the core. For gradient materials high ductility is attributed to 

an extra strain hardening due to the presence of strain gradient and the change of stress 

states, which generates geometrically necessary dislocations and promotes the genera-

tion and interaction of forest dislocations. Gradient metallic materials have great poten-

tial in engineering applications. Generally, the gradient microstructure can be produced 

by surface SPD technique, such as sliding friction treatment, surface mechanical attri-

tion treatment, surface mechanical grinding treatment, high pressure surface rolling, 

fast multiple rotation rolling, skinpass cold rolling. The common feature of all these 

processes is the imparting large plastic strain on the surface of materials. These pro-

cesses, however, suffer from either low processing efficiencies or limited processed 

layer thicknesses. Strain gradient can be considered as a mechanism of creating of gra-

dient microstructures. Providing of predetermined strain gradient in metallic materials 

can be achieved by asymmetric rolling (AR), when circumferential speeds of the top 

and bottom work rolls arc different. AR as a method of SPD can be used for grain re-

finement both in the surface layer and in the core of the processed material. Since the 

AR is a continuous process, it has great potential for industrial production of large-

scaled sheets. Strain distribution through sheet thickness strongly depends on rolls 

speed ratio, rolls diameters, thickness reduction per pass, contact friction coefficient. 
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Many works studied the strain distribution through sheet thickness during AR by using 

finite element method (FEM). Most of them were focused on process parameters (fric-

tion coefficient, the rolls speed ratio and the thickness reduction per pass) which can 

provide uniform strain distribution through sheet thickness. FEM analysis of the defor-

mation characteristics was presented in, It was found that to obtain a high uniform plas-

tic strain through the sheet thickness the rolls speed ratio (in %) should be equal to 

thickness reduction per pass (in %). The non-linear effect of the rolls speed ratio on the 

accumulated strain during AR was found in. It was shown that a very high nonuniform 

strain distribution through the sheet thickness can be reached when the rolls speed ratio 

is slightly less than thickness reduction per pass. However, investigations over a wide 

range of process parameters, which can provide predetermined strain gradient during 

asymmetric rolling arc yet unknown. The goal of this investigation is searching the 

optimal process parameters over a wide range of thickness reductions (5...60%), work 

rolls speed ratios (1...60%), diameters of the rolls (150. ..450 mm), Coulomb friction 

coefficients (0.1...0.4) and initial sheet thicknesses (1...8 mm), which can provide pre-

determined strain gradients during a single-pass asymmetric cold rolling. This paper 

presents the distributions of the plastic strain through sheet thickness of low-carbon 

steel AISI 1015 processed by a single-pass AR. The results of investigation can be used 

for design of technology of producing large-scaled metallic sheets with gradient micro-

structure.  

The predetermined strain gradient through sheet thickness can be achieved by the 

two different strategies: 1) symmetric rolling with high contact friction; 2) asymmetric 

rolling with high rolls speed ratio and high contact friction. The main disadvantage of 

the first strategy is a low strain gradient and a significant increase of the rolling load 

because of high contact friction. The main disadvantage of the second strategy is a mul-

tiple increase of the rolling torques. 

Friction coefficient, the rolls speed ratio and the thickness reduction per pass arc 

the main factors which provide synergistic effect on the amount of the effective strain 

during asymmetric rolling. FEM simulations over a wide range of process parameters 

have shown, that extremely high strain gradient e ~ 4.. .8 through sheet thickness can be 

reached by a single-pass asymmetric rolling, when initial sheet thickness ho = 1.0 mm, 

diameter of the rolls D = 450 mm, thickness reduction per pass a = 60%, friction coeffi-

cient f = 0.4 and the rolls speed ratio AV = 50%. 

The results of investigation can be used for design of technology of producing 

large-scaled metallic sheets with gradient microstructure. Further experimental investi-

gation of the asymmetric rolling process is required. 

The reported study was funded by RFBR according to the research project № 18-

58-45013 IND_a. 
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To increase productivity of metal working processes, a double die wire drawing 

process is proposed. This process provides high productivity by improving the uni-

formity of stress distribution across the wire cross section [1]. In this case breakage 

during wire drawing and equipment downtime can be reduced.  

With the help of three-dimensional scanning, the geometrical parameters of the 

drawing channel were obtained. Based on the obtained geometrical parameters, a nu-

merical model of double- and single-die drawing was built [2]. Based on the simulation 

results, it was confirmed that the stress state corresponds to the hardness distribution 

obtained by processing the experimental results. 

To determine the equivalent stress distribution in the wire cross-section during the 

drawing process from the ratio of the extracts of the first die to the second die, addi-

tional calculations were made in intermediate versions of the relations of the extracts of 

the die. The results of the uniformity of equivalent stresses distribution are shown in 

Figure 1. 

 

 
a)     b) 

Fig. 1. The results of the uniformity of equivalent stresses distribution:  

a) single die; b) double die 

 

Figure 1 shows that the stress values in the deformation zone of the first and the 

second drawing die are almost equal. The stress distribution is uniform in the wire cross 

section in the deformation zone. After drawing, the stress distribution in the wire is 

such that the stresses are rising from the center to the surface with no abnormal transi-

tion zones. A uniform stress distribution in the wire means a more complete defor-
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mation of the wire cross section, which is confirmed by the obtained data on the distri-

bution of microhardness across the cross section. The uniformity of microhardness 

distribution across the wire cross section after double die drawing is approximately 

twice higher compared with that in a single die drawn wire. The uniformity evaluation 

criterion is the standard deviation of the hardness values. 

Based on the results of the experiment, it was determined that the most uniform 

distribution of microhardness across the steel wire cross section is observed in the dou-

ble die drawn specimens (the standard deviation is 26 units for a double die versus 54 

units for a single die). The double die drawn wire has a higher overall hardness com-

pared with the single die drawn wire. 

The dependence of the stresses in the wire on the Kd ratio in the investigated sec-

tion is described by the formula (1): 

 

σavrg = 8381.4Kd3 – 23130Kd2 + 21391Kd – 5862.8   (1) 

 

where σavrg – the average drawing stress in deformation zones during drawing, MPa; 

 Kd – a ratio between drawing in the first die and drawing in the second die. 

Based on the research results, it was determined that the highest drawing stress oc-

curs when drawing in a single die. The double-die wire has a higher hardness compared 

with the single-die wire. This means more intense wire hardening when drawing in a 

double die. An increase in Kd leads to an increase in the drawing stress. According to 

the results of numerical simulation, the most uniform stress distribution is observed at 

Kd = 0.927. The distribution of drawing stresses in the numerical model corresponds to 

the distribution of microhardness across the cross section of a thin wire after the exper-

iment, which confirms the adequacy of the constructed model. 
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At some heavy-manufacturing plants, up to 30% of the output consists of large 

composite components,  in which the working surfaces—for example, for rollers in 

rolling mills, drive gears, and universal spindles—may be restored so as to extend the 

working life [1, 2]. This approach is particularly useful for large products such as roll-

ers, each of which may be of mass 230 t in thicksheet mills. The wear of the working 

surface of the roller barrel is no more than 5–7% of the initial diameter when the roller 



 

28 

is discarded as scrap. For gears, the wear of the working surfaces at the end of the ex-

pected life is no more than 0.5% of the total mass. Repeated use of the gear hub is pos-

sible if a new gear crown is employed. If a composite design is employed, long spindles 

may also be restored: the shaft may be reused, while the damaged heads are replaced. In 

ensuring the reliability and durability of new and restored composite components of this 

type, a critical problem is to increase the carrying capacity of prestressed joints. Other 

conditions being equal, their carrying capacity depends on the frictional coefficient f at 

the contacting surfaces, which may vary widely as the state of the surface changes. In 

the design of composite rollers and gears, we usually assume that f = 0.12–0.14 [2, 3]. We 

know that, in machining the contacting plane samples of frictional bold joints for rotating 

wire brushes, f = 0.35; in sand or shot blasting, f = 0.58; and the frictional coefficient is 

practically the same in laser finishing [4]. The carrying capacity of a prestressed joint may 

also be increased by electrospark alloying [1] and laser quenching [5]. 

Study of the microstructure by means of an optical microscope shows that, in all 

cases, a deformed layer is formed on the surface. A layer of increased etchability 

(thickness ≈50 μm) is seen on the surface of the sample treated by the sectional brush 

(Fig. 1a). The microhardness of the surface layer is 6000 MPa; that of the base is 2000 

MPa. The results show that a hard nanostructured surface layer (fragment size up to 

0.13 μm) may be obtained by means of the rotating wire brush (Fig. 1b). The fatigue 

strength of prestressed joints is reduced by 60% or more at the contact points on ac-

count of local stress concentration and fretting damage. Cold working of frame struc-

tures by a hammer face was proposed at the Central Research Institute of Manufactur-

ing Technology. In this method, corrugation in the form of sharp grooves of considera-

ble depth is formed at the machined surface. Cold working neutralizes the harmful in-

fluence of the contact pressure and stress concentration on the fatigue strength of the 

parts and increases the shear strength by a factor of 10–40 in comparison with milled 

surfaces. The fatigue limit of model plates with corrugated surfaces is at least 1.3 times 

that of uncorrugated plates. 

 
a)     b) 

Fig. 2. Microstructure of the surface layer of steel 20 according to an optical  

microscope (a) and a scanning electron microscope (b). 

 

The proposed approaches may be used in the manufacture of metal components 

and elsewhere. 

 

The reported study was funded by RFBR according to the research project №17-

38-50226 mol_nr. 
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As is known, when reducing pipes with tension, thickened ends are formed, and 

they need to be cut. 

End thickening is caused by an uneven tension between the mill stands, which 

leads to increased metal consumption [1]. 

This paper considers one of the known methods for improving the uniformity of 

pipe ends, which consists in preliminary thinning of the pipe end cross section in the 

rolling mill in order to compensate for the subsequent wall thickening in the reduction 

mill [1,2]. 

Before a thinning procedure could be developed, production data on the geometry 

and difference of the end sections were processed [3]. Statistical analysis of thickened 

ends geometry data showed that a change in wall thickness along the pipe end length 

can be expressed as a linear relationship. 

The obtained linear regression equations are used to calculate the length of the 

thickened ends depending on the wall thickness tolerances. 

The calculated data were further used to develop a methodology for calculating the 

end thinning regimes of the rough pipe sections in order to compensate for their thick-

ening during subsequent reduction. 

The methodology provides the following sequence of calculations.  

The length of the front or rear thinned ends was calculated using the condition of 

thickened end volume constancy according to the experimental data and the volume of 

the thinned end. 

The overall dimensions of the thickened ends after the reduction mill were deter-

mined based on actual data. The methodology involves reduction of the ends with a 
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calculated length in stands 5 and 6 of an 8-stand continuous mill. Only a slight reduc-

tion of the pipe walls is achieved in stands 7 and 8, and a gap is formed for the subse-

quent extraction of the mandrel. 

In fact, reduction is carried out by decreasing or increasing the distance between 

the tool in stands 5 and 6, because the screwdown is usually located on the upper roll. 

The maximum displacement of the rolls during reduction of the front and rear ends is 

determined by the maximum reduction on the wall compensating for the thickening. 

In this case, the displacement time (closer or further) of the upper roll 5 or 6 of the 

stand is determined by the length of the thinned end and the average speed of its rolling 

in the corresponding stand. 

The average rolling speed is determined by the maximum speed with maximum 

wall thinning and the rolling speed in normal mode. The maximum rolling speed is 

calculated based on the second volumes constancy condition during rolling in stands 5 

and 6 (the kinematic tension coefficient is assumed to be 1). In this case, the elongation 

ratio distribution during rolling of the ends in stands 5 and 6 is 2/3, which is pursuant to 

the recommendations given in [4]. 

Due to the increase in the thinned end rolling speed, the rotation frequency was 

calculated for the rolls in stands 5 and 6 using the second volumes constancy condition. 

When rolling the front end of the pipe in stand 5, the roll rotation frequency sees a 

linear reduction to the normal mode. Similarly, the roll speed gets adjusted in stand 6 

where the pipe front end is rolled. 

It should be noted that when the rear end is thinned, it is not necessary to adjust the 

roll speed because this section of the pipe is rolled during thinning at first only in stand 

5, and then only in stand 6, i.e. not in a continuous rolling mode [4]. 

The average linear displacement velocity of the upper roll of the corresponding 

stand during rolling of the front or rear end was determined by the value and time of 

roll displacement. 

In conclusion, the developed processing regimes and technical requirements will 

be used in the future for the preparation of technical specifications, which will enable 

the development of an automatic pipe end thinning system for the continuous mill 

TPA-80. 
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One of the important functions performed by oil pipelines is to ensure reliable and 

safe operations by minimizing failure risks. 

The importance of this research is related to frequent pipeline failures that can lead 

to catastrophic consequences. Besides the conventional defects of the welded connec-

tions, scratch and compression marks, some metal defects manifest themselves as strati-

fication. 

The full-scale tests have shown that, having slight deviations in the specified crite-

ria, some pipes have been successfully tested and some have failed due to cracks and 

their positions. 

We looked at the principles behind the development of high-strength steels and 

studied the technique that helps evaluate upgraded materials for crack resistance. 

In the search for new promising steel grades, we developed an algorithm that al-

lows to make an informed choice when it comes to structural materials.  

By applying the new algorithm, one can search for new technologies and process 

solutions that would conform with the constantly changing requirements to low-alloy 

steels. 

The most significant factors were identified that cause segregation in steel plates. 

The effect of the chemical composition (C, Mn, V, Nb) and process factors (roll speed, 

reduction rate) on defects growth was analyzed. Qualitative and quantitative analyses 

were carried out to understand the effect of the plate thickness, the temperature regimes 

and the chemical composition.  

Mathematical modelling was performed to simulate the process of rolling work-

pieces with internal defects. Threshold stress levels were analyzed for the first time that 

can help eliminate the segregation defect.  

A number of various techniques was applied to determine the crack resistance 

(fracture toughness) under static load. 

As a result of comprehensive research, new types of tests have been developed for 

innovative materials that can help improve the classification of existing steels and other 

materials. 

The conducted research helped develop techniques to predict the growth of segre-

gation based on mathematical modelling; rank the defect nucleation factors; estimate 

the threshold stress level in the workpiece that can help eliminate segregation.  

The algorithm was applied to search for new steel grades with separate properties 

that would satisfy the demand for low labour and material costs. 
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This paper examines the effect of high strain rate deformation (105 s-1) attained  by 
dynamic channel-angular pressing (DCAP) and annealing on the microstructure and me-
chanical and functional properties of low-alloyed dispersion-hardened Cu–Cr–Zr alloys. 
DCAP [1-3] represents a high strain rate (105 s–1) version of ECAP [4]. It was established 
earlier [1-3] that the deformation induced by simple shear, which forms the structure in 
the case of ECAP [4], in the case of DCAP is a high strain rate process; furthermore, the 
specimen is subjected to a shock wave deformation of compression, which creates an 
additional source of deformation-induced strengthening, and is impacted by temperature. 
It was shown that specific nonequilibrium SMC and NC structures delivering enhanced 
properties [3] are formed during the DCAP of copper, which is the result of high strain 
rate cyclic processes of fragmentation and dynamic recrystallization.  

It has been determined that the alloying of copper with chromium (0.09–0.14wt.%) 
and zirconium (0.04–0.08wt.%) microadditions changes the mechanisms of submicro-
crystalline (SMC) structure formation and elastic energy relaxation during DCAP: a 
cyclic nature of structure formation due to alternative high-rate processes of fragmenta-
tion and dynamic recrystallization changes under the influence of fragmentation and 
partial strain ageing with the precipitation of second-phase nanosized particles. 

Annealing (ageing) temperature and time regimes have been established for the 
Cu–Cr–Zr SMC alloys processed by DCAP aimed at enhancing their mechanical prop-
erties and electrical conductivity. Thus, it has been shown that the optimal combination 
of microhardness (HV=1880 MPa), electrical conductivity (80% IACS), strength 

(σ0.2=464 MPa, σu =542 MPa) and ductility (= 11 %) in the Cu–0.14Cr–0.04Zr SMC 
alloy can be obtained through DCAP and ageing at 400°C for 1 h. The enhanced me-
chanical properties of the alloys versus those of copper are associated with additional 
strengthening due to precipitation of Cu5Zr and Cr nanoparticles (5–10 nm) during 
DCAP and ageing. 

It has been shown that the low-alloyed Cu–Cr–Zr alloys have a high ability to 
strengthen by means of DCAP and SPD by sliding friction [5]. Using the Cu–0.09Cr–
0.08Zr alloy as an example, the authors demonstrate that the wear rate of specimens 
with a SMC structure obtained by DCAP decreases by a factor of 1.4 as compared with 
coarse-grained state. It was established that a combination of DCAP + ageing at 400°С 
+ SPD by friction results in a friction-induced nanocrystalline structure with the grain 
size of 15–60 nm in the surface layer, which provides high microhardness (3350 MPa) 
and a minimum friction coefficient (0.35). 

The dynamic properties of alloys with a SMC structure obtained by DCAP have 
been studied. The tests were carried out under conditions of shock compression at a 
pressure of 5.6−6.8 GPa and a strain rate of (0.9−2.0) × 105 s–1 [6]. By analyzing the 
evolution of the structure and mechanical properties – and namely, the dynamic elastic 
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limit, dynamic yield stress, and the spall strength of the alloys – before and after differ-
ent regimes of DCAP, the authors were able to evaluate the influence of the dispersity 
and imperfection of the crystal structure on its resistance to high strain rate deformation 
and fracture. It has been shown that the grain refinement from 200–300 to 0.2−0.3 μm 
increased the dynamic properties of alloys by 1.5-2.4 times as compared with their 
initial coarse-grained state. 

This research work was carried out as part of the following governmental assign-

ment: “Structure”, No. АААА-А18-118020190116-6; it was partially funded by RFBR 

– Grant No. 20-43-660034. 
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The relevance of this work is due to the fact that the shipbuilding and automotive 

industries have a demand for sheet metal with enhanced strength and performance (for 

example, corrosion resistance) [1]. Aluminum-magnesium alloys possess such charac-

teristics. However, the resource of their mechanical properties has long been exhausted. 

Recent studies have shown that doping with scandium can potentially improve the me-

chanical and performance properties of these alloys [2]. At the same time, the relatively 

high cost of scandium dictates the need to reduce its concentration in the alloy by add-

ing zirconium and other alloying elements. 

mailto:iribelokonova@gmail.com
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In this regard, an alloy of aluminum with magnesium (5.2 %) is proposed, in which 

the content of scandium is 0.12 %, and that of zirconium is 0.13 %. This alloy is re-

ferred to as alloy 01580. 

The purpose of this research was to develop rational sheet rolling modes for alloy 

01580 and to compare the properties of deformed semi-finished products made of it 

with those of similar semi-finished products made of alloy 01570. 

The studies were carried out using a hot rolling mill DUO 330. While developing 

the rolling regimes, we used proprietary methods, software, and data on the rheological 

properties of the studied alloys [3]. An analysis of the structure of cast and deformed 

semi-finished products showed the following (Fig. 1 a).  

    
a b c d 

Fig 1. Microstructures of semi-finished products made of alloy 1580 in various 

conditions (×500): a – ingot after homogenization, h = 28 mm; b – strip after hot rolling, 

h = 10 mm; c – strip after cold rolling, h = 3 mm; d – strip after rolling and annealing,  

h = 3 mm  

а 

A 28 mm thick billet was used that was hot-rolled into 5 and 10 mm strips. The 

microstructure of the homogenized metal of ingots before rolling consists of crystals of 

an α-solid solution and inclusions of intermetallic phases located at the boundaries of 

dendritic cells and grains. These phases typically look like skeletons, veins and irregu-

larly shaped particles. A subgrain structure is formed inside the grains of the solid solu-

tion, which is typical for alloys of the Al–Mg system. 

It was also found that the use of higher annealing temperatures for the investigated 

specimens increased the metal’s ductility. At the same time, the metal’s strength char-

acteristics may turn out to be lower than required (Table 1). 

Table 1 – Mechanical properties of metal specimens made of the alloys in view in 

cast, deformed and annealed states 

Type of semi-finished product h, mm Rm, MPa Rp, MPa A, % 

Alloy 1580 

Ingot after homogenization 28 312 183 9.8 

Strip after hot rolling 10 369 266 16.0 

Strip after cold rolling and annealing 3 390 277 14.0 

Alloy 1570 

Ingot after homogenization 28 301 181 7.6 

Strip after hot rolling 10 326 204 7.1 

Strip after cold rolling and annealing 3 380 252 6.0 
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Thus, the alloys 1580 and 1570 are comparable in terms of their strength character-

istics, while the alloy 1580 has higher plasticity. Therefore, the latter can be recom-

mended for industrial use. 

The work is performed as a part of the state assignment for the science of Siberian 

Federal University, project number FSRZ-2020-0013. 

Use of equipment of Krasnoyarsk Regional Center of Research Equipment of Fed-

eral Research Center «Krasnoyarsk Science Center SB RAS» is acknowledged. 

The reported study was funded by RFBR, the Government of Krasnoyarsk Territo-

ry,Krasnoyarsk Regional Fund and Limited Liability Company «Research and produc-

tion center of magnetic hydrodynamics», project number 20-48-242903. 
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The technology of coiled tubing is one of the most promising trends in well drilling 

and maintenance. This technology is used for both the construction of wells and various 

maintenance operations. The leading countries in this field are the USA, Canada and Chi-

na. They produce tubes of a wide range of sizes in 5 strength groups. These countries are 

also the key suppliers of coiled tubing to Russian mining companies. 

The source raw materials in coiled tubing production include hot-rolled coils of low-

alloyed steel A606 type 4 [1]. The standard and technical documentation specifies that 

such steel should combine high strength (for the strength group СT80, the yield strength 

σт ≥ 551 MPa and the ultimate stress σв ≥ 607 MPa) and ductility (δ50 ≥ 21 %) and the 

following maximum hardness limitations (HRC ≤ 22) [2]. It is rather difficult to satisfy 

such conflicting requirements. However, it is possible to fulfill them by using a controlled 

chemical composition and obtaining a relevant steel structure by means of controlled roll-

ing and accelerated cooling. In order to do it, one needs to understand how the mechanical 

properties of hot-rolled coils tend to change depending on the main parameters of thermal 

and mechanical treatment. 

The conducted research was based on the physical simulation performed at the facili-
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ties of the Termodeform-MGTU Research Center [3, 4]. The authors determined how the 

mechanical properties and the microstructure of steel for coiled tubing tend to change 

under various regimes of controlled rolling and accelerated cooling. The established regu-

larities served as the basis for the recommended temperature and deformation regimes for 

the field implementation at PJSC MMK. Hot strip mill 2000 was used for pilot rolling of 

coils with the size of 3.91х1180 mm and the total weight of 633 t. The mechanical proper-

ties of the rolled products satisfied all the requirements of the applicable specification. 
The reported study was funded by RFBR according to the research project №16-38-

00619 mol_a. 
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To modify aluminum alloys, ligatures of the Al–Ti–B system are currently widely 

used [1]. However, the practice of using imported inoculants is still popular in Russia, 
with preference given to the bar ligature composition of Al-5Ti-1B (5% titanium, 1% 
boron, the rest is aluminum) of “KBM Affilips” foil quality. 

The method of ingotless rolling-extruding (IRE) was used to obtain a bar from the 
experimental Al-3Ti-1B ligature (3% titanium, 1% boron, the rest is aluminum) [2, 3]. 
The essence of the method is a comprehensive uneven extrusion and shear deformation 
of the sample, which significantly changes the structure and properties of extruded 
products. Ingotless rolling-extruding of the experimental ligature was carried out in the 
laboratory combined processing unit of CRE-200 [2], which is shown in Fig. 1. 

A known method was used to obtain the bar [2, 3]. The mechanical properties of 
the metal of the obtained ligature bars were analyzed with the help of the tensile meth-
od on a universal testing machine LFM400. Thus, the tensile strength was 120±3 MPa, 
the yield strength was 74±3 MPa, and the elongation was 30±1 %. This level of 
strength and plastic properties ensures the coiling of the resulting bar, which has a di-
ameter of 9 mm. This is a necessary quality that makes an automatic feed of the inocu-
lant possible at industrial foundries. 

mailto:sibdrug@mail.ru
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Fig. 1. Combined processing unit CRE-200: 1 – mixer furnace; 2 – proportioner;  
3 – roll with a protruded part; 4 – grooved roll; 5 – extruding die; 6 – ring hydraulic 

cylinder; 7 – tracking unit; 8 – coiler 

Figure 2 shows photos of the microstructure of the Al-3Ti-1B ligature in the molten 
state (Fig. 2 a) and in the form of a hot-extruded bar (Fig. 2 b) obtained by high-speed 
crystallization-deformation using the IRE method.  

  
a, ×200 b, ×200 

Fig. 2. The microstructure of the ingot (a) and bar (b) made of the experimental  
Al-3Ti-1B ligature obtained by the IRE method 

The microstructure of the ligature bar is an oriented arrangement of TiB2 and Al3Ti 
particles in the deformation direction. The particle distribution in the bar is not uniform, 
which is due to the presence of regions with a low density of TiB2 and Al3Ti. Al3Ti parti-
cles can reach 50 microns in length. Small amounts of 1.5-0.5 μm TiB2 particles are pre-
sent in large quantities in the structure. A qualitative assessment of the microstructure 
showed that the amount of large Al3Ti compounds is significantly smaller in the ligature 
bar than in the ligature ingot. Thus, ingotless rolling-extruding resulted in drastic micro-
structural changes in the ligature. The agglomerates and accumulations of TiB2 crystals 
completely disappeared. As a result of high-speed crystallization-deformation of the met-
al, they were transformed into filamentous lines of separate particles with the sizes up to 5 
microns. As a result of IRE, large Al3Ti crystals, the sizes of which in the cast structure 
would reach 200 microns or more, were divided into small 10-50 micron particles. 

The work is performed as a part of the state assignment for the science of Siberian 
Federal University, project number FSRZ-2020-0013. 

Use of equipment of Krasnoyarsk Regional Center of Research Equipment of Federal 
Research Center «Krasnoyarsk Science Center SB RAS» is acknowledged.  
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To implement a cold sheet rolling process at operating mills (in particular, at revers-

ing mills) that would be rational from the point of view of energy costs and tension 
modes, one should understand the effect of tension stresses on the energy efficiency of the 
process [1, 2, etc.]. Therefore, research aimed at the development of energy-saving modes 
for cold sheet rolling operations based on the optimal tension ratio is of relevance. 

To search for optimal tension stresses, a mathematical apparatus was used [3, etc.]. 
The process model was presented as the following ratio: 

,    , 

where:   -  objective function of the specific power consumption linked to the rolling 
operation;   - a set of variables characterizing the process status parameters, i.e. a mathe-
matical (formalized) model of the process;   - system control parameters: rear and front 
tension voltages.  

The status and control parameters include certain restrictions applied to them. The 
mathematical model of the cold sheet rolling process realized on a reversing mill equipped 
with a working quarto stand and front and rear winders (unwinders) was built on the basis 
of the papers [4 and 5]. 

The total energy consumption for the reverse rolling process in each pass was deter-

mined by the algebraic sum of the powers N  of the electric motors of the working 

stand вN , tension winder 1N  and unwinder 0N  (rear winder). At the same time, it was 

necessary to take into account that the unwinder electric motor works in the generator 
mode. The specific energy costs will be as follows: 

П

N
W 

  , kWh / t  

where: П  - the mill productivity. 

The process power parameters, including the tension and the power вN , were calcu-

lated using A.I. Tselikov’s method [4], and the required capacities 1N  and 0N  were cal-

culated based on A.A. Korolev’s method. The search for the extreme value of the objec-
tive functions was based on targeted enumeration of control parameters. 

 min ,W W q u    u U



 

39 

The below figure shows the results of modeling the changing specific energy con-

sumption depending on the magnitude of the front 1σ  and rear 0σ  tension stresses  

( 0σs  and 1σs  are the deformation resistance before and after the passage, respectively) 

when a 1,045 mm wide electrical steel strip was reduced from the thickness of 0.7 mm 
to the thickness of 0.29 mm on a reversible single-stand mill 1200 in one pass. Current-

ly, the rolling is carried out at 
1,15

0

0

σ

σs

= 0.001 (minimum back tension) and 
1,15

1

1

σ

σs

= 

0.192. The energy costs in this case amounted to 112 kWh / t (Fig. 1). 

 

Fig. 1. Relationship between the front  and rear  tension and the specific energy 

consumption during rolling 
 

It can be seen that an increase in the relative back tension to a value of 0.2 will re-
duce the energy costs to ~ 95 kWh / t, i.e. by 15%. 

In the above considered case, the minimum energy consumption of 70 kWh / t can be 
attained when the front and rear tensions are close to the maximum allowable values. 

Firstly, this can be attributed to the fact that as the front tension rises, the lead and, 
consequently, the length of the lead zone, in which the excess rolling power is removed, 
increase too. And, secondly, a rising rear tension is associated with a rising power gener-
ated by the electric motor of the rear winder (unwinder). 
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As before, converter steel sheets continue to play a leading role as a structural ma-

terial for car manufacturing. Every year, over 60 million cars come off assembly lines 

and go to the world markets.  

The new century has set a new challenge for automotive designers, i.e. to reduce 

the fuel consumption to 2.5 liters or less per 100 km for a C class car weighing about 

1,000 kg. This task could be accomplished by reducing the weight of the vehicle by 20-

25 % using thinner steel sheets for the car body. The latter usually accounts for one 

third of a car's total weight. However, it can only be possible if the strength of steel is 

increased up to the level that ensures high passenger safety.  

Bake hardening (BH) is a phenomenon occurring in steel materials and corre-

sponding to an increase in the yield strength after pre-straining followed by heat treat-

ment baking within a specific temperature range. Classical BH magnitudes are from 30 

up to 60 MPa applied after some pre-straining and heating at around 170 ◦C (443 K) for 

20 min [1]. 

Steels in the BH range are designed for visible (door, hood, tailgate, front wing, 

roof) and structural (underbody, reinforcement, cross member) parts of a vehicle 

(Fig. 1) [2]. 

 

 
a) b) c) 

Fig. 1. Visible and structural parts of cars: a) bonnet in CR180BH;  

b) door in CR240BH; c) front longitudinal beam in CR270BH [2] 

The BH value primarily depends on the chemical composition (C, Ti, Nb, N). To 

maintain the stability of the BH value, manufacturers tend to narrow the chemical com-

position range. In the course of this study, the impact of annealing temperature on the 

BH value on a Continuous Hot-Dip Galvanizing Line was observed. It is shown that the 

magnitude of the BH effect in the steel grades HX180BD and HX220BD depends on 

the strip temperature at the rapid cooling zone exit (Fig. 2).  

For both HX180BD (1) and HX220BD (2), the following regression equations 

have been approximated: 

y = 108,36ln(x) - 642,91; R² = 0,1081 

y = 104,46ln(x) - 617,62; R² = 0,1093 

(1) 

(2) 
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Fig. 2. The effect of the annealing temperature (T3) on the BH value for HX220BD 

 

To continue this work, it is planned to build a neural network to take into consider-

ation the combined effect of the chemical composition and the temperature T3. This 

will allow us to influence the BH value more effectively. Meanwhile, the given regres-

sion equations can be utilized for practical purposes. 

The reported study was funded by RFBR according to the research project № 18-

58-45013 IND_a. 
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Analyzing literature sources [1-3] related to asymmetric rolling of thick sheets 

with the implementation of shear deformations in the longitudinal and transverse direc-

tions, methods of asymmetric rolling were considered, where asymmetry is created by 

both kinematic and geometric parameters. As a result, it was found that asymmetric 

rolling effectively implements shear deformation in the longitudinal and transverse 

directions. Therefore, combining these methods will enable to achieve the best results. 

mailto:sandrachka_97@mail.ru


 

42 

This paper describes a method for rolling thick sheets, which includes rolling a 

blank in relief rolls of the first stand having a significant mismatch of the circumferen-

tial speeds followed by alignment of the blank in smooth barrel rolls (Fig.1a). 

 

a)    b)    c) 

Fig. 1. New technology of thick sheet rolling 

a – general view; b – deformation in smooth barrel rolls; c - deformation in relief rolls 

To analyze the effectiveness of the proposed method, mathematical modeling was 

performed in the Deform program. The simulation included a comparison of the proposed 

rolling method with symmetrical rolling in relief rolls (which is a similar technique) and 

asymmetric rolling in smooth rolls (which is a well-known method). The following pa-

rameters were selected for comparative analysis: equivalent deformation (which charac-

terizes the overall level of metal processing) and the degree of strip bending (which is the 

angle between the front end of the strip and the horizontal plane). 

For asymmetric rolling in both smooth and relief rolls, the following values of the 

circumferential speeds of the rolls were set: 

- 80 rpm / 60 rpm (asymmetry coefficient kА = 1.3);  

- 90 rpm / 60 rpm (asymmetry coefficient kА =1.5).  

The original blank had the following dimensions: h x b x l = 10 x 200 x 150 mm. 

B63 brass was selected as the material, which was heated to 600 °C. An elastic-plastic 

type of material was used for the blank, and the rolls were made of a rigid material. The 

diameter of the rolls in all models was equal to 100 mm.  

When analyzing the bend of the strip, it was found that asymmetric rolling in smooth 

rolls causes a significant level of bending of the front end of strip. For example, in the 

model with the asymmetry coefficient of 1.3, the bending angle exceeds 45 degrees, and 

in the model with the asymmetry coefficient of 1.5, the bending angle is more than 53 

degrees (Fig.1b). At the same time, in all models with relief rolls, the bending angle does 

not exceed 4 degrees (Fig.1c). This positive effect is achieved due to the fact that the pro-

trusions and depressions formed in the workpiece act as stiffeners preventing the strip 

from bending in the vertical plane. Consequently, as the billet exits the relief rolls almost 

horizontally in these models, the billet can be rolled continuously and be captured by the 

downstream rolls without a problem. 

In addition to the strain state, the energy parameters of rolling in relief rolls were also 

examined as part of the study. Using the work balance method, a formula was derived for 

determining the specific pressure for rolling in relief rolls. Also, to determine the rolling 

force, dependencies were established for determining the length of the deformation zone 

and the width of the total contact surface area. Analysis of the calculated data on the ob-

tained formulas and simulation results showed a high degree of convergence, the error 

was 6-7 %. 

In general, the nature of the strain distribution in this method is similar to that typical 

of symmetrical rolling in relief rolls. However, 2 facts should be noted here: 
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1) the overall level of strain is much higher, reaching a difference of more than 40% 

in the areas of maximum processing; 

2) more uniform processing of the metal along the width of the workpiece, which is 

the result of additional deformation of the longitudinal shift due to the asymmetry factor. 
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Computer simulation of metal forming processes is one of the key tools of engineer-

ing design, which allows one to reduce the labour intensity of the new technology devel-

opment process. The finite element method (FEM) and the cellular automata (CA) method 

are traditional calculation methods in this case, each of which allows to achieve the re-

quired degree of calculation accuracy of stress-strain state of a metal depending on the 

goals and objectives of the simulation. The traditional approach to metal forming process 

simulation is when one assumes that processed metallic materials are isotropic. This ap-

proach allows to reduce labour model preparation process, its calculating time, required 

input data and calculating resources. The development of new advanced materials and 

methods of metal forming resulted in substantial increase in the requirements for the com-

puter model prediction accuracy [1, 2]. Improving the accuracy of simulation is one of 

current interest for cold plastic deformation processes, where the stress-strain state param-

eters are a key determinant of both the final product property formation and process stabil-

ity. The objective need for accounting the processing material microstructure resulted 

from the necessity to obtain more complete and accurate information about stress-strain 

state of a metal in the deformation zone during cold plastic deformation processes. This in 

turn led to the concept of a multilevel process of plastic deformation according to which 

the plastic deformation in metals and alloys occurs at different hierarchical scale structural 

levels [3]. This conceptual approach permitted to systematize the conceptual elements of 

the implementation and localization of plastic deformation at different scale levels. During 

the development of a multilevel approach the fact has been proven that the study of micro-

level of stress-strain state cannot be carried out without macrolevel estimation and vice 

versa. At present the results of studies show a lack of predictive ability of the models, 

assuming that a deformable material is only isotropic [4-7]. Moreover, to describe a range 

of modern steels (such as steel of grades TWIP, DP, TRIP) from the isotropic material 

point of view is not possible, as in this case, when simulating cold plastic deformation the 
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main engineering distinctive features of the microstructural behaviour of these materials 

will not be considered [1, 2, 8]. 

A two-level concept of plastic deformation description formed the basis for the crea-

tion of multiscale models, designing of which is based on pair-wise interaction of the 

macro model (the traditional model where isotropic materials are used) and a representa-

tive volume model (a microstructure segment model). The first model allows to obtain 

general information on the macro loading and macro deformations experienced by the 

deformable metal, and the second model reflects the behaviour of metal individual micro 

volume at a specific point of macro model under these stresses. Thus, the development of 

methods for multiscale modeling is an actual theoretical problem of metal forming, and 

this article is devoted to one of the possible solutions of this problem. A method for simu-

lation of axisymmetric cold plastic deformation processes with allowance for the micro-

structure of steel was proposed. The use of this method relating to the drawing process of 

low carbon steel rods permitted to obtain both more accurate and quite different stress-

strain state parameters and their distribution: 1. the micro model allowed high tensile lon-

gitudinal stresses on the rod axis to be detected, but the macro model showed no areas of 

negative stress-strain state; 2. multiple localizations of radial compressive strains (from - 

0.08 to - 0.33) were revealed at the micro level of a metal; 3. a micro model allowed to 

study the straining interaction of the microstructure elements, thus explaining the presence 

of higher radial strains in the ferrite phase close to a large concentration of perlite grains. 

The further development of the method proposed aims at the simulation of modern mate-

rials of more complex structure such as TRIP, DP, TWIP steels. 

The reported study was funded by RFBR according to the research project №16-38-

00619 mol_a. 
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In the studies conducted by the All-Russian Institute of Light Alloys (VILS) in the 

1970s-1990s led by V.I. Dobatkin [1], the researchers suggested that granular alumi-

num alloys with added cerium and other REMs (namely, 01417 alloy) could be used to 

produce heat-resistant alloys. As the granulation technology is rather complicated, the 
Research and Production Center for Magnetic Hydrodynamics developed another tech-

nology consisting in the production of long small-section rods by electromagnetic casting 

(EMC) [2]. The EMC process takes place at a rather high temperature (up to 900 0С) 

and ensures an ultra-high rate of solidification (103–104 0C/s). Thus, the same structure 

can be obtained as in alloys (in particular, a higher percentage of Zr) produced by the 

granulation technology. 

The paper [3] describes a comparative analysis of Al–REM and Al–Zr alloys used 

to produce heat-resistant wires. By comparing performance properties (electric re-

sistance, strength and heat resistance), manufacturability and cost-effectiveness of Al–

0.3%Zr and Al–7%REM alloys, we established a significant advantage of the former. 

This paper describes a comparative analysis of the alloys of such systems as applicable 

to the EMC technology. In view of the above [4], we chose to use the alloy with a high-

er concentration of zirconium (0.6%). 

Al–0.6%Zr–0.4%Fe–0.4%Si alloy was used to demonstrate potential applicability 

of the EMC method to produce wires that can offer a better combination of strength, 

electrical conductivity and thermal stability attributed, primarily, to a high cooling rate 

during the solidification process. Experimental and computational methods showed that 

casting temperatures over 8200С are required to ensure a complete immersion of zirco-

nium in the aluminum solid solution (Al). It was found that, in a cast rod, iron was fully 

immersed into the phase Al8Fe2Si located in the form of thin veins along the boundaries 

of dendritic cells (Fig. 1a). The as-cast EMC rod has high ductility when high degrees 

of deformation (over 98%) are applied during cold drawing. Wire annealing at 400 0С 

results in a considerable increase in electrical conductivity and ensures a high level of 

strength properties. This is attributed to the formation of nanoparticles of the Al3Zr 

phase (Fig.1b) and, consequently, a lower concentration of Zr in (Al). 

The application of the EMC method for the Al–Zr(Fe,Si) alloys has several ad-

vantages. Firstly, such advantages include a higher content of Zr in (Al) as compared 

with the conventional technology, which results in higher strength and maximum opera-

tion temperature. Secondly, hot rolling excluded from the wire manufacturing process 

will make the process easier (to the extent of continuous casting and drawing). Thirdly, 

such microstructure (submicron eutectic particles, see Fig.1a) contributes to a higher 

acceptable content of iron and silicon providing economic advantages. 

 



 

46 

     
a) b) 

Fig. 1. Structure of the Al–0.6%Zr–0.4%Fe–0.4%Si alloy: a) an original  

cast rod (8 mm), SEM, b) a wire (0.5 mm) after annealing at 400 0С 
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The most common hot-formed seamless pipe production technique includes rolling 
in a continuous pipe plant [1]. At the stage of pipe rolling in a continuous mill with a 
long mandrel, the main mechanical properties of the product are acquired and the wall 
thickness and the profile of the finished pipe are formed with a given dimensional accu-
racy [2-3]. One of the ways to improve the quality of pipes is to reduce the number of 
surface defects [4].  

During continuous rolling, the pipe is deformed between the moving mandrel and 
the rolling rolls. Therefore, the optimal choice of the mandrel speed modes and the 
stability of its movement in the deformation zone have a great influence on the surface 
quality [5-8]. In this paper, the problems of numerical simulation of the continuous pipe 
rolling at the FQM mill are set and resolved. By solving the above problems, one was 
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able to analyze how the deviation of the rolling mill axis and the extractor mill axis due 
to poor retention of the mandrel between the stands influenced the quality of the rough 
pipe. It was found that a longer holding time of the mandrel in the extreme position of 
the FQM mill before it is removed (Fig.1) reduces the metal sliding on the tool surface 
and thus helps make the mandrel extraction process more stable preventing defects on 
the inner surface of the rough pipe. The results of solving numerical simulation prob-
lems made it possible to formulate technical recommendations aimed at reducing the 
probability of surface defects in the production of pipes at the FQM mill. 

 

 

Fig. 1. The stage of the mandrel removal from the deformation zone 
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White layer which is formed on the contact surface between a wire and a die de-

pends on deformation conditions [1-4]. The aim herein is to obtain the model for the 
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assessment of white layer thickness which is formed in the combined deformational 

processing by drawing with torsion (Figure 1) in high-carbon 0.7%C steel wire. Finite-

element modelling is used to predict the thickness of the white layer. A series of exper-

iments in the combined deformational processing of high-carbon steel wire is conduct-

ed at different deformational conditions. Using the quantitative coefficient of anisotro-

py that characterizes the shape of grains, the thickness of white layer is measured. It is 

found that the theoretical prediction of white layer thickness matches with experimental 

data. In addition, the mechanical properties of the processed carbon steel wire are stud-

ied by the tensile test.  

 
Fig. 1. Principle scheme of the laboratory setup for combined deformational pro-

cessing in drawing with torsion of carbon steel wire 

 

Analytical estimation of deformation penetration into surface layers of high carbon 

steel wire 0.7%C in combined deformational processing by drawing with torsion at the 

contact area with a die was studied. Modeling of wire surface behavior under combined 

deformational processing made it possible to analyze the peculiar distribution of defor-

mation along the main axis X, Y, and Z. It was stated that maximum value of defor-

mation was observed on the (at a) distance about 10 μm from the contact surface of 

wire with a die.  Relations between the thickness of the layer of intensity plastic defor-

mation dependent on deformation conditions in combined deformational processing by 

drawing with torsion of high carbon steel wire were achieved. The thickness of this 

layer was estimated by the coefficient of anisotropy change from the contact surface of 

the wire with a die to its central area. The experimental results show good precision 

with modeling data. 3. Peculiarities of carbon steel wire mechanical properties after 

combined deformational processing by drawing with torsion were studied. The level of 

high carbon steel wire mechanical properties in combined deformational processing by 

drawing with torsion is the result of obtaining complicated stress-strain state of the 

processed metal. The results show that mechanical properties of the processed high 

carbon steel wire in drawing combined with torsion change in wide range depending on 

applied deformation. As compared with drawing, the wire tensile strength is higher 

after combined deformational processing only at lower total reduction in dies. With 

increasing total reduction in dies the wire tensile strength also increases but its level 

may be lower or the same as after drawing. Combined deformational processing by 

drawing with torsion leads to increasing wire yield strength as compared with drawing 

when total reduction in dies are lower or higher. 
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The reported study was funded by RFBR according to the research project №18-

58-45008 IND_a. 
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Mathematical modeling is the most innovative area in the process of creating new 

and optimizing the existing rolling production technologies. Simulation of the tempera-

ture processes occurring in the rolled metal in the technological chain and the required 

structures and properties of the finished rolled products is most important for ensuring 

high quality [1 - 5]. The analysis of existing models showed the presence of models that 

were built based on cybernetic approach (i.e. statistical processing of the experimental 

results) or on the epistemological approach (i.e. on theoretical dependences related to 

heat transfer processes). The known models are typically too complex to be used in 

engineering calculations or in automatic control systems. 

In this regard, it became necessary to create a mathematical model for the tempera-

ture regimes of strip rolling in relation to the 2300/1700 hot rolling mill, as well as to 

prove its adequacy on the basis of experimental studies carried out at the mill of the 

Chelyabinsk Metallurgical Plant. 

The calculation was done based on the formula [6] for changing the metal tem-

perature at the i-th point of the technological process considering the factors affecting 

the temperature of the metal during rolling and transportation as part of the mill  

                                     ,           (1) 

where      – strip temperature in       process point; 

     – temperature loss due to thermal radiation; 

      – temperature loss due to convective heat transfer;  

      – temperature loss due to contact heat transfer; 

     – strip heating in the deformation zone due to the energy of plastic strain; 

   – temperature rise in the coiler in the furnaces. 
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The calculations were carried out for 5x1,540 mm steel sheets of grade AISI 321 

rolled from 170x1,540x3,700 mm slabs. 

The change in the metal temperature in Mill 2300 and Mill 1700 is shown in 

Fig.1 and Fig.2. Experimental temperature measurements were carried out in a rolling 

mill 2300/1700 using a TERA-50 radiation pyrometer. The measurements were carried 

out in an extension stand and a universal stand. The table shows the calculated and 

experimental temperatures of the end of rolling in the mill 2300/1700. 

Analysis of the adequacy of the model showed that the developed mathematical 

model can be used to design new and improve existing rolling modes. 

 
Fig. 1. Metal temperature in Mill 2300 

 
Fig. 2. Metal temperature in Mill 1700 
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Table. Comparison of calculated and experimental rolling temperatures 

 

Temperature, 

°С 

Widening mill 

stand, Mill 2300 

Universal mill 

stand, Mill 2300 

Rolling stand 

No. 8, Mill 1700 

Coiler 

Mill 1700 

Calculated 1163,9 1062,6 938,5 782,3 

Experimental 1130…1100 1100…1050 920…900 800…760 

 

The developed mathematical model was used to study the influence of the follow-

ing rolling process parameters on the metal temperature along the mill and in the coiler: 

the heating temperature of the billet, the rolling speed, reduction during each pass, the 

type of finished product. 

This research work was funded by the Ministry of Science and Higher Education of 

the Russian Federation as part of a governmental assignment related to fundamental 

scientific research, Contract No. FENU-2020-0020 (2020071GZ). 
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Asymmetric rolling is a process of producing sheets with enhanced material 

properties (such as ductility and strength) with a front end curvature (FEC). Aerospace 
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and automobile industries demand bend sheets with different radii of curvature. In some 

cases, even sheets of continuously varying curvature are required. We propose a com-

bined asymmetric rolling and bending process – a process that combines asymmetric 

rolling with incremental bending to obtain bend sheets with improved mechanical prop-

erties. Thin metal sheets are asymmetrically cold-rolled and then bent by a punch 

placed after the rolling mill in the direction of the sheet flow. The front end curvature 

produced by asymmetric rolling is further increased in the course of incremental bend-

ing through repeated hammering to obtain the desired curvature.  

With the help of finite element analysis, this paper describes the results of numer-

ical simulation of the combined process. By means of analysis, the authors attempt to 

establish a relation between the hammering amplitude and frequency on the curvature 

radius. The effect of different rolling parameters on the bend sheet forming is also in-

vestigated. The authors point out some major challenges related to the process. The 

paper examines the effect of initial thickness on the shape of the rolled sheet and that of 

the velocity ratio between the two working rolls, and the reduction ratio on the curva-

ture of the bent sheet. The simulation results show that the velocity ratio and amplitude 

of the hammer are the two most important factors in the proposed combined process, 

and these parameters greatly influence the bend radius. Finite element analysis is also 

used to understand the typical bending behaviour of the sheet, as well as the effect of 

hammering frequency.  

The reported study was funded by RFBR according to the research project № 18-

58-45013 IND_a. 
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A great deal of attention has been recently paid to the processes of accumulation of 

large plastic deformations. Such processes help obtain a refined metal structure and 

increase the durability of metal due to the effect of grain-boundary hardening [1]. 

The goal is to expand the set of metal forming processes which allow to accumu-

late deformation without significant shape changing.  

It is proposed to apply accumulated plastic deformation to form a spiral wire out of 

a plastic metal billet (pure silver, grade Ag99.99) and then straighten it [2]. In the case 

described, the diameter of the wire was 1.2 mm and the diameter of the mandrel was 

3.2 mm (δ/(2R) = 0.375).  

As it was shown in [2], a deformation degree of ε = 0.48 can be achieved in one 

winding and unwinding cycle, and such degree refers to the external stretched profile 

fiber. The same level of deformation, but with the opposite sign, refers to the inner 

profile fiber adjacent to the surface of the rod. Since a neutral cross section is localized 

in the center of the wire, near which the strain level is lower, the strains will on average 

be lower than it was determined for the surface of the wire. However, the deformation 

accumulation principle will be observed, and thus, the average hardening will increase 

with further processing stages. 
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The process of spiraling and further straightening of a workpiece by applying ac-

cumulated plastic deformation was simulated with the help of QForm VX 8.2.3. To set 

the problem in the modeling package, we used the dependence of the deformation re-

sistance of pure silver (99.99%) specified in the paper [3]. The friction factor is set for 

the contact surface between the workpiece and the tool (which is equal to 0.2 according 

to A. Levanov), and a tension of 1 MPa is applied to the rear end of the workpiece. 

 
Fig. 1. The distribution of the true strain over the cross section of the workpiece 

   
а)    b) 

Fig. 2. The distribution of the true strain over the cross section of the wire: 

а) winding state; b) unwinding state 

Fig. 1-2 show that the plastic deformation is localized at the surface decreasing 

along the cross section in the direction of the workpiece centreline and can be adjusted 

using the calculations and statements presented in [2]. The plastic deformation in the 

central part of the workpiece drops to 0.07 for the state of winding and to 0.12 – in a 

straightened spiral.  

As indicated in [2], in one winding and unwinding cycle, the calculated degree of 

deformation at δ/(2R) = 0.375 should be 0.48. The profile length along the neutral sec-

tion was taken to remain unchanged. Therefore, the operations performed on the work-

piece should not lead to lengthening. However, the results of a real experiment turned 

out to prove the opposite. In the real experiment, it was possible to achieve a relative 

elongation of the workpiece of about 4.5%. We did not take into account the tension 



 

54 

applied to the rear end of the workpiece, which resulted in slight wrinkles formed on 

the contact surface (it is associated with the distribution graph asymmetry). The rear 

tension also affected the elongation. 

According to the simulation results, the degree of deformation obtained during spi-

raling and further straightening of a workpiece varies from 0.46 for the inner layers of 

the workpiece (which is close to the calculated values) to 0.34 for the external ones. 
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Low-alloy bioresorbable magnesium alloys are a promising material for the pro-

duction of biomedical products because they have the best biocompatibility, and their 

insufficient initial strength can be increased by means of severe plastic deformation 

(SPD). This article presents the results of a study that looked at the influence of various 

SPD methods on the microstructure and mechanical properties of magnesium alloys 

Mg-1Zn-0.15Ca and Mg-1Zn-2.8Y. 

Alloys produced by SOMZ LLC were used for the purpose of this research. Their 

chemical composition is shown in Table 1. 

Table 1 – Chemical composition and mechanical properties of the alloys 

Marking  

Chem. composition, 

weight % Type of SPD σв, MPa δ, % 

Zn Ca Y 

S9 

0.98 - 2.9 

ECAP 310 19 

S10 Extrusion  310 4 

S3-VIK CIF 250 20 

S11-VIK1 
1.0 0.18 - 

CIF 200 26 

S11-VIK1Р CIF + rolling 260 21 

The Mg-1Zn-2.8Y alloy was subjected to three types of SPD: 1) ECAP of 4 passes 

Bc at 425oC and 0.4 mm/s; the specimen was marked as S9; 2) Extrusion at 500oC 

R6.25 + rotary forging (RF) 20→18 mm, 25oC – specimen S10; 3) Homogenization at 

450oC/12h + comprehensive isothermal forging (CIF) in the temperature range 

(400÷300)oC involving 5 passes with a 25oC decrease in temperature during each pass – 

specimen S3-CIF. 

mailto:zvs181@mail.ru
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The Mg-1Zn-0.15Ca alloy was subjected to the following types of SPD: 

1) Homogenization at 450oC/12h + VIC in the temperature range (400÷300)oC involv-

ing 5 passes with a 25oC decrease in temperature during each pass – S11-VIK1; 2) Ho-

mogenization at 450oC/12h + CIF in the temperature range (400÷300)oC involving 5 

passes with a 25oC decrease in temperature during each pass + upsetting + isothermal 

rolling – S11-VIK1P. The microstructure of the specimens was analyzed using Nikon 

L150 and Axiovert 401 optical microscopes at the IMSP RAS, Ufa. Tensile tests were 

performed using a compact Kammrath&Weiss machine with a traverse movement 

speed of 10 mm/sec (deformation rate of 10-3 s-1) at room temperature for specimens 

with a working part size of 2×4×10 mm. In total, three specimens were tested for each 

individual condition. The study of the microstructure of the Mg-1Zn-0.15Ca alloy in the 

initial state showed that the alloy has a typical coarse-grained structure for casting with 

a conditionally uniform distribution of excess phases (Fig. 1a). After comprehensive 

isothermal forging, the structure became fine-grained (with a grain size of about 4 mm) 

and uniform at both the micro and macro levels (Fig. 1b). Additional rolling does not 

produce any significant structural changes after CIF (Fig. 1c) 

a b c 

Fig. 1-Microstructure of Mg-1Zn-0.15Ca alloy 

a) in the initial state; b) after CIF; c) after CIF + rolling 

a b 

Fig. 2-Microstructure of S3 alloy a) in the initial state; b) after Mg-1Zn-0.15Ca 

In its initial state, the Mg-1Zn-2.8Y alloy has the structure of large equiaxed grains 

with sizes up to several hundred microns and a dendritic parameter of the order of 8-15 

microns (Fig. 2a). After homogenization and CIF, the structure became fine-grained with 

an average grain size of 3-5 microns (Fig.2b). The results of the mechanical tests (Table 1) 

showed that ECAP would be the best SPD method of the three applicable to the Mg-1Zn-

2.9Y alloy delivering a combination of high tensile strength (310 MPa) and large elonga-

tion (19%). However, when analyzing the test results for the alloy Mg-1Zn-0.16Ca, one 

can see that rolling applied after CIF operation can significantly increase the strength of 

the alloy (from 200 to 260 MPa) leading to a slight decrease in ductility (from 26% to 

21%). A sequence of SPD operations applied to the alloy Mg-1Zn-2.9  may help achieve 

comparable ECAP strength characteristics. 
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There is a current global increase in construction operations with a widespread use 

of reinforced concrete structures, where high-strength prestressing strands are used as a 

main element. The combination of a complex design and a critical application of the 

finished product (and, consequently, high requirements for its properties) is complicat-

ed by the fact that prestressing strands are a product of a multi-stage technology con-

sisting of multi-pass operations, often incorporating technological effects of various 

physical nature. In view of this, one of the most successful research methods for such 

science-intensive technologies is a multiscale modeling method, factoring in both mi-

cromechanics of steel deformation and the evolution of internal stresses. 

Developed models are presented the finite-element modeling results of stranding, 

reduction, straightening and mechanical-thermal treatment (MTT) of prestressing strand 

(PSC strand). Computer models took into account the distribution of residual stresses 

formed at the preliminary stage of wire drawing. During the simulation, the effect of 

MTT on the internal stresses of the wires was studied: residual stresses after the draw-

ing process and additional stresses after the stranding. All studied methods demonstrat-

ed a positive effect not only from the point of eliminating internal stresses, but also 

from the point of view of their favorable redistribution. The reduction of PSC strand in 

a monolith tool with strain degree 1-3% allows to minimize tensile stresses on the sur-

face of the wires and save compressive stresses in the center of the wires. The straight-

ening by a group of 5 rolls made it possible to reduce the tension of outer wires twice. 

The MTT application, combining the effects of various physical nature, made it possi-

ble to control over a wide range the redistribution of residual stresses in the wires after 

high strain degrees and the additional stresses created during the stranding, which affect 

the preservation of the geometric parameters of the PSC strand. The study showed that 

to eliminate longitudinal residual stresses, the magnitude of the tension in the MTT is 

the most important parameter. Therefore, with a minimum value of tension, the residual 

stresses are not redistributed either in the central or in the surface layers, regardless of 

the temperature of the MTT. However, with tension above 70 kN and a temperature of 

380-400°C, the residual stresses in the center and on the surface of the wires are bal-

anced or almost completely eliminated. 
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Fig.1.Mises stresses in the cross section of 

PSC strand 
Fig.2. Longitudinal stresses in the cross 

section of PSC strand 
 

Comparison of the distributions of the Mises stresses (fig.1) and longitudinal 

stresses (fig.2) showed that the straightening with depth up to 5 mm for a 12.5 mm rope 

in one group of rolls significantly changes the stress state (mainly its outer wires). The 

longitudinal stresses of the outer wires are reduced by 1.7–2 times, and in some wires 

they even reach near zero values. Mises stresses were reduced in all outer wires by 1.5-

2 times, which favorably reduces the untwisting of the rope. However, a further in-

crease in the depth can adversely affect the preservation of the strand geometry and lead 

to an increase in pulling force. 

The reported study was funded by RFBR according to the research project №16-

38-00619 mol_a. 
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The formability of steels and alloys in pipe mills is determined by ductility and de-

formation resistance, the two of which ensure the technological plasticity of metals. In 

order to obtain new data on the dependence of technological plasticity on the heating 

temperature, tests were carried out on specimens taken from forged and continuously 

cast billets made of 15Kh13N2 steel (AISI 414) and the results were compared with 

those obtained earlier for steel grades 10GFBU (AISI 1010) and Steel 20 (AISI 1020). 

The technological plasticity of 15Kh13N2 steel (AISI 414) billets was studied in the 

temperature range from 1,000 to 1,250 °C. Graphs were built showing a dependence of 

the torque on the rotation angle and the number of torsions to failure on the heating 

temperature. To assess the uniformity of properties distribution across the cross section, 

we compared the test results obtained for specimens from the peripheral and central 

areas of the workpieces. The study was carried out using the thermomechanical model-

ing system "Gleeble 3800". The billet heating intervals were determined that are asso-

ciated with maximum technological plasticity minimizing defect formation on the hol-

low billet inner surface during flashing. The most rational temperature range for the 

cross-roll piercing of forged billets made of 15Kh13N2 steel (AISI 414) is from 1,050 

to 1,125 °C (in this interval, the relative deviation of the technological plasticity does 

not exceed 11%). The average number of torsions before failure within the rational 

temperature range is 17.2 ± 1.4. The maximum number of torsions before fracture 

(18.5) was observed when the specimens were heated to 1,100 °C, while the minimum 

one (11.1) corresponds to the heating temperature of 1,250 °C. Raising the heating 

temperature above 1,100 °C leads to a gradual decrease in the technological plasticity 

of steel. Piercing of 15Kh13N2 steel (AISI 414) forged billets outside the range of max-

imum technological plasticity can cause the formation of internal defects in hollow 

billet and pipes. 

Introduction 

An ever rising demand is currently observed for stainless steel pipes, especially in 

oil and gas industry and in particular for 13Cr steels. This type of steel has a number of 

unique properties, which justify its use despite the high cost of products made of this 

material [1, 2]. 

The formability of steels and alloys in pipe mills is determined by two main prop-

erties – ductility and deformation resistance, the two of which ensure the technological 

plasticity of metals.  

Both are interrelated and depend on the nature of the metal, its structural state, 

temperature and deformation rate, the surface of the workpiece, the environment and 

other factors. 

mailto:korsakov@rosniti.ru
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Screw rolling is one of the most widespread and productive methods of producing 

seamless pipes. In a rotary piercing process, a favorable stress state makes it possible to 

deform non plastic cast material, as well as hard-to-deform steels [3]. 

The stress-strain behavior typical of the rotary piercing process differs drastically 

from the one typical of any other metal testing method. Therefore, the experimental 

data on the mechanical properties of steel in hot conditions are not indicative in this 

case and are hardly applicable. Significantly more reliable results are supplied by the 

hot torsion test method. 

The aim of this research is to obtain new data on the technological plasticity of 

specimens of forged and continuously cast billets made of steel 15Kh13N2 (AISI 414) 

and to understand how it changes depending on the heating temperature, as well as to 

compare such data with the data obtained earlier [4] for Steel 20 (AISI 1020) and 

10GFBU (AISI 1010). 

Materials and Methods of Research 

The “Gleeble 3800” digital closed-circuit thermomechanical modeling system with 

the “Torsion” mobile hot-torsion module was selected for this research. The equipment 

is located at South Ural State University in Chelyabinsk. 

A template for these test specimens were made from forged billets with a diameter 

of 340 mm (Fig. 1 and 2). 

 
Fig. 1. Layout for torsion test specimen cutting  

 

 
Fig. 2. Specimens made of steel 15Kh13N2 (AISI 414) for hot torsion tests  

in the Gleeble 3800 unit 
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The essence of this method is to determine the twist angle of the specimen required 

for its destruction (plasticity), as well as the maximum twisting force or torsion moment 

(deformation resistance). 

Although the stress-strain behavior during hot torsion differs from that observed 

during piercing, the results of such tests make it possible to establish the optimum tem-

perature interval in which piercing is to be carried out, which is consistent with the 

piercing test results obtained from an experimental screw-rolling mill and pipe produc-

tion practice [5]. All tests are carried out until the specimen fractures.  

The steel grades and the quantities of specimens are presented in Table 1. 

Table 1. Steel grades and quantities of specimens 

Steel grade 
15Kh13N2 (AISI 414) 

(forged) 

15Kh13N2 

(AISI 414) 

(CCB) 

1250 3 - 

1225 3 - 

1200 3 3 

1175 3 - 

1150 3 - 

1125 3 - 

1100 3 3 

1075 3 - 

1050 3 - 

1000 3 3 

 

Specimens are heated to the required temperature at a rate of 5 °C/s by direct 

transmission of electric current with subsequent exposure of 1.5 min in order to achieve 

a minimum temperature gradient in the working area of the specimen. The temperature 

of the specimen is measured by two thermocouples fixed to the specimen. The first 

thermocouple is located in the center of the working area and controls the heating tem-

perature before testing. The second thermocouple is situated close to the working area, 

on the stationary gripper side and monitors how the temperature is changing during the 

test. 

The strain rate was determined based on the calculations performed as part of the 

previously developed technique [4, 6, 7]. 

In the paper [1] describing hot torsion tests performed for Steel 20 (AISI 1020) and 

10GFBU (AISI 1010) for VTZ JSC, an average value of the strain rate of 15 s-1 was 

chosen, which corresponded to the rotation frequency of the mounting clip f ≈ 16.5 

r.p.s.  

Thus, in order to ensure the conditions under which the most correct comparative 

analysis was possible for all steel grades and due to the fact that no modes were adjust-

ed on the TPA 159-426 piercing mill during piercing of the steel grade 15Kh13N2 (AI-

SI 414) [1, 8], the same modes were used (i.e., with the strain rate of 15 s-1). The same 

strain rate was applied in all tests. 

The following parameters were monitored during hot torsion tests in a continuous 

mode: rotation angle, torque, temperature around the working area of the specimen. The 

latter was measured by means of a thermocouple, whereas the temperature in the work-
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ing area of the specimen was measured by means of a pyrometer. Based on the data 

obtained, we built graphs showing the dependence of the torque M on the rotation angle 

θ and determined the rotation angle θр and the number of revolutions Nр before the 

fracture. 

Results 

The experimental torsion curves in the Angle of Rotation – Torque coordinates ob-

tained at various specimen deformation temperatures are shown in Figure 3 for speci-

mens made from rolled billets, and in Figure 4 for specimens made from CCB of steel 

grade 15Kh13N2 (AISI 414). Each graph shows the torsion curves for three specimens 

tested at the same temperature. 

 

 
Fig. 3. Experimental curves obtained during the torsion tests conducted on steel grade 

15Kh13N2 (AISI 414) specimens in the as-forged state at different test temperatures 

(1,000 to 1,250°C) 
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Fig. 4. Experimental curves obtained during the torsion tests conducted  

on steel 15Kh13N2 (AISI 414) specimens in the as-cast state (CCB) at different  

test temperatures (deformation curves for nine specimens are shown: three specimens 

for each temperature regime) 

It can be observed from the presented figures that the torque M required for initial 

deformation increases with an increase in the angle of rotation θ and reaches its peak 

value. With a subsequent increase in the angle of rotation, a dive in torque is observed, 

which is probably associated with deformation heating. According to the pyrometer, the 

heat of 200-400°C is applied in the deformation zone depending on the test temperature 

(Figure 5). According to the thermocouple in the vicinity of the working area, the tem-

perature during the deformation process changed insignificantly (no more than 5 °C), 

which may indicate early localization of the deformation and, as a consequence, defor-

mation heating. 

The dependence of the torque on the angle of rotation under the same temperature 

conditions has good reproducibility (the deformation curves for the three specimens 

tested under the same conditions coincide). 

The fracture process is supposed to commence in the point in which the defor-

mation curve separates from the tangent drawn to the descending section. It is associat-

ed with strain softening (Figure 6). The obtained data for the studied steels are present-

ed in Figure 7. 

For the 15Kh13N2 (AISI 414) steel in the as-forged state, the dependence of tech-

nological plasticity on temperature at the beginning of the deformation process is non-

monotonic and reaches its maximum at the temperature of about 1,100°C (Fig. 7). The 

peak value for this dependence is 17.25 ± 1.8 revolutions (the experimental dispersion 

is ± 10%). 
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Fig. 7. The technological plasticity of the studied steels at different test temperatures 

The specimens cut from the axial area of the forged billet were tested at the tem-

perature of 1,100°C because the maximum technological plasticity of the 15Kh13N2 

(AISI 414) steel in the as-forged state was determined at this temperature (the highest 

number of revolutions before fracture of the specimen). The obtained plasticity data are 

located at the low boundary of the experimental dispersion (± 10%) for the base metal 

(Fig. 7). 

The technological plasticity of the 15Kh13N2 (AISI 414) steel grade for the as-cast 

state is significantly lower than that for the as-forged state (Fig. 7). This is probably due 

to the presence of defects in the blank. The temperature dependence of plasticity ob-
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Fig. 5. Change in temperature of the deformation zone as the 

load is applied 
Fig. 6. Determination of the onset of sample fracture 
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tained in this case is different since it increases monotonically. 

Thus, it can be concluded that the technological plasticity of the 15Kh13N2 (AISI 

414) steel in the as-forged state is significantly higher than in the as-cast one (the num-

ber of revolutions before failure is 2-14 times higher). Therefore, the use of the 

15Kh13N2 (AISI 414) steel for the production of seamless hot-rolled pipes is only pos-

sible on condition that the billet has undergone preliminary deformation processing. 

The use of CCB is significantly limited or completely impossible. 

There is a direct relationship between the choice of the rational heating tempera-

ture for piercing and the number of revolutions before failure: the temperature at which 

the specimen is able to withstand a higher torsion until its destruction will be recom-

mended. 

The average values of the number of revolutions to failure <Np> depending on the 

test temperature of the specimens cut from the peripheral part of the billet made of steel 

grade 15Kh13N2 (AISI 414) are shown in Fig. 8. 

 

 
Fig. 8. Histograms showing the average number of revolutions to failure depending 

 on the test temperature of specimens cut from steel 15Kh13N2 (AISI 414):  

a) as-forged state; b) CCB 

The histograms clearly show that various types of billets made of steel grade 

15Kh13N2 (AISI 414) (as-forged and CCB) have different temperature ranges that 

correspond to maximum technological plasticity. If the deviation of ± 10% from the 

optimal value is considered as acceptable, then the temperature range of the maximum 

technological plasticity for forged billets is 1,050 – 1,125°C (with the average number 

of revolutions to failure from 16.5 to 18.5). For continuously cast billets (CCB), the 

temperature range of the maximum technological plasticity starts from 1,200°C and 

probably goes beyond the boundaries of the studied temperature ranges (3 times lower 

than the average number of revolutions to failure, which is about 6.5). 

In order to carry out a comparative analysis of the hot torsion test results obtained 

for various steel grades and types of billets, the curves presented in Fig. 7 are shown 

together with the curves depicting the technological plasticity of Steel 20 (AISI 1020) 

and 10GFBU (AISI 1010) in the as-cast state, which were obtained earlier under similar 

test conditions (Fig. 9) [4]. 

  
a) b) 
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Fig. 9. Technological plasticity of various grades of steel and types of billet de-

pending on various test temperatures 

 

The 15Kh13N2 (AISI 414) steel grade in the as-cast state was found to have the 

lowest technological plasticity (Fig. 9) (the average number of revolutions before fail-

ure varies from 1 to 6.5). Therefore, further consideration of this steel is not advisable, 

since it is practically unsuitable for rotary piercing. 

Steel 20 (AISI 1020) and 10GFBU (AISI 1010) in the as-cast state have signifi-

cantly greater results (Fig. 9) than the 15Kh13N2 (AISI 414) steel in the as-forged 

state: the 10GFBU (AISI 1010) steel grade has the largest number of revolutions before 

failure (an average of 33.7 to 44.5); with the average number of revolutions to failure 

from 26.2 to 33.1, Steel 20 is in the median position; the 15Kh13N2 (AISI 414) steel in 

the as-forged state shows an average of 11.1 to 18.5 revolutions before failure. 

The situation with the specimens cut from the axial areas of billets looks different 

to the one with the specimens cut from the peripheral areas and also varies depending 

on the steel grade (Fig. 9): 
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 for 10GFBU (AISI 1010), the average number of revolutions before fracture 

for the specimens cut from the axial area of the billet and tested at the temperature of 

1,125°C is 36.7, which is 14% lower than the number of revolutions for the specimens 

cut from the peripheral areas (42.7) of the billet and tested at the same temperature; 

 for Steel 20 (AISI 1020), the average number of revolutions before fracture 

for the specimens cut from the axial area of the billet and tested at the temperatures 

from 1,100 to 1,150°C is 13.2, which is 58.5% lower than for the specimens cut from 

the peripheral areas (31.8) and tested at the same temperatures (i.e. lower than the per-

formance of the as-forged billet made of steel 15Kh13N2 (AISI 414)); 

 for the 15Kh13N2 (AISI 414) steel grade in the as-forged state, the number of 

revolutions before fracture for the specimens cut from the axial area of the billet and 

tested at the temperature of 1,125°C averages 15.8, which is 5.4% lower than for the 

specimens cut from the peripheral areas of the billet (16.7) and tested at the same tem-

perature. 

Thus, the 15Kh13N2 (AISI 414) steel grade in the as-forged state does not experi-

ence such a significant variation in technological plasticity across the cross section of 

the billet from the peripheral regions to the axial zone as do Steel 20 (AISI 1020) and 

10GFBU (AISI 1010) in the as-cast state. It means that there is a lower risk of the for-

mation of internal defects associated with metal structure heterogeneity over the cross 

section. 

Conclusions 

1. The torsion curves for the steel grade 15Kh13N2 (AISI 414) have a typical 

form for hot tests: with an increase in the rotation angle, the torque increases to a 

certain maximum value before it drops down as a result of significant heating of 

samples which occurs due to the partial conversion of the mechanical energy into heat 

at a high strain rate. The presence of high-temperature processes of deformation 

softening is also possible. 

2. The obtained data suggest that the temperature range of 1,050-1,125 °C would 

be most rational, in terms of technological plasticity, for the screw rolling of forged 

billets made of steel 15Kh13N2 (AISI 414) (the relative deviation of technological 

plasticity in the above range does not exceed 11%). The average number of revolutions 

before fracture within the rational temperature range is 17.2 ± 1.4. The maximum 

number of revolutions to fracture (18.5) is observed at the heating temperature of 1,100 

°C, and the minimum number of revolutions (11.1) – at the heating temperature 1,250 

°C. With an increase in the heating temperature of samples above 1,100 °C, a gradual 

decrease in the technological plasticity of steel is observed. 

3. For steel 15Kh13N2 (AISI 414) in the as-cast state, a gradual increase in the 

technological plasticity is observed with an increase in the deformation temperature. At 

the same time, the obtained values are significantly lower (by 8–14 revolutions) than 

those obtained for this steel grade in the as-forged state. Thus, the use of CCB made of 

steel 15Kh13N2 (AISI 414) for the manufacturing of hot-rolled seamless pipes of 

proper quality by means of screw rolling followed by rolling without additional 

measures is associated with the inevitable destruction of the workpiece metal during 

piercing and formation of a large number of defects. 

4. A comparative analysis of the hot torsion test results of various steel grades 

showed that the technological plasticity of Steel 20 (AISI 1020) and 10GFBU (AISI 

1010) in the as-cast state is significantly better compared with steel grade 15Kh13N2 
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(AISI 414) in the as-forged state (the number of revolutions to failure is 2 or more times 

higher). At the same time, CCB of Steel 20 (AISI 1020) and 10GFBU (AISI 1010) have 

a significant heterogeneity of properties across the cross section (thus, their 

technological plasticity profoundly deteriorates from the peripheral regions to the axial 

zone). Steel grade 15Kh13N2 (AISI 414) in the as-forged state does not have this 

drawback. Due to prior deformation processing, uniformity of properties across the 

cross section of the billet is achieved, therefore this steel grade can be successfully 

pierced in screw rolling mills and rolled into pipes of proper quality. 

5. Piercing of forged billets made of steel grade 15Kh13N2 (AISI 414) outside the 

range of maximum technological plasticity can cause internal defects in hollow billets 

and pipes. 
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High-strength reinforced stabilized ropes are the base of modern efficient building 

technologies for fabrication of prefabricated reinforced concrete with preliminary ten-

sion of reinforced bars, as well as constructions with consequent post-tensioning. 
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Equipment and technological routes for manufacture of reinforced ropes used by the 

leading foreign and domestic hardware enterprises are analyzed. It allowed to establish 

that the modern development tendencies of science, machinery and technologies are 

characterized by searching the efficient complex for effect on metal microstructure with 

combination of processing methods with different physical nature. The aim of this ef-

fect is in reaching high-strength state of processing material with adding to it the com-

plex of special properties, meeting the requirements of operating conditions of reinforc-

ing products in iron ore constructions of responsible application. Detailed examination 

and understanding of the physical mechanisms of forming of structural-phase states of 

applied materials is being more and more actual for realization of such tasks. These 

mechanisms substantiate temperature and temporal, force and deformation parameters 

of multi-stage treatment and provide maximal possible dispersity degree of steel micro-

structure parameters and its transition in high-strength state. The method of trial 

quenching is used conventionally for examination of structural-phase transformations 

(critical points). This method is standardized in many countries, however, it has several 

deficiencies: labour intensity, low productivity and (sometimes) subjectivity. Thereby 

instrumental control methods of investigation, such as dilatometry, differential scanning 

calorimetry (DSC) and differential thermal analysis (DTA), allowing to fix temperature 

intervals of pgase transformations and to receive information about the values of critical 

points in metals and alloys are widely used at recent time. The obtained experimental 

values are used for building the thermo-kinetic diagram of continuous heating and the 

diagram of isothermal transformation. These diagrams are applying for examination of 

the essence of transformation processes occurring in different temperature zones and 

regularities of decomposition of overcooled austenite. The regularities of forming of 

structure and properties of several grades of hot-rolled high-carbon steel billets (e.g. 

steel 80P via dilatometric method [1]) are examined rather widely at present time. 

However, such experiments for steel 80 using DTA/DSC method are not described in 

the literature; nevertheless, they are widely used for investigation of alloyed steels [2–

9]. Additionally, DTA/DSC methods are most requested than dilatometric method, 

owing to their high sensitivity to coursing of phase transformations [10]. Thereby, the 

aim of this work is formulated as examination of structural-phase transformations of 

initial hotrolled billets made of high-carbon steel via the method of differential scan-

ning calorimetry. 

The obtained experimental data of the DSC method have confirmed necessity of 

usage of austenitization in the temperature range 930–980 °С in production of high-

strength reinforced ropes for responsible applications. This technology provide increase 

of austenite homogenization degree as well as suppression of free ferrite forming in 

high-carbon hot-rolled billets. Experimental data of DSC method are informative, their 

usage in combination with metallographic methods allow to test the heat treatment pro-

cedures, providing forming of dispersed ferrite-carbide mixture in steel microstructure. 

The reported study was funded by RFBR according to the research project №18-

58-45008 IND_a. 

References  

1. Chukin D. M., Ishimov A. S., Zherebtsov M. S. Usage of GLEEBLE 3500 

complex for determination of critical points in microalloyed steek 80P. Mezhdunarod-

nyi nauchno-issledovatelskiy zhurnal. 2012. No. 5. pp. 131–133. 



 

69 

2. Zilnyk K. D. et al. Martensitic transformation in Eurofer-97 and ODS-Eurofer 

steels: A comparative study. Journal of Nuclear Materials. 2015. Vol. 462. pp. 360–367. 

3. Raju S. et al. A study on martensitic phase transformation in 9Cr–1W–0,23V–

0,063Ta–0,56Mn–0,09C–0,02N (wt.%) reduced activation steel using differential scan-

ning calorimetry. Journal of Nuclear Materials. 2010. Vol. 405. pp. 59–69. 

4. Chandravathi K. S. et al. Effect of isothermal heat treatment on microstruc-

ture and mechanical properties of reduced activation ferritic martensitic steel. Journal of 

Nuclear Materials. 2013. Vol. 435. pp. 128–136. 

5. Vdovin K. N., Lisovskaya M. A., Pivovarova K. G. The use of thermal analy-

sis to study the structure and properties of roll steels. Metal Science and Heat Treat-

ment. 2014. Vol. 56. pp. 302–305. 

6. Grebenkov S. A., Skudnov V. A., Shatsov А. А., Kleiner L. M. Deformation 

strengthening of low-alloyed martensite steels of the system Cr-Mn-Ni-Mo-V-Nb. Pro-

ceedings of Nizhny Novgorod State Technical University n. a. R. E. Alekseev. 2014. 

No. 3 (105). pp. 228–238. 

7. Shiryaev O. P. MMK-Metiz: saving, enlargement, modernization. Chernye 

metally. 2013. No. 10. pp. 24–26. 

8. Vedeneev A. V., Ezhov V. V., Kuzmenko A. I. The module of 4-fold twisting 

for increase of productivity of rope machines. Chernye metally. 2013. No. 10. pp. 48–52. 

9. Sukhorukov V. V., Vorontsov A. N., Volokhovskiy V. Yu. Control of hoist-

ing rope wear for hot metal cranes of metallurgical enterprises. Chernye metally. 2013. 

No. 10. pp. 56–60. 

10. Gadeev D. V. Investigations of phase transformations using the methods of 

structural and thermal analysis in dual-phase alloys on titanium base : Dissertation … of 

Candidate of Engineering Sciences. Ural Federal University. Ekaterinburg. 2012. 24 p. 

MODELING OF A NEW CHANNEL ROLLING METHOD  

IN THE DEFORM SOFTWARE PACKAGE 

Ustinova E., Shvarts D., Mikhaylenko A. 

Ural Federal University named after the first President of Russia B.N. Yeltsin, 

Yekaterinburg, Russia 

ustinova1694@gmail.com 

 

The most important component of any rolling operation is the calibration of the 

rolls. The ability to obtain a finished product of high quality at minimal cost is deter-

mined by the right calibration. There exists a well-known practical method of rolling 

channels that relies on the flared flange method. However, it has a number of draw-

backs. The biggest drawback is related to the difficult strip entry conditions when a 

flared flange strip is entering a straight flange check gauge. This leads to the need to 

use sophisticated entry guides and can result in inaccurate length and geometry of the 

channel leg [1]. 

Specialists of the Department of Metal Forming at the Ural Federal University are 

currently working on creating a new methodology for optimizing the roll calibration oper-

ation for channel rolling based on a systematic approach – Two-Stage Optimization Con-

cept [2-6]. The new approach helped obtain a completely new type of channel gauge with 

inward bent flanges (Fig. 1), which can be used for the flared flange method. 
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Fig. 1. Channel gauges with inward bent flanges:  

a) intermediate gauge;  b) prefinishing check gauge 

 

The flanges are bent on 1/3 of their length. It is proposed to use the resultant gaug-

es as intermediate (Fig.1, а) and prefinishing check (Fig.1, b) gauges in the flared 

flange method. Straightening of the flanges will be carried out in a straight flange fin-

ishing gauge with an increased flange angle.  

The roll calibration for channel 16 in Section Mill 650, which is currently in opera-

tion at the Azovstal Iron & Steel Works, was selected as a prototype process. We simu-

lated this operation [7]. In our view, the gauge design can be improved. Thus, in partic-

ular, flared flange gauges can be used as shown in Fig. 1. The simulation in DEFORM 

showed significant advantages of the optimized gauge over the prototype one: the strip 

entry conditions have been considerably improved, which contributes to the symmetry 

of the finished sections and helps reduce the power consumption, the roll wear and the 

roll remachining cost (Fig. 2). 

 

 
Fig. 2. Rolling in the new shape gauge 

 

The reported study was funded by RFBR, project number 20-38-90246. 
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Development of aluminum nanomaterials is globally seen as one of the key areas 

of technological progress. Such materials demonstrate high physical, mechanical and 

performance properties and are a subject of study for researchers in physics, mechanics 

of materials, and metal forming. One of the innovative nanostructuring technique for 

metallic materials includes the method of severe plastic deformation (SPD). A key pa-

rameter characterizing ultrafine-grained (UFG) materials is the grain size, namely, the 

structural elements separated by high-angle boundaries. It is this parameter that deter-

mines a typical scale of processes that influence the physical, mechanical and perfor-

mance properties of nanostructured materials. In addition to the grain size, the proper-

ties of UFG materials are significantly influenced by such factors as the state and pa-

rameters of grain boundaries, phase composition, density and configuration of existing 

crystallographic defects, texture, precipitations and segregations, etc. There is a range 

of factors that characterize the grain boundaries in SPD materials: a defective structure 

of boundaries determining the degree of their non-equilibrium state; a range of grain-

boundary angles describing the share of high-angle or special boundaries; the chemical 

composition of grain boundaries in alloys in which atoms of alloying elements may be 

redistributed in space as a result of SPD. Moreover, the above nanostructural parame-

ters may vary within a wide range depending on SPD schedules. It is the formation of 

high-angle boundaries that determines the considerable difference of UFG metals and 

alloys produced by SPD methods from ordinary materials processed by conventional 

metal forming methods. 



 

72 

However, the existing SPD methods are characterized with certain technical draw-

backs limiting their wider application in industry. Such drawbacks mainly include small 

sizes of semi-finished products, low manufacturability and, consequently, limited per-

formance and economic feasibility of such technologies. The stated factors considera-

bly curb the commercial production and use of UFG metallic materials. 

To find a solution to the above stated scientific and technical problems, the authors 

propose unconventional SPD methods that are based on asymmetric rolling realized due 

to mismatching velocities of the work rolls, contact friction conditions, and a combina-

tion of various deformation methods. It should be noted that the Laboratory of Mechan-

ics of Gradient Nanomaterials at NMSTU houses a unique industrial and laboratory 

rolling mill 400 with a separate roll drive, which was built as part of the Megagrant 

under Resolution P220 of the Government of the Russian Federation and which has no 

counterparts in Europe. 

For the first time, we theoretically determined the difference between asymmetric 

rolling as an SPD method and a conventional asymmetric rolling process; found regions 

that combine the required values of accumulated deformation and the shear angle for 

various aluminum alloys, which produce a UFG structure when these values are met; 

developed algorithms for determining rational process parameters of asymmetric rolling 

as an SPD method; developed and described algorithms for determining rational pro-

cess parameters of asymmetric rolling when it is combined with other SPD processes. 

The reported study was funded by RFBR (Project No. 20-31-70001), by the Mega-

grant (Agreement No. 074-02-2018-329, Subject 2018-08 MG), and by RSF (Agreement 

No. 20-69-46042, Subject 2020-06 RNF), by a grant of the RFBR (contract No. 18-58-

45013\19 IND_a from 14.10.2019). 
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Tensile testing of cylindrical specimens plays a key role in determining the me-

chanical properties of various metals and alloys. It is also the main type of acceptance 

testing for metal products. Moreover, the scope of its application can be expanded if the 

stage of localized deformation is subjected to analysis. At the same time, the main diffi-

culty in studying the formation and development of the neck is the inhomogeneous 

distribution of both axial and radial stresses. There exists a number of mathematical 

models [1-3] that allow to calculate stresses in the minimum section of a specimen, as 

well as evaluate the stress triaxiality in the center of this section. However, any such 

model is based on the assumption that the researcher knows two dimensions – the di-

ameter of the sample in the minimum cross section of the neck d and the neck curvature 

radius R. 

This paper uses the finite element method to analyze the neck profile in various 

materials. As a result of theoretical analysis, an analytical equation is proposed that 

describes the neck profile: 
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where z and ρ – axial and radial coordinates of points on the specimen surface, respec-

tively, d1 – diameter of the specimen at the moment the strain is starting to localize in 

the neck, c – coefficient determined by the material properties, c > 0. Eq.1 assumes that 

the minimum cross-section of the specimen has the coordinate z0 = 0 and is located in 

the middle of the gauge. 

Theoretical studies prove the high efficiency of the proposed equation. The ap-

proximation accuracy of the neck profile over the entire gauge length of the specimen 

was at least 96%. The average accuracy in the specimen’s neck is approximately 99.5% 

(Fig. 1). 

 

Fig. 1. The approximation of the neck profile with the help of Eq.1 based on FEM 

The advantage of Eq.1 is that it makes it easy to determine the neck curvature radi-

us: 
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For experimental analysis of the localized deformation stage, a program was de-

veloped with the help of the Wolfram Mathematica software that can do approximation 

of the neck profile with the proposed equation based on the video of the test process or 

on individual photos. The program consists of several modules. With the help of the 

first module, one can split the video file of the test process into separate frames. The 

second module helps download and analyze data from the testing machine. The third 

module uses the Sobel filter, and one can use it to select the boundaries of the specimen 

with the neck for each frame. The last module approximates the neck using Eq.1 and 

calculates the stress triaxiality in the center of the specimen, as well as the true stress 

value at each moment of the test. Fig.2 shows the neck approximation results for a 

specimen with the diameter of 5 mm and the original gauge length of 25 mm made of 

steel 09G2S. 

       

 

Fig. 2. Experiment-based approximation of the neck profile using Eq.1  
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It is well-known that the effectiveness of deformation processing of metals de-

pends on the contact interaction between the tool and the workpiece. However, at pre-

sent there exist no science-based approaches to predicting the effectiveness of defor-

mation processing of metal and alloys and how it correlates with further process opera-

tions. Deformation processing of steels involves a complex exposure to many factors. 

The basic metal deformation techniques include tension, compression, bending, and 

twisting. Application of different deformation schedules can change the structure and 

properties of the processed metal in a different way. The contact interaction between 

the processed metal and the tool is of special importance. In conventional metal pro-

cessing, the surface layer is studied based on the phenomenological approach of contin-

uum mechanics. The paper [1] states that the total thickness of the contact layer with 

alternating deformations as a result of rough surface interaction is equal to the height of 

microasperities or twice that height. It is well-known that drawing through conical dies 

is the basic operation in wire manufacturing. The process is characterized with compli-

cated stress-strain state patterns in the deformation zone of the processed metal. That is 

why, after drawing, the metal has low ductile properties. And that is the reason why 

heat treatment operations should be included in the wire manufacturing process. The 

papers [2, 3] demonstrate that the contact area between the wire and the die has peculiar 

microstructure and properties.  

Through theoretical and experimental research, it was proved that, during drawing, 

a 20-40 μm layer is formed on the wire/tool contact surface, where the strain intensity 

in metal is higher as compared with the strain in bulk material [4-7].  

One of the ways to increase the effectiveness of wire drawing is to rotate the die. 

The results of the studies show that as the wire rotation rate rises, the drawing effec-

tiveness increases while the drawing stress drops [8-11]. Currently, there exist tech-

niques that combine drawing with torsion [12-14]. Each of such techniques has its tech-

nical peculiarities. But the complicated stress-strain state patterns typical of the com-

bined rod drawing and torsion process results in a specific interaction between the con-

tact surface and the tool, which makes both theoretical and experimental studies more 

complicated [15, 16].   

This paper examines the strain in the surface layers of a high carbon 0.7%C steel 

wire which come in contact with the die in the combined drawing and torsion process. 

Modeling of the wire surface behavior under combined deformation processing made it 

possible to analyze the peculiar distribution of strain along the main axes X, Y, and Z.  

The maximum strain was observed in the area of about 10 μm from the wire/die contact 

surface. 

The reported study was funded by RFBR according to the research project №18-

58-45008 IND_a. 
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The accuracy of geometrical dimensions and the shape of hot-deformed seamless 

tubes is the most important quality characteristic of this type of metal products. In this 

case, particular attention is paid to the dimensional accuracy of the tube wall. A devia-

tion in the wall thickness may lead to the unevenness of mechanical properties over the 

tube section, as well as to the appearance of defects on the tube surface [1]. 

Forming a finished tube on a stretch reduction mill is one of the most important 

stages in the production of hot-deformed seamless tubes. A reduction mill is a mill that 

runs in a continuous mode and consists of three roll stands arranged in a series. As a 

result of successive reduction of gauges along the stands, the diameter of the rolled tube 

decreases; in this case, the wall thickness can increase, decrease or remain unchanged 

[2]. 
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Determination of the rolling modes is one of the main tasks related to the devel-

opment of reduction processes. 

The aim of this research is to determine the influence of reduction speed modes on 

the deformation unevenness degree in the production of hot-deformed seamless steel 

tubes. 

The process of reducing a rough tube to produce a 93.17x12.45 mm tube of steel 

grade TT309 (L80 type1) was examined. 

A number of numerical experiments was carried out to simulate the reduction pro-

cess performed in different speed modes. The characteristics of the modes are shown in 

Fig. 1. 

 

 
Fig. 1. Reduction Speed Modes  

 

Using numerical simulation, the results of the stress distribution in the deformation 

zones of the stretch reduction mill stands were obtained (Table 1). 

Table 1 

Stresses in the deformation zones of the stretch reduction mill stands  

 Effective stresses, МPа 

Plastic 

tension 

coefficient 

Stand number 

1 2 3 4 5 6 

0.55 43.3 45.3 47.1 46.1 46.3 46.9 

0.63 42.1 45.1 45.8 46.3 46.6 46.2 

0.71 42.9 44.3 44.7 45.4 45.3 45.8 

0.78 41.9 44.2 44.9 45.5 45.4 45.7 

0.85 43.2 45.9 46.3 45.9 45.9 47.1 

 

Having analyzed the color-coded charts of the stress state and geometric parame-

ters of the longitudinal and cross sections of the billet in the deformation zones of the 

stretch reduction mill stands, the authors determined that when the plastic tension coef-

ficient is higher than 0.8, a thinning of the tube wall takes place. When the plastic ten-

sion coefficient is below 0.6, there is an imbalance of internal stresses across the tube 
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section, which affects the accuracy of the tube profile and contributes to the formation 

of nonconformity defects.  

Thus, the optimal value of the plastic tension coefficient is in the range of 0.6-0.8. 

Sticking to the above range will contribute to a uniform stress distribution in the billet 

during the reduction process and thus improve the profile accuracy and the overall qual-

ity of hot-deformed seamless steel tubes. 
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Calibrated hexagonal rods are widely used in various industries in the manufacture 

of fasteners (bolts, nuts, etc.) and pipe fittings (fittings, adapters, etc.) [1-4]. The most 

common method of manufacturing a calibrated hexahedron is to draw through mono-

lithic polyhedral dies, which are made in the form of a steel casing with a carbide insert 

pressed into it [5-7], For the manufacture of dies are used solid alloys of grades HG30, 

HU30, containing tungsten carbide and cobalt. The following physical and mechanical 

properties of alloys depend on the content of elements: compressive strength — 4600—

4905 MPa; bending strength — 1400—1750 MPa; tensile strength 720—1150 MPa; 

modulus of elasticity 574,000-608,000 MPa; Poisson’s ratio 0.21-0.23. 

The design of die is the most important factor related to forming energy and de-

formation behavior of material. The efficiency of production of hexagonal rods largely 

depends on the durability of dies. The premature failure of the dies is caused due to 

their intensive wear and destruction due to the action of substantial radial forces from 

the deformable workpiece. In the process of drawing circumferential tensile stresses 

arise in the zones adjacent to the corners of the polyhedral hole of the die, lead to the 

formation and development of cracks with subsequent destruction (Fig. 1). 

Figure 2 shows the distribution of the contact normal pressure N when drawing a 

hexagonal rod from a hexagonal billet (Fig. 2). 

Quantitative and qualitative distribution of radial, circumferential, axial stresses 

along the length of the working channel was determined on the basis of the developed 

technique of computer simulation of the stressed state of polyhedral dies using the finite 

element method. 
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Fig.1. Destroyed carbide monolithic die by GOST 5426-76 

 

 
Fig.2. Distribution of contact normal pressure on the surface of the workpiece  

(drawing a hexagonal rod from a hexagonal billet) 
 

The stressed state of polyhedral sector drawing is determined. It is found that the 

implementation of the insert in the form of sector elements excludes the concentration 

of tensile circumferential stresses in the longitudinal section of the die passing through 

the edges of the hexagon. 

The reported study was funded by RFBR according to the research project №16-

38-00026 mol_a. 
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High production rates and lower input costs without compromising the quality are 

of great relevance today. Some processes involve multiple stages. For example, rope 

manufacturing involves drawing, bending and twisting. Industries are trying to stream-

line such multiple step processes to obtain a single continuous process, which will cer-

tainly save energy and time and improve efficiency. However, proper research is need-

ed into processing parameters, equipment design and the properties of the final product 

resultant from a continuous process. This paper looks at the combined bending and 

twisting process involved in the cold drawing of pearlitic wires and how it influences 

the microstructural development and mechanical properties of the wire.  

Among all the steel products, cold drawn pearlitic steel has the highest strength. It 

ranges from 5 to 6 GPa. Such steel is suitable for various applications, e.g. for suspen-

sion bridges, steel cord, concrete reinforcement, wind mill blades for cleaner & greener 

energy production etc. 0.7% C steel was chosen for the experiments, during which it 

was subjected to different kinds of deformation processing such as tensile deformation, 

alternating bending, twisting and their combination. Experimental research was carried 

out in order to understand the influence of different kinds of plastic deformation on the 

microstructure of carbon steel wire with a near eutectoid composition. Through scan-

ning electron microscopy, the pearlite behavior after deformation processing at differ-

ent total deformation degrees was studied. TEM analysis was also carried out. Mechan-

ical properties such as tensile strength and hardness were tested. And a comparative 

analysis of all the properties was conducted. 
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This paper looks at torsion testing of cylindrical specimens with the aim to study 

the rheological properties of materials, primarily in the hot state. One of the main prob-

lems of hot tests is the effect of strain rate on flow stresses [1]. When it comes to testing 

cylindrical specimens, this problem is successfully solved by imposing certain condi-

tions on the speed mode testing, and namely, the strain rate should be proportional to 

the strain of the specimen [2]. The paper [3] describes an algorithm to control the test 

unit. The algorithm involves changing the angular velocity of the active grip of the test 

unit according to the exponential dependence: 

 ktcke
r

l
3 , (1) 

where l and r are the length and radius of the specimen gauge, respectively, c – constant 

determining the total duration of the test, k = ξ/ε – constant defining the region in which 

the rheological properties of the material are analyzed, where ξ is a strain rate and ε is 

strain. 

The test unit for torsion testing of specimens at temperatures of up to 1,250°C has 

been developed and manufactured at the Ural Federal University. The test unit is 

equipped with a SDS20-34100 stepper motor connected to the active grip via gearbox. 

A personal computer controls the rotation of the output shaft of the stepper motor ac-

cording to the adjusted program written in Servo Motor Language. However, the capa-

bilities of this language are very limited and there is no possibility of setting an expo-

nential function in the control program. To solve this problem, one should calculate 

discrete control actions and write them to EEPROM of the embedded controller. Never-

theless, there are strict restrictions that apply to discrete control – i.e. the angular ve-

locity ωi, rpm, acceleration ai and revolutions per s2 must be given by integers. This 

leads to overcontrol by the position of the motor shaft at the initial stage of the test and 

the inability to obtain reliable data on the rheological properties of the material being 

tested. 

The paper proposes a new approach to the calculation of discrete control actions 

taking into account the existing restrictions on the part of the embedded software, 

which is implemented as a program for their automatic calculation. The essence of the 

proposed approach is that, with the selected time step, the target values of the angular 

acceleration and the angular velocity are calculated in a way that eliminates overload by 

the position of the motor output shaft. For this, at each time step, the following condi-

tion has to be satisfied (Fig.1): 
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Fig.2 shows an example of implemented test unit control program, which satisfies 

the condition that ξ/ε = const. 



 

82 

 
Fig. 1. Determining the target values of angular velocity and acceleration 

 
Fig. 2. Example of implemented test unit control program 
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According to the review [1], the priority task in the development of metallurgical 

industry is to create combined and integrated processes based on different kinds of 

plastic deformation, heat treatment, and casting operations. Combined metal forming 

processes play a significant role in the creation of new technologies. They also increase 

the efficiency of manufacturing new materials for various purposes. A great variety of 

combined and integrated processes have been developed in recent years. The most pop-

ular processes include casting-and-rolling, rolling-and-forging, rolling-and-

pressing+thermal hardening, etc. Due to high degrees and rates of deformation applied 

during combined and integrated processes, an ultrafine-grained structure can be ob-

tained in the processed metals. It is a well-known fact that the ultrafine-grained struc-

ture may affect the mechanical properties of the processed metals [2].  

All the existing metal forming processes can be classified into two groups: direct 

(simple) methods and combined ones [3]. It should be mentioned that the views on 

defining technological features and assigning a method to one group or the other differ 

greatly. For example, the method of rolling-and-drawing can be characterized in differ-

ent ways. At the same time, this process can be referred to as “drawing-and-rolling”. 

Besides, there exists no unified classification of combined process [3]. One of the rea-

sons is that all methods have different features and aims and use different equipment.  

Some of them require the use of evaluation criteria. Such terms as practical utility, ex-

pediency and efficiency are to be applied in all cases. Every engineer can come up with 

specific evaluation criteria. Such features as type of deformation, deformation degree, 

stress-strain state, deformation zone, process temperature, grain size of the processed 

metal, friction coefficient, etc. can be used as evaluation criteria for any combined or 

integrated method.  

Results of scientific research carried out by Russian and foreign scientists lay the 

scientific basis for creating new combined or integrated processes. Moreover, one has 

to have some basic knowledge in the related disciplines, such as material science, solid 

state science, tribology, etc. This topic is of relevance because there is a lack of consen-

sus about how to approach the classification of combined and integrated methods. 

The reported study was funded by RFBR according to the research project №18-

58-45008 IND_a. 
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An effective way of rolling high-strength and hard-to-deform steels and alloys is a 

method of rolling these materials in a shell made of soft material [1, 2]. This allows to 

significantly reduce the rolling force and prevent cracking due to softer stress-state 

scheme [1–3].  

The main problem related to obtaining high-quality metallic materials is the plastic 

instability phenomenon expressed in local thinning and thickening of the core material, 

either over the entire thickness (“waviness”) [4] or at the end sections (“dog-boning”) 

[3]. In the manufacture of special-duty products (such as foils made of U-10Mo alloy), 

plastic instability is extremely undesirable [3], because it leads to different thicknesses 

and properties along the length of the product. The effect is illustrated in Fig. 1 showing 

an example of sandwich sheet rolling of model materials. Fig. 2 shows the thickness 

variation of hard material along the length of the product after sandwich sheet rolling.  

The authors [4, 5] showed that the main cause of plastic instability is the difference 

in flow stresses between the core and shell materials. The authors [4, 5] propose some 

local thinning criteria, which impose restrictions on the choice of materials for the shell. 

Thus, the aim of this work was to analyze the mechanics and causes of plastic defor-

mation instability during sandwich sheet rolling of clad materials, as well as the envi-

ronment in which it occurs and ways to prevent it. 

 

Fig. 1. The plastic instability phenomenon in sandwich sheet rolling 
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Fig. 2. Along-the-length thickness variation in high-strength material  

after sandwich sheet rolling 

This research study was carried out as part of the governmental assignment No. 

0836-2020-0020 and was supported by Act 211 of the Government of the Russian Fed-

eration (Agreement No. 02.A03.21.0006), as well as by the scientific research assign-

ment No. АААА-А18-118020790142-9 by the Institute of Engineering Science of the 

Ural Branch of the Russian Academy of Sciences. 
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Over time, a lubricant, which is one of the most important components, can be-

come less efficient. Researchers are getting more and more questions related to the 

development of methods for controlling friction and wear. Because of the great rele-

vance of such methods, a more detailed study is needed that would also include a series 

of laboratory tests. 

Objective. Using an original laboratory equipment, to perform physical modeling 

of a heavily loaded friction pair ‘work roll/backup roll’ and to look at the rolling fric-

tion that occurs between two uniformly accelerating and slowing down cylinders with a 

lubricated elastic contact. 

Equipment Used. A unique set of equipment was built to study the lubrication re-

gimes of elastic frictional contact during a sliding uniform acceleration motion. It con-

sists of a basic electro-mechanical unit, which is a standard friction machine — a SMC-

2 tribometer [1,2], and an original automated control system, which encompasses origi-

nal computer software, an original set of hardware and connection circuits (Fig. 1). 

Implementation. For this research study, an experiment planning matrix was de-

veloped that includes four input (variable) parameters (external load P, N; lubricant 

consumption Q, ml/min; relative slip of samples ΔV, % (from 0 to 100%); accelera-

tion/deceleration a, m/s2) and two output parameters (friction torque, Mtr, Nm and wear 

Δm, gr). The characteristics of the studied samples are presented in [3,4]. As a result, 

we obtained curves showing a relationship between the friction torque and the accelera-

tion rate (Fig. 2), which suggest that as the rolling speed in the contact area increases, 

the friction torque, just like the friction coefficient, decreases. This is in good agree-

ment with the already known research results obtained by prominent scientists from 

Russia and abroad [5,6]. However, if we conduct an analytical study for the obtained 

curves using differential calculus methods to search for the extremum of function and 

its change rate, we can absolutely say that different experiment modes are associated 

with different periods of operation in which the friction coefficient would be at its low-

est. The friction coefficient variation range does not depend on the amount of lubricant 

or the acceleration or deceleration rates. 

Conclusion. As a result of the preliminary studies, it was suggested that the ob-

tained minimum friction torque values on the Gersi-Stribek curve, which reflects the 

most effective lubrication regime for contacting bodies, can vary over a fairly wide 

range. This can be derived not only from the obtained curves showing a relationship 

between the total rolling speed in the contact area and the friction torque, but also from 

the flow rate of the supplied lubricant and the mutual slip of the contacting bodies. 

To better understand their interaction, as well as to explore a possible friction con-

trol mechanism based on actively changing input parameters, research in this area of 

tribology will be continued and a new methodology will be developed that will help 

evaluate the tribological conjugation efficiency based on wear and define the lubrica-

tion modes for specific cases of frictional contact. 

mailto:kharchenko.mv@bk.ru
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Fig. 1 General view of a laboratory  

complex with a retrofitted control system: 

1. SMC-2 friction machine; 

2. The unit for processing and converting 

information; 

3. Switching unit 

Fig. 2 The graph showing how the  

friction torque changes depending on 

the rolling speed in the contact area 

with different sliding conditions 

 

This research work was carried out as part of the governmental assignment No. 

FZRU-2020-0011 by the Ministry of Science and Higher Education of the Russian Fed-

eration. 
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Due to such copper properties as high electrical conductivity, ductility and ma-

chinability, copper alloys are currently the most popular material for conductors. There 

are a lot of techniques for processing and production of copper conductors. The CON-

FORM ™ process [1], which has recently become more widespread, has a special place 

among them. In spite of significant advantages delivered by the process, it has quite a 

few problems which are associated with the stability of the working tool, dynamic re-

crystallization during extrusion and the lack of understanding of the structural evolution 

that takes place in material under extrusion. This work was carried out to further the 

results of the previous research [2, 3]. To understand the possibility of controlling the 

physical and mechanical processes that arise during the extrusion of commercially pure 

copper, the influence of temperature-rate parameters on the properties and microstruc-

ture was investigated. Rods cast at various drawing speeds with the help of the UP-

CAST® technology were extruded on an MFCCE 350 conform equipment at the rates 

of 4.5 and 6 m/min. The microstructure of the cast rods and extruded buses (Fig. 1) was 

studied using an optical microscope; hardness and electrical conductivity were also 

measured.  

 
a) 

 
b) 

Fig. 1. Optical photos of the specimens’ structure:  

а) as-cast at the rate of 300 mm/min; b) as-extruded at the rate of 4 m/min 

 

Using finite element modeling (FEM), the patterns of strain, stress and temperature 

distribution in the deformation zone were studied. The experimental results showed that 

in spite of the increase in the extrusion speed and, consequently, the temperature in the 

deformation zone, extruded buses do not experience any significant change in their 

properties. For all specimens, the average grain size was 10 ÷ 20 μm, hardness - 65 ÷ 

68 HRV. 
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In today’s Russia, to manufacture lifting and handling equipment and mining ma-

chinery, it is feasible to use high-strength weldable structural steels with a guaranteed 
yield strength of over 600 MPa. The technical and economic efficiency of using high-
strength steels is associated with reduced weight and increased lifting capacity of struc-
tures, as well as a longer service life due to increased strength and cold resistance [1, 2]. 

The global production of high-strength weldable steel plates with a yield strength 
of over 600 MPa and a low-temperature impact strength (down to -60 °С) heavily relies 
on the technology of quenching and high-temperature tempering. 

This study is aimed at searching for the best heat treatment schedule for plates 
made of new, sparingly alloyed cold-resistant steel with a guaranteed yield strength of 
over 600 MPa. 

In this research, we used a steel grade 20G2SMRA developed by Termodeform-
MGTU Research Center, which has the following chemical composition (wt. %): 0.20 
С, 0.55 Si, 1.6 Mn, 0.3 Мо, 0.004 B [3]. Test samples of plates were melted, rolled and 
heat treated at the above mentioned centre. 

The quenching and tempering temperature schedules applied varied within the be-
low ranges: 

 – the quenching temperature was gradually raised from Ас3+30 °С to Тmах=1,000 
°С with a step of 50 °С, water cooling; 

– the tempering temperature was raised from 200 °С to 600 °С with a step of 100 °С. 
Samples were prepared for dilatometric, metallographic and mechanical tests. 
The best heat treatment schedule should ensure maximum values of impact 

strength and acceptable strength after quenching and further tempering. 
Regarding the new steel grade 20G2SMRA, we applied a differential scanning cal-

orimetry method and determined the critical points: Ac1=725 °С and Ac3=814 °С. 
The relationship between the steel microstructure and the quenching temperature 

and their correlation with mechanical properties are shown in Fig. 1, а. 
Optimum tempering temperature was determined considering its effect on structural 

changes and, consequently, on hardness HV1 and impact strength KCV-60 (Figure 1, b). 
The conducted studies showed that the best hardening heat treatment schedule for 

plates made of steel grade 20G2SMRA was as follows: 
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- quenching from the temperature of 850±20 °С – it ensures maximum impact 

strength KCV-60=40 J/cm2 at acceptable hardness HV1 =452; 

- further high-temperature tempering at 600 °С – it helps obtain the required combi-

nation of hardness HV1=291 and impact strength KCV-60 =61 J/cm2. 

Due to such an advantageous combination of hardness and impact strength at the test 

temperature of -60 °С, the steel grade 20G2SMRA can be applied for structures used in 

Far North. 
 

 
а) b) 

Fig. 1. Austenite grain size, impact strength KCV-60, and hardness HV1 as a function of 

the quenching temperature (а); 

Effect of the tempering temperature on the distribution of hardness HV1 and impact 

strength KCV-60 in steel grade 20G2SMRA (b) 
 

This research study was funded by the Ministry of Education and Science of the Rus-

sian Federation – under the grant by the President of the Russian Federation (Agree-

ment No. 075-15-2020-205 dated 17.03.2020). 
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Bioresorbable magnesium alloys gain an increasing attention every year, as is evi-

denced by numerous review articles, like those (e.g. [1]) that summarize experimental 

data accumulated to date on numerous alloy systems. The obtained physical and me-
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chanical properties are discussed in relation to the microstructure and processing tech-

niques applied, including contemporary methods of severe plastic deformation. Howev-

er, the classical problem of obtaining the desired combination of high strength and duc-

tility is still open. This is largely due to the fact that magnesium alloys have low plastic-

ity due to the small number of allowed slip systems at room temperature. Besides, the 

alloys designed for medical applications have to be non-toxic, which imposes signifi-

cant limitations on design strategies and the range of alloying systems to be used. 

Among the most promising alloys in terms of practical application there are the binary 

systems Mg-Zn and Mg-Ca, as well as the ternary systems Mg-Zn-Ca and Mg-Zn-Y. 

This paper compares the physical and mechanical properties of the low-alloy Mg-Zn-

Ca system obtained through hybrid processing (i.e. a combination of different defor-

mation methods) with the results found in the literature for similar alloys. Conclusions 

are made about the prospective application of hybrid processing. 

Experimental details  

Mg-1Zn-0.16Ca alloy ingots were homogenized at 450°C for 12 hours and then 

subjected to warm multistep isothermal forging (MIF) followed by cold isothermal 

rolling (MIF+IR) as described in [2]. 10×4×3 mm2 specimens for mechanical testing 

were cut by spark erosion from the central part of the processed billet. The uniaxial 

tensile test was carried out on a Kammrath&Weiss machine at a constant nominal strain 

rate of 1×10-4s-1. 

Results and discussion 

Figure 1 schematically shows the physical and mechanical characteristics obtained 

for the Mg-1Zn-0.16Ca alloy after hybrid treatment in comparison with the results ob-

tained by other authors for magnesium alloys of a similar system, but with a different 

nominal content of alloying elements, in the as-cast state and after extrusion. The latter 

is the most common deformation technique applied for such materials, as described in 

the literature. 
 

 
Fig. 1. Yield stress and elongation of Mg-Zn-Ca magnesium alloys (the data from [1] 

and [3] are compiled in the graph with the present results) 

 

Based on the commonly observed trends and the worldwide research results, the phys-

ical and mechanical properties obtained for the Mg-1Zn-0.16Ca alloy are in good agree-

ment with the data reported in [3] for a similar alloy that was subjected to equal-channel 
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angular pressing. Separately, it should be noted that the use of multistep isothermal forging 

together with isothermal rolling made it possible to increase the yield stress of the initially 

low-alloy magnesium alloy by more than 4 times compared with the state after casting and 

subsequent homogenization, due to which the properties of such alloy are close to those of 

high-alloy alloys. This is of fundamental importance for bioresorbable medical materials 

where a minimum content of alloying elements is desired so that the amount of alloying 

elements entering the body did not exceed the permissible concentrations. 
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The aim of this research is to find a solution for the problem of distorted end faces 

in cylindrical continuously cast billets during hot guillotining process before they are 

fed in a piercing mill. To solve this problem, a new knife calibration procedure was 

developed, and a finite element model of the hot guillotining process was built using 

the DEFORM-3D computer simulation software package (Fig 1). This problem is re-

ferred to in the papers [1, 2], namely, the relationship between distorted end faces in 

workpieces and the formation of end defects in the sleeve. The paper [3] also looks at 

the impact of knife edge wear on the cut quality when cutting sheets and long products. 

 

Fig.1. A model of hot guillotine knives  
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The new knife calibration procedure is performed using several radii to ensure 

gradual deformation. In order to prevent the free flow of metal in the direction of the 

gauge exit, the gauge height is also increased. The hot guillotining process was simulat-

ed using the proposed calibration procedure. It was found that the geometry of the knife 

gauges determines the geometry of the end part. Based on the simulation results, it was 

concluded that the proposed calibration procedure helps reduce the ovality of the end 

face of the workpiece by 47% compared with the current calibration procedure. 

Conclusions: The use of the new knife calibration procedure will reduce the ovality 

of the workpiece by 47%; one of the ways to minimize the ovality of the end face of the 

workpiece after cutting can be reducing the width of the upper knife gauge while in-

creasing the height of the lower knife gauge; the computer model of hot guillotine cut-

ters can be used for further research of the hot guillotining process. 
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The process of pilger rolling is widely used for manufacturing cold and hot 

deformed precision pipes of a wide range of alloys and steel grades [1-3]. Such modes 

as cold and warm rolling, as well as rolling without emulsion are used in the cold pilger 

rolling process. In spite of a relatively small feed (2-6 mm) and considering the 

deformation cone length (300-500 mm), the metal is shaped in rather tough conditions 

(the mill stand can make up to 280 double strokes per minute). The cold rolling process 

generates a significant amount of heat [2-6]. This research paper describes a method  

that helps compensate for the thermal effect when rolling pipes using salt as grease and 

without using emulsion for cooling. Fig. 1 shows a comparison of the existing and 

proposed methods for calculating the working tool calibration [5-6]. 

The proposed method allows to calculate more precisely the cold pilger rolling 

process. The results of the calculations have been checked in practice and have con-

firmed the efficiency of the method [2-6]. 
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Fig. 1. Existing (a) and proposed (b) calculation methodology 
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One of the strategic objectives in the industrial development of today’s Russia is to 

develop the industrial facilities and to increase an export share of liquefied natural gas 

in the Arctic regions of the Russian Federation (Fig. 1). This predetermines the need to 

https://www.sciencedirect.com/science/article/abs/pii/S0924013697002641?via%3Dihub#!
https://www.sciencedirect.com/science/article/abs/pii/S0924013697002641?via%3Dihub#!
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create and develop processing technologies for new materials with a complex set of 

properties designed for extremely low operating temperatures. However, optimum 

properties and structure can only be obtained as a result of properly chosen heat treat-

ment regime [1], which determines the aim of the present study. 

For our research, we chose the structur-

al cryogenic steel grade 0N9A (9 % Ni) [2], 

that is widely used for the production of 

LNG storage tanks. Billets were melted, 

rolled and heat treated at the laboratory facil-

ities of the Termodeform-MGTU Research 

Center. 

The following heat treatment schedules 

were applied: 

1. Single hardening from 830°С from a 

single-phase austenite region, including 

water cooling and downstream high-

temperature tempering at 500°С, 550°С, 

600°С. 

2. Double hardening: the first stage in-

volves hardening from a single-phase austenite region at the temperature of 830°С, 

while the second one – from the intercritical range (Ас1- Ас3) at the temperature of 

670°С – to achieve microstructural refinement and residual austenite stabilization, then 

high-temperature tempering at 500°С, 550°С, 600°С. 

A set of metallographic tests was carried out at the shared use center of the 

Nanosteels Research Institute. For differential scanning calorimetry analysis, we used 

STA 449 F3 Jupiter, a simultaneous thermal analysis instrument by NETZSCH. The 

amount of residual austenite was determined by an X-ray diffraction meter, Shimadzu 

XRD-7000. 

We determined the critical points of the cryogenic steel grade under study, which 

turned out to be lower as compared to conventional carbon steels. They are: Ас1 ≈ 

624оC and Ас3 ≈ 720 оC. It was found that after double hardening austenite was en-

riched with alloying elements, which led to an additional 20 оC decrease in Ас1. 

It was revealed that single hardening and downstream tempering within the studied 

temperature range resulted in the formation of a structure consisting of tempered mar-

tensite, residual austenite, α-phase and carbide particles, which mainly precipitate at the 

grain boundaries (Fig. 2, a) leading to a brittle behavior of steel. Double hardening and 

downstream tempering within the stated temperature range resulted in the formation of 

a disperse lamellar duplex structure consisting of α-phase, stripes of “new” martensite, 

regions with a structure of tempered martensite and residual stable austenite with a 

volume ratio of approx. 4 % (Fig. 2, b), which ensures ductility and resistance to break-

ing at cryogenic temperatures. 

The application of the above findings will contribute to developing and improving 

heat treatment schedules for alloys with the specified composition. 

 

 
Fig. 1 Sakhalin-2: A large capital 

expenditure project in Russia 
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a     b 

Fig. 2 A typical microstructure of the samples after single hardening from 830°С 

and downstream tempering at 600 оC (a);  

after double hardening from 830 °С and 670 °С 

and downstream tempering at 600 оC (b) 
 

This study was funded by the Ministry of Education and Science of Russia – the grant 

of the President of the Russian Federation (Agreement No.075-15-2020-205 dated 

17.03.2020). 
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Traditionally, wire is produced by drawing through solid dies. However, this pro-

cessing method is not suitable for titanium alloys. Roller drawing places less strict re-

quirements on the surface quality of the billet or lubrication. It also helps reduce the 

wear and the consumption rate of the drawing tool [1]. In roller drawing, sliding friction 

is replaced by rolling friction [2]. This reduces tool wear and improves the efficiency of 

the drawing process bringing down the energy consumption. The use of roller dies is 

especially important for small wire diameters. 

The aim of this work is to develop a roller die design and a technology for manu-

facturing small diameter wire from titanium alloys. 

On the basis of the calculated data [3], a roller die was designed and manufactured 

that consists of a unit of vertical rollers and a unit of horizontal rollers positioned at 90° 

to each other and with a 30 mm shift along the drawing axis (Fig.1,а). 

https://elibrary.ru/item.asp?id=35749826
https://elibrary.ru/item.asp?id=35749826
https://elibrary.ru/contents.asp?id=35571326
https://elibrary.ru/contents.asp?id=35571326
https://elibrary.ru/contents.asp?id=35571326&selid=35749826
https://elibrary.ru/item.asp?id=41691199
https://elibrary.ru/item.asp?id=41691199
https://elibrary.ru/contents.asp?id=38094558
https://elibrary.ru/contents.asp?id=38094558&selid=41691199
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а)     b) 

Fig. 1. Roller die: а) design; b) photo 

 

In the course of experimental studies, the geometric parameters of the deformation 

zone during wire drawing were determined. The forces involved in the roller die draw-

ing process were calculated, namely, the metal pressure on the rollers and the drawing 

force. Based on the data obtained, requirements were formulated for the design of a 

roller die for drawing 0.9 to 2.0 mm wires. 

Based on the developed drawings, the SUSU Scientific Research Institute of Ex-

perimental Mechanical Engineering manufactured a set of roller dies (Fig. 1, b), which 

can be used to experimentally draw 2.0 to 0.9 mm titanium wire from a workpiece. 

Theoretical calculations can then be compared with experimental results. 

A laboratory drawing mill (Fig.2), which was developed earlier, was used for ex-

perimental research. The mill is equipped with a system for measuring the drawing 

force [4].  

 

Fig. 2. Automated laboratory drawing mill 
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Due to the presence of strain gauges on all three blocks of the drawing mill, a com-

plex experiment can be carried out to determine the drawing force required to produce 

titanium alloy wire, as well as to evaluate the geometry and the surface quality of the wire. 

This research was funded by the Ministry of Science and Higher Education of the 

Russian Federation as part of a governmental assignment related to fundamental scien-

tific research, Contract No. FENU-2020-0020 (2020071GZ). 
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There are dozens of known methods for modifying and protecting surfaces, and the 

use of nanotechnologies is creating good opportunities for further progress in this area. 

However, there are serious problems involved in obtaining a nanocrystalline structure 

throughout the volume of a part – especially a large part. It is considerably simpler to 

form such a structure in the part’s surface layer. There are conventional methods for 

surface modifi cation and state-of-the-art methods [1]. It was noted in [2] that a nano-

crystalline structure can be formed in a surface layer by employing technologies which 

have traditionally been used for work-hardening. The use of technologies based on 

surface plastic deformation (SPD) can signifi cantly increase the strength of steel parts 

[3, 4]. A nanocrystalline surface structure can be formed by impact SPD (dynamic 

work-hardening), including with the use of a rotating wire brush (RWB) [5–9]. In this 

case, SPD is accomplished by impacts administered by the ends of the nap of the RWB. 

A work-hardening treatment and the application of a coating can be combined into one 

operation or can be carried out in succession (combination methods and serial meth-

ods). Here, we conducted studies of the effect of certain technological factors on the 

strengthening, reconditioning, and protection of a surface through the application of 

coatings by friction cladding (FC). The treatment of a surface or the application of coat-

ings with a flexible tool by the methods of friction cladding (FC) and electrofriction 

cladding (EFC) can be done on lathes or grinders equipped with simple attachments. 

Such treatment can be administered to helical surfaces and toothed wheels [16] of large 
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parts. The use of electric current intensifies the process and makes the coating thicker 

and more ductile. The EFC process merits further investigation.  The use of a combina-

tion treatment which involves knurling followed by the friction application of a func-

tional coating with a flexible tool makes it possible to increase the diameter of a worn 

part and obtain an ultrafine structure in the surface layer as a result of plastic defor-

mation. Different types of functional coatings can be formed from pure metals, alloys, 

and composite materials – including nanocomposites. 

The reported study was funded by RFBR according to the research project №17-

38-50226 mol_nr. 
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In technological processes of metal processing near the contact area «processed 

metal workpiece - tool» the thin layer with specific microstructure and properties dif-

ferent from bulk material is formed. Especially this layer is observed when the defor-

mational processing is based on the reactive friction force such as drawing, extrusion 

etc. Review of such methods is presented in [1, 2]. It is proved both theoretically and 

experimentally that at drawing on the contact boundary «wire – drawing die» the thin 
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layer with 20-40 μm is formed in which deformation intensity of the metal is higher 

than deformation of bulk material [3, 4]. This is of high importance for drawing the 

wire of small diameters. This wire is widely used for metal cord manufacturing and 

other kinds of metal products such as thin ropes, meshes for filters, thin wire for electric 

devices, medical apparatus, watches mechanisms etc. Despite thin wire properties de-

pend to high extent on flow of metal in the surface area this layer as the detached ele-

ment of deformation zone is not discussed in the classic theory of drawing. Theoretical 

and experimental investigation results of material flow in thin surface layer are present-

ed in [5, 6]. Authors show that deformation of the material in surface area at friction is 

nonmonotonic, is followed by formation of layer with specific structure and can be 

compared with turbulent flow of viscous liquid. But these investigations were per-

formed for tribological system «body - counterbody». Although the materials are sub-

jected to high external force loads in such systems, but they do not undergo volume 

plastic deformation which is characteristic to metal forming processes. At present time 

the presence of this layer is determined. But at the same time it is rather difficult to 

measure the thickness of this layer. For determination of the layer of severe plastic 

deformation it is proposed in [7] to use the coefficient of rate deformation intensity. For 

this coefficient assessment it is necessary to get experimental data about the depend-

ence of thickness of layer of severe plastic deformation on drawing regimes. Research 

of metal microstructure near the friction area for metal forming processes is presented 

in [7] for upsetting of cylindrical sample and in [8] for extrusion of magnesium alloy 

AZ31. In both cases for obtaining strongly marked layer on the contact area the tool 

surface was very rough which ensured the high level of friction force between tools and 

samples. The aim of this study is to investigate the grain anisotropy of carbon steel wire 

with different carbon content as the main sign of thin layer formation on the contact 

area between wire and smooth die surface. Grain anisotropy can be estimated by the 

coefficient of anisotropy as the ratio of mean quantity of phase particles (grains) which 

are crossed by secant line perpendicular to deformation axis on the unit of secant line 

length to the mean quantity of phase particles (grains) which are crossed by secant line 

parallel to deformation axis on the unit of secant line length. This approach can be used 

for identification of the deformed layer thickness. 

In metal forming processes the layer with highly deformed grains is formed as a 

result of contact between a workpiece and a tool due to high friction force. The micro-

structure and properties of this layer are different as compared with material in bulk. 

Because microstructure of carbon steel depends on carbon content it is necessary to use 

special method for identification the thickness of this layer. At drawing the wire obtain 

the specific microstructure when grains elongate along the drawing direction. Their 

sizes change and it can be estimated by the ratio of grain size along drawing direction 

and perpendicular to it. This ratio can be denoted as coefficient of anisotropy. Using 

Thixomet PRO software it was established that coefficient of anisotropy changes from 

the surface area to the center of the drawn carbon steel wire. On the surface the value of 

coefficient of anisotropy for low carbon steel wire is less than 0.82 and less than 0.7 for 

high carbon steel wire. Deeper to the center of the wire the grains and pearlite colonies 

with value of coefficient of anisotropy more than 0.9 are observed. It means that they 

become equiaxed at the definite distance from the surface. It is proposed to use the 

distribution of coefficient of anisotropy in the drawn carbon steel wire from the surface 

to the center as the method for assessment of thickness of layer with highly deformed 
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microstructure parameters. 

The reported study was funded by RFBR according to the research project № 18-

58-45008 IND_a. 
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The deformed state of a rolled product is determined by the distribution of proper-

ties across its cross-section. In its turn, the distribution of these properties will affect the 

average integral characteristics of the entire product and will determine the behavior of 

the material during subsequent forming. In many deformation processes, the metal 

forming calculation is still carried out from the perspective of the isotropy hypothesis. 

However, the properties of some metallic materials, especially those with a crystalline 

structure in the form of asymmetrical lattices, can hardly be explained using this hy-

pothesis. Replacing the isotropy hypothesis with the anisotropy hypothesis and apply-

ing the latter, for example, to materials with a hexagonal lattice [1] would make the 

mathematical apparatus of the plasticity theory [2] much more complicated.  

On the basis of the isotropy and anisotropy hypotheses, a number of calculations of 

the stress-strain state in flat rolling has been carried out using the finite element meth-

od. Fig. 1 shows the result of solving the problem of rolling a sheet of Zircaloy-4 alloy 

[3]. 

 

Fig. 1 The calculated distribution of deformation over the relative thickness  

of the sheet during rolling of the Zircaloy-4 zirconium alloy for isotropic (lower curve) 

and anisotropic material (upper curve) with a relative reduction of 40% 

One can see that the strain distribution across the thickness of the sheet is not 

even. Thus, the strain increases towards the periphery, which can be attributed to addi-

tional shear strains. In addition, the anisotropy hypothesis based solution of the problem 

yields a higher deformation degree value.  
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To assess the situation, one can write down a formula for determining the von 

Mises strain: 

  
√ 

 
 √[(       )

 
  (       )

 
          

  ]      
      

      
    

From this one can see that the  calculation result can change if either the ratio be-

tween the normal deformations ii (i = x, y, z) or the ratio between the shear defor-

mations ij (i, j = x, y, z) changes. In this case, the calculations show that the compo-

nents of the tensor responsible for the shear strain have little effect on the result of the 

calculation. Thus, the ratios between the normal deformations become more relevant.  

If, instead of the Mises theory, we use the Hill theory developed for the defor-

mation of anisotropic materials, we shall find that we need to determine the ratios be-

tween the values of deformation resistance measured in different directions. In this case 

one can apply Hill's plasticity theory when setting a problem related to sheet rolling. 

Such a problem was formulated and solved in relation to the deformation of anisotropic 

transformer sheet steel [4]. 

The authors of the paper [3] found a fairly large difference in the Hill equation co-

efficients for the Zircaloy-4 alloy: F = 0.294; G = 0.478; H = 0.52, which is indicative 

of a high degree of anisotropy.  
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Lifting equipment is widely used in industry and is considered highly hazardous. 

One of the most critical elements of such equipment is steel wire ropes.  
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The most promising areas for extending the life of steel wire ropes are to increase 

the number of wire strands and to apply various color coatings. By increasing the num-

ber of wire strands, we can improve the flexibility and strength of wire ropes, and by 

applying a color coating, we ensure a uniform operation of the wire rope components, 

make sure there is no contact between the strands and the metallic core and protect 

them against corrosion. 

To produce color coated wire ropes, it is necessary to adjust the rope laying pa-

rameters to ensure a high quality coating, fill up the interstrand space with a polymeric 

material, apply special types of lubrication, select a polymeric material that would en-

sure the best performance of the wire ropes and apply other special solutions. 

Today, JSC BMK produces color coated wire ropes of three different designs: wire 

ropes with a color coated core, wire ropes with a completely color coated core and wire 

rope, completely color coated wire ropes. Wire ropes of various design are applied in 

various operation conditions. For example, when using wire ropes for hoists and cranes, 

a number of broken wires should be controlled, which would be impossible to do if 

wire ropes were color coated; thus, in this case, wire ropes with a color coated core are 

used. In wire ropes with a color coated core, there is no contact between the strands and 

a uniform load on all the wire rope elements is ensured contributing to their time in 

service. Regarding the wire ropes for mining shovels, it is critical to control the me-

chanical wear of the wire rope surface; in this case, the use of steel wire ropes with a 

completely color coated core and wire rope helps extend their operating life. 

Wire ropes are coated with polypropylene and polyethylene composites. 

The practice of using color coated wire ropes produced by JSC BMK and the stud-

ies conducted on samples of imported wire ropes indicate the need for using lubrication 

inside the wire ropes. That’s why color coated wire ropes are currently produced using 

special wire rope lubricants [1]. 

Wire rope life duration depends on compliance with the transportation rules, stor-

age conditions and proper maintenance. Color coating serves to protect wire ropes dur-

ing transportation and enhances their performance. That’s why JSC BMK prepared 

relevant recommendations. 

To test and improve the structures of color coated wire ropes and their production 

process, we carried out a series of pilot tests using 39-64 mm color coated wire ropes 

used in crawler mounted mining shovels EKG-5, EKG-8I, EKG-10, EKG-12, EKG-18, 

EKG-20, P&H 2300 and P&H 2800 operated by Mechel Group sites and other sites. 

The results showed that the average service life of color coated wire ropes was 41.8% 

higher than that of similar wire ropes without coating. The longest service life, which 

exceeds the norm by 1.8-3.6 times, was achieved by 39-57 mm color coated wire ropes 

installed on mining shovels P&H 2300 and EKG-18 operated by South Kuzbass PJSC, 

EKG-5 operated by Pugachev Open Pit LLC, and EKG-8I and EKG -10 operated by 

EVRAZ KGOK JSC. After the tests had been completed, the state of reel and pulley 

grooves on the EKG-8I and EKG-10 mining shovels was found to have considerably 

improved. 

The conducted pilot tests showed that, due to the use of color coating, the service 

life of steel wire ropes considerably increased as compared with the conventional ones, 

the wear rate of mining shovel reels and pulleys decreased, and the equipment down-

time was reduced. Thus, the application of color coating on steel wire ropes is a modern 

and innovative way of increasing their service life. 
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The reported study was funded by RFBR according to the research project №18-

58-45008 IND_a. 
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The plane section hypothesis is often used to derive equations for the purpose of 

calculating forces in the sheet rolling theory. Many researchers used a spherical coordi-

nate system to derive formulas for describing the stress-strain state of a drawing process 

in contrast to a flat rolling process [1]. It was assumed that sections which were spheri-

cal before deformation retain their spherical shape during deformation. Only one coor-

dinate of the radius vector  has a linear dimension in the spherical coordinate system. 

The two other coordinates have angular dimensions. The stress and strain components 

along the tangential direction are the same during axisymmetric drawing. The angular 

coordinate characterizes the degree of the radius vector deviation from the symmetry 

axis. The deformation zone is described by a radial structure in the plane (Fig. 1, a). It 

is bounded by the wire-drawing die borders, which are located at an angle  to the 

symmetry axis.  

The boundary value problem of drawing was set and solved to check this position 

in RAPID-2D, a software module developed by the Ural Federal University. 

The problem was solved for the first drawing pass conditions when an 8 mm cop-

per wire rod was used to obtain a 6.53 mm wire. The elongation ratio was quite high – 

1.50. The reduction was 33% and the die angle was 9о. The Siebel friction was 0.1. 

Real process parameters were used for this research. The hardening curves of the М0 

copper grade were applied.   

The calculation results are shown as lines of equal level referring to the relative 

shear strain rate intensity H/H0 (Fig. 1, b). As can be seen from the figure, the shape of 

the bounder is close to radial at the exit from the deformation zone. However, at the 

deformation zone entry the shape is different. 

Based on the results, a function graph with a maximum will be obtained while 

moving along the angular coordinate . This deformation zone structure is indirectly 

indicated by the lines of the frozen lattice. The lines go straight up to the deformation 

zone entry. But the transverse lines bend slightly at the deformation zone exit. The lines 

of this type are usually displayed as lines of a parabola with a vertex on the symmetry 

axis. A different situation can be observed in this case. Here we can talk about two 

parabolas with vertices located in the two halves of the deformation zone. Two maxima 

H/H0 indicate the division of the deformation zone into two halves with the rate intensi-

ty localization in the annular zones.  
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a)   b) 

 

Fig. 1. The deformation zone in the spherical coordinate system (a) and the shear strain 

rate distribution H/H0 (b) during the coper wire drawing process: cursor – the drawing 

direction; g – the frozen lattice 

This fact indicates the possibility of additional structural discontinuity in the wire, 

at least under increased deformation conditions. The relationship between the stress-

strain state and defects [2,3] and changes in the metal properties [4,5] and the texturing 

intensity [6] during drawing was noted in earlier works. 
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Severe plastic deformation is a very effective way to create ultrafine grain struc-

tures in metals and alloys [1], Nowadays many variants of severe plastic deformation 

techniques are available. Asymmetric rolling process is one of them [2-6], Contrary to 

other severe plastic deformation methods such as high pressure torsion and equal chan-

nel angular pressing, the asymmetric rolling allows to provide the possibility for over-

coming the limitation of producing ultrafine grained materials with large dimensions 

due to its continuous feature [7, 8]. Among the asymmetric rolling processes, the differ-

ential speed rolling in which the speeds of the upper and lower rolls are different, is 

considered to be the most effective for achieving ultrafine grain structure of materials 

[9. 10]. It is well known that the mechanism of severe plastic deformation during 

asymmetric rolling comes from its large equivalent strain, which is composed of com-

pressive strain and additional shear strain [11]. Physical simulation of shear strain, 

which is similar to that occurring in asymmetric rolling processes, is very important for 

design of technology because it allows to consider a variety of technological variants 

and to find the best solution in relatively short time and with low costs. Shear testing is 

complicated by the fact that a state of large shear is not easily achievable in most spec-

imen geometries. Problem of selection of shear testing and specimen geometry has been 

discussed in numerous publications. A shear-tensile specimen was developed by Hundy 

and Green [12]. Another example of such a specimen is the so-called "hat specimen' 

which was developed by Meyer and Manwaring [13], and used thereafter by many oth-

er researchers. Another variant is the double shear specimen used by Klepaczko [14]. 

Very simple specimen geometry (thin foil) has been used by Clifton and Klopp [15] in 

their pressure-shear plate impact experiments. Peirs, et al. [16] introduced the eccentric 

notch shear specimen, which was designed for shear testing of sheet metals over a wide 

range of strain rates. Isakov et al. [17] used modified specimen geometry, based on 

ASTM B831 [18], which presents specimen geometry intended to determine the ulti-

mate shear strength of wrought or cast aluminum alloys. The specimen geometry' con-

sists of a planar specimen with a gauge section created by two opposing 45° slots 

through the specimen thickness. This sample geometry' was modified for use in a ten-

sion Kolsky' bar. It was shown that the specimen without the thickness reduction exhib-

its severe distortion outside of the intended gauge section. Failure also occurs outside 

the gauge section. The specimen with the thickness reduction had a well defined gauge 

section and deformation was limited within the gauge section. A shear-compression 

specimen for large strain testing of materials was developed by Rittel et al. [19]. The 

specimen consists of a cylinder having an inclined gauge section created by two dia-

metrically opposed rectangular slots which are machined at 45° with respect to the lon-

gitudinal axis. The specimen was used in numerous investigations, including constitu-

tive testing, texture evolution, and adiabatic shear banding. A miniature version of the 

shear-compression specimen was used for the characterization of nanomaterials. The 

modified shear-compression specimen was presented in [20], In the modified specimen, 

the two diametrically machined gauges were semi-circular (instead of rectangular). This 

https://www.scopus.com/authid/detail.uri?authorId=6602505139&amp;eid=2-s2.0-85063765971
https://www.scopus.com/authid/detail.uri?authorId=57204975482&amp;eid=2-s2.0-85063765971
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modification induces large strains on the mid-section of the gauge without the sharp 

edges and stress concentrations of the former rectangular gauges. The goal of this re-

search is a development of a novel laboratory' testing method which can be used for 

design of technology of asymmetric rolling as severe plastic deformation method for 

producing of ultrafine grained metallic materials. Simulation was performed by using 

an AG IС Shimadzu universal testing machine equipped with a 300 kN load cell. Alu-

minium alloy Al-6.2Mg-0.7Mn and low-carbon steel AISI 1010 were used as materials 

for specimens. The specimens consisted of a parallelepiped having an inclined gauge 

section created by two diametrically opposed semi-circular slots which were machined at 

45°. Height of the specimens was 24 mm, section dimensions were 12×12 mm 2 , gauge 

thickness was 1.5 mm and gauge width was 3.0 mm. The specimens provided dominant 

shear strain in an inclined gauge-section. The specimens were compressed between two 

flat dies during shear-compression testing in accordance to the special scheme. The level 

of equivalent strain was controlled through adjustment of the height reduction of the spec-

imen and number of cycles of shear-compression. Each cycle of the shear-compression 

testing consisted of two steps. The first step included 10% of height reduction of speci-

men, after that specimen was rotated by 90º. The second step included width reduction of 

the specimen for getting the quasi original shape of a parallelepiped. One cycle of shear-

compression testing provided equivalent strain e ≈ 1.0 in an inclined gauge-section. Multi-

cycle shear-compression testing was performed at room temperature with equivalent 

strain up to e ≈ 4…5. Numerical simulation and analysis of the stress-strain state during 

shear-compression testing and asymmetric rolling was performed with the commercial FE 

software DEFORM 3D. The microstructures of the specimens after multi-cycle shear-

compression testing were examined by scanning electron microscopes. Ultra fine grained 

structure was obtained when e ≈ 4…5.  

The reported study was funded by RFBR according to the research project № 18-

58-45013 IND_a. 
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Upsetting is one of the stages in the production of drill pipes and tubing. This pro-

cess helps improve the performance of products [1-3]. The main technological difficul-

ty during upsetting is to ensure the quality of the inner surface of pipe ends. One of the 

most common types of inner surface defects is underfilling, which occurs in the area 

adjacent to the face of the pipe (Fig. 1).  

Using the method of computer simulation and having conducted a series of indus-

trial experiments, the authors of the papers [2, 3] looked at possible causes of internal 

defects and proposed ways to improve the product quality. It is shown that the risk of 

defects increases if the workpiece is not heated evenly or if the wall thickness exceeds 
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the nominal value. To improve the quality of products, heating modes for pipe ends and 

stricter workpiece size requirements are proposed. However, in practice, these require-

ments are not always properly implemented; therefore, more reliable ways to improve 

the product quality are needed. 
 

 

Fig. 1. Underfilling defect on the pipe end inner surface 

This paper looks at the influence of punch design on the metal flow during pipe end 

upsetting. The main attention is paid to the section of the tool that comes in contact with 

the pipe face. Typically, this section is perpendicular to the pipe axis. However, changing 

its slope angle can change the metal flow direction. This paper considers seven different 

options for changing the punch face slope from -15 to +15° at 5° increments. 

The study was conducted using finite element simulation in the Deform-2D soft-

ware. 73.02x5.51 mm pipes per API spec.5CT were taken for workpieces. When setting 

computer simulation problems, the most unfavorable case in terms of product quality 

was considered. Thus, the actual value of the pipe wall thickness was set equal to 6.2 

mm, and the temperature of the pipe end near the face region was reduced by about 

100°C as compared with the rest of the heated section of the pipe. 

The simulation results (Fig. 2) show that a changing stem face section slope can 

significantly affect the metal flow during pipe end upsetting. A bigger slope helps im-

prove the filling of the pipe inner surface and thus ensures the required product quality. 

No internal defects were observed when the slope reached + 10 ... + 15°. 

 

Fig. 2. Pipe wall profile at the beginning of the main deformation stage: 

a) the punch face slope is equal to -15°; b) -10°; c) -5°; d) the face section  

is perpendicular to the pipe axis; e) +5°; f) +10°; g) +15° 
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One of the main problems related to the development of nuclear power and con-

trolled thermonuclear fusion is how to increase the radiation resistance and mechanical 

properties of the materials used in reactor structures. One of the ways to increase radia-

tion resistance is to use ultrafine-grained (UFG) and nanostructured (NS) materials. 

Due to the possibility of obtaining larger isotropic products without internal discontinu-

ities, severe plastic deformation delivers the most innovative method to produce ultra-

fine-grained materials. 

When choosing components for simulation, the most appropriate solution would be 

to use components made of AISI-321 steel bars with an ultrafine-grained structure ob-

tained after radial-shear rolling. Taking into account the cylindrical shape of the bars, as 

well as the relatively large possible length of the workpieces, it was decided to examine 

the following components: a fuel assembly frame and a fuel element. 

To create a model of AISI-321 stainless steel in the ultrafine-grained state, it is 

necessary to input the mechanical parameters corresponding to this state in the material 

database. The key parameter for this is the yield strength of the material. To determine 

the yield strength values for different grain sizes, we recommend using the Hall-Petch 

ratio [1-2], which is the following relationship: 

σY = σ0 + kd-1/2,     (1) 

where: σY – required yield strength value, MPa; 

 σ0 – stress that prevents the movement of dislocations, MPa; 

 k – constant determined by the material properties; 

 d – grain size, µm. 

The paper [3] describes the results of an extensive research that was carried out on 

the Hall-Petch effect in relation to the two most used brands of austenitic stainless steel: 

AISI-316 and AISI-321. As a result, the following values were obtained for the con-

stants: σ0 = 150 MPa; k = 420. Consequently, we get the following yield strength val-

mailto:zhumagaliev1997@mail.ru
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ues: σY = 652 MPa (for the grain size of 700 nm); σY = 1,089 MPa (for the grain size of 

200 nm).  

The paper [3] also describes the YS / TS values for AISI-321 steel, as well as data 

on relative elongation, based on which the following corresponding tensile strength 

values were obtained: σTS = 986 MPa (for the grain size of 700 nm); σTS = 1,194 MPa 

(for the grain size of 200 nm); δ = 38 % (for the grain size of 700 nm); δ = 22 % (for 

the grain size of 200 nm). 

Based on the technical data [4], a value of 340 MPa was set as the maximum pres-

sure in the core when determining the static load value. 

 

а) b) c)  

Fig. 1 - Calculation of the static load of the fuel element for the following grain sizes: a 

– 1,500 nm; b – 700 nm; c – 200 nm 

The maximum stress values registered in the fuel assembly model are as follows: 

in the model with the grain size of 1,500 nm – 274 MPa; in the model with the grain 

size of 700 nm – 238 MPa; in the model with the grain size of 200 nm – 186 MPa. 

Based on these values, the following safety factors were obtained for the most loaded 

areas for all three materials under specified operating conditions: in the model with the 

grain size of 1,500 nm → 340 MPa / 274 MPa = 1.24; in the model with the grain size 

of 700 nm → 340 MPa / 238 MPa = 1.43; in the model with the grain size of 200 nm → 

340 MPa / 186 MPa = 1.83. 

The maximum stress values registered in the fuel element model (Fig. 1) are as fol-

lows: in the model with the grain size of 1,500 nm – 313 MPa; in the model with the 

grain size of 700 nm – 269 MPa; in the model with the grain size of 200 nm – 224 MPa. 

Based on these values, the following safety factors were obtained for the most loaded 

areas for all three materials under specified operating conditions: in the model with the 

grain size of 1,500 nm → 340 MPa / 313 MPa = 1.08; in the model with the grain size 

of 700 nm → 340 MPa / 269 MPa = 1.26; in the model with the grain size of 200 nm → 

340 MPa / 224 MPa = 1.51. 

The results of the simulation showed that, for the both components, the use of ma-

terial in the UFG state would be a more appropriate solution, since in this case the safe-

ty factor in the most loaded areas increases by about 15÷40% depending on the ob-

tained grain size. 

This research was carried out as part of the state funded project No. AP05131382 

under the following program: Grant financing of scientific research in 2018-2020 

(Customer – Ministry of Education and Science of the Republic of Kazakhstan). 
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Prestressing strands are a high-technology product of the metalware industry that is 

used in heavy-duty pre- and post-stressed concrete structures, as well as in the construc-

tion of bridges, nuclear power plants, airports, tunnels, transport infrastructure, residen-

tial buildings, heating, power and water supply and water disposal systems.  Of great 

interest is the sector of stabilized prestressing steel strands, which are produced per 

extremely similar standards in many developed countries and which find application 

almost worldwide. For the most part, such prestressing strands are used in the produc-

tion of prestressed reinforced concrete structures. The use of prestressing strands in 

concrete helps to significantly reduce the amount of steel reinforcement used and thus 

reduce the cost of reinforced concrete components while enhancing their quality [1]. 

The most common type of product, both in terms of production output and application 

scope, includes spiral stabilized prestressing 7-wire strands, in which six wires are spun 

around a core wire in one layer. For a combination of inherent properties and related 

production and application factors, strands of this design have been recognized as the 

most efficient type of high-strength prestressed steel strands. In the world today, one 

can find quite a number of practically identical standards specifying the dimensions and 

mechanical properties of prestressing strands. A high degree of convergence between 

the standards can be attributed to both the use of efficient construction processes and a 

great similarity of equipment supplied by different manufacturers. In the Russian Fed-

eration, the production of stabilized prestressing strands is regulated by GOST R 

53772-2010, whereas abroad the European standard pr EN 10138-3:2006 applies. Spe-

cific aspects of production and application of prestressing strands for prestressed struc-

tures are the subject of numerous theoretical and experimental research papers [2–3]. 

There are ongoing studies that are looking at new production methods to enhance the 

mechanical properties of prestressing strands designed for application in extreme condi-

tions. For example, researchers obtained a prestressing strand with the strength exceed-

ing 2,100 MPa, which makes it applicable in prestressed reinforced concrete structures 

designed for seismic loads. 

A series of experimental studies has been conducted to understand the effect pro-

duced by different TMT regimes on the mechanical properties of high-strength (1,770 

MPa) 12.5 mm 7-wire prestressing strands. For the purpose of the experiments, the 

following parameters of the stabilization line were used: induction heat temperature — 

from 360 to 400 °С, process speed – from 50 to 65 m/min, tension force — 64 kN. The 
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following conclusions can be drawn upon analysis of the results: 1. In the studied range 

of speeds and heating temperatures applied on the stabilization line, thermo-mechanical 

treatment does not lead to any significant changes in the steel microstructure produced 

by patenting and cold drawing. Deformed cementite plates of the ferritecarbide mixture 

with the thickness of up to 0.047 μm, a vortex-like structure of the FCM colonies and 

partially destroyed cementite plates can be observed in the microstructure of steel. 

When the temperature reaches 400 °С, early stages of coagulation of the FCM cement-

ite plate fragments can be observed. 2. In reference to the initial state of a laid strand, 

all the studied TMT regimes were associated with increased values of the tensile 

strength σВ, yield strength σ0.1, full elongation at maximum tension force δmax and 

modulus of elasticity Е. A quantitative increase of the mechanical properties of pre-

stressing strands was identified as a result of thermo-mechanical treatment. The most 

noticeable increase was observed with the yield strength σ0.1 – from 28 to 36%, and 

the full elongation at maximum tension force δmax – a higher than double rise, which is 

true for all the TMT regimes. 3. The changing process temperature was found to pro-

duce a more noticeable effect on the mechanical behaviour of prestressing strands. The 

effect of the process speed becomes more pronounced as the temperature reaches 400 

°С. 4. The best combination of mechanical properties in prestressing strands can be 

obtained at the induction heat temperature of 380 °С and the stabilization line speed of 

50 m/min. It was observed that these parameters were associated with the most even 

distribution of microhardness in the cross-section of the spun wires. 

The reported study was funded by RFBR according to the research project №18-

58-45008 IND_a. 
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Pure titanium is commonly used as an implant material in surgical practice. How-

ever, where higher strength is required, the Ti6Al4V alloy is used [1-3]. At the same 

time, a question was raised about the toxic properties of vanadium as an element of the 

alloy [4].  That’s why preference is now given to alloys in which vanadium is replaced 

by niobium. 

According to the international material characterization system [5], the Ti6Al7Nb 

alloy belongs to the category of two-phase alloys (Alpha / Beta Titanium Alloy) with a 

polymorphic transformation temperature in the range of 995–1,025 °C. The alloy itself 
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is probably exclusively intended for medical use, i.e. as a material for implants [6]. It 

should be noted that the alloy has an excellent biocompatibility due to the formation of 

a surface film of oxides that passivates the metal [7], as well as a good osseointegration 

ability, i.e. the ability of the implant to integrate with bone tissue [8]. 

 Under certain processing conditions, the Ti6Al7Nb alloy can demonstarte super-

plasticity [9]. Thus, the authors observed a relative elongation of up to 400% under 

tension and of up to 790% at the temperature of 850 °C.  Such a high level of ductility 

creates the prerequisites for the manufacture of products and rolled or pressed semi-

finished products precisely by metal forming methods. 

 A large number of implants are available in the form of fasteners, such as screws, 

helices and nuts. They are normally manufactured from long products with small cross 

sections, e.g. wires.  Typically, the manufacture of high-quality rolled titanium wires is 

extremely difficult due to increased sticking to the tool.  However, there are methods 

for producing fine products.  For example, the Chinese patent CN107214474 [10] de-

scribes a production method that includes manufacturing a preform of the Ti6Al7Nb 

alloy with a known structure and heating the preform in a muffle furnace to the temper-

ature below the polymorphic transformation temperature. After that the workpiece is 

rolled to tight tolerances. The second stage is descaling.  At the third stage, the work-

piece gets cold rolled in multifaceted gauges to obtain caked metal.  This process is 

compared to the hot drawing method, which was used before the development of the 

new technology. It is shown that the resultant material has a better structure and me-

chanical properties. 

The authors of the patent US10323311 [11] proposed to process the alloy at tem-

peratures below the phase transition temperature in the range of 400 to 600°C.  It is 

recommended to use severe deformation methods, for example, angular pressing.  At 

the end of the process, a nanostructured state with the grain size of 1 μm is ensured. 

The reported study was funded by RFBR 19-38-90222 Improvement of the princi-

ples of alloying and parameters of external influence to increase the thermal stability 

and the level of physical and mechanical properties of aviation materials based on 

titanium and nickel. 
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In recent years, much attention has been paid to surface nanostructuring and its in-

fluence on the service properties of wares, including mechanical. The authors of [1] 

substantiate a concept according to which the surface layer is an independent subsystem 

strongly affecting the localization of the plastic flow and destruction of the material. 

Various methods of intense plastic deformation, including friction ones, can be used for 

surface nanostructuring [2, 3]. One method of formation of functional nanocrystalline 

layers on steel surfaces is treatment by sliding indenters [4]. It can be performed in 

sliding friction conditions, which exclude the heating of friction surfaces or,on the con-

trary, with heating of the surface from indenter friction and from the effect of the elec-

tric current (electromechanical treatment (EMT)) [5]. The deposition of coatings by 

means of friction of a brass or copper rod upon the detail surface is also referred to as 

friction treatment [6]. It is proposed to perform surface modification using a flexible 

tool—rotating wire brushes (RWBs), which have been used for surfacehardening treat-

ment for a long time in various branches of technology [7–9], including the deposition 

of coatings [10]. The theoretical and experimental investigations into the plastic defor-

mation process of the surface layer and deposition of coatings by a flexible tool were 

started at Magnitogorsk State Technical University in 1986 [11, 12]. Despite numerous 

studies fulfilled in subsequent years [13–16], the process that we call friction cladding 

(FC) is known poorly, which retards its more extended and effective use in various 

branches of technology. 



 

117 

 
Fig. 1. Schematic diagram of deposition on (a) cylindrical and (b) planar ware  

surfaces by friction cladding. (1) Flexible tool (RWB), (2) treated ware, (3) billet  

from the coating material, and (4) coating layer; N is tension 

 

When treating all materials under study using a flexible tool, surfacelayer harden-

ing and texture for mation are observed; the most acute texture is formed in surface 

layers. It is established experimentally that a thin layer of the amorphized material is 

formed on the surface during the RWB treatment, and this phenomenon most clearly 

manifests itself for materials with a high melting point, especially for tungsten. Coating 

particles at the boundary with a matrix are so fine that their shape is not resolved even 

at large magnifications. The crystallite sizes of the aluminum and brass coatings do not 

exceed 100 nm. The above gives us grounds to assume that nanostructured or even 

amorphized layers can be acquired on the surface under definite treatment modes using 

a flexible tool and functional coatings can be deposited. Turning or grinding lathes 

equipped with simple attachments can be used for the friction treatment of the surface 

by the FC method using a flexible tool. The treatment of screw surfaces and gear 

wheels and largescale articles is also possible. Surface treatment and coating deposition 

using a flexible tool is a simple, manufacturable, lowcost, and environmentally pure 

method which should find wider application in machine building and metallurgy. 

The reported study was funded by RFBR according to the research project №17-

38-50226 mol_nr. 
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Titanium and its alloys are widely used in high-tech industries, such as aerospace 

industry, shipbuilding, nuclear power, chemical industry and medicine. 

Titanium and its alloys are processable by all known metal forming methods: forg-

ing, cold and hot rolling, stamping, drawing. Basically, they are processed similarly to 

stainless steel, but the processing modes applied depend on the amount and the nature 

of impurities [1]. 

Laser Metal Deposition (or, LMD) is a process of direct material deposition based 

on the use of a constant laser source with the laser device moving along the product 

contours. For this method, it is possible to use several types of materials: metal powder 

or wire. The LMD process is used to produce infinitely large products of complex ge-

ometry with small tolerances and high properties [2]. The process of direct laser deposi-

tion is also used to produce new components of complex geometry parts [3], which 

would require many more production hours or which cannot be produced from separate 

components when using conventional processing methods [4]. 

This paper examines the influence of the Ti6Al4V alloy powder path on the micro-

structure and mechanical properties during Laser Metal Deposition. 
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The studies on the samples grown using the DMD (direct material deposition) 

technique were carried out at the laboratories of the South Ural State University in 

Chelyabinsk, Russia. 

The studies were carried out on a FL-Clad-R-4 laser complex equipped with a 4 

kW LS-4 laser, a six-axis industrial robot, a KUKA R-120 manipulator with a KUKA 

DKP-400 two-axis positioner, a TWIN-10-CR-2 powder feeder, as well as auxiliary 

equipment for creating an argon atmosphere. 

30 to 100 micron titanium powder Ti-6Al-4V was chosen for this research. The 

powder was melted in the previously obtained mode [5]: power P = 1,800 [W]; powder 

feed K = 27 [g / min]; laser movement speed U = 25 [mm / s]; track displacement in the 

layer plane Δl = 2.5 [mm]; track displacement in the vertical plane Δh = 0.3 [mm]; 

number of layers n = 150. 

The samples for mechanical tests were prepared using electrical discharge cutting 

(Fig. 1). This was necessary because of the high hardness of the obtained samples, 

which makes their mechanical processing harder. Electric discharge machining avoids 

heating of the metal in the cut zone and enables to obtain samples with a high surface 

quality, which is very important when testing brittle materials. 

Four groups of samples were obtained with different growth track directions (Fig. 2).  

 
Fig. 1. A electric discharge sawing template for mechanical testing 

 
        a)                                 b)                                c)                               d)  

Fig. 2. Layouts of tracks in compression test samples: a) “parallel”;  

b) “perpendicular”; c) “vertical”; d) “mixed” 

 

The results of the compression tests are presented in Table. 1. The maximum 1,910 

MPa was shown by samples with a “vertical” track arrangement, while the minimum 

strength of 1,794 MPa – by samples with a “parallel” track arrangement. The alloy can 

resist higher stresses when load is applied perpendicular to the track arrangement than 



 

120 

when load is applied parallel to the tracks. At the same time, the deformation under 

compression for a sample with a “vertical’ track arrangement is higher than for a sam-

ple with a “parallel” one. The “vertical” track arrangement provides a combination of 

high strength and high plasticity in the material. At the same time, the highest plasticity 

(namely, 33%) was shown by samples with a “mixed” track arrangement. 

 

Table 1. Average values of mechanical properties depending on the track arrange-

ment 

Track arrange-

ment in the sam-

ple 

Compressive 

strength Rs, MPa 

Young's modulus, 

MPa 

Сompression 

strain, % 

“parallel” 1794 17642 21.3 

“perpendicular” 1847 17678 21.8 

“vertical” 1910 16998 26.8 

“mixed” 1817 15697 33.0 

 

This paper describes the first study that looks at the influence of the Ti6Al4V alloy 

powder material deposition track on the mechanical properties during direct laser melt-

ing. The conducted studies show that it is necessary to take into account the layout of 

the tracks during direct laser melting of the powder material when designing complex 

shape parts or billets that require final machining. Using the Ti-6Al-4V alloy as an 

example, the authors show that the “parallel” and “perpendicular” track arrangement is 

reflected in the mechanical properties of the material. The direction of the load applica-

tion during the mechanical testing also has a noticeable effect. It is possible to increase 

the ultimate strength of the Ti-6Al-4V alloy from 1,794 to 1,910 MPa by only taking 

into account the location of the tracks relative to the applied compression load. At the 

same time, the ductility of the Ti-6Al-4V alloy obtained by direct laser melting can 

change from 21.3 to 33.0% depending on the track direction and the direction of the 

compression test. Taking these factors into account when designing critical parts from 

titanium alloys will make it possible to correctly perform calculations and prevent mis-

takes. It would be of relevance to investigate the effect of the Ti6Al4V alloy powder 

material deposition track when testing samples for static tension in the future. 

This research work was funded by the Ministry of Science and Higher Education of 

the Russian Federation as part of a governmental assignment related to fundamental 

scientific research, Contract No. FENU-2020-0020 (2020071GZ). 
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In today’s metal production industry, there is an established trend of developing 

new technologies for making products out of magnesium and its alloys [1]. Some appli-

cations of such magnesium products seem to be quite unusual.  

A recent trend in building design includes the use of composite panels composed 

of various metals. The shape and color of copper composite panels distinguish them 

from the others. In addition to copper cladding, composite panels use cheaper compo-

nents, including those made of magnesium alloys, as fillers [1].  

Being a biocompatible and biodegradable material, magnesium is also finding a 

wider application in medicine. In comparison with other metals used in medicine, mag-

nesium is essential for proper functioning of the human body, which explains the mass 

production of dissolve-after-healing implants [2]. In oil production, magnesium balls 

play a similar role since they are used as valves that temporarily lock wells and self-

dissolve under the influence of drilling fluids [3]. Fig. 1 shows the authors’ estimation 

of the working conditions of a magnesium ball in a well saddle.  

In the industry of light alloys, magnesium is a competitor to aluminum since it is 

one and a half times lighter. However, magnesium is a material that is more difficult to 

deform and is much more oxidizable. Hence, it is desirable to isolate magnesium from 

the impact of the atmosphere by protecting it with other materials. It led to an idea of 

creating technologies for the production of layered panels.  

The main requirements for composite panel fillers are strength, rigidity, and low 

specific gravity. The lightest of the structural metals, magnesium and its alloys meet 

these requirements well. Commercially pure magnesium demonstrates a good mechani-

cal strength. At the same time, addition of small amounts of alloying elements (such as 

aluminum, zinc, manganese, etc.) helps to significantly improve its mechanical proper-

ties with almost no density increase. For example, MA2-1 alloy, which demonstrates 

the strength and plasticity at the level of cold-formed copper, has a density of 1.8 g / 

cm3. Therefore, a composite material consisting of M1 copper (density 8.9 g / cm3) and 

MA2-1 magnesium alloy can potentially be used for the manufacture of indoor finish 

panels [4].  
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Fig. 1. The configuration of the deformation zone in a magnesium ball under hy-

drostatic pressure shown as equal-level areas of average normal stresses  

 

Usually, special types of Mg alloys are developed in order to increase plasticity in 

a hot state. However, during hot deformation, there is a problem of high oxidation and 

gas saturation. Thus, the development of new low-temperature deformation methods 

applicable to magnesium is of interest [5,6]. Unfortunately, Russia is lagging behind 

other countries in the production and mainly in the processing of magnesium. For in-

stance, Russia’s output is ten times lower than China’s. The great attention paid to 

magnesium in China can be appreciated base on the fact that the only scientific journal 

in the field of magnesium processing, the Journal of Magnesium and Alloys, is pub-

lished by KeAi Publishing Communications Ltd in China.  

This research was funded by the Russian Foundation for Basic Research (RFBR 

project No. 20-38-90051) and was carried out as part of a governmental assignment 

(“Pressure” No. AAAA-A18-118020190104-3). 

References 

1. Qizhen Li. Dynamic compressive mechanical behavior of magnesium-based 

materials: magnesium single crystal, polycrystalline magnesium, and magnesium alloy. 

Handbook of Mechanics of Materials. 2019. pp. 846-872.  

2. Shmorgun V. G., Slautin O. V., Arisоva V. N., Pronichev D. V., Kulevich V. P. 

Structure and phase composition of diffusion zone in copper M1 + alloy MA2-1 com-

posite. Metallurgist. 2020. Vol. 63, Iss. 9-10. pp. 1124-1131. 

3. Zhang C., Wu L., Huang G. et al. Effects of Fe concentration on microstructure 

and corrosion of Mg-6Al-1Zn-xFe alloys for fracturing balls applications.  Journal of 

Materials Science and Technology. 2019. Vol. 35(9). pp. 2086-2098. 

4. Peng Wan, Lili Tan, Ke Yang. Surface modification on biodegradable magnesi-

um alloys as orthopedic implant materials to improve the bio-adaptability: a review. 

Journal of Materials Science & Technology. 2016. Vol. 32. pp. 827–834.  

5. Loginov Y.N., Volkov A.Y., Kamenetskiy B.I. Analysis of the scheme of non-

equal channel angular pressing as applied to the formation of sheet magnesium in a cold 

state. Russian Journal of Non-Ferrous Metals. 2019. Vol. 60, Iss. 2. pp. 146-151.  

6. Kamenetskii B.I., Loginov Y.N., Kruglikov N.A. Possibilities of a new cold up-

setting method for increasing magnesium plastification. Russian Journal of Non-

Ferrous Metals. 2017. Vol. 58, Iss. 2. pp. 124-129. 



 

123 

UNDERSTANDING THE EFFECT OF FRICTION CONDITIONS  

ON THE PARAMETERS OF INNER TIE ROD PRESSING  

Vakhitov A., Stolyarov F. 

JSC SPA BelMag, Magnitogorsk, Russia 

stolyarov.f.a@yandex.ru 

 
When designing the inner tie rod assembly technology, one should analyze all the 

process stages in order to achieve the required quality. Pressing an inner tie rod body is 

one of the most important assembly operations for this type of products. The selected 

process parameters determine the performance of the fixed joint of a ball stud, an insert 

and a body. Such parameters include punch load, punch travel and die geometry [1]. 

This study is aimed at assessing the dependence between the punch load and the 

coefficient of external friction between the external surface of the blank and the internal 

surface of the die, and determining the dependence between the friction coefficient and 

the travel speed of body material particles in relation to the ones of the die [2]. 

To achieve the set objective, we carried out a series of experiments in the DE-

FORM-2D software environment. The elastic-plastic behaviour of the materials is de-

scribed by a bilinear stress-strain diagram [1]. To make the calculations easier and fast-

er, an axially symmetric model was built, because the object of interest was solid of 

revolution. 

The simulation showed a dependence between the kinetic coefficient of sliding 

friction and the relative travel speed of the part and die metal particles. A curve was 

built to show the relationship between the punch load required to make an inner tie rod 

body and the time-dependent friction coefficient (Fig. 1). The obtained dependencies 

will be used to develop a pressing technique for future projects to be implemented by 

JSC SPA BelMag. 

 
Fig. 1. Punch load versus punch travel: A comparison between experimental  

and simulation curves  
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Aluminum alloy 5083 contains 4.0-4.9% magnesium. According to Russian stand-

ards, it can correspond to alloy AMg4.5 per GOST 4784-97. Additionally, this alloy 

contains 0.40-1.0% Mn, 0.05-0.25% Cr. According to the matweb.com system, the 

alloy has high corrosion resistance and moderate strength and finds application in 

transport machines, pressure vessels, cryogenic plants, towers and drilling rigs, gas and 

oil pipelines. In order to meet the specification, the H116 metal is processed in any 

manner necessary to reduce the degree of intergrate and delamination corrosion. Layer 

corrosion results in peeling or exfoliation of metal layers parallel to the pressing or 

rolling surface. It is closely related to the fibrous structure of plates, sheets, as well as 

the linear arrangement of primary intermetallides in them. Delamination, which usually 

occurs under certain atmospheric conditions and under periodic exposure to seawater, 

mainly affects plates and heated sheets in a certain structural state. To reach the H321 

supply state, the metal undergoes deformation hardening followed by stabilization to a 

strength equal to about a quarter of that obtained between the annealing states (O) and 

the solid state (H38). The treatment process should also produce a metal with a certain 

degree of resistance to intergranular (MCC) and delamination corrosion.  
As is shown in articles [1,2], alloys of the aluminum-magnesium system are al-

ready prone to delamination during hot rolling. This led to the need to perform experi-

mental rolling of sheets made of these alloys while evaluating their corrosion re-

sistance. 

To obtain sheet metal with a thickness of 7.8 mm, ground blanks made of alloy 

5083 were subjected to hot rolling in a roughing and then in a finishing stand of a hot 

rolling mill. Homogenization annealing of the blanks was combined with hot rolling of 

the ingots. The temperature of the metal prior to hot rolling was 480 °C. The further 

treatment process consisted of a series of steps. 

Stage 1. Condition after hot rolling. 

Stage 2. Condition after the first cold rolling pass. 

Stage 3. Condition after intermediate annealing. 

Stage 4. Condition after the second cold rolling pass.  

The tensile strength and yield strength values for the treatment stages are shown as 

graphs in Fig. 1. 

https://www.multitran.com/m.exe?s=tensile+strength&l1=1&l2=2
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Fig. 1. Graphs showing how the properties of the rolled stock change  

by processing stage (MPa, top-down): b (MPa), 0.2 

One can see that the above graphs look fairly similar. However, the yield stress ap-

pears to be more sensitive to the processing method, as is shown by the large gradients 

of values. 

 

Fig. 2. Changing IGC by processing stage 

The IGC measurement showed that the index can vary in the range from 3 to 13, 

and under the standard requirements it cannot exceed 15 mg/cm2. The state of the metal 

after the first cold rolling pass approaches this indicator. It is assumed that the corrosion 

resistance of the surface layers of the rolled stock is closely related to the deformed 

state. So the next step may be to use numerical modeling of a rolling process to simu-

late the rolling of alloy 5083, as it is done, for example, in the study [3]. 
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The hot-rolled strip, inclusive pickled, annealed and temper-rolled is one of the 
mainstream metal product. This type of metal products is used for the production of 
welded building structures, pipes, car parts (in particular, wheel disks, rear suspension 
link connectors). This is due to the reduction in the number of technological process 
stage, in particular due to operation exception of cold rolling, and also the transfor-
mation of some mechanical properties and performance parameters of cold-rolled prod-
ucts to pickled hot-rolled products [1]. Studies on the development of a new production 
technology of the pickled hot-rolled strip with increased quality are conducted by scien-
tists of the Nosov Magnitogorsk State Technical University and specialists of PJSC 
Iron & Steel Works [2,3]. 

Figure 1 presents a comparative analysis of the experimental strip (a) with the seri-
al tape (b). The results of processing the rolled stock into the finished product are 
shown in figure 2. 

 

Fig. 1. Tempered strip surface of pilot run (a) and  
non-tempered strip surface of batch (b) 

Based on the visual estimate, the tempered strip has a higher uniformity of rough-
ness without the line of fracture, which is favorable for the process of paint coating 
applying. 

 
Fig. 2. Stamped wheel from pilot run of pickled temper-rolled strip of 07GBYu steel  

for the LADA automobile of JSC Avtovaz 
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Thus, the carried out researches have established the formation features of the fin-

ished pickled hotrolled strip and also ways of its management, for example by gage 

interference reducing, on-line management of the reduction process, more detailed pro-

cessing of the strip ends with cutting out of off-grade pieces. 

The reported study was funded by RFBR according to the research project №18-

58-45008 IND_a. 
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This paper describes the results of finite element modeling of the sleeper screw 

head hot stamping process, which was carried out in the Simulia Abaqus software 

package. Grade 20 steel was selected as the material from which sleeper screws were 

hot stamped. A series of experimental studies was carried out to describe the rheologi-

cal properties of this steel. Experimental flow curves were obtained under the following 

deformation conditions: the deformation temperatures were 1,200, 1,150, 1,100, 1,000 

and 900 оС; the selected strain rates were 0.01, 0.1, 0.5, 1 and 5 s-1; the true logarithmic 

strain for all cases was 0.8. Analysis of all experimental strain-stress dependences 

showed the presence of all dynamic recrystallization process stages (such as work hard-

ening), as well as the presence of the peak stress accompanied by a gradual decrease in 

the stress level until reaching a plateau. The moment the graph reaches a plateau corre-

sponds to the steady-state process of dynamic recrystallization, when an equal amount 

of deformed and recrystallized structure is present over the entire volume of the test 

sample. The only deformation mode in which the dynamic recrystallization process 

failed to begin corresponded to the deformation temperature of 900 оС and the strain 

rate of 5 s-1.  

To obtain a continuous function describing the rheological properties of the grade 

20 steel in the studied range of temperatures, strains and strain rates, an approach was 

used based on the Arrhenius equation describing thermally activated deformation pro-

cesses and the Johnson-Mel-Avrami-Kolmogorov equation [1-3]. In general, the system 

of equations used to describe the experimental data can be written down as 
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where 
sat  - the steady-state stress as a result of the dynamic recovery process; 

0  

- yield strength;   - parameter characterizing the process of work hardening; p - peak 

strain; 
ss  - steady-state flow stress; 

c  - critical strain; p  - the strain corresponding to 

the peak value of the deformation resistance;  and K N  - parameters characterizing the 

recrystallization process kinetics. 

For the main components included in this mathematical model, a relationship was 

established using the Zener-Hollomon parameter. The relationship shows the influence 

of temperature and strain rate and can be written down as  exp /Z Q RT . A math-

ematical model was obtained that helps determine the dependence of the flow stress on 

the deformation parameters for the grade 20 steel in the following ranges of tempera-

tures and strain rates: 900 ... 1200T 
oC, -10,01 ... 5 s   as 

 

         

 
 

 

0.5
2 2 2

0,156 0,8204 0,1248 0,9359 0,156 0,8204 0,0337 2,8614

1 1
0,1751 6,7666

5,85 5,85
0,1911 0,2704

1,66 1,66 0,1866 6,171

exp ,  <

1 exp 0,59737

cZ e Z e Z e Z e

Z eZ Z
Z e

e e Z e

  

 








  

       
  

                          

1,678

. c 

 
 
  

   
    
         

(2) 

Using the VUHARD subroutine, the resulting mathematical model was integrated 

into the Simulia Abaqus software package. A finite element simulation was carried out 

for the sleeper screw head hot stamping process using solid and spring-loaded punch. It 

was established that, under deformation starting from the temperature of 1,150 оС and 

taking into account the cooling conditions, the use of a spring-loaded punch will reduce 

the stamping force by 23%: from 1,900 to 1,460 kN. 
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LS59-1 is one of the most common leaded brass brands in the production and appli-

cation of copper-zinc alloys. According to the ASTM standard, leaded brasses fit in the 

C31400-C38600 brand range, and the counterpart to LS59-1 brass is the C37000 alloy. 

Without doubt, when manufacturing semi-finished products from this brass brand, the 

requirements for mechanical properties should be met. Such properties depend on the state 

of the metal: if it is in a hot-pressed, annealed or hardened condition. In this case, a dis-

tinction is made between the state after hot processing and that after annealing, which can 

be explained by two reasons: incomplete recrystallization and fixation of various combi-

nations of α and β phases at the final moment of processing [1 -3]. 

To establish the range of possible fluctuations in the mechanical properties of brass 

LS59-1, an industrial experiment was conducted using a horizontal hydraulic press with 

a force of 30 MN from PRESEZZI EXTRUSION S. P. A., during which a bar with a 

diameter of 26 mm was pressed in a reverse pressing mode. 

The variable value was the heating temperature of the ingots for pressing. Figure 1 

shows the results of measuring the ultimate tensile strength b and the elongation at 

break . The graph shows the average numbers of 2 to 4 measurements taken at each 

temperature. 

 

 
Fig. 1. Dependence of ultimate tensile strength b  and elongation at break 

 in the temperature function 

 

One can see that the ultimate tensile strength fluctuations are in the range of 

478...507 MPa, and the elongation at break fluctuations are from 26 to 32%. It should 

be noted that for C37000 brass, the range of possible changes in the ultimate tensile 

strength (website http://www.matweb.com) is 372 to 552 MPa. Thus, all the products 

obtained meet the requirements. 

At the same time, if we consider the dependence known for brass of this brand 
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from the reference book (Fig. 2) [4], we will see that the ultimate tensile strength in the 

annealed state (with a percent reduction equal to zero) is 385 MPa, which is almost 

30% lower than that observed in practice. The elongation at break in production condi-

tions was at the level of 29 %, whereas it should be at the level of 46 %. 

 
Fig. 2. Dependences of mechanical properties on percent reduction for LS59-1[4] 

 

The degree of recrystallization under pressing conditions may vary depending on 

the temperature and may be incomplete. According to the graph in Fig. 2, the ultimate 

tensile strength reaches values of 478...507 MPa with a percent reduction of more than 

15% (indicated by arrows). At the same percent reduction, the elongation at break de-

creases to the observed level. 

At the same time, it is impossible to explain the presence of extremes in the graph 

in Fig. 1. It is most likely that in this case a different phase state of the material is in-

volved since pressing is carried out near the α – β phase transition point. 
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The action of standardization has always been aimed at providing information and 

accumulating the best practices and the most suitable technical and managerial solu-

tions to specialists thus making the data available for everybody. In current circum-

stances, when dynamic changes are needed in all fields, it is the standards that can pro-

vide a safety cushion and guarantee the reliability of solutions based on the actual expe-

rience. And it would be appreciated to believe that exactly the standards will be able to 

promptly deliver new quality solutions to different problems. In order to make it possi-

ble, one should be able to quickly and easily find the object of interest and to create a 

possibility of making quick alterations to the current standards once new approved and 

tested solutions emerge. Thus, such alterations should appear in the original document 

and in all related standards simultaneously [1]. 

The current classification system is based on a hierarchy. Such rigidity and one-

dimensionality of the system ensure high authenticity of information and efficiency in 

case of insignificant alterations made to the regulatory documents simultaneously. 

However, when new technologies (including the digital ones) are implemented and a 

prerequisite of management is a reduced time of response to parameter alteration within 

the framework of current and future decision-making systems, along with information 

authenticity assurance, a fast operating system is required.   

At the first stage of our research, we have arrived at the conclusion that the best 

possible system ensuring standard management should be dynamic, flexible and multi-

dimensional and should give the possibility to segregate and coordinate information at 

different levels: fundamental, general, special, and specialized one [2-4]. The database 

where all information is stored and processed is used as the basis of any information 

system. In recent years, databases have become more advanced. There are known and 

widely used such database models as hierarchic, network, relational and semantic [5]. 

From the point of view of the information system, the semantic model would be of the 

greatest interest as it can be represented as an oriented graph with peaks corresponding 

to the objects of interest and arcs specifying the relations between them [6-9]. The ob-

jects may be terms, events, properties or processes.  

The following terms should be defined for the purpose of building a semantic 

model: entity, variety of entities, attribute, relation, relation degree. The main advantage 

of the semantic model is its scalability, due to which one can develop a semantic model 

that will only be linked to one standard and then make up a system for standard frame-

work servicing. In the modeled situation, the standard corresponds to the concept of 

entity. 

We distinguish the following properties of a standard which can help to quickly 

identify it: designation, name, classification code in accordance with the All-Russian 

Classifier for Standards, adoption date, effective date, relevance, alterations, references 

to other standards, keywords. To create a semantic model, we propose using the follow-

ing types of relations between the standard and other entities: a part that develops and 
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makes alterations to the standard, a part that approves the standard, a special infor-

mation service that maintains the standards and the users. Due to the use of references 

to other standards, additional relations between them can be segregated, which will 

ensure quick information updating in case of alterations to separate provisions of the 

considered standard from all related standards.  

The reported study was funded by RFBR according to the research project №18-

58-45008 IND_a. 
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Methods that implement severe plastic deformation (SPD) have recently been in-

creasingly developed and applied. Interest in SPD is primarily associated with a set of 

formed properties. The latter are determined by the peculiarities of the crystal structure 

and the formed ultrafine-grained and/or nanostructure. To solve the problem of defor-

mation of cylindrical billets, we used a forging tool with movable working elements 

[1]. The movable elements of the tool directly under force form predominantly com-
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pressive stresses in the deformation zone and shear deformation. The constant change 

in the metal flow direction during a single deformation cycle makes it possible to al-

most completely eliminate tensile stresses and prevent central looseness (Fig. 1). 
In this study, we performed the computer simulation of a broaching process in 

DEFORM-3D, as well as a physical modeling using plastic paraffin as a model material. 

The computer simulation showed that the use of a machine with the movable 

working elements for processing cylindrical workpieces formed a homogeneous stress 

intensity field. Areas with maximum effective strain values are redistributed in a single 

reduction cycle along the section of the workpiece, ensuring its uniform processing. 

The required degree of deformation is determined by the camber angle of the movable 

elements of the tool and is not adjusted. An increase in the degree of deformation for a 

single compression contributes to an increase in the values of the stress-strain state 

parameters. The nature of the stress-strain state is not changed with an increase in the 

degree of deformation of the workpiece. 
 

 
Fig. 1. A forging broaching machine with the movable working elements: 1 is a top die; 

2, 3 are movable working elements; 4 is a bottom die; 5 are rotary joints of the bottom 

die; 6 are rotary joints of the top die; 7 is a workpiece 

 

The physical modeling is in good agreement with the computer simulation. The 

physical experiment also made it possible to analyze the features of the closure of inter-

nal defects during severe plastic deformation. The data obtained made it possible to 

establish how deformation conditions and technological factors influenced the closure 

of internal defects in the workpieces. The regression equation was worked out and the 

degree of influence of each factor was revealed. The factors used were such parameters 

as the degree of deformation, workpiece tilting around its longitudinal axis, and the 

filling of defects. 

References 

1. Andreyashchenko V.A. Forging broaching machine. Patent RK No.33171, 

B21J 5/00, publ. on 22.10.2018. Bul. No.39. 

2. Andreyashchenko V.A., Ivasik V.A., Stepanova M.Sh., Andauov T.Sh., 

Kravchenko K.K. Analysis of the deformation behavior of billets under severe plastic 



 

134 

deformation. Improving the quality of education, current innovations in science and 

manufacturing: Proceedings of the International Scientific and Practical Conference. 

Ekibastuz, Prokopievsk, 2020. pp. 33-37. 

3. Andreyashchenko V.A. Finite element simulation (FES) of the fullering in de-

vice with movable elements. Metallurgy. 2016. Vol. 55. No. 4. pp. 829-831. 

4. Andreyashchenko V.A., Kocich R. Simulation of fullering technology as a plas-

tic deformation method for high quality forgings production. The 25th International 

Conference on metallurgy and materials METAL. Brno, Czech Republic, 2015. 

pp. 271-275. 

BEHAVIOR OF FINE PEARLITE PLATES IN THE DEFORMATION 

OF HIGH-CARBON STEEL 

Koptseva N.1, Efimova Yu.1, Gulin A.1, Narasimhan K.2, Prasad M.J.2 
1Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia 

2Indian Institute of Technology Bombay, Mumbai, India 

nara@iitb.ac.in 

 

Thanks to its high strength, high-carbon steel with pearlitic structure is widely used 

in construction [1-4]. Wire made of patented high-carbon steel is extremely strong, on 

account of the distinctive deformational properties of the fine-plate pearlite formed in 

the steel billet and its strain hardening on subsequent cold plastic deformation [4]. The 

main method of wire production is drawing, which is a relatively simple process and 

has been extensively theoretically studied. Currently, traditional methods of wire manu-

facture are so well developed that there is little prospect for considerable change in the 

strength–plasticity ratio of the material. At many metallurgical and metalware plants, 

combined deformational treatment of metals has been adopted. By such means, the 

performance of materials may be improved by deliberate change in their structure and 

fine structure [5, 6]. By combining simple types of deformation (torsion, extension, 

compression, and flexure), the efficiency of drawing may be increased, the material 

consumption may be decreased, and the stress–strain state of the metal may be im-

proved, with consequent increase in the plasticity, while maintaining good mechanical 

properties. Different combinations of deformation will have different effects on the 

structure and mechanical properties of the steel. In comparison with traditional draw-

ing, the combination of drawing, flexure, and torsion decreases the interplate distance 

and strengthens the wire. However, with increase in the strain in drawing, the change in 

interplate distance and hardness decreases. In terms of modification of the microstruc-

ture and increase in hardness, the most effective combination is moderate drawing, 

flexure in 60-mm rollers, and torsion at 150 rpm. Torsion at lower speeds has little 

effect. In flexure through rollers with different diameter (90 and 60 mm), torsion has 

much less influence than in the case of flexure in 60-mm rollers and torsion at 150 rpm. 
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Fig.1. Microstructure of longitudinal section of steel 70 sample after patenting (a)  

and after drawing protocols 1 (a), 2 (b) and 3 (c) 

 

The reported study was funded by RFBR according to the research project №18-

58-45008 IND_a. 
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