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The present paper sets forth the findings of an experimental study conducted to investigate the effects of altering the
radially oriented macrostructure of initial castings, thereby transforming it into a spiral-type macrostructure. This trans-
formation is achieved by the application of shear displacements of metal during the deformation process through the
utilisation of helical rolling, utilising various combinations of feed angle  and drawing coefficient p (B = 12°/u=2.2,
B=14"/u=2.5pB=16"/u=2.3,3=18/u=2.3, B =20°/u = 2.3). For the first time in the world practice with the use of
experimental-industrial equipment (radial shear rolling mill MISIS 100T) experimentally revealed the influence of feed
angle B on the character of metal flow, reflecting the change of spiral structure in the cross section, shear line ly, shear
angle y: with increasing feed angle B the length of structural fibre /, decreases by ~1.5 times (at B = 120 the length Iy =
=28.48 mm, and at § = 200 the length Iy =19.01mm), the shear angle y, near the axis of the workpiece decreases by
9.8 times (at p = 120 y, = 26.40, and at B = 200 y, = 2.70). The studies undertaken demonstrate the efficacy of the
radial shear rolling method in regulating metal flow within the deformation centre. The findings of the present study are
instrumental in extending the theoretical framework of helical rolling and in the development of a methodological frame-
work for analytical calculations in metal forming along specified trajectories, thereby facilitating the control of material
properties that are sensitive to structure.
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1. Introduction

elical rolling is a highly efficient method of metal
forming. It is a process that contributes to the for-
mation of the necessary complex of physical and
mechanical properties of materials during deformation.
[1—5]. The benefits of this method are manifold. Primarily,
it enables the controlled flow of metal during the deform
ation of the billet. This is achieved by altering a single pa-
rameter of the mill setting mode, namely the feed angle 3
[1, 4, 6—11]. The manner in which metal flows (streams)
during the processes of metal pressure treatment contrib-
utes to the formation of a complex of physical, mechanical
and functional properties of products [1, 2, 10, 12—15].
The inherent helicoidal flow of metal along predeter-
mined trajectories engenders developed shear deforma-
tions, thereby promoting the deep elaboration of the metal
structure at limited drawing ratios. [1, 2, 10, 16—18]. This
processing method has been shown to significantly en-
hance the plastic properties of deformed billets [1, 14, 15,
19, 20]. These properties are also inherented in products
manufactured by this method [21—23]. In the process of
helical rolling, the deformation of billets gives rise to the
formation of a spiral-type macrostructure within the bil-
let’s cross-section [10, 11, 24, 25].
In [10], the formation of a spiral macrostructure as a
result of shear deformations developed in the plane of the

cross-section during rolling with a feed angle less than
B < 16° was described in detail.

A substantial corpus of theoretical and experimental
work conducted within the framework of the OMD de-
partment at NITU MISIS [1, 4, 18, 19, 26, 27] has yiclded
findings that substantiate the hypothesis that the optimal
conditions for the deformation of billets are achieved
through the utilisation of helical rolling mills character-
ised by substantial feed angles (f = 16—30°). This assertion
is predicated on the premise that such an approach en-
genders a substantial augmentation in the efficiency of the
method, thereby ensuring the attainment of rolled prod-
ucts of a superlative quality from alloyed steels and alloys.
It has been demonstrated that rolling at large feed angles
(B > 16°) is accompanied by a significant compaction of
the billet’s central zone and an increase in its technologi-
cal plasticity [1, 10].

It is challenging to ascertain the nature of metal flow
and to determine the flow directions depending on the
change of equipment setting modes at thermodynamic
transformations of the billet structure and its estimation
by indirect data (e.g. by change of mechanical properties,
change of induced non-continuity defects, etc.).

At present, software packages (QForm, Deform,
Abacus, ANSYS, etc.) are extensively utilised for the
modelling of deformation processes, including helical

92



rolling [28—34]. Nevertheless, these methodologies do
not facilitate an objective evaluation of the shape change
without experimental verification.

Despite the significant amount of research conducted in
this domain, there is presently an absence of experimental
data concerning metal flow during deformation in a heli-
cal rolling mill across a wide range of feed angle variation
(B = 12°-20°, and beyond). In the present study, semi-in-
dustrial equipment is utilised, thereby enabling the execu-
tion of the rolling process over a broad spectrum of feed
angle variations (mill RSP MISIS 130T — = 12°-24°, mill
RSP MISIS 100T — B = 12°-27°). In view of the aforemen-
tioned points, it is imperative to initiate a rigorous investi-
gation into the dynamics of metal flow during the process of
deformation in a helical rolling mill. This investigation is of
paramount importance, as it will facilitate the development
of innovative rolling modes that ensure the precise regula-
tion of metal flow, thereby ensuring the consistent attain-
ment of the desired quality in the rolled products.

The aim of the work is to investigate metal flow du-
ring billet deformation in a helical rolling mill at feed
angles B = 12°, 14°, 16°, 18°, 20°. The obtained data
are useful for extending the theory of helical rolling, as
well as for creating a methodology for analytical calcu-
lation of metal forming along given trajectories and for
controlling the formation of structurally sensitive mate-
rial properties.

Methodology of the study

The study of metal flow during deformation is based
on the analysis of changes in the macrostructure of billets,
namely, the transformation of radially oriented macro-
structure of the initial billet into a spiral-type m acrostruc-
ture after deformation in a helical rolling mill.

Fig. 2. MISIS-100T radial shear rolling mill (@) and diagram of deformation centre (b)

(photo by authors)
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In the present study, aluminium alloy billets of techni-
cal purity A85 (GOST 11069—2001) were utilised as the
material for the investigation of metal flow during de-
formation. The material has demonstrated its efficacy in
the following studies [10, 11, 35—38] due to its distinctive
texture and the capacity for precise visual assessment of
its alterations following deformation. Billets (ingots) with
a diameter of 63 mm and a length of 250 mm from this
material were obtained by smelting in a graphite casting
mold. This method of billet preparation has been shown
to reveal the macrostructure with radially oriented fibre
arrangement along the entire length of the cross-section
(Fig. 1).

The ingots were subjected to rolling in the MISIS-100 T
radial shear rolling mill (see Fig. 2), utilising rolls with a
barrel diameter of 207 mm and a length of 250 mm. The
technical characteristics of the equipment of the RSR mill

Fig. 1.

Macrostructure of cast billet with diameter 63 mm and length
250 mm from aluminium of technical purity grade A85

Roll axis of rotation .

Roll axis
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Table 1
Technical characteristics of MISIS 100T radial shear
rolling mill

Parameter Value

Dimensions of the original workpiece:

— diameter, mm 120-50

—length, mm 900-2000
Dimensions of the rolled billet:

— diameter, mm 28-70

— length, mm up to 6000

—accuracy, % upto1

— flexion, mm/m upto
Lengthening coefficient, 1.1-4.0
Setting range of feed angle B, degree 12-27
Productivity, t/h 1.0-5.0
Drive power, kW 3x100
Stand weight, t 12.0

billets:
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Table 2

Geometric dimensions of billets after rolling at different
feed angles

Feed angle B, Outer diameter Lengthening
degree of the workpiece D, mm coefficient, p
12 2.2

14
16
18
20

421

40.2 2.5
411 2.3
411 2.3
41.2 2.3

are presented in Table 1. Fig. 2, b provides a visual repre-
sentation of the deformation centre of a three-roll helical
rolling mill.

The deformation of billets was conducted at feed an-
glesof p=12°, 14°, 16°, 18°, and 20°, with a constant rota-
tional speed of the working rolls of N =76 rpm, in a single

Fig. 3. Macrostructure of rolled

a — at feed angle g = 12°;
b—p=14,c—p=16",
d—p=18", e —p=20°

pass from a diameter of J63 to a diameter of
approximately @40 mm. Aluminium billets
were deformed without preheating (i.e. at a
temperature of +20 °C) in order to preserve
the deformation texture. The initial tempera-
ture of the rolls used in the deformation pro-
cess was approximately 150 °C. Subsequent to
the rolling process, billets were obtained, and
their diameter is presented in Table 2.

The selection of templates with initial
cast structure was carried out at a distance
of 30 mm from the bottom of the ingot. The
rolling process was executed by positioning
the billet with the ingot’s lowermost section.
Subsequent to the rolling process, the tem-
plates were sampled in the zone of steady rol-
ling process (more than two diameters from
the end of the billet 80 mm) from the side of
the bottom part of the ingot.

Marble solution (20 g CuSO,, 100 cm?
HCI, 100 cm? C,H;OH) was used to reveal the
macrostructure of the samples.

Results and discussion

The revealed spiral macrostructure of
the billets rolled in the helical rolling mill
at varying feed angle and drawing ratio: f =
=12°/u=22,=14°/u=25,p=16°/u=
=23,3=18/u=2.3,p=20"/u=2.3,
is shown in Fig. 3.

The study of metal flow during the roll-
ing of aluminium billets was carried out by
transforming the radial-oriented structure of
the initial ingot (Fig. 1) into a spiral struc-
ture after deformation in a helical rolling mill
(Fig. 4).

The metal flow study was carried out in the
area of:

— the central zone of the workpiece with
radius r, = 3.5mm (diameter D, = 7 mm);




— the peripheral zone r, = 18.5mm (diameter D, =
= 37 mm) (Fig. 4, d).

The restriction of the area of study of shear lines in the
peripheral part (zone 111, Fig. 4, d) of the billet is attribu-
table to the fact that, in this region, during the process of
rolling steel billets, nickel-based alloys, titanium alloys,
hard-deformed steels and alloys, aluminium alloys and
others, no mechanical texture of materials is formed dur-
ing deformation, because the structure is finely dispersed
[1, 16, 29]. Simultaneously, during the deformation of alu-
minium billets, the mechanical texture appears in the form
of “reverse” flow [10, 11], oriented in the opposite direction
to the formed spiral structure in zone 11 (Fig. 4, d).

In the central area of the ingot, a zone with coarse
grains was observed, which is crushed during the process
of rolling (Fig. 3). Due to the absence of clarity in visu-
alising shear lines in the central region of the billet post-
rolling, the radius of shear line investigation is constrained
to r,= 3.5 mm for all rolled billets.

In order to investigate the metal flow, the “averaged”
shear line /,, obtained by “averaging” the lines identified
on the macrostructure of the deformed specimen, was
determined. This was achieved by delineating 6—8 lines

Fig. 4.

Identification of the “average” shear line /(y):
a— macrostructure of the specimen deformed at feed angle B = 12° and outlined shear lines, b — outline of the identified shear lines, ¢ — scheme
of the shear line investigation area (//), d — scheme of determining the “average” shear line ly, e — scheme of determining the shear angle (y)
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that were clearly visualised and identified on the mac-
rostructure (Fig. 4), lying at the intersection of the radius
r,and the horizontal axis X (Fig. 5).

The “averaged” shear line was determined by reduc-
ing the obtained contours of the shear lines of the ‘spiral
structure’ to a single point by means of transformations.

In the process of transforming the contours of the
shear lines, it was observed that the lines obtained cut off
different parts of the arc at the point of intersection with
the contour of radius r,. To facilitate a comparative analy-
sis of the data, the maximum (angle ¢;) and minimum
angle (a,) of the arc lying on the radius r, were measured
(Fig. 4, d, Table 3). The discrepancy between these angles

Table 3
Maximum (a,) and minimum (a,) arc angle

Feed angle 3, degree = .

12 109.2 93.2
14 86.7 74.8
16 721 57.2
18 61.0 43.1
20 39.8 28.3
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Fig. 5. “Average” shear lines after deformation in MISIS 100T radial shear rolling mill (a) and shear angle of structural fibre (y,) as a function

of radius r; at different feed angles B (b)

Angley,, deg. Line length I,, mm

When rolling is undertaken with
equal drawing coefficients and

b the value of the feed angle 3 is in-
creased, private compression in-
creases and the number of defor-
mation cycles decreases. This is
advantageous to more intensive
metal flow in the longitudinal
direction [1, 2, 4, 5, 10, 39, 40].
In accordance with the fin-
dings of preceding studies [20, 40],
it has been demonstrated that for
the rolling process, a negligible
alteration in the feed angle is
reflected in the indices of me-
chanical properties. It has been

30 29
a
27
25F
251
20t
231
15t
211
10} h
181
51 17+
N
B=12° B=14° P=16° p=18 B=20° p=12°

Fig. 6. Variation of shear angle (y,) near the centre of the workpiece (@) and shear line length lY (b)

from feed angle 3

(a, and a,) is indicative of the precision achieved in the
transformations performed.

The point B of the “averaged” line, lying on the radius
r;, was defined as the centre of the arc that is bounded by
points A and C and belongs to the contours of the shift
lines brought to one point (Fig. 4, d).

The utilisation of the integrated functionality within
the graphical editor facilitated the delineation of an “aver-
aged” shear line (/), thereby enabling the determination
of the shear angle ZY,) of the structural fibre, as illustrated
in Fig. 4, e.

The contours of “averaged” shear lines obtained by
processing the graphic editor of the macrostructure of
samples deformed with different feed angles are presented
in Fig. 5, a. The change of angle (y;) depending on the feed
angle (PB) is presented in Fig. 5, b.

As is evident, with an increase in the feed angle f3,
there is a concomitant decrease in the shear angle y; of the
structural fibre in the cross section. This phenomenon can
be attributed to the distinct characteristics of metal flow.

p=14°

established that screw rolling of
a billet with a moulded structure,
exhibiting insignificant drawing
coefficients (u < 1.5), results in
a substantial enhancement of mechanical properties |14,
20, 40]. Concurrently, the longitudinal direction demon-
strates a more pronounced enhancement in mechani-
cal properties when compared to the tangential direction
[20, 40].

It is evident that the geometry of the spiral-shaped
macrostructure is influenced by the feed angle, as il-
lustrated in Fig. 5. This observation reflects the plastic
flow in the centre of deformation in the cross-section
of the billet. Consequently, it is possible to control the
plastic flow of metal, thereby affecting its physical and
mechanical properties. In this instance, the rolling
process with large feed angles (B > 16°) creates the ef-
fect of volumetric macroshift, which contributes to the
elaboration of the metal structure at all levels of metal-
lographic structure.

The experimental data obtained has been analysed,
and it is evident that as the feed angle increases, the shear
angle v, decreases (see Fig. 6, a). For instance, at a rol-
ling feed angle of B = 120, the shear angle y, is measured

B=16° B=18° B =20°
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at 26.4°, and at B = 200, it is recorded at 2.7° (a difference
of approximately 9.8 times). A significant decrease in the
shear angle v, is evident near the centre of the billet after
rolling with a feed angle g > 16° (Fig. 6, a).

The alteration in the feed angle during the process of
rolling is also reflected in the length of the “averaged”
structural fibre line ly (see Fig. 6, b). Rolling of billets at a
feed angle p = 12° results in an average shear line length
of lv = 28.48 mm, whereas at B = 20°, the length is ly =
= 19.01 mm (a difference of approximately 1.5 times).

Conclusions

This paper proposes a novel approach to experimental
research, namely the comparative analysis of the change
of a radial-oriented structure that transforms during de-
formation into a spiral shape. This method has the poten-
tial to control the plastic flow of metal, and it is realised by
a method known as radial-shift rolling.

According to the developed method the influence of
the feed angle () on the character of the spiral structure
change was revealed:

— with the increase of the feed angle the shear angle
near the central part of the workpiece changes significant-
ly (at B = 12° the shear angle y, = 26.4°, and at B = 20° the
shear angle y,= 2.7°. The difference is ~ 9.8 times.

— with the increase of the feed angle the length of the
spiral structure decreases in = 1,5 times (at p = 12° the
length lv = 28.48 mm, and at = 20° the length ly =
= 19.01 mm).

2. The identified trends indicate that the feed angle is
the primary technological parameter that governs the tra-
jectory shape change of metal in the deformation centre.

3. It has been demonstrated that increasing the feed
angle to above 16 degrees has a beneficial effect on reduc-
ing the differences between the periphery and centre zone
of the bar in terms of the intensification of deformation
processes along the section.

4. The data obtained can prove advantageous in facili-
tating the advancement of the theory and the analytical
calculations of the parameters of shape change during
three-roll helical rolling. Furthermore, it can assist in en-
hancing the structure-dependent properties of metals and
alloys.

5. In this study, the aluminium alloy A85 was selected
as the model alloy. It is evident that this alloy undergoes a
transformation of its radially oriented macrostructure into
a spiral macrostructure during the process of helical roll-
ing. However, it should be noted that this feature is not ex-
clusive to the alloy A85 and is instead a characteristic that
can be observed in all materials that exhibit a pronounced
texture subsequent to deformation.

This work was financially supported by the Moscow
Polytechnic University within the framework of the grant
named after Pyotr Kapitsa.

METAL PROCESSING

References

1. Potapov I. N., Polukhin P. I. Screw Rolling Technology.
2™ ed., rev. and enlarged. Moscow: Metallurgiya, 1990. 344 p.

2. Galkin S. P, Kharitonov E. A., Romanenko V. P. Screw
Rolling for Pipe-Blank Production. Steel in Translation. 2009.
Vol. 39, Iss. 8. pp. 700—703.

3. Zhang Z., Liu D., Yang Y., Wang J., Zheng Y., Zhang E
Microstructure Evolution of Nickelbased Superalloy with
Periodic Thermal Parameters During rotary tube piercing
process. The International Journal of Advanced Manufacturing
Technology. 2019. Vol. 104. pp. 3991—-4006.

4. Galkin S. P, Kharitonov E. A., Romanenko V. P. Radial-
Shear Rolling as a New High-Efficient Method for Metal
Forming. Progressive Metal Forming Technologies. A Manual.
Moscow : IRIAS, 2009. pp. 293—302.

5. Teterin P. K. Theory of Screw Rolling. Moscow: Metal-
lurgiya, 1971. 368 p.

6. Galkin S. P. Trajectory of deformed metal as basis for control-
ling the radial-shift and screw rolling. Stal. 2004. Iss. 7. pp. 63—66.

7. Romantsev B. A., Goncharuk A. V., Aleshchenko A. S.,
Onuchin A. B., Gamin Yu. V.. Improving the Regimes Used
for Hot-Rolling Tubes on Mini Tube-Production Unit 70—270.
Metallurgist. 2015. Vol. 59. pp. 386—389.

8. Romantsev B. A., Aleshchenko A. S., Goncharuk A. V.
Efficiency of the Piercing Operation in Rotary Rolling Mills.
Stal. 2010. Iss. 12, pp. 47—48.

9. Shih C.-K., Hung C. Experimental and Numerical
Analyses on Three-Roll Planetary Rolling process. Journal of
Materials Processing Technology. Vol. 142, Iss. 3. pp. 702—7009.

10. Nikulin A. N. Helical Rolling: Stresses and Strains.
Moscow: Metallurgizdat, 2015. 380 p.

11. Fomin A. V., Aleshchenko A. S., Maslenniko I. M.,
Galkin S. P, Nikulin A. N. Structural and Analytical Evaluation
of the Strain Intensity and its Components During Cross-Roll
Piercing at Different Feed Angles. Metallurgist. 2019. Vol. 63.
pp. 477—486.

12. Hwang Y.-M., Tsai W. M., Tsai E. H., Her 1. Analytical
and Experimental Study on the Spiral Marks of the Rolled
Product During Three-Roll Planetary Rolling Processes.
International Journal of Machine Tools and Manufacture. 2006.
Vol. 46, Iss. 12-13. pp. 1555—1562.

13. Murillo-Marrodan A., Gamin Y., Kaputkina L., Garcia E.,
Aleshchenko A., Derazkola H. A., Pashkov A., Belokon E.
Microstructural and Mechanical Analysis of Seamless Pipes
Made of Superaustenitic Stainless Steel Using Cross-Roll
Piercing and Elongation. Journal of Manufacturing and Materials
Processing. 2023. Vol. 7, Iss. 5. 185.

14. Romanenko V. P, Fomin A. V., Begnarskii V. V.,
Yandimirov A. A., Nikulin A. N. Deformation Action of Screw
Rolling on a Cast Wheel Billet. Metallurgist. 2013. Vol. 56,
Iss. 9—10. pp. 753—759.

15. Romanenko V. P, Fomin A. V., Nikulin A. N. Effect of
Preliminary Deformation of the Cast Semifinished Product on
the Service Properties of Wheel Steel. Metallurgist. 2013. Vol. 57,
Iss. 3-4. pp. 303—309.

Non-ferrous Metals. 2025. No. 1. pp. 92-98

97



16. Galkin S.P,, Kin T. Yu., Gamin Yu. V., Aleshchenko A. S.,
Karpov B. V. Review of Scientific-Applied Research and Indu-
strial Application of Radial Shear Rolling Technology. CIS Iron
and Steel Review. 2024. Vol. 27. pp. 35—47.

17. Galkin S. P, Gamin Yu. V., Aleshchenko A. S.,
Romantsev B. A. Modern Development of Elements of Theory,
Technology and Mini-Mills of Radial-Shear Rolling. Chernye
Metally. 2021. No. 12. pp. 51-58.

18. Galkin S. P., Aleshchenko A. S., Gamin Y. V. Deve-
lopment and Experimental Testing of the Technology for
Producing Deformed Bars of Alloy D16T from Continuously
Casting Billets of Small Diameter with Low Elongation Ratios.
Russian Journal of Non-ferrous Metals. 2022. Vol. 63. pp. 328—
335.

19. Galkin S. P., Aleschenko A. S., Romantsev B. A.,
Gamin Yu. V., Iskhakov R. V. Effect of Preliminary Deformation
of Continuously Cast Billets by Radial-Shear Rolling on the
Structure and Properties of Hot-Rolled Chromium-Containing
Steel Pipes. Metallurgist. 2021. Vol. 65. pp. 185—195.

20. Romanenko V. P, Fomin A. V., Sevastianov A. A.,
Filippov G. A., Livanova O. V., Ilyukhin D. S. Effect of Screw
Piercing on the Structure and Mechanical Properties of a
Continuously Cast Blank Made of Wheel Steel. Metallurgist.
2024. Vol. 57, Iss. 11-12. pp. 1837—1844.

21. Ovchinnikov D. V., Bogatov A. A., Erpalov M. V.
Development and Put into Practice Production Technology for
Tubing Pipes from Continuously Cast Billet. Chernye Metally.
2012. No. 3. pp. 18-21.

22. Chernyshev Yu. M., Isaykin A. N., Chechulin Yu. B.,
Khaldin D. V. et al. Mastering the Reduction of Continuously
Cast Billets on the Three-Roll Assel Mill of Pervouralsk New
Pipe Plant. Stal. 2016. No. 5. pp. 35—40.

23. Chikalov S. G., Klempert E. D., Golubchik R. M.,
Merkulov D. V., Novikov M. V. Obtaining the Required Range of
Continuous-Cast Pipe Blanks for Piercing. Steel in Translation.
2007. Vol. 37, Iss. 3. pp. 305—308.

24. Gamin Y., Akopyan T., Koshmin A., Dolbachev A.,
Aleshchenko A., Galkin S., Romantsev B. Investigation of the
Microstructure Evolution and Properties of A1050 Aluminum
Alloy During Radial-Shear Rolling Using FEM Analysis. The
International Journal of Advanced Manufacturing Technology.
2020. Vol. 108. pp. 695—704.

25. Shurkin P. K., Akopyan T. K., Galkin S. P., Aleshchen-
ko A. S. Effect of Radial Shear Rolling on the Structure and
Mechanical Properties of a New-Generation High-Strength
Aluminum Alloy Based on the Al — Zn — Mg — Ni — Fe System.
Metal Science and Heat Treatment. 2019. Vol. 60. pp. 764—769.

26. Gamin Yu. V., Koshmin A. N., Dolbachev A. P., Gal-
kin S. P, Aleshchenko A. S., Kadach M. V. Studying the
Influence of Radial-Shear Rolling on the Thermo-Deformation
Conditions of Aluminum AA1050 Processing. Russian Journal
of Non-Ferrous Metals. 2020. Vol. 61. pp. 646—657.

27. Skripalenko M. M., Romantsev B. A., Kaputkina L. M.,
Galkin S. P, Skripalenko M. N., Cheverikin V. V. Study of

METAL PROCESSING

Transient and Steady-State Stages During Two-High and
Three-High Screw Rolling of a 12Kh18N10T Steel Workpiece.
Metallurgist. 2019. Vol. 63. pp. 366—375.

28. Gamin Yu. V., Galkin S. P., Nguyen X. D., Akopyan T.
K. Analysis of Temperature-Deformation Conditions for Rolling
Aluminum Alloy Al — Mg —S ¢ Based on FEM Modeling. Russian
Journal of Non-Ferrous Metals. 2022. Vol. 63. pp. 417—425.

29. Galkin S. P.,, Stebunov S. A., Aleschenko A. S., Vlasov
A. V., Patrin P. V., Fomin A. V. Simulation and Experimental
Evaluation of Circumferential Fracture Conditions in Hot
Radial-Shear Rolling. Metallurgist. 2020. Vol. 64. pp. 233—241.

30. Pater Z., Tomczak J., Bulzak T., Wojcik L., Skripalenko
M. M. Prediction of Ductile Fracture in Skew Rolling P roc-
esses. International Journal of Machine Tools and Manufacture.
2021. Vol. 163. 103706.

31. Murillo-Marrodan A., Garcia E., Barco J., Cortés F
Analysis of Wall Thickness Eccentricity in the Rotary Tube
Piercing Process Using a Strain Correlated FE Model. Metals.
2020. Vol. 10, Iss. 8. 1045.

32. Murillo-Marrodan A., Garcia E., Cortes F. A Study
of Friction Model Performance in a Skew Rolling Process
Numerical Simulation. [International Journal of Simulation
Modelling. 2018. Vol. 17. pp. 569—582.

33. Pater Z., Tomczak J., Bulzak T. Numerical Analysis of
the Skew Rolling Process for Rail Axles. Archives of Metallurgy
and Materials. 2015. Vol. 60, Iss. 1. pp. 415—418.

34. Skripalenko M. M., Chan B. Kh., Romantsev B. A.,
Galkin S. P., Samusev S. V. Investigation of the Features of Billet
Stress-Strain State at Different Screw Rolling Schemes Using
Computer Simulation. Stal’. 2019. No. 2, pp. 35—39.

35. Smirnov V. S., Grigoriev A. K., Pakudin V. P., Sadovni-
kov B. M. Resistance to Deformation and Plasticity of Metals
(During Pressure Treatment), Moscow: Metallurgiya, 1975.
272 p.

36. Komkov N. A., Nikulin A. N., Romanenko V. P.,
Fomin A. V. Physical-Mechanical Model of Metal Plastic
Deformation in the Course of Billets Shortening. Problems of
Ferrous Metallurgy and Materials Science. 2013. No. 2. pp. 5—17.

37. Wang Q., He X., Deng Y., Zhao J., Guo X. Experimental
Study of Grain Structures Evolution and Constitutive Model
of Isothermal Deformed 2A14 Aluminum Alloy. Journal of
Materials Research and Technology. 2021. Vol. 12. pp. 2348—
2367.

38. Okhrimenko Ya. M., Tyurin V. A. Theory of Forging
Processes. Moscow: Vysshaya shkola, 1977. 295 c.

39. Naydenkin E. V., Ratochka I. V., Mishin I. P., Lykova O. N.

Evolution of the Structural-Phase State of a VT22 Titanium
Alloy During Helical Rolling and Subsequent Aging. Russian
Physics Journal. 2015. Vol. 58, Iss. 8. pp. 1068—1073.

40. Romanenko V. P, Fomin A. V., Kriskovich S. M.,
Sevastyanov A. A., Filippov G. A., Ilykhin D. S. Application of
Hollow Billets for the Production of Railway Wheels and Hollow
Car Axles by Screw Piercing Method. Metallurgist. 2024. Vol. 68.
pp. 812—819. NFM

98



