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Abstract. The authors suggest a method for calculation 
of parameters of drilling and blasting operations for under-
ground mine working which differs from existing ones in the 
fact that parameters are calculated not on a specific consump-
tion of explosives, but on a radius of a fracture zone. 

Keywords: explosive, drilling and blasting opera-
tions, blasthole, charge, explosion. 
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RATIONALE FOR PARAMETERS OF A COMBINED FILLING MASS  
IN ASCENDING EXPLOITATION MINING 
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Abstract. We studied parameters of a combined fill-
ing mass during both solid stowing and rockfill of a 
chamber and ascending exploitation mining of deposits. 
We determined main mining and geological and mine 
engineering factors influencing parameters of artificial 
pillars. The studies resulted in a nomograph used to de-
termine a width of a solid part of the combined filling 
mass. A grain composition of the mix of rocks used in a 
combined filling mass is justified. 

Keywords: ascending exploitation mining, combined 
filling mass, forming technology, chamber mining, width 
of an artificial pillar, mix of rocks. 
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ANALYSIS OF THE INFLUENCE OF CABLE SAW OPERATION MODES  
ON CUTTING OF NATURAL STONE MONOLITHS FROM A MASSIF 

Pershin Gennadiy Daltonovitch – D.Sc. (Eng.), Professor, Nosov Magnitogorsk State Technical University, Russia. 
Ulyakov Maxim Sergeevich – Ph.D. (Eng.), Assistaut Professor, Nosov Magnitogorsk State Technical University, 

Russia. E-mail: maxim-atlet@yandex.ru. 
 

Abstract. The article gives dependences of main in-
dicators of the cutting process (performance, consump-
tion of power and diamond tools) on the cable saw opera-
tion modes at different bench heights. We developed a 
technique for selecting a reasonable cable saw control 
mode taking into account the established dependencies on 
cutting performance and operational costs for cutting 
monoliths from the massif depending on a bench height. 
To select such reasonable cable saw control mode, we 
introduced a comprehensive technical and economic indi-
cator ( w) characterized by costs charged to the intensity 
of cutting stones from the massif. 

Keywords: cable saw, performance, tool consump-
tion, specific work of cutting, cost. 
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Abstract. A series of results concerning the finding of 
the parameters of the equal-stress leaf springs is present-
ed. The nonlinear bending of the single-leaf spring of the 
variable profile is considered. It is established that the 
optimum profile for a strong bending is elliptic. The line-
ar bending of a two-leaf spring with leaves of a variable 
profile is studied. It is proved that the equal-stress spring 
does not exist for different lengths of leaves, if the stress-
es sign is invariable along leaves. Such spring exists only 
for equal lengths of leaves. If the sign varies but the abso-
lute value of stress is invariable, then the equal-stress 
spring exists when a shorter leaf is sufficiently long. Such 
spring contains the internal joint. The parameters of a 
partially equal-stress two-leaf spring with constant pro-
files of the leaves are found. The connection between 
these parameters and a solution of the problem of maxi-
mum stress minimization is established. 

Keywords: leaf spring, linear and nonlinear bending, 
equal-stress spring, internal joint, stress minimization. 

References 
1. Parkhilovsky I.G. Avtomobilnye listovye ressory [Automotive leaf 

springs]. Moscow: Mechanical Engineering, 1978. 227 p. 
2. Ponomarev S.D. et al. Raschyoty na prochnost v mashinostroenii 

[Stress calculation in mechanical engineering]. Vol. 1. Moscow: 
Mechanical Engineering Publ., 1956. 884 p. 

3. Osipenko ., Nyashin Y.I, Rudakov R.N., Ostanin A.V., Kule-
shova E.N., Zhuravleva T.N. Mathematical modelling of the foot 
prosthesis elastic element under bending. Russian Journal of 
Biomechanics. 2001, vol. 5, no. 2, pp. 18–29. 

4. Brynskikh S.I., sipenko ., Nyashin Yu.I. Optimizatsiya dvu-
khlistovogo uprugogo elementa proteza stopy s ispolzovaniem 
lineinoi i nelineinoi teoriy izgiba [The optimization of the two-leaf 
elastic element of the foot prosthesis under linear and non-linear 
bending theories]. Rossiisky zhurnal biomekhaniki [Russian Jour-
nal of Biomechanics]. 2003, vol. 7, no. 2, pp. 9–19. 

5. Geil M.D., Parnianpour M., Berme N. Significance of nonsagittal 
power terms in analysis of a dynamic elastic response prosthet-
ic foot. Journal of Biomechanical Engineering. October 1999, 
vol. 121, pp. 521–524. 

6. Nyashin Yu.I., Osipenko ., Rudakov R.N. K teorii izgiba listovoy 
ressory [On the theory of leaf spring bending]. Izvestiya RAN. Mek-
hanika tverdogo tela [Proceedings of the Russian Academy of Sci-
ences. Mechanics of Solids]. 2002, no. 6, pp. 134–143. 

7. Osipenko ., Talantsev N.F. O svoistvakh koeffitsienta ispolzovani-
ya materiala listovoy ressory [On the properties of the material utiliza-
tion coefficient for a leaf spring]. Izvestiya VUZov. Povolzsky region. 
Tekhnicheskie nauki [News of Higher Educational Institutions. Volga 
Region.Technical Sciences]. 2009, no. 2(10), p. 134–144. 

8. Osipenko M.A., Nyashin Yu.I., Rudakov R.N. A contact problem 
in the theory of leaf spring bending. International Journal of Solids 
and Structures, 2003, vol. 40, pp. 3129-3136. 

9. Osipenko M.A., Nyashin Yu.I. Ob odnom podkhode k resheniyu 
nekotorykh odnomernykh kontaktnykh zadach [A certain ap-
proach to solving some one-dimensional contact problems]. 
Izvesiya Saratovskogo Universiteta. Novaya seriya. Seriya Ma-
tematika. Mekhanika. Informatika. [News of Saratov University. 
New Series. Series in Mathematics, Mechanics, Computer Sci-
ence]. 2011, vol. 11, no. 1, pp. 77–84. 

10. Rabotnov Yu.N. Mekhanika deformiruemogo tverdogo tela [Me-
chanics of Deformable Solids]. Moscow: Science, 1988, 711 p. 

 

 621.778.011:001.891.57 

 
 

 
.1, .1, .1, .2, .3 

1 . . ,  
2 ,  
3 ,  

. -
. 



 … ., ., . . 

www.vestnik.magtu.ru        ————————————————————————————————————————————— 27

. -
 

. -
 80 . 

: , , , -
. 

 
 

 
 

, -
.  

 
, -

,  
, -

-
-

. -
-

, -
,  
,  

.  
 

-
. 
-
-
-

. 
  

 
 
 
 

 [1–5]. -
-

 ( ) . -
 

.  
 
 
 

.  
.  

 
-

,  
 

,  
.  

-
 

,  
 

. 

-
 

,  
. -

 – 
,  

-
-

.  
-
 

.  
, -

-
, -

-
.  

 
. -

-
,  

,  
.  

-
, -

, . 
 

, -
,  

-
 

.  
 

, -
.  

-
.  

 
,  

-
. 
-

. 

 
,  

, , -
., -

-
. 

 – -



 

————————————————————————————————————    . . . . 2014. 4 28 

 
. -

 –  
-
 

. 
,  

-
. -

 –  
-
 

. -
, , –  

. 
-

,  
-

. , ,  
.  

 
.  

, -
,  

-
,  

.  – -
-

 [6],  
-
-

. -
-
 
 

-
-

.  
, -

 
, 

. -
,  

, -
, -

.  
-

,  
, -

.  
-

. ,  
 

,  
-

,  
, 

.  

,  
,  

-
. -

.  
, -

 
. -

-
 ( )  [7].  

-
. 

,  
-

,  
.  

 
 

 
 
 

: 
. , 

,  
. 

. -
,  

, -
. 

. , -
,  

, ,  
, -
. 

-
- . 

 
-
-
-

 . 1)  
Simulia Abaqus  Deform-3D . 2).  

 
 

. 1.  



 … ., ., . . 

www.vestnik.magtu.ru        ————————————————————————————————————————————— 29

-
. 

 

  
) 

 
) 

,  250 120 
,  410 250 
,  210 100 

 0,28 0,35 
 

 
 

 
 

 
 

 
 

. 2.   
 30%. 

  
 Deform-3D ( )  Abaqus ( ) 

, 
-
-

. ,  
Deform-3D  30%, -

 – 380 ,  – 180 . 
,  Sim-

ulia Abaqus, 408  196 .  
 Simulia Abaqus -

-
 30%, ,  De-

form-3D, -
, .  

-
, -

 
. -

 Deform-3D  
-

, -
,  

 
. -

 Simulia Abaqus. 
-
-
 

.  
-
-
 

 . 3)  
-

 ThixometPro -
 15,5  80. 

 
 

 
 

. 3.  80  
 ( )  ( )   

 



 

————————————————————————————————————    . . . . 2014. 4 30 

 
-
 

-
 1778 . -

-
 ( )  

 . 4),  
 

-
, . 

 

 
 

. 4.  
 

 
 80  15,5  

9,98 , -
.  

 
,  

-
.  

Al2O3  
.  

-
 « -

»: 
15,5  – 14,78  – 13,48  – 12,38  – 

11,46  – 10,68  – 9,98 . 
-
 

 974 
 

650 .  
 [8–12], -

 [13–14] , -

-
-

. -
 

, -
 . 5)  

,  
. 

  
 

 
 

 
 

 
 

. 5.  
 ( )  ( ) 

 
-
-
-

.  
-
 

-
. 

 
1. Bichler C., Pippan R. Direct observation of the residual plastic defor-

mation caused by a single tensile overload. Proc. 2nd Symp. on Fa-
tigue Crack Closure, Measurement and Analysis, ASTM STP. 1999. 

2. Christ H.-J., Mughrabi H. Cyclic stress–strain response and mi-



 … ., ., . . 

www.vestnik.magtu.ru        ————————————————————————————————————————————— 31

crostructure under variable amplitude loading. Fatigue and Frac-
ture of Engineering Materials and Structures. 1996.  19. P.335. 

3. Hertzberg, R.W. Deformation and fracture mechanics of engineer-
ing materials, Wiley. New York, 1996. 

4. Murakami Y. The stress intensity factors handbook, Pergamon 
Press. New York, 1987. 

5. Tada H., Paris P.C., Irwin, G.R. The stress analysis handbook, 
3rd edition, ASME Press. New York, 2000. 

6. ., ., . -
 
 

 // -
. . . 2012.  4. . 72–74. 

7. . . -
 [ ]  « » 

). URL: http://pent.sopro.susu.ac.ru/LRN/0711/smm/files/ 
fea_4c.pdf. 

8. Düber O., Künkler B., Krupp, U., Christ, H.-J., Fritzen, C.-P. Ex-
perimental characterization and two-dimensional simulation of 
short-crack propagation in an austenitic-ferritic duplex steel. Inter-

national Journal of Fatigue. 28. 2006. P. 983. 
9.  

 
SIMULIA ABAQUS / ., ., ., 

. // . -
. 2014. . 156–158. 

10. Stolarz J. Influence of microstructure on low-cycle fatigue in some 
single-phase and biphasic stainless steels. Proc. Intl. Conf. on Low Cy-
cle Fatigue, P.D. Portella, H. Sehitoglu, K. Hatanaka Eds. Berlin, 2004.  

11. Blochwitz C., Tirschler W. In-Situ scanning electron microscope 
observations of the deformation behaviour of short cracks. Materi-
als Science and Engineering. 2000. P. 273. 

12. Nakajima K., Terao K., Miyata T. The effect of microstructure on 
fatigue crack propagation of  titanium alloys. Materials Sci-
ence and Engineering. 1998. P. 176. 

13. Richter R., Tirschler W., Blochwitz C. In-situ scanning electron 
microscopy of fatigue crack behaviour in ductile materials. Materi-
als Science and Engineering. 2001. P. 237. 

14. Wiliams D.B. Carter C.B. Transmission Electron Microscopy: A 
Textbook for Materials Science. Plenum Press. New York, 1996. 

 INFORMATION ABOUT THE PAPER IN ENGLISH 

RESEARCH METHODS OF MECHANICAL PROPERTIES OF METALS AND ALLOYS DURING 
THEIR FORMING SUBJECT TO AN INHOMOGENEOUS STRUCTURE 

Baryshnikov Mikhail Pavlovich – Ph.D. (Eng.), Professor, Nosov Magnitogorsk State Technical University, Rus-
sia. E-mail: arcosmag@mail.ru. 

Chukin Mikhail Vitalevich – D. Sc. (Eng.), Professor, First Vice-Rector – Vice-Rector for Science and Innova-
tion, Nosov Magnitogorsk State Technical University, Russia. E-mail: m.chukin@mail.ru. 

Boyko Artem Borisovich – Postgraduate Student, Nosov Magnitogorsk State Technical University, Russia. E-mail: 
boyko.ab@mail.ru. 

Dyja Henrik – D.Sc. (Eng.), Professor, Director of the Institute of Metal Forming and Engineering Security, 
Czestochowa University of Technology, Poland. E-mail: dyja@wip.pcz.pl. 

Nazaybekov Abdrakhman Batyrbekovich – Academician, D.Sc. (Eng.), Professor, Rector of Rudny Industrial 
Institute, Kazakhstan. E-mail: rector@rii.kz. 

 

Abstract. This  article  presents  studies  of  the  effect  of  
heterogeneous structural components on a stress and strain 
state in processes of forming metals and alloys. A review of 
modeling techniques including their strengths and weakness-
es is made. The article presents an analysis of the microstruc-
ture of wire rod and determines a type of non-metallic inclu-
sions  for  finite  element  modeling  in  a  software  package.  A 
finite element method was used to model prestressing of 
bimetallic copper-clad steel rods and drawing of high-tensile 
reinforcement bars manufactured from steel grade 80R. 

Keywords: inhomogeneity of the structure, micro-
structure, nonmetallic inclusions, finite element method. 

References 
1. Bichler C., Pippan R. Direct observation of the residual plastic defor-

mation caused by a single tensile overload. Proc. 2nd Symp. on Fa-
tigue Crack Closure, Measurement and Analysis, ASTM STP. 1999. 

2. Christ H.-J., Mughrabi H. Cyclic stress–strain response and mi-
crostructure under variable amplitude loading. Fatigue and Frac-
ture of Engineering Materials and Structures. 1996, no 19, p. 335. 

3. Hertzberg R.W. Deformation and fracture mechanics of engineer-
ing materials. New York: Wiley, 1996. 

4. Murakami Y. The stress intensity factors handbook. New York: 
Pergamon Press, 1987. 

5. Tada H., Paris P.C., Irwin, G.R. The stress analysis handbook. 
3rd edition. New York: ASME Press, 2000. 

6. Baryshnikov M.P., Chukin M.V., Boyko A.B. Analysis of software pack-
ages used to calculate a stress and strain state of composite materials 

in forming processes. Vestnik Magnitogorskogo gosudarstvennogo 
tekhnicheskogo universiteta im. G.I. Nosova. [Vestnik of Nosov Magni-
togorsk State Technical University]. 2012, no. 4, pp. 72–74. 

7. Chernyavsky A.O. The finite element method. Fundamentals of practi-
cal application [Electronic resource]. FSBEI HPE SUSU (NRU). URL: 
http://pent.sopro.susu.ac.ru/LRN/0711/smm/files/fea_4c.pdf. 

8. Düber O., Künkler B., Krupp, U., Christ, H.-J., Fritzen, C.-P. Ex-
perimental characterization and two-dimensional simulation of 
short-crack propagation in an austenitic-ferritic duplex steel. Inter-
national Journal of Fatigue, 2006, no. 28, p. 983. 

9. Baryshnikov M.P., Chukin M.V., Gun G.S., Boyko A.B. Modeling of 
the process of drawing steel wire taking into account heterogeneity 
of the structure in the SIMULIA ABAQUS complex software. Plastic 
deformation of metals. Dnepropetrovsk, 2014, pp. 156–158. 

10. Stolarz J. Influence of microstructure on low-cycle fatigue in some 
single-phase and biphasic stainless steels. Proc. Intl. Conf. on Low Cy-
cle Fatigue, P.D. Portella, H. Sehitoglu, K. Hatanaka Eds. Berlin, 2004.  

11. Blochwitz C., Tirschler W. In-Situ scanning electron microscope 
observations of the deformation behaviour of short cracks. Materi-
als Science and Engineering. 2000, p. 273. 

12. Nakajima K., Terao K., Miyata T. The effect of microstructure on 
fatigue crack propagation of  titanium alloys. Materials Sci-
ence and Engineering. 1998, p. 176. 

13. Richter R., Tirschler W., Blochwitz C. In-situ scanning electron 
microscopy of fatigue crack behaviour in ductile materials. Materi-
als Science and Engineering. 2001, p. 237. 

14. Wiliams D.B. Carter C.B. Transmission Electron Microscopy: A 
Textbook for Materials Science. New York: Plenum Press, 1996. 

 

 



 

————————————————————————————————————    . . . . 2014. 4 32 

 621.771 
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Abstract. Materials with ultrafine grain structure and unique physical and mechanical properties can be obtained by 
severe plastic deformation methods including the asymmetric rolling processes. Asymmetric rolling is a very effective 
way to generate ultrafine grain structures in steels, magnesium alloys and other materials. Since the asymmetric rolling 
is a continuous process, it has great potential for industrial production of ultrafine grain structure sheets and bars. Basic 
principles of asymmetric rolling are described in detail in scientific literature. Focus in the well-known works is on the 
possibility to control the structure of metal sheets. This study reflects the investigation findings regarding the impact of 
speed asymmetry on shear strain during rolling of sheet and bars in the three-roll passes. Numerical comparison of shear 
strain ratios in case of symmetric and asymmetric rolling is made in this study. Adequacy of the developed models is 
demonstrated. The results of this research work will be useful for the analysis of ultrafine grain structure evolution of 
metals in various asymmetric cold rolling processes. 

Keywords: asymmetric rolling, finite element method, shear strain, severe plastic deformation 
 

1. Introduction 
Materials with ultrafine grain structure and unique 

physical and mechanical properties can be obtained 
by methods of severe plastic deformation (SPD), with 
asymmetric rolling processes among them. The basic 
principles of asymmetric rolling are studied and pre-
sented extensively in academic literature (Pesin et al., 
2000, 2002, 2003). Asymmetric rolling is a very ef-
fective way to generate ultrafine grain (UFG) struc-
tures in steels (Lee et. al., 2010), magnesium alloys 
(Chang et al., 2011) and other materials. Since the 
asymmetric rolling is a continuous process, it has 
great potential for industrial production of ultrafine 
grain structure materials (Weijun Xia et. al., 2009). 

It is well known that the mechanism of SPD comes 
from its large equivalent strain, which is composed of 
compressive strain and additional shear strain. Zuo et 
al. (2008) experimentally observed the shear strain dur-
ing asymmetric rolling. Effects of reduction ratio and 
speed ratio on the shear strain have been studied. It has 
been found out that with speed ratio of 1.5 the shear 
strain ratio is the lowest one, and the shear deformation 
ratios of 1.27 and 2.1 are comparable. 

Many works have studied the shear strain during 
asymmetric rolling by using finite element method 
(FEM). Ji et al. (2007) investigated deformation me-
chanics of differential-speed rolling with a high speed 
ratio between the top and the bottom rolls by rigid-
plastic FEM. It has been found out that the shear strain 
takes a great portion of the total effective strain ( 3.5) 
in average. Sverdlik et al. (2013) has demonstrated that 
during asymmetric rolling shear strain along the strip 
cross-section increase more than 9 times in comparison 

with symmetric rolling. Ji and Park (2009) have ana-
lyzed various asymmetric rolling processes by the rig-
id-viscoplastic FEM. The findings of the numerical 
simulation have revealed that differences in size, rota-
tional speed or friction condition between the top and 
the bottom rolls can cause asymmetric deformation in 
the sheet. Shear strain is more severe in the lower lay-
er, where the diameter, rotational speed or friction fac-
tor is greater than in the upper layer. Kim et al. (2011) 
has analyzed the effect of speed ratio on the develop-
ment of shear deformation and texture during differen-
tial speed rolling. FEM simulation results have shown 
that the effective strain accumulated during asymmet-
ric rolling increases with high speed ratio. Angella et 
al. (2013) has researched the strain distribution devel-
oped during asymmetric and symmetric rolling with a 
large number of passes. FEM results have demonstrat-
ed that surface strain effects related to local friction 
between working rolls and sample surface regions 
promote an additional deformation leading to a signifi-
cant contribution at large plastic strain and generate 
discrepancies between equivalent strain values as-
sessed by continuum theories and those evaluated by 
FEM models. Saeed Tamimi et al. (2014) have investi-
gated the impact of process parameters on the onset 
and growth of shear strain throughout the thickness of 
sheet samples by finite element simulations. In accord-
ance with the FEM predictions, the experimental re-
sults have shown that the shear strain spread through-
out the thickness of sheet samples during asymmetric 
rolling and developed the shear texture. 

This study reflects the investigation findings re-
garding the impact of speed asymmetry on shear strain 
during rolling of sheet and bars in three-roll passes. 
Shear strain values in case of symmetric and asymmet-
ric rolling are numerically compared in this work. Ad-
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equacy of the developed 
models is demonstrated. 
The results of this research 
work will be useful for the 
analysis of ultrafine grain structure evolution of metal 
in various asymmetric cold rolling processes. 

2. Simulation of asymmetric rolling 

2.1. Asymmetric sheet rolling 

Fig. 1 shows the scheme of asymmetric sheet roll-
ing process. The circumferential speed of bottom roll 

1V  is higher than that of the top roll. The sheet is rolled 
throughout the gap between the top and bottom rolls 
and as a result the thickness is reduced from h0 down to 
h1. The deformation zone is defined by the area be-
tween the entrance and the exit. On the one hand the 
asymmetry factor results in reduction of negative influ-
ence of Coulomb friction forces and consequently in a 
possible increase of compression deformation during 
rolling; on the other hand additional shear strains are 
generated in the deformation zone. Speed asymmetry 
coefficient during the sheet rolling process: 

2

1
v V

VK , where 21 VV , (1) 

where vK  – speed asymmetry coefficient between 
the top and the bottom rolls; V1, V2 – circumferential 
speed of the rolls. 

 
 

Fig. 1. Schematic illustration  
of asymmetric sheet rolling 

Equivalent strain i  can be calculated by the 
following equation: 

i ij ij
2 e e ,
3

 (2) 

11 x 22 y

xy
33 z 12

yz zx
23 31

, ,

, ,
2

, ,
2 2

 (4) 

As asymmetric sheet rolling is the plane-strain, 
that is 

x y z yz zx, 0, 0, 0.  (5) 

Then Eq. (3) can be refined as 

2 2
i y xy

1 4 .
3

 (6) 

Fig. 2 shows a schematic illustration of change in a 
single grid before and after asymmetric sheet rolling. 

 
 

Fig. 2. Change in a single grid before and after 
asymmetric sheet rolling 

Square ABCD becomes shape A’B’C’D’ after 
asymmetric rolling. The thickness of the square is 
reduced in “y” direction and the length is elongated 
towards “x” direction. In addition angle BAD , 
which was originally 90 degrees, is decreased by a 
shear stress by  angle. The shear strain component 

( xy) can be calculated, respectively, as follows, 

xy tg .  (7) 

Eq. (7) represents the shear strain during asym-
metric sheet rolling. More detailed analyses of irreg-
ular distribution of shear strain across sheet thick-
ness have been carried out by FEM simulation. 

2.2. Finite element simulation  
of asymmetric sheet rolling 

Commercial software DEFORM 2D/3D, based on 
FEM, was used to analyze asymmetric sheet rolling 
process. In the course of simulation the following as-

2 2 2 2 2 2
i 11 22 22 33 33 11 12 23 31

2 6 ,
9

 (3) 
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sumptions were made: 1) plane strain of metal; 2) 
material under deformation – hardened rigid-plastic 
material; 3) work rolls – absolutely rigid; 4) condi-
tions of deformation – isothermal. A Coulomb fric-
tion model was used between rolls and metal bar 
which assumes that no relative motion occurred if the 
equivalent frictional stress was less than a critical val-
ue. The friction coefficient was calibrated by experi-
mental tests and FEM simulations. Friction coeffi-
cient  was equal to 0.24. 

The material of the sheet was CuZn5 and the 
yield stress at 20°C was set by 

0.64109 26.7 ,  (8) 

where  was the yield stress and  was the effective 
strain. 

Rolling was carried out with rolls of 100 mm in di-
ameter. The circumferential speed of the rolls was set 
at V2=0.2 m/sec. Speed asymmetry coefficient was set 
at  Kv = 1.0; 1.16; 2.0. In the course of simulation of 
asymmetric sheet rolling process the influence of the 
speed asymmetry coefficient on distribution of shear 
strain xy  throughout the sheet thickness was studied. 
The strip was cold rolled to achieve final 70% thick-
ness reduction in three passes (Table 1). 

Table 1 
Pass schedule  

Pass No. 0 1 2 3 
Thickness, mm 0.80 0.42 0.32 0.24 
Reduction, % 0 47.5 23.8 25.0 

 
Fig. 3 shows the flow net and distribution of 

shear strain throughout the strip thickness after 
cold rolling to 70% of thickness reduction with the 
different values of the speed asymmetry coeffi-
cient Kv. Shear strain is distributed irregularly 
throughout the cross section of the strip in all cas-
es of rolling. In case of symmetric rolling 
(Kv=1.0) the shear strain is maximum ( 0.9) on 
the top and bottom surfaces of the strip. In the 
middle of the strip the shear strain during symmet-
ric rolling is zero (Fig. 3d). The larger the speed 
asymmetry coefficient the higher the shear strain 
is, particularly on the bottom surface of the strip 
where the roll has faster circumferential speed. 
With  Kv=1.16 the shear strain of the bottom sur-
face of the strip is 1.6, and with Kv=2.0 the shear 
strain is equal to 3.1 (Fig. 3d). For verification of 
the numeric modeling results the following exper-
imental analysis has been carried out. 

 

 
(a) 

 

 
(b) 

(c) (d) 

Fig. 3. Flow net after cold rolling to 70% of thickness reduction with the value  
of speed asymmetry coefficient Kv = 1.0 (a), Kv = 1.16 (b), Kv = 2.0 (c)  

and distribution of shear strain throughout the strip thickness (d) (R.d. – rolling direction) 
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2.3. Experimental details and discussion 
The study was carried out on CuZn5 samples 

with dimensions of 0.8×30×150 mm (thick-
ness×width×length). The material was cold rolled to 
a final 70% thickness reduction in three passes (Ta-
ble 1). Rolling was performed on a laboratory mill 
(Fig. 4a), in which the working rolls had equal diam-
eters of 100 mm. Rolling was carried out at constant 
circumferential speed of the bottom roll maintained 
at 0.2 m/sec, and with the variable velocity of the 
top one. No lubrication was introduced to the rolls. 
The following values of the speed asymmetry coef-
ficient Rv were applied: Rv = 1.0 – symmetric rolling 
with equal speed of both rolls; Rv = 1.16 and Rv = 
2.0 – asymmetric rolling, in which the circumferen-
tial speed of the bottom roll is, respectively 1.16 and 
2.0 – times more than the speed of the top one. 

Speed asymmetry was generated by means of 
replaceable gear wheels (Fig. 4b) of the pinion stand 
of the rolling mill main line. The drive pinion gear 
having 25 teeth was mounted on the driving shaft. 
The replaceable gear wheels having 29 and 50 teeth 
were mounted on the driven idle shaft.  

The microstructures of the samples before 
(Fig. 5) and after cold rolling (Fig. 6) were examined  

with a scanning electron microscope (SEM, JSM-
6490LV) at accelerating voltage of 20 kV. The re-
search was carried out with microslices used for op-
tical microscopy in secondary and reflected electron 
modes with 5000 magnification.  

Examination of the structure throughout the 
cross section of the strip was carried out in accord-
ance with the scheme (Fig. 3). The analysis showed 
that the metal structure throughout the cross section 
of the strip is inhomogeneous. It was explained by 
irregular distribution of shear strain across the thick-
ness.  In case of  symmetric  rolling (Kv = 1.0) in the 
middle of the strip there were no signs of UFG struc-
ture formation (Fig. 6b) due to the absence of shear 
strain in this zone. In its turn in case of asymmetric 
rolling the grain fragmentation took place down to 

1.0 m along with speed asymmetry coefficient 
increase, in particular at Kv = 2.0 At that the greatest 
effect was achieved on the bottom surface of the 
strip (Fig. 6i), i.e. in that part of the strip where the 
shear strains were maximum (Fig. 3c).  Thus  the  mi-
crostructure modification throughout the cross sec-
tion of the strip was in accordance with the results of 
the numerical modeling of shear strain distribution 
across the thickness. 

 
                                                              (a)                                                               (b) 

Fig. 4. Laboratory mill (a) and replaceable gear wheels (b) 

  
 

(a)       (b) 
 

Fig. 5. SEM micrographs of bottom surface (a) and middle (b) of the sample CuZn5 at the annealed condition 
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       (a)          (b)              (c) 

 

         
        (d)           (e)               (f) 

 

         
        (g)           (h)               (i) 

Fig. 6. SEM micrographs of CuZn5 after rolling to 70% of thickness reduction with the value  
of the speed asymmetry coefficient Kv = 1.0 (a, b, c), Kv = 1.16 (d, e, f), Kv = 2.0 (g, h, i) 

The mechanical properties of the samples before 
and after cold rolling were investigated by uniaxial 
tensile test using an AG I  Shimadzu universal testing 
machine equipped with a 50 kN load cell. The tests 
were computer controlled registering strain and stress 
(Fig. 7). Tensile samples with a gauge 
section measuring 30 mm in width and 
100 mm in length were cut from the 
strips along the rolling direction. Ten-
sile tests were carried out at room tem-
perature and a constant cross-head 
speed of 2 mm/min, which was equiva-
lent to a strain rate of 3.3×10-4 s-1.  

The quantitative characteristics of 
the curves in Fig. 7 are described in Ta-
ble 2. The analysis of the mechanical 
test results revealed that with augmen-
tation of speed asymmetry coefficient 
Kv from 1.0 up to 2.0 the strength prop-
erties of CuZn5 got better and plastic 
properties remained unchanged (Table 
2). In particular the yield strength (YS) 
increased from 478 MPa (at Kv = 1.0) 
up to 567 MPa (at Kv = 2.0), and the 
ultimate tensile strength (UTS) in-

creased from 509 MPa (at Kv = 1.0) up to 603 MPa (at 
Kv = 2.0). In case of symmetric and asymmetric rolling 
with total reduction of 70% the uniform elongation and 
elongation to failure were extremely low and did not 
exceed 2% (Table 2). 

 
Fig. 7. Engineering stress-strain curves  

of the samples processed under various conditions 

Top 

Top Middle 

Middle 

Bottom 

Bottom 

Top Middle Bottom 



Finite element simulation of shear strain in various asymmetric cold rolling processes Pesin A., Korchunov A., Pustovoytov D. and other 

www.vestnik.magtu.ru        ————————————————————————————————————————————— 37

Table 2 
Quantitative characteristics  

of the tensile stress-strain curves in Fig. 7 

Conditions 
Mechanical properties 

UTS 
(MPa) 

YS 
(MPa) 

Uniform 
elongation 

(%) 

Elongation 
to failure 

(%) 
At the annealed condition 273 109 41 45 
After symmetric cold rolling 
to 70% of thickness reduc-
tion with the value of the 
speed asymmetry coeffi-
cient Kv = 1.0 

509 478 1.30 1.99 

After asymmetric cold roll-
ing to 70% of thickness 
reduction with the value of 
the speed asymmetry coef-
ficient Kv = 2.0 

603 567 1.36 1.88 

 
Therefore the results of calculation and of the 

experiment show that the suggested mathematical 
model is appropriate. 

2.4. New method of asymmetric rolling of metal bars 
in the three-roll pass 

In order to get high-strength metal materials with 
ultrafine grain structure there has been developed an 
original way of asymmetric rolling in the three-roll 
pass with additional shear strain due to work roll 

speed asymmetry (Fig. 8). Speed asymmetry coeffi-
cient in the three-roll pass:   

1 2 2 31 2
v v

2 3

1 3 1
v 1 2 3

3

V VK , K ,
V V
VK , where V V V ,
V

 (9) 

where 31
v

32
v

21
v K,K,K  – speed asymmetry coeffi-

cient between work rolls 1 and 2, 2 and 3, 1 and 3, 
correspondingly; V1, V2, V3 – circumferential speeds 
of rolls. 

At the indicated conditions in the contact areas 
between the metal bar and rolls 1 and 2 the back-
ward creep zone gets longer where the direction of 
tangential friction forces is along the metal bar 
movement. In its turn in the contact area between the 
metal bar and roll 3 the forward creep zone gets 
longer where the direction of tangential friction 
forces is opposite the metal bar movement. Thus in 
the deformation zone the oppositely directed tangen-
tial friction forces generate additional shear strains 
with shear angle  (Fig. 9). The tangent of this angle 
is the characteristic of shear strain. 

      
          (a)                            (b) 

Fig. 8. Arrangement of rolls (a) and the scheme of asymmetric rolling  
in the three-roll pass (b) (1, 2, 3 – work rolls; 4 – original bar; 5 – resulting triangle section) 

 

 
Fig. 9. Schematic illustration of shear angle  during asymmetric rolling in the three-roll pass 



 

————————————————————————————————————    . . . . 2014. 4 38 

2.5. Finite element simulation of asymmetric rolling 
in the three-roll pass  

A commercial software DEFORM 2D/3D was 
used to analyze asymmetrical rolling process in the 
three-roll pass. A CuZn5 round bar with radius of 
r=2mm (Fig. 10) (see formula 8) was used as an origi-
nal bar. Rolling was performed with smooth rolls 
having the roll body of R=180 mm. The circumferen-
tial  speed  of  roll  3  was  set  equal  to  V3=1.0 m/sec. 
Speed asymmetry coefficient were set equal: 

0.1K 21
v , 7.1...0.1KK 31

v
32

v . Coulomb 
friction law was used. The friction coefficient  
when the metal bar contacted the work rolls varied 
within the range of 0.12…0.36. The front tension 
T1 = 60 MPa, the back tension T0 =  30  MPa.  To  
approximate the geometric parameters of the bar, 
tetrahedral elements were used. Rolling process 
was carried out with high elongation ratio per pass: 

7.1
S
S

1

0 , where 0S  is the cross section area of the 

bar prior to deformation; 1S  is the cross section 
area of the bar after the deformation. This elonga-
tion ratio corresponds to the reduction ratio 41.2%. 
In  the  course  of  simulation  the  impact  of  speed  
asymmetry on shear strain was assessed during 
rolling of the bar in the three-roll pass as per round-
triangle scheme. The shear strain was assessed as 
per the value of shear angle . 

In case of symmetric rolling ( 31
vK =1.0) of the 

bar in the three-roll pass the shear angle  is zero 
(Fig. 11a). In its turn during asymmetric rolling 

the material undergoes significant shear strain. 
The maximum value of the shear angle  = 48° 
(Fig. 11b) is achieved with the speed asymmetry 
coefficient of 31

vK =1.7 and high value of the fric-
tion coefficient  = 0.36. The explanation is that 
the additional shear strain during asymmetric roll-
ing in the three-roll pass is generated by opposite-
ly directed tangential friction forces in the defor-
mation zone. That is why the ratio of the shear 
strain significantly increases along with simulta-
neous augmentation of the speed asymmetry coef-
ficient and contact friction coefficient. However it 
should be noted that distribution of shear strain 
throughout the cross section of the bar is irregu-
lar. The maximum shear strain appears on the 
contact surface between the bar and roll 3 having 
the lowest circumferential speed. The value of 
shear angle  = 48° achieved during the asym-
metric rolling in three-roll pass by one defor-
mation pass with reduction ratio of 41.2% is well 
in accordance with the values achieved during 
equal-channel angular pressing per one pass (Fu-
rukawa et al., 2001). 

Fig. 12 illustrates interrelation between the 
shear angle speed asymmetry coefficient 31

vK  
and contact friction coefficient . During asym-
metric rolling in the three-roll pass the shear strain 

increases from 0 up to 48 degrees that is equiva-
lent to shear strain 1.1. Thus the findings of the 
research carry inference that the asymmetric roll-
ing process in the three-roll pass can be utilized as 
an SPD method for manufacturing of plain long 
bars with UFG structure.  

 

         
 

   (a)          (b) 

Fig. 10. Dimensions of the bar and rolls (a) and finite element model (b) 
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   (a)          (b) 
Fig. 11. Shear angle  during symmetric (a) and asymmetric (b) rolling in three-roll pass  

 

Fig. 12. Influence of the speed asymmetry coefficient 31
vK   

on the shear angle during asymmetric rolling in the three-roll pass  

One of the problems of asymmetric rolling in the 
three-roll pass is bending of the bar at the exit from 
the deformation zone what makes its threading into 
the next pass more difficult. The solution of this 
problem can be utilization of special twin stands 
with individual work roll drive enabling installation 
of subsequent three-roll passes as close to each other 
as possible (Tkachenko et al., 2012). Further inves-
tigation of the shear strain and microstructure evolu-
tion during deformation of metal in the three-roll 
pass is required.  

3. Conclusions 
In case of symmetric rolling (Kv = 1.0) with total 

reduction of 70% the shear strain is zero in the mid-
dle of the strip and maximum ( 0.9) on the bottom 
and top surfaces of the strip. The larger the speed 
asymmetry coefficient the higher the shear strain is, 
particularly on the bottom surface of the strip where 
the roll has faster circumferential speed. With 
Kv=1.16 the shear strain on the bottom surface is 

1.6, and with Kv=2.0 the shear strain is 3.1. After 
cold rolling CuZn5 structure throughout the cross 
section of the strip is irregular what is explained by 
irregular distribution of shear strain across the thick-
ness. In case of symmetric rolling there are no signs 
of UFG structure formation in the middle of the strip 
due to the absence of shear strain in this zone. Dur-
ing asymmetric rolling the grain fragmentation takes 
place down to 1.0 m along with speed asymmetry 
coefficient increase. A new method of asymmetric 
rolling of bars in the three-roll pass is suggested. On 
the basis of the finite element simulation it is stated 
that with reduction ratio of 41.2% in the course of 
increase of speed asymmetry coefficient 31

vK  from 
1.0 up to 1.7 and along with the friction coefficient 
increase from 0.12 up to 0.36 the shear angle 

grows from 0 up to 48 degrees what is equivalent 
to shear strain 1.1. This new method can be utilized 
as an SPD method for manufacturing of plain long 
bars with UFG structure. 
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Abstract. The favourable combination of mechanical 
properties and corrosion resistance in Duplex Stainless 
Steels (DSS) is due to their biphasic microstructure, con-
sisting of almost equal volume fractions of ferrite and 
austenite. However, all types of DSS are subject to sec-
ondary phases precipitation phenomena, especially in the 
temperature range 600–1000°C, which can occur even for 
very short soaking times, compromising the interesting 
properties of these steels. 

The main secondary phase observed in DSS is the in-
termetallic -phase, which forms from ferrite via eutec-
toidic decomposition at high temperatures, and is general-
ly accompanied by the formation of another intermetallic, 
the -phase. The precipitation of these phases is mainly 
observed in the high-alloyed DSS grades, while in the 
lower-alloyed Lean DSS it has not been reported, proba-
bly owing to reduced levels of chromium and molyb-
denum. On the contrary, in all DSS grades nitrides precip-
itation is usually observed. 

In this work, the precipitation kinetics of secondary 
phases in two Lean DSS are examined, after isothermally 
treating the materials within the critical temperature rang-
es. In grade LDX 2101, only nitrides were detected, 
whereas a significant precipitation of -phase was ob-
served in LDX 2404 for soaking times longer than 1 hour. 

Keywords: lean duplex stainless steels, isothermal 
heat treatments,  phase, chromium nitride, precipita-
tion kinetics. 
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Abstract. This article investigates a possible use of a 
section rotary wire wheel brush for nanostructure for-
mation of a metalware surface layer with further applica-
tion of functional coatings by a solid wire brush. It is es-
tablished that the impact friction processing technique 
may be used to get a hard nanostructured surface layer 
containing  fragments  of  0.13  µm  or  less,  just  as  it  is  
achieved by intensive plastic deformation. 

Keywords: surface hardening, nanostructure for-
mation, friction plating, flexible tool. 
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Abstract. This paper studies the effect of grinding 
media and reduced energy of powder billet hot stamping 
on the structure and properties of hot-deformed Al-Si-C 
materials based on mechanochemically activated mix-
tures. We determined formation of Al9Si solid solution 
in a nonequilibrium state in the process of mechano-
chemical activation of the aluminum-silicon-graphite 
mixture. This paper suggests an energy-efficient tech-
nology for production of a hot-deformed Al-Si-C pow-
der material with increased values of shear strength (192 
Mpa) and hardness (262 HV) at a lower value of re-
duced energy of hot stamping. 

Keywords: mechanochemical activation, hot-
deformed powder material, aluminum, silicon, graphite, 
structure, agglomerate. 
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Abstract. This  paper  describes  new  methods  of  com-
pacting of carbon powder compositions and new structures 
of mechanisms, which were developed by the authors of this 
article as inventors, ensuring removal of considerable vol-

umes of gased and vapors from charged powder in the die 
and from pressed powder before a main forming operation. 
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Abstract. This article presents advantages and deter-
mines key parameters of the bimetallic strip production 
process at a combined continuous casting and defor-
mation machine. A thermal design of the combined con-
tinuous casting and deformation process during produc-
tion of steel-copper bimetal is given. 
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Abstract. This article presents results of a canonical 
analysis of a multivariate statistical sample of 80, including 
3 features of an M array – the human factor and 4 features of 
a T array – injuries at enterprises of ferrous metallurgy. 
There were obtained two independent statistically significant 
decisions: max = 0,463920,  = 0,394816, characterizing the 
connection between multidimensional features M and T. 
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Abstract. This article presents a model for integrat-
ing environmental and technical education in humanitar-
ian educational environment of the university. There 
were identified areas of integration: intellectual and 
moral, research, and social areas. This paper justifies 
application of forms of a didactic situation unfolding in 
time: from single educational activities to student re-
search communities and a public environmental organi-
zation. Based on requirements of the state standard, effi-
ciency of a model piloted in the educational environ-
ment of a technical university was proved. 

Keywords: professional competence, environmen-
tal education, integration, public association, technical 
education. 
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Abstract. This article analyzes research on alloy 
white iron castings produced with a required set of me-
chanical, physical and mechanical and special properties. 
It is demonstrated that research focuses, as a rule, on de-
velopment of techniques for controlling formation of a 
required macro- and microstructure of alloys by choosing 
an optimal composition, preparing melts for casting into 
molds (melting, refining, modification, casting tempera-
ture, high-temperature treatment of melts), and crystalli-
zation speed when forming a primary cast structure and 
secondary phase recrystallization during heat treatment. 

Keywords: white cast irons, alloying complex, cool-
ing rate, modification, refining, temperature time treat-
ment of melts, heat treatment, structure, mechanical 
properties, wearability, heat resistance. 
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Abstract. The article gives a review of main scientific 
trends and theoretical results of one of leading depart-
ments in Russia – the Mechanical Engineering and Metal-
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