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ABSTRACT

The paper presents the simulation of the radial-shear rolling process in two technological routes. The direct 
route involved the repeated rolling of the workpiece in the second pass. In the reverse route, the rolls were rotated in 
the opposite direction in the second pass, and the workpiece was captured at the exit from the rolls. The analysis of 
the shape change showed that the reverse rolling process resulted in the complete rolling over of the helical surface 
formed in the first pass. The analysis of the stress-strain state and the microstructure evolution revealed that the direct 
rolling process resulted in a gradient structure with fine grains on the bar surface and elongated grains in the axial 
zone, while the reverse rolling process allowed for a more uniform distribution of grain size across the cross-section. 
Additionally, it was found that the reverse rolling route allowed for a greater processing of the axial zone due to the 
deeper penetration of plastic deformation into the workpiece. The final choice of the deformation route will depend 
on the desired outcome, whether it is a uniform or gradient structure across the bar.
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INTRODUCTION

It has long been proven that ultrafine-grained 
materials (metals and alloys) have broad prospects 
for their practical use in various industries due to 
their “excellent” mechanical properties. In practice, 
ultrafine-grained materials can be obtained using various 
methods of pressure processing, which allow for the 
implementation of severe plastic deformation (SPD) 
throughout the entire volume of the deformed metal 
[1]. SPD implementation is one of the most important 

conditions for the formation of an ultrafine-grained 
structure and for obtaining a metal with the necessary 
level of properties: increased strength while maintaining 
or slightly reducing ductility. This combination of 
properties is due to the equiaxed shape of the grains 
and the special state of the grain boundaries, which 
have a large number of grain boundary dislocations 
and contribute significantly to the overall deformation 
mechanism.

If we focus on the machine-building industry, 
it is still the case that most metal materials used in 
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this industry have a coarse-grained structure. This 
is despite the advantages of using metals and alloys 
with an ultrafine-grained structure. This is primarily 
due to the fact that most of the developed methods of 
pressure processing that implement intensive plastic 
deformations and allow for the production of metals and 
alloys with an ultrafine-grained structure are technically 
and/or economically inefficient for use in small-scale 
production. For example, the well-known and studied 
SPD method of equal-channel angular pressing (ECAP) 
has a number of disadvantages and allows for the 
production of only small-sized workpieces, which 
has led to its use for obtaining metals and alloys with 
an ultrafine-grained structure only in experimental 
studies and occasionally in industrial production for 
one-off items [2]. The existing more technologically 
advanced combined SPD methods, such as “rolling-
ECAP”, “ECAP-drawing”, Conform, which allow for 
the production of long-sized products with an ultrafine-
grained structure, have also not found widespread use 
in industry due to their complexity and high cost [3 - 5]. 
This is why rotational forging and radial-shear rolling 
are still the simplest and most promising methods of 
implementing severe plastic deformation in long-sized 
products [6, 7]. 

Radial-shear rolling (RSR) is a helical rolling process 
using a three-roll scheme, but with one difference: it uses 
an increased feed angle, which lies in the range of α = 
18 - 20° at a conventional rolling angle of β = 5° [7]. 
This ensures that the strongest vortex deformations 
develop in the metal from the surface of the workpiece 
to its center, preventing the appearance of tensile stresses 
in the axial part of the workpiece. Additionally, the 
main feature of the RSR process in terms of structure 

modification is the preferential formation of a fine-
grained equiaxed structure on the periphery of the 
sample and an elongated oriented texture in the axial 
zone [8 - 10]. This property allows the process to be 
used as a tool for gradient modification of the metal 
structure. Based on this deformation scheme, a number 
of rolling mills for radial-shear rolling of solid round 
workpieces have been developed and put into small-scale 
production [11]. In most cases, these rolling mills have 
a common design scheme and differ only in terms of the 
size of the workpieces they roll. However, in some cases, 
these mills also have design differences, such as in the 
geometry of the working rolls shown in Fig. 1, which 
affects the characteristics of the deformation process. 
For example, the rolls of the RSR 10-30 mill (Fig. 1a), 
are designed for standard deformation, while the rolls of 
the SVP-08 mill (Fig. 1b), allow for both standard and 
reverse deformation of workpieces [12, 13].

Previously, based on computer modeling, a 
comparative analysis of the deformation process of 
billets on two RSR mills (RSR 10-30, SVP-08), which 
have different designs of working rolls, and its influence 
on a number of indicators, such as shape change, stress-
strain state, energy-power parameters, and others, was 
carried out [14]. Based on this analysis, the advantages 
and disadvantages of using the rolls shown in Fig. 1 were 
identified. As mentioned above, the rolls shown in Fig. 
1b can provide both standard and reverse deformation 
of billets on the RSR mill. The analysis of scientific, 
technical, and patent literature showed that there is 
currently no information about a comparative analysis 
of these deformation schemes (standard and reverse) 
of billets on the RSR mill on the above-mentioned 
indicators, as well as on the microstructure evolution. 

Fig. 1. Geometry of rolls of radial-shear rolling mills: (a) RSR 10-30; (b) SVP-08.
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In our opinion, this is a missed opportunity, as it is 
the correct choice of geometric and technological 
parameters of metal deformation on the RSR mill that 
allows for the production of high-quality rods with 
an ultrafine grain structure and a specified level of 
properties with fewer passes. The use of the reverse 
scheme is both a geometric parameter, as it changes the 
shape of the deformation zone during an even pass, and 
a technological parameter, as it changes the direction of 
metal flow during an even pass. Therefore, the purpose 
of this work is to use computer modeling to conduct 
a comparative analysis of the deformation process of 
billets on a radial-shear rolling mill using a traditional 
and reverse scheme.

EXPERIMENTAL

The DEFORM program was used for finite 
element modeling of the radial-shear rolling process. 
The geometry of the rolls corresponded to the actual 
design of the SVP-08 mill rolls (Fig. 1b). The initial 
diameter of the workpiece was 30 mm, and the length 
of the workpiece was 150 mm. The rolling process was 
performed to a diameter of 28 mm in the first pass and 
to a diameter of 26 mm in the second pass.

AISI 1010 steel was selected as the workpiece 
material. The rheological properties of the workpiece 
material were taken from the internal DEFORM material 
database. The following technological parameters were 
used in the computer modeling of the process:

- the type of workpiece material was isotropic and 
elastoplastic; the type of roll material was rigid;

- the type of finite elements was tetrahedral; the 
number of finite element nodes was 72524, and the 
number of finite elements was 338677; the density of 
finite elements in areas with complex geometry was 6 
(the volume of elements in the surface layer was 6 times 
smaller than in the rest of the workpiece);

- the rolling process was performed at an ambient 
temperature of 20°C;

- the temperature of the workpiece before rolling 
was 1100°C;

- the calculation type was non-isothermal; the heat 
transfer coefficient between the workpiece and the tool 
was 5000 W m-2 °C-1;

- the heat transfer coefficient between the workpiece 
and the environment was 20 W m-2 °C-1;

- the contact interaction between the workpiece and 
the rolls was modeled using the Siebel friction model. 
To create the most rigid grip conditions, the coefficient 
of friction between the metal and the rolls was set to 0.5 
(which corresponds to a rough surface with a high level 
of roughness and no lubrication);

- the rotational speed of the rolls was 50 rpm;
- the feed angle was 20°, and the inclination angle 

was 7°.
The calculation was performed using a direct 

iterative method and a sparse matrix solver to improve 
the convergence rate at each step. To ensure high 
accuracy, a time increment of 0.001 seconds was used 
in the calculation.

RESULTS AND DISCUSSION

Fig. 2 shows the shape changes of the workpiece. 
After each pass, distinct helical traces remain on the 
workpiece surface due to the translational-rotational 
motion of the workpiece during radial-shear rolling. At 
this stage, there are already noticeable differences in 
the deformation routes. In the case of direct rolling, the 
helical groove on the second pass exactly matches the 
location of the coils after the first pass (Fig. 2a, b). In this 
case, there are five coils on the simulated workpiece. In 
the case of reverse rolling, the workpiece is fed from a 
diameter of 80 mm instead of 86 mm (as in the case of 
direct rolling). This allows the workpiece to fully roll 
over the surface area to reach a maximum diameter of 
90 mm. As a result, the workpiece exhibits a new helical 
surface with fewer coils (Fig. 2c).

The analysis of the strain state confirms this fact. 
Fig. 3 shows the distribution patterns of the equivalent 
strain, which is determined by Eq. (1):

( ) ( ) ( )2 2 2
1 2 2 3 3 1

2
3EQVε ε ε ε ε ε ε= − + − + −

		
	       	   (1)

where ε1 , ε2 , ε3  - principal strains.	
On the workpiece surface during direct rolling, clear 

helical deformation zones are visible, with the maximum 
values occurring in the depressions, reaching a value of 
7, while the strain value on the coils is about 5.5 (Fig. 
3a). During reverse rolling, it is clearly visible that the 
overall strain level is lower, with the equivalent strain 
reaching a value of 5.8 in the depressions, while the 
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strain value on the coils is about 5 (Fig. 3b).
At first glance, due to the stricter rolling conditions 

in the reverse route, the processing in reverse rolling 
should be higher. However, a further examination of 
the strain state in the longitudinal section provides 
an explanation for this paradox (Fig. 3c-d). Here, the 
distribution of strain is opposite - in reverse rolling, 
the entire workpiece section receives a higher level of 
strain, especially in the axial zone, which traditionally 
receives minimal processing. This can be explained by 
the fact that in reverse rolling, the cross-section of the 
workpiece receives a higher level of compression due 
to the complete rolling of the initial helical surface after 

1 pass. As a result, this contributes to a more intense 
penetration of plastic deformation into the workpiece. 
In direct rolling, the conditions are softer, so the central 
zone is less processed, while the surface zone is more 
intensively processed.

To confirm this hypothesis, the stress state was 
studied from two perspectives. First, the equivalent 
stress parameter (stress intensity) was examined, which 
is defined by Eq. (2):

( ) ( ) ( )2 2 2
1 2 2 3 3 1

1
2EQVσ σ σ σ σ σ σ= − + − + −            (2)

where σ1 , σ 2 , σ3  - principal stresses.

Fig. 3. Equivalent strain: (a) surface, direct rolling; (b) surface, reverse rolling; (c) longitudinal section, direct rolling; (d) 
longitudinal section, reverse rolling.

Fig. 2. Shape of the workpiece: (a) after the first pass; (b) after the second pass of direct rolling; (c) after the second pass 
of reverse rolling.
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As a sub-root expression, its value is always 
positive. The physical meaning of this parameter is 
that it shows the average effect of all possible stresses, 
which is essentially their intensity. When considering 
this parameter, it becomes clear why such contradictory 
results were obtained for the strain state. Despite having 
the same numerical value, which primarily depends on 
the workpiece material and its temperature, there is 
a significant difference in terms of the distribution of 
stresses in the workpiece cross-section. During direct 
rolling, due to the deformation along a fixed trajectory of 
a helical profile, the overall level of stresses is relatively 
low and covers approximately half of the workpiece’s 
diameter, while the central zone remains relatively 
unloaded, with an equivalent stress level of no more than 
43 MPa (Fig. 4a). In contrast, during reverse rolling, due 
to the more severe deformation conditions, the stress 
concentrations cover almost the entire cross-section 
of the workpiece, with an equivalent stress level in the 
axial zone reaching 85 MPa, which is twice as high 
as during direct rolling (Fig. 4b). Therefore, reverse 
rolling allows for a greater processing of the axial zone 
of the workpiece due to the deeper penetration of plastic 
deformation, which is facilitated by the extended nature 
of the stress concentrations across the cross-section of 
the rod.

Consideration of the average hydrostatic pressure 
makes it possible to confirm this effect most accurately. 
Its value is determined by Eq. (3):

1 2 3

3AV
σ σ σ

σ
+ +

=    		     (3)

where σ1 , σ 2 , σ3  - principal stresses.
Since, unlike the previously considered equivalent 

stress, there is no square root here, the value of the 
average hydrostatic pressure can take both positive and 
negative values. The physical meaning of this parameter 
is to determine the prevailing type of load at a specific 
point - whether it is tension or compression. For a 
comparative analysis of this parameter, it is crucial to 
present all the results on the same scale. As a result, the 
obtained patterns of the average hydrostatic pressure 
distribution fully confirm the previously obtained results. 
In the area of direct contact between the metal and the 
rolls, there are zones of compressive stress, reaching a 
value of -530 MPa in both cases. However, the central 
zone of the workpiece experiences a completely different 
effect. During direct rolling, there are tensile stresses, 
reaching a value of 120 MPa directly in the axial zone 
(Fig. 5a). This is a classic distribution of stresses during 
rolling, where a multi-pass rolling process results in 
an ultrafine-grained structure on the surface and large 
elongated grains (rolling texture) in the center.

During reverse rolling, almost the entire cross-
section is subjected to compressive stresses. In the 
axial zone, where the level of compressive stresses is 
traditionally minimal, the stress reaches -30 MPa (Fig. 
5b). This effect contributes to a deeper penetration of 
plastic deformation from the surface to the axial zone 
of the bar.

To complete the analysis of the stress-strain state, 
it was decided to use the Lode-Nadai coefficient. This 
coefficient allows for an assessment of the nature 

Fig. 4. Stress intensity in the workpiece section: (a) direct rolling; (b) reverse rolling.
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of the deformation occurring in the workpiece, i.e., 
determining the type of deformation at a specific point: 
tension, compression, or shear. The coefficient value 
ranges from -1 to 1. A coefficient value approaching 1 
corresponds to compression, while a coefficient value 
approaching -1 corresponds to tension. A coefficient 
value approaching 0 corresponds to shear.

The Lode-Nadai coefficient is calculated using Eq. (4):

2 3

1 3

2 1ε εµ
ε ε
−

= ⋅ −
−

 						   
(4)

where ε1 , ε2 , ε3  - principal strains.	
To analyze this parameter, the cross-sections 

shown in Fig. 3 were examined. Measurements of 
the principal strains were taken in the vertical cross-
sections corresponding to the maximum penetration 
of deformation into the workpiece (indicated by the 
lines). To do this, the internal DEFORM tool “Parameter 
between two points” was used in this section, which 
creates equidistant 20 points between the initial and 
final marks by default, which is an effective approach 
for measuring the parameters in a specific section. The 
results are presented in Fig. 6, the X-axis shows 20 
points for measuring the principal strain components, 
and the Y-axis shows the dimensionless values of the 
Lode-Nadai coefficient.

The results of the Lode-Nadai coefficient definitively 
confirm the hypothesis that reverse rolling contributes 
to a higher processing of the rod in the axial zone. 
During direct rolling, the surface layers of the workpiece 
(points 1 - 4 and 17 - 20) undergo predominantly shear 
deformation, as the coefficient value ranges from 0.15 

to -0.2 (i.e., as close to 0 as possible). As the workpiece 
moves deeper into the axial zone, the nature of the 
deformation changes, and a distinct tensile effect is 
observed in the axial zone, with the coefficient value 
reaching -0.7. During reverse rolling, the coefficient 
value in the surface layers reaches 0.4, indicating a 
higher degree of compression deformation. As the 
workpiece moves deeper into the axial zone, the 
nature of the deformation remains similar, but the 
level of tensile deformation is significantly lower. The 
maximum value in the axial zone increases from -0.7 
to -0.3, which is a result of the broader compressive 
stress zones encompassing the axial zone and reducing 
the level of tensile stress that inevitably occurs during 
reverse rolling.

In addition to studying the stress-strain state 
parameters, it is important to investigate the forces 
generated on the deforming tools. If these forces exceed 
critical levels, it can lead to equipment failure. Therefore, 
when selecting the most optimal conditions from several 
options, the option with the lowest force is often chosen. 
Fig. 7 shows the summary graphs of force distribution 
for both routes. For both routes, the force graphs have a 
stable level without frequent jumps in values. Individual 
jumps characterize the restructuring of the finite element 
mesh not in the local deformation zone, but throughout 
the entire workpiece volume. These jumps in the force 
graphs are considered to be within the acceptable error 
of the finite element method and should not be taken 
into account. During the first pass, the force graphs 
are identical, with a force level of approximately 58 
kN. During the second pass, the overall force level is 

Fig. 5. Average hydrostatic pressure in the workpiece section: (a) direct rolling; (b) reverse rolling.
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approximately the same, at 96 kN. However, the length 
of the graphs is of interest. During direct rolling, the 
workpiece experiences fewer issues with gripping and 
rolling, as the deformation follows the same helical 
route. In contrast, during reverse rolling, the overall 
deformation time increases due to the braking of the 
workpiece in the rolls, resulting in the formation of a 
new helical profile. As a result, the total length of the two 
passes increases from 4 to 11.5 s, despite the absence of 
any technological operations between the passes.

After studying the stress-strain state and energy-
force parameters, it is recommended to study the 
microstructure evolution during the implementation 
of the considered radial-shear rolling schemes. The 
classical JMAK method is not capable of recording 
changes in the shape of the initial grain, but the Cellular 
Automata method is capable of doing so. However, this 
method has a disadvantage in that it only allows the 
study of the microstructure at predetermined points. 
Given this, it was decided to use the Cellular Automata 
method in this study to obtain data on both the size and 
shape of the grains. To use this method, it is necessary 
to initially determine the points on the workpiece where 
the structure will be modeled.

When studying the stress-strain state parameters, 
it was found that the level of strain increases most 
intensively in the surface and peripheral zones, while 
the central zone is less affected. Therefore, three points 
were selected: on the surface (0.5 mm from the edge), 

in the peripheral zone of the cross-section (0.4 of the 
radius, in the direction from the surface to the center), 
and directly in the center.

The Cellular Automata algorithm uses the calculated 
stress-strain state, deformation rate, and temperature data 
from the DEFORM model, supplementing it with data on 
the physical and chemical properties and their behavior 
for the specified material and its structure. According to 
the Yada algorithm, it calculates the parameters of the 
static and dynamic recrystallization processes, which 
affect the change in grain size, and the application of 
the deformation-velocity scheme affects the change in 
grain shape [15]. The algorithm uses a large number 
of model coefficients, which are specific to different 
materials and deformation modes. These coefficients 
are discussed in detail by Lenard et al., where a large 
number of values for these coefficients are presented for 
various steel and alloy grades, depending on the types 
of deformation and thermal treatments [16]. To display 
the simulation results, the window settings were set to a 
square format with dimensions of 150 by 150 μm. The 
initial structure of the metal in the annealed state was set 
to an equiaxed arrangement of grains with an average 
size of 40 μm (Fig. 8).

Fig. 9 - 10 show the results of modeling the 
microstructure evolution at selected points for the two 
deformation routes. It can be noted that each technology 
has its own advantages. The direct route of the radial-
shear rolling results in a gradient structure with a finer 

Fig. 6. Lode-Nadai coefficient for different routes.
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Fig. 7. Deformation force at different routes.

Fig. 8. Initial microstructure.

Fig. 9. Microstructure after the radial-shear rolling by direct route: (a) surface; (b) periphery; (c) center.



Sergey Lezhnev, Evgeniy Panin, Abdrakhman Naizabekov, Alexandr Arbuz, 
Dmitry Kuis, Fedor Popov, Pavel Tsyba, Elena Shyraeva

561

grain size on the bar surface and an elongated grain size 
in the axial zone. On the other hand, the reverse route 
of the radial-shear rolling results in a more uniform 
structure with a less refined grain size on the surface 
and an elongated grain size in the axial zone.

Table 1 provides the values of the average grain 
diameter. It can be seen that the average grain size 
between the surface and the center in the considered 
models differs by more than two times. In the case of 
the direct route, the difference is 22 %, while in the case 
of the reverse route, it is only 10 %. 

Fig. 10. Microstructure after the radial-shear rolling by reverse route: (a) surface; (b) periphery; (c) center.

Rolling model Surface Periphery Center

Radial-shear rolling 
by direct route

30 35 39

Radial-shear rolling 
by reverse route

33 36 37

Table 1. Values of the average grain diameter, μm.

CONCLUSIONS

The simulation of the radial-shear rolling process in 
two technological routes allowed to make the following 
conclusions: 1) during reverse rolling, the helical surface 
formed in the first pass is completely rolled over, 
resulting in a deeper penetration of plastic deformation 
into the workpiece; 2) the analysis of the stress-strain 
state parameters showed that the direct deformation 
route creates a classic metal flow, with shear deformation 
prevailing on the surface and tensile stresses dominating 
in the axial zone, causing grain elongation. The reverse 
route creates additional compression deformations 
on the surface, which reach the axial zone, thereby 
reducing the level of tensile stresses; 3) the analysis 
of the microstructure evolution confirmed the above-
described results, revealing that reverse rolling produces 
a more uniform structure across the bar’s cross-section; 

4) the analysis of the deformation forces showed almost 
identical values, indicating that either route can be 
implemented on the SVP-08 mill.
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