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ABSTRACT

The paper presents the results of finite-element modelling of asymmetric rolling of a workpiece with a gradient 
distribution of mechanical properties. To create a gradient distribution of properties, the workpiece was pre-loaded 
and Vickers microhardness was evaluated. The resulting workpiece model had a microhardness distribution that was 
close to the experimental values. The workpiece was subjected to both symmetric rolling and asymmetric rolling with 
an asymmetry coefficient of 1.5, which was achieved by varying the roll speeds (90 and 60 rpm) in two scenarios (90/60 
and 60/90). The parameters of the stress-strain state and the rolling force were analyzed. The results showed that 
asymmetric rolling of a workpiece with a gradient distribution of mechanical properties had only minor differences 
from symmetric rolling. When the asymmetry coefficient exceeds 3, this factor begins to have a significant impact 
on the processing unevenness.
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INTRODUCTION

Traditionally, the mechanical properties of the steels 
and alloys used in the ferrous metallurgy industry are 
improved by adding a significant number of alloying 
elements to the metal or alloy. Currently, the existing 
grades are more than sufficient to meet the current needs 
of the industry. However, an analysis of the market 
prices for alloying elements reveals that the prices for 

ferroalloys are increasing every year.
An alternative to using expensive alloying elements 

is the use of heterophase dispersed-reinforced steels, 
including those with an undifferentiated layer boundary, 
which are produced using various technologies for 
injecting ultrafine particles into the crystallizing melt 
to achieve gradient mechanical properties. These steels 
are representative of modern materials, as they utilize 
a rational design approach to provide the necessary 
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properties only to those areas that require them.
For this reason, it is a very relevant task not only 

to develop new technologies for producing heterophase 
dispersed-reinforced steels with an undifferentiated 
interface between the layers, but also to develop 
technologies for processing them by pressure, as in 
some cases it is impossible to use a simple cast billet. 
A comprehensive solution to the above-mentioned task 
will allow to obtain new materials that meet the specific 
requirements of the existing industry, while also having 
a relatively low cost, which can be achieved by using 
a small amount of properly selected ultrafine powders, 
which can be placed on the working surface or in other 
volumes of the product that requires specific properties. 

Now, several promising methods for injecting 
ultrafine particles into a crystallizing melt have already 
been developed and studied by various scientific 
teams, including the method of introducing dispersed 
particles during centrifugal casting, which allows for 
the production of heterophase dispersed-reinforced 
steels with an undifferentiated interface between the 
layers [1 - 6].

The most effective method for deforming heterophase 
dispersed-reinforced steels with an undifferentiated layer 
boundary, which initially have a gradient distribution 
of properties along the thickness, is asymmetric rolling 
[7]. In conventional symmetric rolling, where both rolls 
exert the same force on the workpiece, the workpiece 
will receive uniform deformation across its entire cross-
section after each deformation cycle. As a result, the 
gradient of all properties will remain unchanged as the 
overall level of accumulated deformation increases. 
However, in asymmetric rolling, the influence of each 
roll on the workpiece’s deformation will vary depending 
on the asymmetry coefficient. Consequently, as the 
overall level of accumulated deformation increases, 
it will be possible to either increase or decrease the 
gradient of properties, resulting in a more uniform 
distribution of properties along the thickness.

For deformation processing of workpieces made 
of heterophase dispersed reinforced steels with an 
unexpressed interface of layers that initially have a 
gradient distribution of properties over thickness, 
the most effective method is asymmetric rolling [7]. 
Thus, with conventional symmetrical rolling, when the 
effect of both rolls on the workpiece is the same, after 
each deformation cycle, the workpiece will receive a 

uniform treatment over the entire section. As a result, 
as the overall level of accumulated strain increases, 
the gradient of all properties will be maintained. 
With asymmetric rolling, the effect of each roll on 
the workpiece processing will differ depending on the 
asymmetry coefficient. As a result, with an increase in 
the overall level of accumulated strain, it will be possible 
to both increase and decrease the gradient of properties, 
bringing the distribution of properties over the thickness 
to a more uniform state.

Asymmetric rolling has been known for quite a long 
time. Scientists from various countries have studied 
various options for implementing asymmetric rolling in 
practice and its impact on the quality of rolled thick-sheet 
metal [8 - 13]. However, in most cases, the initial billets 
before asymmetric rolling had a uniform distribution of 
properties across the thickness of the metal. The process 
of asymmetric rolling of a billet made of dispersed-
reinforced steel with an undifferentiated layer boundary 
has not been studied previously. Although there are 
known options for asymmetric rolling of bimetallic 
billets, which, like in our case, have a gradient of 
properties across the thickness, but only with a distinct 
layer boundary [14 - 17]. 

The purpose of this work is to perform computer 
modelling and study the process of asymmetric rolling 
of a billet with a gradient of mechanical properties 
across the thickness, which was achieved by introducing 
dispersed particles into the crystallizing melt during 
centrifugal casting.

EXPERIMENTAL

In recent years, modern software systems for 
finite element modeling of metal forming processes 
(DEFORM, QFORM, Simufact Forming, LS Dyna) 
have significantly expanded their functional capabilities. 
Almost every year, new versions of these products are 
released, incorporating new features such as improved 
finite element mesh generators and new material 
plasticity models. As a result, end users could explore 
new and existing metal forming processes at a higher 
level of sophistication.

However, despite these advantages, all these 
programs also have limitations that are directly related 
to the fundamental principles of modelling. The 
resulting model is not the final, real-world outcome. 
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It is impossible to obtain a model with zero error, 
as there are always numerous factors in a physical 
experiment that cannot be accounted for in the modelling 
process. The biggest assumption in modelling is the 
material tolerance, which is assumed to be completely 
isotropic and perfect, without any internal defects or 
inhomogeneities. For most metal forming processes, 
this assumption is acceptable, as the focus is often on 
the impact of the plastic deformation process on the 
cross-sectional development of the workpiece. In such 
cases, it is preferable to use a homogeneous workpiece, 
which can be achieved through pre-annealing in a 
physical experiment.

This principle is unsuitable for studying workpieces 
obtained by introducing dispersed particles during 
centrifugal casting. Such workpieces initially have 
a spread of mechanical properties across their cross-
section, and subsequent deformation will result in 
significantly different outcomes compared to the 
deformation of a homogeneous workpiece. Therefore, 
it is necessary to first obtain a model of the initial 
workpiece that corresponds to the actual conditions of 
introducing dispersed particles into the crystallizing 
melt during centrifugal casting. To achieve this, the 
final experimental results can be used as initial data for 
modelling.

The experimental results of Vickers hardness 
measurements (Fig. 1a) were used as initial data for 
modelling. The tests were conducted on 08X18N10T 
stainless steel under a load of 0.5 kgf for 15 s. As can 
be seen from the hardness distribution graph in Fig. 1b, 

there are three distinct zones along the thickness of the 
workpiece: the outer zone has the lowest hardness, the 
intermediate zone is the most extensive (50 - 60 % of the 
total thickness), and the hardness level is approximately 
30 % higher than in the outer layer. The final zone (the 
inner layer) has the highest hardness, which is 58 % 
higher than in the outer layer.

To obtain such a property distribution, the workpiece 
must be subjected to uneven deformation. However, 
there is also a problem of comparing the simulation 
results with experimental data. The DEFORM software 
used has a built-in hardness analyser that works on the 
Rockwell C scale (HRC). However, in our case, it is 
unsuitable because the translation scale does not have 
values in the corresponding range of both scales.

Therefore, the only correct option in this case is 
to simulate a Vickers hardness test by measuring the 
diagonal of the pyramid imprint. To create a scheme of 
uneven deformation, it was decided to use the pressing 
process with certain boundary conditions:

- the free flow of metal occurred only in one 
direction;

- the contact conditions on the horizontal surfaces 
were different - on one surface, the coefficient of 
friction was low (0.15, which corresponds to a polished 
surface with lubrication), while on the other surface, the 
coefficient of friction was high (1, which corresponds to 
a rough textured surface).

These conditions can be implemented in practice 
by pressing the workpiece in a U-shaped tool (Fig. 2), 
with the lower plate having a textured surface to create 

Fig. 1. Distribution of Vickers hardness along the workpiece thickness (a) and hardness graph (b).

а)							       b) 
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a high level of adhesion to the workpiece.
The next task is to determine the level of upsetting 

to achieve the required level of metal processing. Here, 
the key parameter will be the value of equivalent strain, 
which, for a given material, will lead to a specific level 
of hardening. Since it is extremely difficult to calculate 
this analytically, it was decided to build several models, 
in each of which a workpiece of different thicknesses, 
from 11 to 20 mm, was drawn down to 10 mm.

The final task was to determine the most optimal 
model, not only based on the hardness values, but also 
on their distribution across the workpiece thickness. To 
achieve this, it is necessary to enter the initial hardness 
value in the material database, which will correspond to 
the initial (undeformed) state. By default, the AISI 304 
steel (equivalent to 08X18N10T steel) has a hardness 

of 129 HV, which is lower than the obtained value in 
the outer layer. This may be due to the occurrence of a 
certain level of porosity during casting. In this case, it 
is advisable to set the hardness value of 106.9 HV as 
the initial value.

After a sequential analysis of the obtained drawing 
models, it was revealed that the most suitable results 
were obtained when drawing workpieces with a 
thickness of 14 - 15 mm. The workpiece receives an 
uneven development across its thickness (Fig. 3). Here, 
two patterns of strain distribution are shown: a global 
pattern and a local pattern in the range of 0 - 3, to assess 
the strain level in the upper layer.

When simulating the hardness test, a force of 4.903 
N was applied to the pyramid, which corresponds to a 
load of 0.5 kgf. As a result, the pyramid was embedded 
in the workpiece, resulting in a diagonal length of 0.0937 
mm (Fig. 5). According to GOST R ISO 6507-4-2009 
“Metals and Alloys. Vickers Hardness Measurements. 
Part 4. Tables for Determining Hardness”, this diagonal 
value corresponds to a hardness value of 105.5 HV 
approximately.

Further hardness measurement results are presented 
in Table 1. Fig. 5 shows the summary hardness values 
obtained during the experiment and modelling. 
Comparing these values, we can conclude that the 
obtained model adequately describes the mechanical 
state of 08X18N10T steel after centrifugal casting.

To assess the impact of the initial property dispersion 
on the subsequent metal state during deformation, it was 
decided to conduct the simulation in three directions:

Fig. 2. Upsetting model in U-shaped tool for creating an 
uneven metal flow.

Fig. 3. Uneven strain during the upsetting of a 15 mm thick workpiece.
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1) symmetric rolling in smooth rolls;
2) asymmetric rolling in smooth rolls (asymmetry 

effect on the outer layer);
3) asymmetric rolling in smooth rolls (asymmetry 

effect on the inner layer).
In addition, the asymmetric rolling process was 

considered in two variants: kinematic and geometric, 
with the same level of asymmetry. These models allow 
for the evaluation of the workpiece’s cross-sectional 
development under different loading conditions.

Since the rolling process is conducted in smooth 
rolls with a small reduction, the simulation can be 
performed in a 2D mode. The roll diameter is 200 mm. 
The workpiece is a rectangular sheet with a thickness 
of 10 mm and a length of 100 mm. AISI 304 steel (like 
08X18N10T steel) was chosen as the material for the 
workpiece, which was previously used in the creation 
of the initial workpiece. The following technological 
parameters were used in the computer simulation of 
the process:

- the workpiece material was anisotropic, and the 
property dispersion was obtained in the previous step;

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

- the heating temperature of the workpiece before 
rolling was set to 900°C and 1100°C;

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

- heat transfer coefficient between workpiece and 
environment was 0.002 W m-2 °C-1;

- the coefficient of friction between the metal and the 
rolls was assumed to be 0.4 (corresponding to a surface 
with a high level of roughness);

- the rotational speed of the rolls during symmetric 
rolling was set to 60 rpm; during kinematic asymmetric 
rolling, the rotational speeds of the rolls were set to 60 
rpm and 90 rpm (with an asymmetry coefficient of 1.5);

- the geometric asymmetry model was achieved by 
varying the roll diameters (200 mm and 300 mm), with 
a rotational speed of 60 rpm on both rolls.

RESULTS AND DISCUSSION

To analyse the calculated models, the workpiece 
shape in the deformation zone of the rolling rolls was 
considered, as well as the key parameters of the stress-
strain state that most accurately characterize the effect 
of the deformation scheme on the metal processing. 
These parameters include equivalent strain, average 
hydrostatic pressure, and deformation force. Fig. 6 
shows the results of the workpiece’s deformation in all 
the considered models.

Fig. 4. Hardness measuring on the outer layer. Fig. 5. Comparative graph of hardness values.

Place of measurement Print diagonal, mm Hardness, HV
Outer layer 0.0937 105.5
7.5 mm 0.0835 133
5 mm 0.0831 135
2.5 mm 0.0798 146
Inner layer 0.0726 176

Table 1. Hardness measurement results.
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In general, the workpiece forming is fully consistent 
with the principle of asymmetric rolling, where higher 
values of linear velocity are created on the faster roll 
in contact with the workpiece. As a result, these layers 
significantly outpace the layers in contact with the other 

Fig. 6. Workpiece forming: (a) symmetric rolling; (b) 
kinematic asymmetric rolling with the asymmetry effect 
on the upper outer layer (90/60); (c) kinematic asymmetric 
rolling with the asymmetry effect on the lower inner 
layer (60/90); (d) geometric asymmetric rolling with the 
asymmetry effect on the upper outer layer (300/200); (е) 
geometric asymmetric rolling with the asymmetry effect 
on the lower inner layer (200/300).

a)	
	
	
	
	
	

	
b)

c)

d)

e)

roll, leading to a workpiece bending in the opposite 
direction. Similar shape changes were observed in various 
types of asymmetric rolling. However, in practice, the 
most effective scheme is kinematic asymmetry, which 
can be achieved by using individual roll drives with 
frequency converters. This allows for the adjustment of 
the asymmetry level in any range. In contrast, geometric 
asymmetry is limited by the maximum diameter of the 
rolls that can be accommodated in the corresponding 
machine frame. As a result, the maximum asymmetry 
level is often limited to 2. Therefore, it was decided to 
focus on kinematic asymmetry in the following analysis.

For a more in-depth analysis, it is necessary to 
consider the main parameters of the stress-strain state, 
as well as the deformation force. When evaluating the 
stress state, the most effective parameter is the average 
hydrostatic pressure, which indicates the level of stress, 
considering the sign, i.e., the magnitude of tensile and 
compressive stresses. This parameter is determined by 
the Eq. (1):

1 2 3

3AV
σ σ σ

σ
+ +

=     		    (1)

where σ1, σ 2, σ3  - principal stresses.
When assessing the strain state, the most effective 

parameter is the equivalent strain, which shows the 
accumulated level of strain at a specific point. This 
parameter is calculated using the Eq. (2):

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

2
3EQVε ε ε ε ε ε ε= − + − + − 	 (2)

where ε1, ε2, ε3  - principal strains.
Fig. 7 shows the average hydrostatic pressure 

patterns in the deformation zone of the rolling rolls for 
symmetric rolling models at different temperatures.

The stress distribution in both cases is identical, 
but reducing the heating temperature by 200°С 
increases the compressive stress by more than 1.5 
times. The tensile stress also increases by almost half, 
but its level and coverage area are significantly lower 
than the compressive stress. The stress distribution is 
symmetrical in both cases.

It would be inefficient to consider equivalent 
deformation in this way, as the workpiece has a wide 
range of values. Therefore, the principle of tracking 
the parameter at specific points was applied (Fig. 8a). 
Point 1 corresponds to the hardened inner layer, point 2 
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corresponds to the central layer, and point 3 corresponds 
to the least hardened outer layer. The measurement 
results for the model with a workpiece temperature of 
1100°C are presented in Fig. 8b.

The graph shows that the strain increases by 

approximately 15 % along the entire height of the 
workpiece after rolling. When the temperature is reduced 
to 900°C (Fig. 8c), there are no significant differences in 
the growth pattern or strain values at any of the specified 
points. When analysing the rolling forces, it was found 

Fig. 7. Average hydrostatic pressure in the deformation zone of rolling rolls: (a) 1100°C; (b) 900°C.

             a)							       b)				  

Fig. 8. Equivalent strain: (a) specified points along the workpiece height; (b) graph of strain change at 1100°C; (c) graph 
of strain change at 900°C.

             a)							       b)				  

			               c)
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that reducing the heating temperature significantly 
increases the rolling force. For example, the initial 
rolling force of 3.08 kN for a model with a workpiece 
temperature of 1100°C increased to 5.08 kN when the 
temperature was reduced to 900°C.

This low value of force is the result of modelling in 
a flat state (2D), where the workpiece width is 1 mm. 
To obtain an accurate value of force, these values must 
be multiplied by the actual width. It is important to note 
that the force distribution on the rolls is identical in these 
models, indicating that the initial gradient of properties 
has a small impact on symmetric deformation.

When considering asymmetric rolling models, it is 
convenient to analyse all four models simultaneously 
to assess the combined effects of asymmetry and 
temperature. To accurately evaluate the average 
hydrostatic pressure in comparison with symmetric 
options, it is necessary to present the results in the same 
dimensional scales (Fig. 9).

There are two key points to note here:
1) as the temperature decreases in both cases, as well 

as in symmetric rolling, the stress distribution remains 
constant;

2) the introduction of the asymmetry factor disrupts 
the symmetry of the deformation zone, leading to an 
increase in compressive stresses at the contact with the 
faster roll. On the opposite roll, the level of stresses 
decreases. In this case, the asymmetric stress distribution 
is a mirror image when the direction of asymmetry is 
reversed.

To assess the strain state, the values of equivalent 
strain were examined at the three previously defined 
points (Table 2).

Based on the analysis of the obtained data, it can 
be concluded that the asymmetric scheme has a minor 
effect on the deformation of the gradient billet. The most 
significant changes were observed at point 1 (the hard 
inner layer), while no significant changes were observed 

Fig. 9. Average hydrostatic pressure during asymmetric rolling: (a) model 60/90 at 1100°C; (b) model 60/90 at 900°C; (c) 
model 90/60 at 1100°C; (d) model 90/60 at 900°C.

             a)							       b)				  

             c)							       d)				  
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at points 2 and 3. However, it should be noted that the use 
of a relatively low level of asymmetry (1.5) may have 
influenced the results. In some studies, on asymmetric 
rolling, the effects of higher levels of asymmetry on 
metal processing have been reported. Therefore, it is 
advisable to conduct additional research on the effects 
of higher levels of asymmetry using the most distinct 
scheme (90/60 at 1100°C). Table 3 presents the average 
values of the forces during asymmetric deformation.

By analysing the obtained data, it is possible to 
confirm the previously made conclusion about the 
insignificant effect of the asymmetric scheme during 
the deformation of a gradient workpiece. In all the 
considered cases of asymmetric rolling, the values 
of the forces do not differ significantly from those of 
symmetric rolling. The most noticeable differences are 
observed in models with lower temperatures, which is 
a result of increased compressive stresses in the roll 
deformation zone.

The final stage of the research was to study the 
impact of increased asymmetry levels on the metal 
processing. When analysing point 1 (the hard inner 
layer), it was found that as the asymmetry factor 
increases, the level of strain also increases. For example, 
at an asymmetry level of 3, the maximum equivalent 
strain was 3.22, while at an asymmetry level of 6, the 
maximum equivalent strain was 3.48.

CONCLUSIONS

The presented results of finite-element modelling 
of rolling a workpiece with a gradient distribution of 
mechanical properties showed that when asymmetric 
rolling is implemented with a small asymmetry 

coefficient, the overall pattern of metal processing 
with a gradient distribution of properties is similar 
to that of a symmetric scheme. However, when the 
asymmetry coefficient exceeds 3, this factor begins to 
have a significant impact on the unevenness of metal 
processing. Therefore, to control the processing of metal 
with a gradient distribution of mechanical properties, 
it is necessary to use asymmetric rolling with a high 
asymmetry level.
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