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Abstract. This paper presents the results of finite element modeling of a novel technology of combined
deformation by radial-shear broaching and traditional drawing. Using DEFORM program, the parameters of
stress-strain state and deformation forces were studied. A range of models with varying initial diameters of the
workpiece, single and total compressions, and different temperatures of heating the workpiece were considered. It
was revealed that the optimal conditions occurred at 30-25-20 scheme at a temperature of 900°C. However, this
scheme can be recommended when the strength of the deforming equipment is sufficient. In other cases, it is
necessary to select a scheme that allows for deformation without exceeding the limiting loads.
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1. Introduction

The manufacture of high-quality carbon steel bars is a complex undertaking requiring a synthesis of
traditional and contemporary metalworking methodologies. Conventional techniques, with their proven track
record and years of application, ensure stability and predictability of outcomes. Nevertheless, their capacity
to attain the highest quality and dimensional accuracy is constrained. Furthermore, these methods frequently
incur substantial production costs, often due to considerable energy consumption and protracted processing
cycles. Furthermore, traditional methods such as hot rolling frequently result in heterogeneity of the metal
structure and an increased level of internal stresses, which have a detrimental effect on the properties of the
finished product. For instance, during the rolling process, significant fluctuations in thickness and geometric
parameters occur, necessitating subsequent additional processing, which increases the cost.

However, modern technologies, particularly those involving severe plastic deformation (SPD) [1-5] and
progressive deformation methods such as radial-shear rolling (RSR) or hydrostatic extrusion, offer novel
solutions to this challenge. Nevertheless, it should be noted that these modern methods also have their
limitations, including the high cost of equipment and the complexity of mastering the technology, which can
render them economically unprofitable for some enterprises [6-8].

The optimal approach to be adopted is the creation of flexible, modular technological processes that
combine the advantages of both traditional and modern methods [9-11]. This approach enables the adaptation
of the production process to the specific requirements of the customer, the utilization of the most effective
methods at each stage of production, and the minimization of costs. It is imperative to acknowledge the role
of heat treatment, a critical component in the production of carbon steel bars, in significantly extending the
duration of the technological cycle and escalating costs. Consequently, it is imperative to minimize the
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number and duration of thermal operations. Optimal process design, therefore, entails the use of pressure
treatment methods in a more efficient manner, thereby reducing the necessity for additional heat treatment.
For instance, the selection of the most appropriate deformation mode and tool can result in the attainment of
the desired mechanical properties without the necessity for additional annealing or quenching.

The proposed innovative technology for deforming carbon steel rods is based on a combination of
radial-shear broaching (RSB) and traditional drawing [12, 13]. The fundamental distinction between the two
methodologies lies in the cessation of the roll drive during the RSB process. This configuration is designed
to prevent the conflict between the two deformation methods that would otherwise be impossible to avoid in
a traditional configuration. The cessation of drive during the RSB phase facilitates a seamless transition to
the drawing phase, thereby enabling the effective integration of the merits of both methodologies. RSB
ensures rough processing and preforming of the rod, while drawing ensures high dimensional accuracy and
excellent surface quality. This technological integration enables the optimization of energy consumption,
enhancement of productivity, and reduction of production costs, while ensuring the manufacture of bars that
exhibit superior mechanical characteristics and exceptional surface quality.

The complexity of the processes involved in designing and optimizing plastic ‘deformation using a
complex loading scheme necessitates the implementation of multiscale analysis and numerical modelling
support. A plethora of models of plasticizing stresses are employed in computer modelling. Some of these
models are based on empirical equations, such as the Sabbat model, while others are based on physical
principles and phenomena occurring in a deformable material. The DEFORM software package is utilized
for the analysis of diverse metalworking and heat treatment processes. With the help of DEFORM it is
possible:

- To test the developed process not experimentally, in real production, but virtually on a computer;

- To conduct a numerical experiment and, based on its results, make changes to the parameters of the
technological process;

- To predict the nature of metal shaping during pressure treatment. This significantly reduces the cost of
experimental research;

- To study the processes of metal deformation during different types of tool movement. It is possible to
vary the friction conditions, the models of the medium and the rheological properties of the material;

- To evaluate the process for defects (formation of cracks, creases, non-filling of the stamp, etc.). The
results include a force graph, stress, strain, and temperature distribution fields.

The utilization of modelling in DEFORM has been demonstrated to facilitate a reduction in the
production time of structures and components, enhance their quality, and mitigate costs that may emerge
during the production process.

The novelty of this work lies in the study of the stress-strain state of a carbon steel bar deformed by a
novel combined technology in the DEFORM program. The key feature of this work is a comprehensive
study of energy-force parameters at the theoretical level using FEM modeling. The data obtained will form
the basis at the design stage of the experimental installation, which will avoid possible equipment
breakdowns from overloads.

2. Materials and Methods

In order to analyze the stress-strain state in the DEFORM program, a number of models of the radial-
shear broaching process with subsequent drawing were constructed. In these models, both geometric and
technological parameters were varied with the objective of determining the most optimal process conditions.
Geometric parameters, such as the initial diameter of the workpiece and the absolute compression at each of
the two passes, were varied. Among the technological parameters, the initial temperature of the workpiece
was varied. As a result, the following models were built:

- the workpiece with a diameter of 30 mm was compressed sequentially to 27 mm, then to 23 mm.;

- the workpiece with a diameter of 30 mm was compressed successively to 25 mm, then to 20 mm.;

- the workpiece with a diameter of 20 mm was compressed successively to 18 mm, then to 16 mm.

Each of these models was considered at three temperatures: 20°C, 500 °C and 900°C.

The material of the blank was steel 10. The following friction coefficients were set: at the contact of the
workpiece with the rolls of the RSR mill — 0.4; at the contact of the workpiece with the fiber — 0.1. The rolls
of the RSP mill were disconnected from the drive and rotated from friction upon contact with the workpiece.
The compression in the rolls and in the fiber were set to be similar, i.e., for example, in the model 30-27-23,
on the first pass, the gap between the rolls and the diameter of the drawing die were equal to 27 mm.
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The mesh of finite elements on the workpiece was constructed using tetragonal elements. Their
distribution on the workpiece was carried out according to two distribution criteria:

- using the Size Ratio coefficient equal to 6, which grinds the volume of elements in the loaded zones
by 6 times compared to the rest of the zones;

- using two zones of local condensation of elements — "Mesh Window" with a coefficient of 0.1, located
in two deformation zones — in the rolls and in the drawing tool. These windows additionally thicken the mesh
by a factor of 10.

All this led to the fact that in both deformation zones, the average face length of the final element was
0.18 mm approximately.

3. Results and discussion

In the course of the study of the strain state, the parameter "equivalent strain" was considered, which is
a cumulative parameter reflecting the accumulation of all types of deformation. As illustrated in Fig. 1, a
comprehensive overview of the equivalent strain of all models is provided. As the results for all nine models
are presented on a single scale of € = 0-4, it can be observed that the strain patterns in the horizontal direction
are consistent across all models.
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Fig. 1. Distribution of equivalent strain over the workpiece section
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Furthermore, it is evident that models 30-25-20 exhibit the maximum metal processing over the entire
cross-section at all temperatures considered. This phenomenon can be attributed to the highest values of
single compression and total compression (10 mm versus 7 mm and 4 mm). A comparable outcome was
achieved in a study of conventional zirconium RSR [14]. In the 30-27-23 model, the processing effect is
slightly lower, but it is still at a fairly high level in the areas of contact with the rolling rolls. The lowest
effect is observed in models 20-18-16. In this model, the level of processing in the surface layers is
comparable to the level of elaboration of the central zone in model 30-25-20.

It is evident from the presented patterns of vertical strain that the initial temperature of the workpiece
exerts a significant influence on the distribution of strain, both in terms of its extent and its nature. In this
instance, the predominant effect of elevated strain is discernible solely in the surface areas of the workpiece.
In areas of direct contact with rolling rolls, an increase in temperature leads to an enhancement in the metal's
malleability, resulting in a gradual increase in strain. To quantify the strain state, the obtained values of
equivalent strain in the surface zones and in the center were summarized in the resulting diagram in Fig. 2.
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Fig. 2. Numerical values of equivalent strain

As illustrated in the diagram, the maximum strain values exceeding 3 are observed at maximum
compression in the 30-25-20 model at an elevated temperature of 900°C. Concurrently, a decline in
temperature to ambient levels results in a reduction in the degree of processing in the surface areas by
approximately 25-30% across all models. Furthermore, a comparison of the values at constant temperatures
reveals a heightened sensitivity to the degree of compression. To illustrate this point, we may consider the
strain level in model 30-25-20 as the baseline. A decrease in the total compression level by 3 mm (model 30-
27-23) results in a 15% decrease in deformation at 900°C. However, this difference diminishes to 3% as the
temperature is reduced, thereby reducing the ductility of the metal in the areas of contact with the rolls. A
further decrease in the total compression level by 3 mm (model 20-18-16) results in a 48% difference in
strain values at 900°C, while with a decrease in temperature, this difference decreases to 42%. Consequently,
it can be deduced that the extent of equivalent strain in the process under investigation is more dependent on
the total compression applied. While the influence of temperature is also observed, its effect is significantly
less pronounced.

It is evident that analogous dependencies of the strain amount on the total compression and temperature
are sustained for the central layers of the workpiece. However, the location of the rolling rolls in the space in
the form of a RSR mill leads to the fact that at the broaching stage, strain develops only in the surface zones,
and the central region receives an increase in strain only at the drawing stages. Consequently, an uneven
gradient structure emerges in the cross-section of the workpiece, exhibiting a disparity in equivalent strain
ranging from 200% to 300%. It is also noteworthy that the central zone of the workpiece demonstrates
minimal processing across all cases, with strain levels ranging from € = 0.5 - 0.7 at room temperature, and
reaching € = 0.7 - 0.95 at elevated temperatures of 900°C.
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In order to study the stress state, there are a number of recommended parameters that must be selected,
with the consideration of the strain pattern being of particular importance. For instance, within the ECAP
process, the study of the equivalent stress is adequate due to the utilization of an all-encompassing
compression scheme. In the studied combined process of radial-shear broaching with drawing, there are both
compression zones from the action of deforming tools and stretching zones from the action of a pulling force
applied to the front end of the workpiece. Consequently, the most appropriate approach would be to analyze
the average hydrostatic pressure, which accounts for the direction of the applied stresses. As illustrated in
Fig. 3, the images depict the average hydrostatic pressure within the workpiece section situated within the
deformation zone of the rolling rolls. A comparison of the obtained patterns of average hydrostatic pressure
as a function of total compression (in the horizontal direction) reveals a direct proportional relationship.
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Fig. 3. Distribution of the average hydrostatic pressure over the workpiece cross section in the deformation zone
of the rolling rolls

The highest levels of compressive stresses are observed in models 30-25-20, where the compression
value is maximum. With a decrease in total compression, compressive stresses decrease, and a decrease in
the length of direct impressions from contact with the rolls is also clearly visible. In addition, an inverse
proportional relationship is evident when comparing the patterns of average hydrostatic pressure as a
function of temperature (in the vertical direction). The highest level of compressive stresses is observed in
models where the workpiece temperature is 20°C. As the temperature increases, the level of compressive
stresses decreases, as well as the extent of the deformation zones. In order to quantify the stress state, the
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values of the average hydrostatic pressure on the surface and in the deformation zone of the rolling rolls were
summarized in the resulting diagram in Fig. 4.
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Fig. 4. Numerical values of the average hydrostatic pressure in the deformation zone of rolling rolls

As illustrated in the diagram, the maximum values of the average hydrostatic pressure above 1 GPa are
attained at maximum compression in the 30-25-20 model at a temperature of 20°C. An increase in
temperature to 900°C leads to a decrease in the level of average hydrostatic pressure in the surface zones by
approximately threefold. A parallel comparison of the values at constant temperatures reveals a high degree
of correlation with the extent of compression. For instance, when the total compression level is reduced by 3
mm (model 30-27-23), the pressure level decreases by approximately 20% at 20°C. However, as the
temperature rises, this difference increases to 40%, resulting in enhanced ductility of the metal in the areas of
contact with the rolls. A further decrease in the total compression level by 3 mm (model 20-18-16) results in
an increase in the strain values at 20°C of almost 60%, with an increase in temperature causing an
enhancement of this difference to 65%.

In considering the pressure within the central layers of the workpiece, it is important to note their
comparatively low level in relation to the surface layers. Concurrently, under certain conditions (at an
elevated temperature of 900°C), tensile stresses reaching up to 100 MPa begin to act within this zone. This
heterogeneous stress state gives rise to a gradient of properties across the workpiece cross-section.
Consequently, it can be deduced that the mean hydrostatic pressure during the process under scrutiny is
found to be considerably influenced by both the total compression and the temperature of the workpiece.

In the analysis of deformation forces, the force values on each passage for each deforming tool (rolls
and lugs) were taken into consideration. The resultant force graphs for the 30-25-20 model are presented in
Fig. 5. The graphs for rolls are shown in red, and for drawing dies in green. A close examination of the
graphs reveals that the most significant exertions take place during the drawing stages. Concurrently, the
level of effort exerted during the initial pass invariably surpasses that of the subsequent pass, which is
concomitant with a diminution in the length of the deformation zone within the drawing die. This reduction
in length is attributable to a general decrease in the workpiece diameter. The influence of the heating
temperature on the nature of the graphs is also clearly noticeable. At a temperature of 20°C, all graphs
exhibit an even horizontal appearance. However, when the workpiece is heated to 500°C during the initial
stage of radial-shear broaching, the graph exhibits an upward trend, indicating the workpiece's cooling and a
reduction in the ductility of the material. Conversely, at the subsequent stage (the initial stage of drawing),
the temperature has already decreased to a sufficient extent, resulting in the force graph acquiring a
horizontal appearance. However, when the workpiece is heated to 900°C, the force graphs at the first stage of
radial shear broaching, the first stage of drawing, and the second stage of radial-shear broaching have an
increasing appearance, indicating a prolonged cooling process for the workpiece.

A quantitative analysis of the forces reveals that the maximum level of 209 kN is attained at the initial
stage of drawing in the model at 20°C, with a subsequent decline to 130 kN at the subsequent stage. With an
increase in temperature to 500°C, a force of approximately 182 kN is observed at the first stage of drawing,
and at the second stage of drawing, the force is around 112 kN. When the workpiece is heated to 900°C at
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the first stage of drawing, a force of about 170 kN is exerted at the end of the stage, and at the second stage
of drawing, the force is about 124 kN.
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Fig. 5. Force graphs for the 30-25-20 model: a — at 20°C; b - at 500°C; ¢ - at 900°C

Notwithstanding the elevated heating temperature, a greater degree of force was documented at the
second stage of the drawing process. The underlying reason for this phenomenon becomes evident when
analyzing the force graphs of radial shear stretching. At 20°C, the initial stage of radial shear broaching
yielded a force of 108 kN, while the subsequent stage resulted in an approximate force of 117 kN. It is
noteworthy that the force graphs at both stages exhibited a horizontal trajectory, indicating the absence of a
cooling factor for the workpiece. At 500°C, the graph at the first stage of radial shear broaching has an
inclined appearance due to the reduction in ductility of the material resulting from the cooling of the
workpiece, with a force of 108 kN being reached at the end of the stage. At the second stage of radial shear
broaching, the force is approximately 117 kN, and the force graph at this stage has a horizontal appearance.
At 900°C in the initial stage of radial shear broaching, the force reduces to 28 kN by the conclusion of the
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stage. Concurrently, the augmentation in exertion at this stage is less pronounced in comparison to the
preceding instance, signifying a diminished cooling intensity of the more heated workpiece. In the
subsequent stage of radial shear broaching, the force curve exhibits an upward trend, reaching a maximum of
105 kN before leveling off, suggesting the termination of the pronounced cooling process. Subsequently, a
force jump of up to 128 kN, a hallmark of the RSR scheme, occurs, denoting the output of the workpiece
from the rolls [14]. Fig.6 shows the force graphs for the 30-27-23 model.
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Fig. 6. Force graphs for the 30-27-23 model: a — at 20°C; b - at 500°C; ¢ - at 900°C



Eurasian Physical Technical Journal, 2025, Vol.22, No.2(52) Engineering 117

In this model, it is necessary to take into account the unevenness of the compression: in the initial
stages, the compression is 3 mm, whereas in the subsequent stages, it is 4 mm. Consequently, the drawing
forces of the second stage at all temperatures exceed the drawing forces of the first stage. This phenomenon
is also the underlying cause of the increased force difference observed during the stages of radial shear
broaching. As observed in the 30-25-20 model, the maximum effort is also encountered during the drawing
stages. At 20°C, a force of 130 kN is generated during the initial stage of drawing, while the subsequent
stage generates approximately 150 kN. The force graphs at both stages exhibit a horizontal trajectory, owing
to the absence of cooling of the workpiece. Drawing graphs at a temperature of 500°C demonstrate a similar
appearance, with the cooling process concluding at the initial stage of radial shear broaching. At 500°C, the
graphs for the first stage of drawing show a force of 118 kN, and for the second stage, the force is
approximately 140 kN. At 900°C, the nature of the graphs is similar to the previously considered 30-25-20
model — at the first stage of drawing, the graph has an oblique appearance, as the workpiece cools
intensively, which ends at the second stage of radial shear broaching. The second stage of drawing is
distinguished by the absence of cooling, resulting in a horizontal graph. At 900°C, a force of 80 kN is
generated during the initial stage of drawing, while at the subsequent stage, the force increases to
approximately 128 kN.

In the initial phase of radial-shear broaching at 20°C, a force of 53 kN is generated. At the subsequent
stage, the force increases to approximately 125 kN. The force graph at both stages exhibits a horizontal
trajectory. At 500°C, the graph at the first stage of radial shear broaching has an inclined appearance,
reaching 50 kN at the end of the stage. At the second stage of radial shear broaching, the force is
approximately 120 kN, and the force graph at this stage has a horizontal appearance. At 900°C in the initial
stage of radial shear broaching, the force reaches a mere 10.5 kN at the conclusion of the stage.
Concurrently, the augmentation in force at this stage is found to be negligible, in contrast to the 30-25-20
model, which can be attributed to a diminution in the cooling intensity due to a reduction in the value of a
single compression from 5 mm to 3 mm. The force graph of the second stage of radial shear broaching also
exhibits an upward trend, which becomes horizontal at approximately 120 kN, suggesting the termination of
the intensive cooling process. The absence of a force jump in this model can be attributed to the disparity in
single and total compression of the same workpiece with a diameter of 30 mm.

As demonstrated in Fig. 7, the force graphs for the 20-18-16 model are presented. In contradistinction to
the preceding model (30-27-23), it is imperative to consider the uniformity of compression in this model. At
both stages, the uniformity of compression is 2 mm; however, the diameter of the initial blank is reduced to
20 mm. Consequently, a decrease in the length of the deformation focus is observed at all deformation zones,
resulting in a substantial reduction in effort when compared to blank models with a diameter of 30 mm.
Notably, this model exhibits an opposite effect, where maximum forces are attained at all temperatures
during the second stage of radial-shear broaching. Concurrently, the magnitude of the force at the initial
stage of radial-shear broaching is found to be negligible, with a maximum recorded force of 6.5 kN.

At 20°C, a force of 64 kN is generated during the initial stage of drawing, while at the subsequent stage,
the force reduces to approximately 50 kN. The force graphs for both stages exhibit a horizontal trajectory, a
consequence of the inadequate cooling of the workpiece. Drawing graphs at a temperature of 500°C
demonstrate a similar appearance — here, cooling ceases at the initial stage of radial shear broaching. At
500°C, a force of 56 kN is generated during the initial stage of drawing, and in the subsequent stage, the
force is approximately 42 kN. At 900°C, the nature of the graphs is similar to that of the previously
considered models 30-25-20 and 30-27-23. At the first stage of drawing, the graph has an oblique appearance
due to intensive cooling of the workpiece. Conversely, the second stage of drawing is distinguished by the
absence of cooling, resulting in a horizontal graph. At 900°C, a force of 46 kN is generated during the initial
stage of drawing, while at the subsequent stage, the force reduces to approximately 40 kN.

At the initial stage of radial-shear broaching at 20°C, a force of 6.5 kN is generated, while at the
subsequent stage, the force increases to approximately 62 kN. Notably, the force graphs at both stages
exhibit a horizontal orientation. At 500°C, the graph at the first stage of radial shear broaching has an
inclined appearance, reaching 5 kN at the end of the stage. At the second stage of radial shear broaching, the
force is approximately 55 kN, and the force graph at this stage has a horizontal appearance. At 900°C, the
force at the end of the first stage of radial shear broaching is only 1.5 kN. In the subsequent stage of radial
shear broaching, the force increases to approximately 47 kN. It is evident that the absence of a force jump in
this model is attributable to the reduced diameter of the initial workpiece.
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Fig. 7. Force graphs for the 20-18-16 model: a — at 20°C; b - at 500°C; ¢ - at 900°C

4. Conclusion

The paper employed finite element modelling of the radial-shear broaching process, followed by
drawing in the Deform program, to study the stress-strain state and energy-strength parameters. A range of
models with varying initial diameters of the workpiece, single and total compressions, and different
temperatures of heating the workpiece were considered. The study revealed that the optimal processing of
the metal occurred under the 30-25-20 scheme at a temperature of 900°C, with the 30-27-23 scheme
demonstrating comparable efficacy. Concurrently, it is imperative to acknowledge the substantial reduction
in compressive stresses that occurs at elevated temperatures. The selection of the deformation scheme is
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paramount, and the values of the deformation forces must be given due consideration, as they provide a
comprehensive representation of the loads occurring at all stages of the process. It is noteworthy that a
considerable degree of effort is required for models with a blank of 30 mm. However, when the strength of
the deforming equipment is sufficient, the 30-25-20 scheme can be recommended. In cases where this is not
the case, it is necessary to select a scheme that allows for deformation without exceeding the limiting loads.
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