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1. Introduction

The modern development of solid medium mechanics 
and deformed solids enable solving a wide range of practical 
tasks related to material pressure forming (MPF). MPF 
methods are increasingly considered as an alternative to the 
classical techniques to form parts by removing chips. Most 
research tackles specific practical tasks to devise technology 
for the manufacture of articles with predefined characteris-
tics [1‒4]. Moreover, the variety of possibilities in terms of 

the use of a particular method of pressure treatment makes 
the choice of the most relevant one a priority task [1, 5]. 
Choosing it is primarily predetermined by the capabilities 
and features of production and the corresponding energy 
intensity and economic efficiency [2, 5]. The achievements 
of researchers in recent years, who resolved theoretical prob-
lems, contribute to extending the technological capabilities 
of plastic deformation processes [6, 7]. This applies primarily 
to the expansion of opportunities for the assessment and 
forecasting of energy-forced modes, phased shape formation, 
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Those parts of solid or hollow blanks 
whose shape is complex should be produced 
by means of combined radial-longitudinal 
extrusion. However, the use of combined 
extrusion processes with several degrees of 
flow freedom requires a preliminary assess-
ment of shape formation, which is true, tak-
ing into consideration the peculiarities of 
evolution of strain sites at different stages of 
deformation. When deforming high blanks, 
the presence of an intermediate rigid zone 
can be observed, separating two autonomous 
strain sites. When constructing an estimation 
scheme of the initial stage of the process of 
combined radial-backward extrusion of hol-
low parts with a flange, the presence of an 
intermediate rigid zone is taken into consid-
eration. The need to improve the devised esti-
mation scheme is caused by significant devi-
ations in the projected growths of a part from 
its experimentally derived dimensions. As an 
alternative to the axial rectangular kinematic 
module of the lower deformation site, the use 
of an axial triangular module has been pro-
posed, whose effectiveness is demonstrated in 
simulating the process of radial-longitudinal 
extrusion with expansion. The rationality of 
the proposed replacement was revealed, both 
for forecasting the forced mode of the defor-
mation process and for the gradual part’s 
shape formation. This has made it possible 
to reduce the projected estimates to 10 % 
in terms of the increase in the size of a part 
based on a comparative analysis with exper-
imentally derived data. It is recommend-
ed to use the devised scheme for modeling 
the initial stage of the process for relative-
ly high blanks at H0/h1>4…6; the limitation 
is the degeneration of the intermediate rigid 
zone. This will contribute to compiling recom-
mendations for expanding the possibilities of 
using combined radial-backward extrusion of 
hollow parts with a flange during production
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as well as defect formation in a semi-finished article [8‒10]. 
The tendency to expand the range and materials of parts 
obtained by cold extrusion indicates the need to continue 
researching the processes of combined extrusion [10, 11]. 
These processes, on the one hand, reduce the number of 
stamping transitions of complexly profiled parts but, on the 
other hand, are the least investigated in terms of ensuring 
compliance of the semi-finished product with the size of the 
finished part. Thus, it is the construction of an adequate 
mathematical model of processes with several degrees of 
freedom of metal flow that will contribute to obtaining an 
assessment of the shape formation of a semi-finished article 
that corresponds to reality. And this, in turn, at the design 
stage would make it possible to determine the possibilities of 
combined extrusion to fabricate a quality part.

2. Literature review and problem statement

Currently, the most fully researched are the basic process-
es of extrusion and combined sequential extrusion (with one 
degree of freedom of metal flow). A study into various types 
of deviation of the shape of the part, defect formation, and 
the possibility of using radial extrusion processes is reported 
in [12]. A finite-element method was used to investigate the 
influence of structural parameters of stamps, the stressed-
strained state in the manufacture of hollow brass parts by 
cold direct extrusion with expansion on a cone punch [13]. 
The possibilities of using the upper evaluation method to de-
termine the geometric dimensions of the dead zone and energy 
parameters are investigated for the process of angular extru-
sion [14]. The studies into these processes made it possible to 
test the possibilities of theoretical methods and finite-element 
modeling in terms of obtaining adequate assessments of loads 
on the tool, the forces of matrix opening, the stress-strained 
state, and defect formation. However, from the point of view 
of investigating shape formation, of more interest is the pro-
cesses of combined extrusion with several degrees of freedom 
of flow that make it possible to fabricate complexly profiled 
parts per a single run [11]. On the other hand, a new task 
becomes necessary for these processes – assessing the com-
pliance of the projected dimensions of a semi-finished article 
with the size of the finished product.

The processes of combined extrusion are currently stud-
ied using finite-element analysis, theoretically (by the upper 
assessment method and the energy method of capacity bal-
ance (EMCB), and experimentally. The basics and proce-
dure of using theoretical methods of research and calculation 
of cold extrusion processes are given in fundamental works.

In [15], a new presentation of the mechanics of absolutely 
solid and deformed bodies, and energy interpretation of the 
concept of “force” is proposed. The proposed defining equa-
tions contribute to improving the accuracy of kinematic and 
dynamic analysis, and the development and optimization of 
technological processes of pressure forming. Manual [16] gives 
examples of solving problems for calculating the force and kine-
matic parameters of metal pressure forming EMCB, including 
using the Mathcad software package. This is an effective tool 
for the application of EMCB for more complex tasks, including 
the analysis and modeling of combined extrusion processes.

Many scientists addressed various aspects of the process-
es of combined reverse-direct extrusion, which are widely 
implemented in the manufacture of automotive parts. Pa-
per [17] provides recommendations for avoiding defect for-

mation in the process of combined reverse-direct extrusion 
of the piston pin. It was established that the defect is charac-
teristic of processes with a small thickness and adversely af-
fects the quality of the resulting part. The authors proposed 
techniques to adjust the kinematics of the process based on 
moving tools. Their results of finite-element modeling and 
conclusions are consistent with the experimental results but 
are limited to the studied parameters.

Work [18] examines one of the stages in the produc-
tion of hexagonal and trochoidal-like bolts using combined 
reverse-straight extrusion. New kinematically permissible 
velocity fields for determining the shape-forming load, ex-
trusion course, and the nature of deformation relative to the 
run of the punch are proposed. The theoretically obtained 
data make it possible to define the pattern of deformation 
based on the punch run, the force of extrusion, and the shape 
formation of a semi-finished article.

The effect of deformation temperature and lubricants on 
the plastic properties of magnesium alloy (AZ61A) in the 
process of combined extrusion of a cup with axial protru-
sion is examined in [19]. The cited work complements and 
expands the practice and application of magnesium alloy 
treatment using plastic forming techniques.

Work [20] addresses the issues of determining the strain 
force and shape formation with simultaneous radial extru-
sion of external and internal flanges from a tubular arti-
cle [20]. Theoretical calculations of the value of the reduced 
pressure of deformation on the punch and the gradual shape 
formation of growths of external and internal flanges were 
carried out on the basis of EMCB. However, there are no 
results to match the projected data on the phased increments 
of the part with the experimentally obtained data, which sig-
nificantly reduces the weight of the reported results.

Various aspects of the peculiarities of the process of com-
bined radial-backward extrusion have been investigated. In 
work [21], EMCB is used to determine the forced mode of 
the process of combined radial-backward extrusion. How-
ever, no appropriate calculation formulas were derived for 
the phased shape formation of a part. In [22], finite-element 
modeling was employed to analyze the influence of friction 
conditions and the radius of curvature of the matrix on the 
force parameters of deformation. The authors of [23] investi-
gated, based on modeling using Deform 2D, the peculiarities 
of the metal flow, taking into consideration the influence of 
the angle of the end of the punch in the processes of reverse 
and combined radial-backward extrusion of blanks from 
hardened steel. However, the cited studies are limited in 
nature because of the set of parameters for the simulation 
conducted. Of interest is the analysis of extending the pos-
sibilities of using EMCB to predict the forced mode and 
the shape formation of a semi-finished article. Work [24] 
substantiates the need to use estimation schemes in the 
presence of an intermediate rigid zone at the initial stage 
for relatively high blanks. Paper [25] defines the conditions 
for ensuring the possibility of optimization according to 
the kinematic parameter in various estimation schemes and 
provides relevant recommendations. In [26], the authors pro-
posed an algorithm for calculating the processes of combined 
extrusion that simplifies compiling technological recom-
mendations. This applies to determining the forced mode of 
extrusion and preliminary assessment of the shape formation 
of a part with the ability to control the leakage of the metal 
in the process of deformation. Recommendations for the use 
of constructed mathematical models according to different 
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geometric ratios of the radial-backward extrusion process 
are provided, which significantly enhances the value of the 
reported results. The defect formation in the form of a deflec-
tion in the bottom part is investigated in [27] with the con-
struction of a diagram of the region of defect formation and 
the provision of recommendations for the prevention of this 
type of defect. This demonstrates the capabilities of EMCB 
in terms of assessing the forced mode and shape formation. 
The ability to control the shape formation of a semi-finished 
article both in terms of ensuring the required size and de-
laying the appearance of a defect in the form of deflection is 
demonstrated in [27]. This confirms the efficiency of EMCB 
and its capabilities related to the transformation of the basic 
estimation scheme of the process, taking into consideration 
the introduction of design features (rounding, chamfers, 
etc.). However, additional research is required as regards the 
initial stage of the deformation process for relatively high 
blanks, which are characterized by the presence of an inter-
mediate rigid zone, which could reduce the deviation of the 
projected estimates of the growths of semi-finished articles 
from the experimentally obtained ones.

The process of trilateral direct-reverse-radial extrusion 
of hollow parts was investigated experimentally and using 
finite-element analysis. The finite-element analysis was ap-
plied in work [28] to examine the effect of geometric param-
eters on the forced mode and shape formation. Study [29] 
built on the research to determine the effect of friction con-
ditions on the course of the deformation process. In further 
studies [30], attention was paid to determining the influence 
of geometrical parameters of the stamp design, as well as 
friction conditions, on the shape formation of a semi-finished 
article and the formation of defects. The validity of the sim-
ulation results was confirmed by experimental data on the 
forced mode and shape change. However, the influence of 
geometric ratios and friction conditions, which are the main 
factors in controlling the flow of metal, was investigated 
within the parameter variance, which indicates the limited 
nature of the results obtained.

Thus, studies in recent years indicate the prospects for 
using EMCB as an effective theoretical method for studying 
the processes of combined extrusion. Therefore, advancing 
this method from the point of view of devising clear recom-
mendations for the construction of calculation schemes of the 
process according to the peculiarities in the formation of strain 
sites, the process stages, and possible changes in the structural 
features of the tool is a relevant task. This could provide an 
opportunity to control the flow of metal (the shape formation of 
a semi-finished article) in the processes of combined extrusion, 
as well as more actively employ these processes in the industry.

3. The aim and objectives of the study

The aim of this work is to predict an increase in the size 
of a part corresponding to a real one, based on devising an 
estimation scheme of the initial stage in the process of com-
bined radial-backward extrusion. This will reveal the pos-
sibilities of using combined extrusion in terms of ensuring 
that the size of the flange and the wall of the cup meet the 
required dimensions of the finished part.

To accomplish the aim, the following tasks have been set:
– to identify the features in the formation of strain sites 

at the initial stage for constructing an effective estimation 
scheme of the process of combined radial-backward extrusion; 

– to obtain an assessment of the forced mode and shape 
formation of a part according to the estimation scheme of the 
process in the presence of an axial triangular module of the 
lower deformation unit of the initial stage in the radial-back-
ward extrusion process;

– to establish the correspondence between the theoreti-
cally obtained data (using axial triangular and rectangular 
kinematic modules) on the force parameters and shape for-
mation of a part in the process of radial-backward extrusion 
and the experimental data.

4. The study materials and methods

An effective tool for using EMCB is the method of kine-
matic modules (MKM). Its application makes it possible to 
consider an estimation scheme of the process in the form of a 
set of separate unified elements (or whole systems) whose es-
timations are known. The bank of unified kinematic modules 
or their entire systems with a complete set of calculations of 
the reduced deformation pressure makes it possible to quickly 
respond to all changes in the estimation scheme caused by a 
change in the shape of a part or the configuration of a tool. 
In this case, constructing a new kinematic module typically 
allows it to be used not only for one particular estimation 
scheme or process but for a suite of different schemes where it 
can serve as their element. At the same time, an important role 
belongs to the peculiarities of MKM application for modeling 
the processes of combined extrusion in accordance with the 
classification of basic strain sites (SSs): sequential, connected, 
combined, transit, and combined [16, 21, 24, 31, 32].

The proposed categorization is useful in terms of the 
possibilities of further use of new kinematic modules or their 
sets for the construction of improved estimation schemes for 
other processes that may include them.

The simplest are the processes of combined extrusion in 
the presence of a sequential SS with one degree of freedom 
of metal flow. When calculating such processes, adjacent 
kinematic modules are sequentially added, taking into con-
sideration the full component of the power of cut forces at the 
contact boundary [32] (Fig. 1, left pattern).

For processes with connected SS, the main task is to find 
the position of the boundary of two adjacent SSs with one 
degree of freedom of flow of metal [31] (Fig. 1, right pattern, 
SS-II-1 and SS-II-2). When analyzing processes with transit 
SS (disconnected SS), the presence of an intermediate rigid 
zone between autonomous SSs is taken into consideration. 
The optimal speed of the intermediate zone is determined 
subject to the equilibrium of forces acting on both sides of 
the surface separating two SSs [24] (Fig. 1, right pattern in 
the presence of rigid one). For processes with multidirection-
al metal flows originating in one combined SS, it is necessary 
to use kinematic modules with two degrees of freedom of 
flow. Further optimization is carried out according to the 
kinematic parameter in the form of the speed of metal flow 
in the longitudinal direction [24–26] (Fig. 1, right pattern 
in the absence of a rigid zone). Processes with combined SS 
are a combination of SSs from the first four groups while the 
calculation procedure is more complicated. Devising recom-
mendations regarding the shape of kinematic modules and 
their sets, their construction, and expediency of application 
in new estimation schemes of combined extrusion processes 
in accordance with the peculiarities of SS formation could 
improve the efficiency of EMCB.
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The experimental part of our studies is based on the 
physical modeling of cold extrusion processes using full-time 
experiments and a strain gauge method. For experimental 
studies, the test machine MS-500 with a force of 500 kN was 
used, which has the necessary capacities for implementing 
the processes of combined radial-longitudinal extrusion, a 
sufficient amount of interstamp space to host an experi-
mental stamp with the registering sensors. The matrices 
and punches were made of the steel X12M, GOST 5950-73,  
hardened in oil, and strengthened to HRC 56...60; the work-
ing surface was polished to Ra0.4. Samples from AD1 were 
made of rods with subsequent heat treatment, which ensures 
the same properties at any randomly taken point of the sample 
when maximum plasticity is reached. Heating mode: heating, 
350–400 °С, cooling in the air. To take into consideration the 
strengthening of AD1, a curve of true stresses was used, built 
on the results of mechanical tests for compression of cylindri-
cal samples: σs=131e0.28. We treated statistically the results of 
experimental studies of the force of extrusion.

The construction of the estimation scheme of 
the processes of combined extrusion is based on the 
analysis of the stressed-strained state, the curvature 
of the dividing grids for the lead C1 with an applied 
coordinate mesh with a base of 3 mm. The data on 
forecasting the energy-forced mode and shape forma-
tion of a part are verified experimentally.

5. Results of studying the initial stage in the 
combined extrusion process 

5. 1. Investigating the features in the formation 
of strain sites during the process of combined ex-
trusion of hollow parts with a flange

It is advisable to make complex profiled parts 
from solid or hollow blanks by means of combined 
radial-longitudinal extrusion. However, the intro-
duction of combined extrusion processes with several 
degrees of freedom of flow instead of basic processes 
requires a preliminary assessment of the true shape 
formation, taking into consideration the peculiarities 
in the formation of strain sites at different defor-
mation stages. In the processes of radial-backward 

extrusion for fairly high blanks (at H0/h1>4…6) at the be-
ginning of deformation, the presence of an intermediate rigid 
zone was established [24]. Additionally, the components of 
blanks made of the material C1 with an applied coordinate 
mesh with a base of 3 mm, the punch diameters and blanks 
of 28 mm and 45 mm with a chamfer thickness of 6.5 mm, 
a height of 47 mm were used. The working stroke of the 
slider was 12 mm (Fig. 2). The resulting data were used in 
the Mathcad 7 programming environment, which allowed 
us, based on the Renne procedure, to derive a quantitative 
assessment of the deformed state (Fig. 3, a). According to 
the modeling data from the software Qform 2/3D, the 
patterns of strain distribution inside a workpiece were ob-
tained, which also confirm the presence of an intermediate 
rigid zone and a transit SS (Fig. 3, b). Pre-used estimation 
schemes of the process indicate the need to refine the height 
and speed of the rigid zone separating two autonomous SSs. 
Additionally, the resulting data on the shape formation of 
a semi-finished article indicate significant (up to 15‒20 %) 

deviations of the data obtained theoretically from 
those acquired experimentally [24].

Fig. 1. Generalized estimation scheme of combined sequential (left 
pattern) and combined (right pattern) extrusion

z 

r 

SS-II-2 SS-II-1 

SS-1 

Rigid zone 

Fig. 2. Curvature of the divisional mesh of the lead 
C1 sample

Fig. 3. Analysis of strain distribution data: 	
a – based on Renne procedure; b – acquired from Qform 2/3D

a b
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The nature of the curvature of the dividing grid and the 
distribution of strains has made it possible to determine the 
possibility of using the devised triangular kinematic module 
instead of a rectangular one in the turn zone to the radial 
flow in the lower autonomous SS. Such a replacement could 
be effective in terms of the demonstrated decrease in the de-
formation force for SS of the radial flow, which would affect 
determining the full force of deformation in the process and a 
change in the projected estimates of the growths of a semi-fin-
ished article.

5. 2. Devising an estimation scheme for determining 
the forced mode and shape formation at the initial stage 
of the process

According to the recommendations substantiated above, 
the generalized estimation scheme of the process takes the 
following form (Fig. 4).

Hereafter, we denote SS-1 the estimation scheme of the 
process with the presence of rectangular kinematic mod-
ules of zones 2 and 3. The improved SS-1a includes trape-
zoidal rigid zone 2 and triangular axial module 3a (Fig. 4) 
with the possibility of further optimization according to 
the parameter α∈(0, 1), which determines the shape of the 
curve.

In the simplest version of SS-1, in the presence of a rect-
angular boundary of trapezoidal module 1 and axial mod-
ule 3 of rectangular shape, the expression for the reduced 
deformation pressure was derived [24]. Those calculations 
can be applied for the subsequent comparative analysis 
while using the reduced pressure of deformation of the up-
per strain site in the following form:
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In the new SS-1a estimation scheme, the differences 
relate to the lower strain site; no axial modules of complex 
shape were used. It is advisable to employ an axial triangular 
module whose calculations were carried out only for a pro-
cess with one degree of flow. For the proposed variant of the 
axial kinematic module 3a triangular at the intersection, the 
inclined curvilinear boundary takes the form [32]:
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where α∈(0, 1) is a parameter that determines the shape of 
the curve. 

Taking into consideration the power components of the 
deformation, cut, and friction forces, for the triangular kine-
matic module 3a, taking into consideration the boundary of 
kinematic module 4, the reduced deformation pressure of the 
lower autonomous SS-1a was derived:
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In this case, the full value of the reduced pressure 1ap  of 

the new SS-1a estimation scheme using the triangular kine-
matic module 3a takes the following form:
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where the movement speed of the rigid zone is determined 
from the ratio:
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where p↑
 is the reduced deformation pressure for the reverse 

extrusion process; 

1ap →  is the reduced deformation pressure for the radial 
extrusion process in the form of SS-1a.

Fig. 4. Generalized estimation scheme of the process with 
two types of autonomous lower SS of radial extrusion
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Having determined from (4) the optimal value of the 
flow rate in the vertical direction W, one can obtain data 
on the increments of the part in the process of deformation. 

To obtain data on the forced mode, the average strain 
value e is used in the form :iavee∗

1
0 0

1 ,iave a

t t
e p p

H H
∗

→↑

 
= − ⋅ + ⋅  

			    (6)

where t is the height of the rigid zone, H0 is the initial height 
of a workpiece.

In this case, the reduced pressure is a criterion value, 
which makes it possible to calculate, regardless of the grade 
of the material, for a certain deformation scheme, the amount 
of strain pressure p and the strain force P:

,sp p= ⋅σ 	                      (7)

P=p‧F,

where F is the cross-sectional area of the active deforming tool. 
Thus, we determined the forced mode according to (7) 

based on (4) and (6), and acquired data for assessing the 
shape formation of a part based on the newly developed 
SS-1a scheme at the initial stage of the radial-backward 
extrusion process.

5. 3. Comparative analysis of theoretically and ex-
perimentally obtained data on forced mode and shape 
formation

Our comparative analysis of the forced mode and 
shape formation shall be carried out for the simplest 
case of SS-1 [24] and according to the newly developed 
SS-1a scheme with an axial triangular kinematic mod-
ule of the lower site of radial extrusion. For the material 
AD1, at parameters R1=7.5 mm, R2=10.6 mm, h1=3 mm, 
H0=20 mm, the theoretical and experimental data were 
compared. The extrusion force calculated for SS-1a using 
a triangular module according to (4) and (6), (7) is closer 
to experimental data (point data, Fig. 5) relative to SS-1 
using a rectangular module. Deviations in the SS-1a 
scheme from the experimentally obtained data do not 
exceed 3‒10 %, starting with a run of 3 mm compared to 
the SS-1 scheme, for which the deviation can reach 12 % 
or more (Fig. 5, a). Based on comparing the increments in 
a part in the process of deformation using experimental 
data, a diagram with the lower site SS-1a was also more 
rational. The deviation in the increments in the vertical 
direction for SS-1a does not exceed 10 % at the final stage 
of deformation; according to the SS-1 scheme, it reaches 
18 % or more (Fig. 5, b).

The introduction of triangular axial module 3a instead 
of a rectangular one affected the increase in the rigid in-
termediate zone 2, the reduction of plastic zone 3a, and 
the corresponding changes in the nature of the metal flow 
in this zone. According to expression (3), the deformation 
pressure in the lower strain site SS-1a decreased, which, in 
turn, caused changes in determining the movement of the 
rigid zone according to (5), and reducing the total value 
of the reduced pressure according to (4). The comparative 
analysis of the height of the rigid zone t and parameter λ 
calculated according to the schemes SS-1a and SS-1 indi-
cates the following (Fig. 6, a, b). For the improved estima-
tion scheme SS-1a, there is a slight increase in the height 

of the rigid zone (Fig. 6, a) and more significant for the 
parameter λ, which is responsible for moving through the 
rigid intermediate zone 2 (Fig. 6, b). At the same time, an 
increase in the parameter λ causes a more rapid filling of the 
flange zone and a less rapid formation of the cup wall, which 
is consistent with comparing the growths above (Fig. 5, b). 
These differences, together with a decrease in the value 

1аp → relative to the corresponding 1p →  for the lower SS 
scheme with rectangular modules and provide more accu-
rate predictive data on the forced mode and shape forma-
tion of a semi-finished article.

Thus, the use of the previously devised axial kinematic 
module instead of the simplest rectangular one in the new 
estimation scheme SS-1a is rational for the application in 
modeling the combined extrusion processes with a tran-
sit SS. The criterion of optimality based on the reduced 
pressure has been met; the introduction of a new kinematic 
module has made it possible to obtain an assessment of shape 
formation, which is more consistent with experimental data 
relative to the SS-1 scheme. The use of a given SS-1a estima-
tion scheme is recommended for modeling the process initial 
stage for relatively high blanks at H0/h1>4…6 and is limited 
to degeneration of the intermediate rigid zone when t=0. 
After the degeneration of the intermediate rigid zone, it is 
necessary to switch the estimation schemes corresponding 
to the combined SS.

Fig. 5. Comparative analysis of SS-1 and SS-1a schemes 
with the point data acquired experimentally: a – extrusion 

forces; b – increase in the size of a part

a

b
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6. Discussion of results of modeling the initial stage of 
the process of combined extrusion of parts such as a cup 

with a flange

The wider introduction in the industry of combined 
extrusion processes of complex profiled parts should em-
ploy an adequate preliminary assessment of not only the 
forced mode but also the compliance of a semi-finished 
article with the size of the finished part. This requires the 
improvement of EMCB as an effective theoretical method 
for calculating cold extrusion processes, taking into con-
sideration the peculiarities in the formation of strain sites 
at different deformation stages. The least investigated are 
the processes with a transit (disconnected) strain site in 
the presence of an intermediate rigid zone separating two 
autonomous SSs. The identified features in the formation 
of strain sites (the presence of an intermediate rigid zone 
and the shape of zone 3a) according to the curvature of the 
dividing grid (Fig. 2) and the distribution of strains (Fig. 3) 
are taken into consideration when constructing the scheme 
of the radial-backward extrusion process. Based on that, 
the use of an axial triangular module in the turn zone to the 
radial flow is proposed, to replace the simplest rectangular 
deformation in the lower strain site (Fig. 4). We have de-
rived estimates of the forced mode in form (4) and (7) and 
the shape formation of a part according to the estimation 

scheme of the process in the presence of an axial triangular 
module of the lower deformation site at the initial stage of 
the radial-backward extrusion process. In contrast to [24] 
where significant deviations in estimates of parts increments 
from experimentally obtained sizes were found, the new esti-
mation scheme SS-1a managed to reduce them. This became 
possible due to the consideration of the more complex shape 
of the reversal zone 3a (Fig. 4) of the triangular shape, which 
influenced determining the main characteristics of the pro-
cess. More accurate data on the height of the rigid zone and 
the parameter λ were acquired from (5), which is responsible 
for moving through the rigid intermediate zone 2 (Fig. 6). 
A comparative analysis of the forced mode of deformation 
and the shape formation of a part according to the proposed 
(with an axial triangular module) and basic (with the sim-
plest axial rectangular module) and experimental data was 
carried out. The rationality of the proposed replacement 
was revealed, both in terms of forecasting the forced mode 
of the deformation process (Fig. 5, a) and the step-by-step 
shape formation of a part (Fig. 5, b); the deviation is up to 
10 % in size increases according to the comparative analysis 
with experimentally obtained data. Thus, it is recommended 
at the initial stage of combined extrusion processes to take 
into consideration in the estimation diagrams the presence 
of a rigid zone and the complex shape of strain sites. This 
makes it possible to expand the capabilities of EMCB and 
address the task of obtaining more accurate estimates of 
both the force characteristics of the deformation process and 
the growth of a part. It is recommended to use the SS-1a 
scheme with a triangular axial module to simulate the initial 
stage of the process for relatively high blanks at H0/h1>4…6; 
the limitation is the degeneration of the intermediate rigid 
zone at t=0. The introduction of structural features of the 
tool (the presence of chamfers or rounding) would affect the 
replacement of value (3) of the reduced pressure of deforma-
tion of the lower autonomous SS-1a. At the same time, the 
calculation algorithm is identical to the calculated scheme 
in question and may be recommended for further research in 
terms of the possibilities of controlling the shape formation 
of a part.

7. Conclusions

1. It is advisable to make complex profiled parts from sol-
id or hollow blanks by means of combined radial-longitudi-
nal extrusion with several degrees of freedom of metal flow. 
It is necessary to ensure forecasting the shape formation of 
a true part for the possibility of assessing the rationality 
of the use of combined extrusion from the point of view of 
ensuring the required dimensions of the part. Taking into 
consideration the peculiarities in the formation of strain 
sites at different stages of the deformation process within the 
framework of EMCB would contribute to devising effective 
estimation schemes for the process.

2. We have managed to obtain an assessment of the 
forced mode and shape formation of a part based on the 
devised estimation scheme of the initial stage in the radi-
al-backward extrusion process with the presence of an axial 
triangular module of the lower strain site. The application 
of a given estimation scheme is recommended for modeling 
the initial stage of the process for relatively high blanks at 
H0/h1>4…6 and is limited to degeneration of the interme-
diate rigid zone when t=0.

Fig. 6.  Comparative analysis of the estimation schemes SS-1 
and SS-1a: a – the height of the rigid zone; b – parameter λ

a 

b
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3. The influence of change in the set of kinematic mod-
ules of the lower strain site on the height and speed of move-
ment of the rigid zone has been analyzed. It was established 
that an increase in the height and speed of the rigid zone 
along with a decrease in the reduced value of deformation 
pressure of the lower strain site compared to the previously 

devised scheme entails a decrease in the projected assess-
ment of the forced mode. It was also possible to reduce to 
10 % the deviation of the projected shape formation of a part 
from the experimentally obtained data, which indicates the 
prospect of using a triangular module instead of a rectangu-
lar module in the axial zone.
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