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Досліджено можливості використання енергетичного мето­
ду для розрахунку енергосилових параметрів процесів холодно­
го видавлювання деталей складної конфігурації. Запропоновано 
математичну модель процесу комбінованого послідовного ра­ 
діально­прямого видавлювання з обтисненням з наявністю три­
кутних кінематичних модулів. Використання кінематичних 
модулів трикутної форми з криволінійними та прямолінійни­
ми межами дозволило описати осередки інтенсивної дефор­
мації, що відповідають сталій стадії процесу деформування. 
Запропоновано використовувати верхню оцінку потужності 
сил деформування кінематичного модуля трикутної форми зони 
переходи від радіальної течії металу до прямого видавлюван­
ня. Це дозволило отримати величину приведеного тиску дефор­
мування в аналітичному вигляді як функцію від геометричних 
та технологічних параметрів процесу видавлювання. Похибка  
у порівнянні із чисельними розрахунками без застосування верх­
ньої оцінки не перевищує 0,2–1 %. Роль параметру оптимізації 
відіграє a Î(0,1), що відповідає за форму криволінійної границі 
внутрішнього трикутного кінематичного модуля. Отримано 
аналітичний вираз оптимального значення параметра α та 
проаналізовано змінення величини приведеного тиску деформу­
вання за різних співвідношень геометричних параметрів проце­
су. Встановлено, що оптимальне значення кута нахилу твір­
ної оправлення β знаходиться в межах від 20° до 30° для різних  
співвідношень процесу деформування.

Обґрунтовано, що використання комбінованого послідовного 
видавлювання при виготовленні порожнистих деталей з флан­
цем, у порівнянні з використанням простих схем деформуван­
ня, підвищує технологічні можливості процесу. Підтверджено 
недостатню вивченість схем процесу комбінованого радіально­ 
прямого видавлювання з обтисненням деталей типу втулка 
та брак рекомендацій щодо розрахунку енергосилових параме­
трів процесу. Розроблена на основі енергетичного методу роз­
рахункова схема даного процесу дозволяє прогнозувати силовий 
режим  для сталої стадії  для різних технологічних параметрів 
процесу деформування. Отримані дані щодо оцінки оптималь­
них параметрів конфігурації інструменту сприятиме розробці 
відповідних конструкторсько­технологічних рекомендацій

Ключові слова: комбіноване видавлювання, верхня оцінка, 
кінематичний модуль, енергетичний метод, процес деформуван­
ня, деталі з фланцем
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1. Introduction

Cold extrusion processes provide high surface quality 
and precise sizes of stamped blanks and components. This, in 

turn, reduces or eliminates the need for additional machining 
by cutting [1, 2]. The most common conventional extrusion 
techniques are the longitudinal (inverse and direct) extru-
sion methods, which are characterized by the flow of the 
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extruded metal along the longitudinal axis of symmetry [3]. 
The components that are complex in shape should be made 
by using the techniques of transverse (radial and lateral) and 
combined transverse-longitudinal extrusion [2]. In this case, 
stamps with matrixes are used, whose transverse (circular 
or channel) receiving cavity is made detachable, mainly on  
a horizontal (transverse) plane [4].

Combining the longitudinal and transverse extrusion 
schemes is necessary to create more complex deformation 
techniques. This makes it possible to fabricate, in a single 
run, solid and hollow components with flanges or rames, 
with deep cavities. or other configurations. Depending on 
the nature of the combination of simple transverse and longi-
tudinal extrusion schemes in a single combined process, the 
techniques are divided into combined and consistent, over 
time or along the path of deformation, extrusion techniques. 
The combined techniques are characterized by the presence 
of one common site or adjacent deformation sites and several 
possible directions for a blank’s metal outflow. The use of  
a combination of simple deformation schemes is mainly 
aimed at optimizing the strength regime to improve the 
resilience of the tool and the stability of a cold deformation 
process [1, 4]. A series of combined extrusion techniques 
aim to enhance the capabilities of punching technologies by 
complicating the shape of the components and providing the 
required specifications of parts [5].

2. Literature review and problem statement

Our analysis of publications is preceded by a genera-
lization of the techniques for consistent radial-longitudinal 
extrusion, designed to obtain hollow components. There are 
two main types of these techniques: the extrusion schemes 
with the expansion of metal (Table 1, row A) [5–9] and the 
extrusion schemes with the compression of metal at its radial 
flow (Table 1, row B) [5, 10–12].

Group A extrusion schemes are distinguished by the 
consistent execution of radial and longitudinal extrusion op-
erations. In this case, the radial extrusion of the metal occurs 
with the expansion, that is, by the flow of the metal from the 
center of a blank to the periphery. When the «matrix-free 
extrusion» techniques are employed, the metal is extruded 
simultaneously through the lateral and lower end of the  
blank (A1) or through the side surface of the blank (A2) [5, 6]. 
These techniques are applied to make deep hollow vessels, 
which significantly reduces the force of deformation com-
pared to the use of reverse extrusion [4, 7]. The extrusion 
techniques to fabricate components from a solid blank as  
a result of the developed radial current, which is replaced by 
a straight (A3 scheme) or reverse current of the deformed 
metal (A4 scheme), are used, respectively, for the manufac-
ture of deep casings [5, 7] and cups [8, 9]. The process of de-
formation in line with the scheme of radial-direct extrusion 
with expansion makes it possible to reduce the forces of de-
formation by reducing the area of contact between an active 
deforming tool and a blank. However, this is accompanied 
by a marked increase in the specific loads on the tool, which 
limits the possibilities of the process.

The radial-direct extrusion techniques from group B 
differ in that they imply the radial extrusion of metal in 
the direction from the periphery to the center. That is why 
they are termed the techniques of consistent radial-direct 
extrusion with compression [5, 10–12]. Depending on the 
tool used, the way the metal is fed at the direct current stage 
and, accordingly, the outflow degree of freedom, several 
extrusion schemes are distinguished (B1 and B2 schemes).  
The B3 scheme is characterized by the use of a conical man-
drel capable of recurrent movement, which is necessary to 
obtain components with variable wall thickness [10]. When 
profiling a mandrel (B4 scheme), it is possible to make com-
ponents with the ribbed inner surface. Subject to providing 
the mandrel with an independent drive for longitudinal 
movement and turning around the axis, one could get com-

ponents with a profiled inner sur-
face [10, 11] or with many spiral 
grooves on the inner wall [12].

In recent years, many resear-
chers have shown interest in the 
processes of combined radial-longi-
tudinal extrusion. Analysis of force 
and deformation regimes of these 
processes is performed mainly ex-
perimentally, by applying methods 
of finite elements (FEM) and up-
per estimate. Work [7] investigat-
ed the impact of some important 
structural geometric parameters of 
the process of sequential radial-di-
rect extrusion (the flange thick-
ness, the size of the ring gap, the 
mandrel radius) on the emergence 
and fluctuations of the load. How-
ever, the conclusion that the coun-
terpunch radius and the curvature 
radii of the tool’s transition sections 
have little impact on the forma-
tion of the load on the punch and 
the counter punch is questionable. 
Paper [13] describes the strength 
characteristics of the process of 

Table	1

Schemes	of	combined	sequential	radial-straight	extrusion		
with	expansion	(row	A)	and	compression	(row	B)

1 2 3 4

A

B
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sequential radial-longitudinal extrusion. The authors used 
the experiment and a finite element model to show the effect 
of such design parameters as the mandrel diameter, the radius 
of the matrix, and the friction conditions, on the forces of de-
formation, but they failed to give a quantitative description 
of these dependences.

As shown in study [14], the radial-direct extrusion is 
also an effective method for the production of articles such 
as large-diameter pipes from small cylindrical blanks. The 
flow of material along the radial and direct channels causes 
large deformations and, therefore, results in the improved 
mechanical and metallurgical properties of the product. With 
the use of additional hydrostatic pressure at the deformation 
site and the introduction of the sign-alternating character of 
deformation, there is a significant increase in strength along 
with a very low loss of plasticity and high homogeneity of  
a part’s rigidity indicators. However, the issues related to the 
calculation of increased energy costs and loads on the tool 
remained unresolved.

A series of papers address the assessment of the stressed-
strained state of the blank and tool, the wear and condition 
of the surface of the tool, the conditions for the emergence of 
defects of components and the deformity of metallic blanks 
during cold combined extrusion [15–17]. Work [15] assessed 
the stressed-strained state (SSS) and the limit of shape 
change in blanks made from various materials in the proces-
ses of cold volumetric deformation based on the combined 
schemes. The cited work calculates the plasticity resource 
according to various criteria for the process of combined 
radial-direct extrusion. The main purpose of studies [16, 17] 
that use a finite element method to investigate the radial-lon-
gitudinal extrusion process is to examine the effect of the tool 
geometry on the SSS characteristics of hollow articles and 
the tool wear. A common limitation of the results of these 
studies is the lack of calculated dependences to describe the 
effect exerted on the force mode of cold deformation by the 
process conditions and parameters.

To derive the estimated dependences of force and defor-
mation parameters for the processes of cold combined ex-
trusion of hollow components, studies [10, 18, 19] were con-
ducted employing theoretical analysis methods. Work [18] 
analyzes the force parameters and the shape formation of 
components in the process of radial-longitudinal extrusion. 
The authors considered a possibility of predicting the process 
of defect formation, the type of a shrinkage cavity, by the 
method of upper estimate (rigid kinematic elements) under  
a flat-deformed state of the blank. Paper [10] reports an 
analysis of the force mode of the process of sequential radial- 
direct extrusion with the compression of a hollow part, the 
type of a sleeve. The upper estimate method was used to 
examine the effect of the process geometric parameters, such 
as the mandrel angle, the size of the overlap, and the width 
of the direct flow gap, as well as the friction conditions. The 
upper estimate method for the total load of the process was 
applied to investigate the technique of combined radial- 
direct extrusion of pipes [19]. The constructed models make 
it possible to determine the force mode of deformation very 
approximately, as the accepted assumption about the flat- 
deformed state of the extruded sample is quite rough.

To overcome these limitations, a series of works apply 
an analytical approach based on the identification of the 
kinematically possible velocity fields (KPVF) of the axi-
symmetric current in line with the energy capacity balance 
method [22, 23].

A model of the process using the simplest velocity fields 
of parallel current was proposed in [20] for the axisymmetric 
process of the radial-direct extrusion of components, the type 
of casings. Similarly, by using the energy method, the process 
of the combined extrusion of a hollow part from an aluminum 
alloy was examined in [21] in order to establish the charac-
teristics of energy consumption. The energy method helped 
establish a share of significant costs to overcome the forces of 
contact friction in the total energy of shape formation of hol-
low components in the process of cold extrusion. However, 
these solutions that employ the parallel current KPVF, that 
is, the kinematic modules (zones) of rectangular shape, which 
could not describe the deformation site of complex configura-
tion, are also approximate in character.

Hollow components of the type of a sleeve are widespread 
in the industry and it is a relevant task to derive the estima-
tion dependences in order to design the processes of their 
extrusion. This is due to the fact that, along with the above 
benefits of the combined processes, there are a series of chal-
lenges associated with the complex stressed-strained state 
of a blank under conditions of extreme loads and the nature 
of metal outflow [5, 10]. In this case, the focus should be 
on the development of refined mathematical models for the 
calculation of technological modes, and first of all, the force 
parameters at the combined flow of metal with compression, 
which is characterized by the increased hydrostatic pressure 
in a plastic zone. At the same time, the complexity of the 
tool geometry emphasizes the task of calculating the reduced 
pressure of the new kinematic modules of trapezoidal and 
triangular shapes with different types of borders.

Our analysis of literary data reveals that the main issue 
holding back the application of combined extrusion processes 
in the industry is the lack of recommendations for calculating 
and developing the technology and designing the tool.

3. The aim and objectives of the study

The aim of this study is to identify patterns of the course, 
as well as construct mathematical models for the calculation, 
of the energy-force modes of combined radial-direct extru-
sion with the compression of components such as sleeves on 
the conical mandrel.

To accomplish the aim, the following tasks have been set:
– to devise an estimation scheme of the combined ra dial-

direct extrusion process with compression using modules 
with a non-parallel flow; 

– to investigate the effect of the tool geometry on the 
force mode of the combined radial-direct extrusion process 
with compression; 

– to conduct a comparative analysis of the force param-
eters of the extrusion process, obtained theoretically on the 
basis of the constructed mathematical model, with experi-
mentally acquired data.

4. Theoretical analysis of the process of combined  
radial-direct extrusion with compression 

4. 1. Development of an estimation scheme for the 
combined radial-direct extrusion process with compression

The effective theoretical methods of calculating cold com-
bined extrusion processes include the energy method [22–24].  
To calculate the axisymmetric processes, the deformed volume  
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of a blank is split into axisymmetric kinematic modules with the 
corresponding kinematically possible velocity fields (KPVF). 
In this case, the complexity of the shape of the profiled blanks 
requires the development of new kinematic modules of trape-
zoidal and triangular shape. The calculation of the power of 
plastic deformation forces inside a kinematic module, the cut-
ting forces with the adjoining modules, and the friction forces 
at the surface of the tool was considered in works [25–27]. It 
has been established that it is difficult to obtain an analytical 
expression of the power of the forces of deformation and im-
possible to use the linearization of deformation rates. It has 
been proposed to apply the upper estimate of the deformation 
forces power by Cauchy-Bunyakovsky or cubature formu-
lae [26, 27]. Such calculations are required by the triangular 
modules with a sloping curved or straight-line boundary or the 
curvilinear modules of different configurations.

Consider the estimation scheme of the process of combined 
radial-direct extrusion with compression, including triangular 
kinematic modules 2 and 3 with curvilinear and straight-line 
borders, respectively. and rigid modules 1 and 4.

 

1 

2 

4 

3 

Fig.	1.	Estimation	scheme	of	the	process	of	combined		
radial-direct	extrusion	with	compression

The KPVF of rigid modules 1 and 4 takes the form:
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For modules of plastic deformation 2 and 3, the KPVF, 
the equations of curvilinear and sloping boundaries, the 
expression of the intensity of deformation rates ε i  are given 
in Table 2.

The calculations of the power of the forces of deforma-
tion, the cutting and friction forces for kinematic modules 1, 
2, and 4, are known and do not cause difficulties when fitting 
to the new estimation schemes. 

Table	2

Equations	of	curvilinear	boundaries	and	KPVF	of	plastic	
deformation	modules
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The power of deformation, cutting, and friction forces 
for kinematic module 3 was obtained in the analytical form:
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However, the power of the deformation forces in mo-
dule 3 is not expressed by elementary functions and requires 
the use of approximate upper estimates. We find the auxiliary 
values for the upper estimate of this magnitude:
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Thus, we derive an upper estimate of the power of the 
deformation forces in module 3 by Cauchy-Bunyakovsky:

N V VMs∂ <3 0σ ,  (7)
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– the scope of the module 3 integration region. 
Using the upper estimate in the form (7) makes it pos-

sible to derive an analytical expression of the reduced defor-
mation pressure in the following form:
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where Н0 is the initial height of a blank; ΔНх is the run.
This function could be considered as a function of the 

variable parameter α Î( )0 1, ,  responsible for the shape of 
the kinematic module 2 borders, as well as the technological 
parameters R, R1, R2, h of the estimation scheme.

4. 2. Analysis of the magnitude of the reduced pressure 
of the combined radial-direct extrusion process with com-
pression

By proceeding to the dimensionless magnitudes relative 
to R2, we analyze the behavior of the reduced pressure de-
pending on the α Î( )0,h  parameter. We use a comparative 
analysis of the magnitude of the reduced pressure, obtained in 
the course of numerical integration in the form pt ,  and using 
the upper estimate in the form p  given by (8). In this case, 
the process parameters correspond to the stage of deformation 
with the complete filling of the metal reversal zone in triangu-
lar module 3 (Fig. 2). The character of curves pt  (solid line)  
and upper estimate p  (dotted line) is identical for diffe-
rent values h h R= / ,2  while the deviation of the upper esti-
mate in the form (8) from pt  does not exceed 0.2–1 %. In ad- 
dition, for these curves, there is no displacement of the mini-
mum point responsible for the optimal value of the parameter α.  
Thus, the use of the reduced pressure magnitude in the form p 
according to (8) is justified and greatly facilitates the subse-
quent analysis of this magnitude. In further analysis, we use the 
upper estimate p  as the magnitude of the reduced pressure.

The variable parameter that optimizes the magnitude of 
the reduced pressure is the α Î( )0 1, ,  parameter, responsible 

for the point B R h( , )2 α  position and the shape of the kine-
matic module 2 boundaries (Fig. 3). The character of the 
curves at different values R R R= / 2 is strikingly different 
in determining the minimum point of the reduced pressure 
magnitude, which corresponds to the optimal value of the 
parameter α. This is due to the component of the power of the 
cutting forces of kinematic modules 2 and 3, changing its sign 
depending on the ratios of geometric parameters and α. For 
R = 0 3. , the minimum point corresponds to the equality to 
zero of the power of the cutting forces of kinematic modules 2 
and 3; for the rest of the values, this condition is not met. The 
character of the curves at different values R R R1 1 2= /  also sig-
nificantly depends on the component of the power of the cut-
ting forces of kinematic modules 2 and 3; at R1 0 8= . , the min-
imum point corresponds to the condition Nc2 3 0− =  (Fig. 4).  
For the rest of the values R1,  this condition is not met. In this 
case, an increase in R1  leads to a decrease in the magnitude 
of the reduced pressure and a shift towards reducing the op-
timal value of the parameter α.

Fig.	2.	Dependence	of	the	reduced	pressure	on		

parameter	α	at	R = 0 3. ,	R1 0 5= . ,	H =1,	μs = 0 08. 	and		
different	values	 h

Fig.	3.	Dependence	of	the	reduced	pressure	on		

parameter	α	at	R1 0 8= . ,	h = 0 5. ,	H =1,	μs = 0 08. 	and		
different	values	 R

Fig.	4.	Dependence	of	the	reduced	pressure	on		

parameter	α	at	R = 0 3. ,	h = 0 3. ,	H =1,	μs = 0 08. 	and		
different	values	 R1

We shall analytically determine the optimal value of 
the parameter α, corresponding to the optimal value of the  
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reduced pressure magnitude, employing the necessary con-
dition of the minimum ′ =pα 0.  However, p  contains an 
expression of the absolute magnitude that depends on the pa-
rameter α, which makes it difficult to find a minimum point 
and corresponds to the different analytical expressions of the 
magnitude of reduced pressure, depending on the values in 
expression (3).

However, for some ratios of the deformation process 
geometric parameters, an analytical expression could be ob-
tained for the optimal value of the parameter α:

αopt

R R R R

R R
=

+ −
−( )

4 3 7

8
2
3

1 2
2

1
3

2
3

1
3

at

R R R R R R R2
2

1
2

1 1 1
2 23 4 0−( ) +( ) − −( ) > .  (9)

This optimal value corresponds to the curve at R = 0 6.  
(Fig. 3) and the curves R1 0 5= .  and R1 0 6= .  (Fig. 4).

After substituting the optimal value of the parameter α 
in the formula of the reduced pressure (8), further optimi-
zation for geometric parameters is possible, for example, for 
the angle of inclination of the forming mandrel β (Fig. 5). In 
order to obtain the components of the required thickness of 
the extruded wall, the magnitude R  must be fixed. In this 
case, the reduction of deformation efforts could be achieved 
by varying the inclination angle of the forming mandrel β. 
Reducing the thickness of the extruded wall (an increase 
in R) leads to an increase in the magnitude of the reduced 
pressure and a decrease in the optimal value of the angle of 
inclination of the forming mandrel. Moreover, for all ratios of 
geometric parameters, the nature of the curves is identical, 
the deviation of β from the optimal value towards a decrease 
leads to a more significant increase in the magnitude of the 
reduced pressure.

Fig.	5.	Dependence	of	the	reduced	pressure	for	 R1 0 6= . , 	

H =1 5. ,	Hx = 0 3. ,	μs = 0 1. 	at	different	values	of		
the	parameter	β

It has been established that among the relative geomet-
ric parameters, the magnitude p  is largely affected by the 
relative thickness of the extruded wall S R R= −1  and the 
inclination angle of the forming mandrel β. With the increase 
in the magnitude R,  that is with a decrease in the thickness 
of the extruded wall, the magnitude of reduced pressure in-
creases, which is associated with an increase in the degree of 
deformation. In this case, the optimal value of the inclination 
angle of the forming mandrel β decreases; the range of varia-
tion of this parameter is within 20° to 30° for different ratios 
of the deformation process.

5. Comparative analysis of theoretical and experimental 
data on the force mode of the combined radial-direct 

extrusion process with compression

In order to verify the adequacy of the acquired estimation 
data, experimental studies were conducted on the extrusion 
of hollow components by the combined radial-direct extru-
sion with compression (Fig. 6, a). Components from lead 
alloy and AA1135 were extruded. A distortion in the dividing 
grid in zone 2 of the turn in the direct and radial extrusion 
confirms the validity of the choice of the configuration of 
kinematic module 2 (Fig. 6, b). The study of the stressed-
strained state based on FEM and experimental data on the 
force mode of the radial-direct extrusion process with com-
pression is given in detail in work [9].

   
                                a																																															b

Fig.	6.	Components	obtained	by	combined	radial-direct	
extrusion	with	compression:	a	–	extruded	samples	from		

the	AA1135;	b	–	distortion	of	the	dividing	grid

Based on the results of our study, a chart was built 
demonstrating the dependence of the extrusion pressure on 
the course of the press slider at R2 = 22.5 mm, R1 = 14 mm, 
h = 11.5 mm, H0 = 30 mm for the lead alloy blank (Fig. 7). 
Analysis of the experimentally acquired data (Fig. 7, point 
data) makes it possible to highlight three stages of the pro-
cess during extrusion. In the first stage (I), there is a radial 
flow of the metal until it contacts the mandrel, and then the 
reversal of the metal and the onset of a direct flow. The flow 
of the metal is non-stationary and there is an increase in 
extrusion pressure. In the second stage (II), the flow of the 
metal is steady, and the extrusion pressure decreases slightly 
(the decrease is 5–10 %). The decrease in extrusion pressure 
is explained by a decrease in the area of the friction surface 
between the workpiece and the tool. In the final stage of the 
process (III), the deforming punch comes to the deformation 
site, giving rise to an increase in the pressure of extrusion. 
At the pressure-motion curve (Fig. 7, point data) this stage 
appears as an increase in extrusion pressure.

For these deformation process parameters, we derived, 
based on (9), the optimal value of the variable parameter αopt. 
Next, based on the analytical expression of the reduced defor-
mation pressure in the form (8) and for σs = 22.258∙e0.189 MPa 
we derived the dependence of extrusion pressure on the 
course of the press slider. The deviation in data acquired 
from the proposed process calculation scheme (Fig. 7, so-
lid line) from the experimentally obtained data does not  
exceed 13–15 %. In this case, the theoretical calculation 
corresponds to the slider’s run of up to 18 mm up to the de-
generation of module 1.
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Thus, the developed calculation scheme of the process of 
combined sequential radial-direct extrusion with compres-
sion could be used up to the degeneration of module 1, which 
corresponds to the slider run equal to H0–h. 

6. Discussion of results of studying the force mode 
of the combined radial-direct extrusion process with 

compression

The use of triangular kinematic modules with curvilinear 
and straight-line boundaries has made it possible to describe 
the sites of intense deformation for the steady stage of the 
deformation process. Applying the upper estimate of the 
power of the deformation forces of kinematic module 3 of 
the triangular shape has made it possible to derive the mag-
nitude of the reduced deformation pressure in the analytical 
form (7). Thus, we have solved the problem of calculating 
the reduced pressure of the new kinematic modules of the 
triangular shape of type 2 and 3 with different types of 
boundaries with the complexity of the shape of the deforma-
tion sites and the tool geometry. The resulting optimal value 
of parameter α (9) has made it possible to analyze a change 
in the magnitude of the reduced deformation pressure (8) at 
different ratios of the process geometric parameters. It has 
been established that the optimal inclination angle values of 
the forming mandrel β lie between 20° and 30° for different 
ratios of the deformation process (Fig. 5). In this case, the 
developed calculation scheme of the combined radial-direct 
extrusion process with compression could also be used for  
a fixed configuration of the mandrel at the slider’s run of up 
to H0–h, which is a constraint on the use of the proposed 
estimation scheme.

To test the validity of the constructed mathematical 
model of the process, experimental studies were conducted 

on the extrusion of hollow components from 
lead alloy and AA1135 by the radial-direct 
extrusion with compression. The distortion of 
the dividing grid in zone 2 of the reversal of the 
direct and radial extrusion confirms the validity 
of the choice of the configuration of kinematic 
module 2 (Fig. 6, b). In the comparative analysis 
of the theoretically and experimentally acquired 
data on the force regime, the effectiveness of 
the developed calculation scheme of the process 
(Fig. 7) has been confirmed. In this case, the de-
viation of data obtained based on the proposed 
calculation scheme of the process from those ex-
perimentally acquired does not exceed 13–15 %.

Note that the power of deformation forces 
in the form (7) and the power of friction forces 
in the form (5) for kinematic module 3 could 
be used in various calculation schemes when 
changing the neighboring kinematic modules. 
Adjustments would be required only for the 
calculation of the power of the cutting forces.

It is promising to further develop the new curvilinear 
kinematic modules of different configurations, to advance 
the simplification techniques to calculate them and to study 
their integration into more complex estimation schemes of 
the combined extrusion processes.

7. Conclusions

1. The estimation scheme of the process of combined 
radial-direct extrusion with compression using triangular 
modules with curvilinear and rectilinear boundaries has been 
built. This has made it possible to derive an analytical expres-
sion of the reduced pressure at the slider’s run of up to H0–h. 

2. The effect of the tool geometry on the force mode of 
the combined radial-direct extrusion process with compres-
sion has been investigated. It has been established that the 
magnitude of the reduced pressure is most influenced by the 
relative thickness of the extruded wall S R R= −1  and the  
angle of inclination of the forming mandrel β. With decreas-
ing thickness of the extruded wall, the magnitude of the re-
duced pressure increases, which is associated with an increase 
in the degree of deformation. In this case, the optimal value 
of the angle of inclination of the forming mandrel β decreases 
and is in the range from 20° to 30° for various ratios of the 
deformation process.

3. Experimental studies on the distortion of the dividing 
grid confirm the rationality of the choice of the configuration 
of kinematic module 2 of a triangular shape with curvilinear 
borders. A comparative analysis of force regimes obtained 
theoretically and experimentally also confirms the viability 
of the developed estimation process scheme. The deviation 
of the data obtained on the basis of the proposed calculation 
scheme of the process from the experimentally obtained data 
on extrusion pressure does not exceed 13–15 %.
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Fig.	7.	Dependence	chart	of	extrusion	pressure	on	the	press	slider	run:		

a	theoretical	curve	(solid	line);	experiment	data	(points)
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