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Hocaioxceno moxcaueocmi 6UKOPUCMAHHA ma
60ydosyeanocmi Kinemamuunux mpaneyeioanb-
HUX MOOYJN6 3 KPUBONIHIUNOIO 2panuuero pinoi
¢dopmu. Ha ocnoei enepzemuuinozo memooy ompu-
Mani ysazanvheni Qopmyau 0 po3paxymxy
nomyvcHocmi cus depopmysanis ecepeouti 0cbo-
6020 mpaneueioanvHozo KiHeMamuunozo Mooy-
as. Bidokpemneni pisni euou eubopy Qynxuii,
Wo onuUCYomMsv KPUBONIHIUHY 2PAHUUI0 O0CHOBO-
20 mpaneyeidanviozo mooyas. Ilpoananizoeano
MONCAUBOCMIT GUKOPUCMAHHA 6I0OMUX NPULIOMIE
Jnineapusauii niounmezpanvHux 3anexcnocmeit Ons
PO3PAXYHKY NOMYM*CHOCMI Cun dedopmyeants 6
Pa3i HeMONHCAUBCOCIT OMPUMAHHA 0AHOT BeNUMUNU
Y suzna0i ananimuunoi Qyuxuii. 3anpononosano
WASAXU OMPUMAHHS THHCEHEPHUX (DOpMYA pO3-
PaxyHKy cKkaa0o6ux HaeeodeH0z0 MUCKY 6cepe-
Ouni 0cb06020 mpaneuyeioanviozo KineMamuuHo-
20 mooyas. Ha ocnosi enepzemuunozo memooy
ompumani popmyau 0ns Po3paxymky noeman-
1020 (popmosminenna naniepadbpurxamy 3a oony-
wenns y,.=0 6 MexHcax ocv06020 mpaneueioann-
H020 KiHeMamu1Hoz0 Mo0Yasl.

30iiiceno moodentoeanns npouecy Komoino-
8aH020 6U0AGAIO6AHHS NOPONCHUCMUX OemaJell
3 (ranuem ma ecmanoBienHo 3aKOHOMIPHOCHL
dopmoymeopenns 6i0 2eomempurnux napamem-
pie. Ompumaro dani npo noemaniie Popmosmirnen-
na Haniepabpuxamy 6 npoueci depopmysanns.
IIpogedeno nopieuanvuuii ananiz po3paxynrxo-
BUX CXeM 0J1L NPAMOJININN020 mpaneyeidanbhozo
KiHeMamuui020 MOOYJIsL Ma 3 KPUBONINIUHOIO 2pa-
nuyero 3a donywenns y,,=0 6 mexncax pozensny-
mozo mooyas.

ITiomeepoacerno, wo oceimueni wasxu ompu-
MAaHHS THHCEHePHUX POPMYTL ma 3anponoHo8aHuil
Ha iX 0CHOBI A2OPUMM PO3PAXYHKY NPOUECI8 KOM-
0i106aH020 6UOABTIOBANHA CRPOUYIONL PO3POOKY
mexnonoziunux pexomendauii. Ile cmocyemvcs
AK BU3HAMEHHS CUTLOB020 PENCUMY 6U0ABTIIOBAHNS,
max i nonepeonvoi ouinku Qopmominenns nanie-
Qabpurxamy 3 moxcaueicmio Kepyeanns eumixam-
HAM Memany 6 npoueci depopmysanns

Kntouosi cnosa: xomoinosane euoasiosanms,
KineMamuynuil M0o0YJib, eHepzemuuHull. mMemoo,
aineapusauisa Qynxuiii, npoyec depopmyeanis

u] =,

1. Introduction

The development of branches of modern machine building
is inseparably related to the development of new resource-
saving technologies enabling the production of high-quali-
ty products with the lowest indicators of production labor
intensity and the highest coefficient of utilization of metal.
In this regard, the effective resource-saving methods of metal
treatment by pressure based on cold plastic deformation are
becoming increasingly important [1]. We will note that the
processes of cold volume forging (CVF) by extrusion enable
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obtaining the billets with precise dimensions and high sur-
face quality.

However, in addition to the listed merits, there are
a series of problems related to metal plasticity under condi-
tions of a complex stressed-strained state and the processes
of its strengthening [2, 3]. Long-term development of CVF
processes is related to developing and mastering the pro-
cesses of combined extrusion [4]. A combination of radial
and longitudinal extrusion opens great prospects for en-
suring high complexity of obtained parts and lowering force
parameters [5].




However, it should be borne in mind that the processes
of combined extrusion with some degrees of freedom of metal
flow occur in a self-regulating mode. Thus, it requires preli-
minary assessment of not only energy-power parameters of
the deformation process, but also a step-by-step change in the
shape of a semi-finished product. However, at present there
are objective difficulties related to determining the optimal
kinematic parameter (metal flow rate) and obtaining the for-
mulas of reduced pressure in the analytical form. This causes
difficulties in obtaining engineering formulas of increments
of a semi-finished product and, consequently, hinders pre-
liminary evaluation of the rationality of using the processes
of combined extrusion, ensuring the required dimensions
of a part. The search for new ways of obtaining engineering
formulas for calculation of both energy-power parameters
and changing the shape of a billet during deformation will
allow solving the problems of predicting the increments of
a semi-finished product. This, in turn, with compensate for
the lack of recommendations on the use of processes of com-
bined extrusion during production.

2. Literature review and problem statement

An analysis of data from the scientific literature reveals
that the main problem of studying the processes of combined
extrusion with several degrees of metal flow is to determine
the optimal kinematic parameters of the deformation pro-
cess [6—13]. This, in turn, makes it difficult to obtain the in-
formation about the stagewise and limit change in the shape
of a billet [6] and leads to complexities in the development
of the technological mode. Paper [7] presented an analysis of
the influence of geometrical parameters, such as the radius
of matrix curvature, the height of a gap and friction condi-
tions during the process of direct-reverse-radial extrusion.
In this case, the finite element method in ABAQUS software
was used, however, the analytical dependences of power
parameters and increments of a billet were not obtained. Ar-
ticle [8] is dedicated to the study of the process of combined
reverse-direct extrusion of a pipe billet. The influence of geo-
metric parameters of a tool and a part, as well as of friction
conditions, on extrusion force was analyzed. Research into
energy-power parameters of the process and a change in the
shape of a part is limited to modeling in Deform-2D. Thus,
the issues related to obtaining the calculation formulas of
magnitudes of phased increments of a semi-finished product
remained unresolved, which does not make it possible to
predict a change in the shape of a part in the deformation
process.

In paper [9], the approaches and methodology of con-
struction of different kinematically possible velocity fields
(KPVF) and the ways of obtaining analytical solutions of
deformation forces are developed. The family of functions
T=T(r, M) of parameter M one that is responsible for the
shape of the sloped boundary is used as one of the options
of description of the curvilinear boundary of the trapezoi-
dal modules. However, when using the data of kinematic
modules, the magnitudes of increments of a semi-finished
product in an explicit form were not received and demand
optimization by parameter M. Article [10] explored the pro-
cess of combined reverse-direct extrusion by the top evalua-
tion method using arbitrarily oriented triangular elements,
combined with the method of finite elements (UBET).
Experimental data are compared with the results of mode-

ling both by extrusion force, and by a change in the shape
of a semi-finished product. The influence of the geometry
of a tool and a billet on deformation force was analyzed and
the insignificant influence of friction conditions was found.
However, the magnitudes of optimal kinematic parameters
and increments of a semi-finished product were not received
in the form of finished engineering formulas. In paper [11],
the analysis of the process of combined radial-reverse extru-
sion in a conical matrix for the second intermediate stage of
the process was performed. The height 4" of the metal flow
separation boundary to the cup wall and the flange area was
taken as a geometric variable parameter. In this case, the op-
timal value of magnitude 2" and of full power in the explicit
form were not obtained and are found numerically. Thus, it
is difficult to predict a stagewise change in a shape of a billet.
In paper [12], the process of the combined radial-reverse
extrusion with a disjointed and joined deformation site was
explored and the limits of using the proposed computational
schemes were established. In addition, for the schemes with
an axial trapezoidal module with a sloped curvilinear boun-
dary of flow separation, the magnitudes of increments of
a semi-finished product and reduced pressure in the explicit
form were not obtained. In paper [13], the diagram of the
areas that are critical in terms of formation of a defect in
the form of shrinkage in the bottom part during combined
extrusion of parts with a flange was proposed. However, these
studies did not imply receiving computation formulas to
determine the increments of a semi-finished product during
deformation.

Thus, the studies into the processes of combined extru-
sion with several degrees of flowing were not fully covered.
The main problems of construction of solutions in the expli-
cit form that is suitable for subsequent calculations should
include the difficulties associated with the use of kinematic
modules with curvilinear boundary of flow separation and
the optimization of kinematic parameters of the deformation
process. In this regard, it is necessary to search for the ways
to create more complete and accurate calculation schemes of
the shape change prediction. The created developments and
recommendations will contribute to widening the possibili-
ties of combined extrusion processes and to expanding their
use during production.

3. The aim and objectives of the study

The aim of this study is to find effective ways to obtain
engineering formulas and the algorithm for calculation of
energy-power parameters and prediction of the change in
a shape of a semi-finished product in the combined extrusion
processes with several degrees of freedom of flow based on
the method of kinematic modules.

To accomplish the aim, the following tasks have been set:

—to analyze the possibilities of using the known tech-
niques for linearization of integrand dependences in order to
calculate the power of deformation forces;

— to demonstrate the ways to simplify the function of de-
formation intensity and to obtain the dependences of power
of deformation forces in the analytical form;

— to perform comparative analysis of dependences and
reduced pressure increments of a semi-finished product
obtained using various functions, describing the curvilinear
border of the axial trapezoidal module, as well as to identify
conditions of using the developed KPVF,



—to develop an algorithm for calculation of energy-
power parameters and prediction of a change in the shape of
a semi-finished product based on the proposed KPVF in the
processes of combined extrusion.

4. Specific features in deriving engineering formulas
for calculating energy-power parameters when modeling
the processes of combined extrusion

We will note that the dimensions and the configuration
of a deformation site play a decisive role in the construction
of KPVF and as a result, lead to the simplification or com-
plication of the mathematical calculation apparatus. The
use of the elementary rectangular modules does not cause
complications in subsequent calculations due to their good
embeddability in more complex schemes. However, they are
impossible to be used to describe the flow of material in ki-
nematic elements with curvilinear boundaries, imitating the
shape of the contact surfaces of a tool or the surface of mate-
rial flow separation within a part itself. For the axisymmetric
processes, KPVF that meet these requirements for modules
with sloping and curvilinear boundaries were examined in
papers [14, 15].

These modules are discussed in the cylindrical coordinate
system 7, 0, z considering axial symmetry and equality to zero
of the circling velocity component vg=0. Kinematically pos-
sible velocities are assigned based on previously conducted
experimental research and analysis of the characteristics of
metal flow.

In the general case, the KPVF constructed to describe
the flow of billet material should meet the kinematically
boundary condition in velocities (KBC) and the conditions
of incompressibility and continuity.

In the general case, accepting appropriate assumptions
about the form of dependence of component v,=v,(z, 1, C;),
taking into consideration the condition of volume constancy
in the differential form, after term-by-term integration, it is
possible to obtain the expression for function v,

v,,=—1[J.78V2(;’r’c")rdr+Cm]. )

r z

Values Cj, ... Cix+1 are found based of the boundary
conditions corresponding to given KPVF and continuity
condition at the boundaries between the modules. Using
this procedure, the KPVF for different varieties of modules
can be obtained. However, it is not always possible to obtain
the analytic expressions when calculating integrals deter-
mining the power of plastic deformation, friction and shear
forces, due to the need to integrate cumbersome functions,
including irrational functions. This applies especially to the
use of modules with curvilinear boundaries, often used in the
calculation of the combined extrusion processes.

One of the ways to obtain engineering formulas for cal-
culation of extrusion processes is to use different ways of
linearization of integrand functions simplifying subsequent
integration during the calculation of power. Primarily, this
refers to calculations of power of plastic deformation forces,
which contains the expression of the intensity of defor-
mation rate:

é;‘:g\/(éz_ér)2+(éz_é6)2+(ér_é9)2+§;Y/22’ (2)

duv, . duv, . v, dv, v,
¢ =—L ¢ =", v = .
T T T

Linearization of the expression, which includes two arbi-
trary functions M and M, with the relative error of not more
than 6 %, is often used [15]:

M+ M2 = |M,|+0.4|M,| at [M,|>|M,)]. (3)

In some cases, a linearization variation in the following
form is used [16]:

. M,
JM?+ M} :\M1\+0.5.m at [M,|>|M,). (4)
1

If it is possible to determine the largest of the components
of rates of relative deformations at the selected KPVF within
amodule, it is appropriate to apply linearized dependences, as
shown in paper [15]:

¢,=1.08|¢

, )

max

where € is the maximum component of deformation rate
by absolute magnitude.

In the general case at axisymmetric process, described
in cylindrical coordinates 7, 0, z, it is possible to accept with

relative error of up to 10 %:

[e0afi a o) o
0.4-[g[+[v,| at [gl<[7.],
where
&,-¢&, at [&,—&,[>|¢,-&.;
75; €, —€, at|e, —&[>[¢, —&,];if (¢, —¢&,)(§,-£,)>0;

£, —&, at (& —&,)(&,—£.)<0.

If it is impossible to use the methods of linearization of
integrand functions that were considered above, it is possible
to obtain the approximated estimate of integrals of irrational
functions, taking the form:

I=J”éidV=”j F2+ . +F*dV, @

where ¢, is the intensity of deformation rates in elementary
volume dV.

The integrals of form (7) are often impossible to be ob-
tained in elementary functions, therefore approximate inte-
gration with the two-way accuracy estimation or cubature
formulas are used [17]. The powers of shear and friction for-
ces with the account of KPVF for modules with curvilinear
boundaries can also require appropriate simplifications and
transformations.

The variant to overcome these difficulties is the search
for functions (or a whole family of functions), describing
a sloped curved boundary of the kinematic module allowing
us to simplify considerably the received powers of defor-
mation, friction and shear forces. Subsequent finding the



optimal kinematic parameters of the process enabling to
obtain the estimation of a phased change of the shape of
a semi-finished product in the form of finished formulas
is one of the main objectives of the research. At the same
time, broadening the base of kinematic modules with va-
rious shapes of a curvilinear boundary and evaluation of the
effectiveness of their embedding in the designed calculation
schemes of the processes will allow solving the set problems,
including those of prediction of a change in the shape of
a semi-finished product.

5. Deriving engineering formulas for the calculation
of power of deformation forces for the axial trapezoidal
kinematic module

Consider the widely used axial trapezoidal module with
a different choice of the type of the sloped border (Fig. 1).

>
>

0 R] R2 T

Fig. 1. Axial trapezoidal kinematic module

Let us consider KPVF in the generalized form:

z z
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The value of ¢ , € , ¢, v,, and of intensity of deforma-
tion rate ¢, for the given kinematic module:
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5. 1. Analysis of the application of techniques for
linearization of integrand dependences to calculate the
power of deformation forces

Let is consider particular cases of the given axial kinema-
tic module, accepting various types of functions of a sloped
boundary in the obtained generalized KPVF (8) and com-
ponents (9).

Using the rectilinear sloped border of flow separation in
the simplest case, we obtain ratios [9]:

T(2)=k-(z—(H+h))+R, k=T{(2)= Rk,

(10)

The expression of intensity of deformation rate €, for the
given kinematic module takes the form:

éi:(‘/t)+“/2)\/4'|:k3.Rl2:| +3'r2'|:k24.R12:| .
T°(2) T"(2)

The resulting expression (14) is rather cumbersome. To
verify the possibility of using the above formulas of lineariza-
tion (1)—(3) in this case, it is sufficient to solve the problem
of comparative analysis of functions within a given kinematic
module:

(1)

M, =M,(r,z)=2- 512 | &1,
T°(2) (12)
RQ
M2 =M2(r,2)=\/§-T47(12)-k2-r.

Turning to geometrical parameters of the process, referred
to Ry, we will construct surfaces Mi(7, z) and Ms(r, z) (Fig. 2).
To verify the possibility of using linearization in the form
of (4), it is sufficient to solve the problem of comparative ana-
lysis of functions &(r,z) and ¥, (r,z) within the given kine-

matic module after accepting ?&(1’,2) =¢, —¢ . Proceeding

to geometric parameters of the process, referring to Ry, we will
construct surfaces &(r,z) and y(r,z)=7,.(r,z) (Fig. 3).

Fig. 2. Comparative analysis of components of intensity
of deformation rates ¢, at R,=0.6, ,=0.1, H=0.2

For these parameters of the process, condition |M 1|>|M 2|
for using the above formulas of linearization (1)—(3) is not
met over the entire region of the kinematic module. Simi-
larly, the use of linearization in the form of (4) also leads to
the complexities of determining the components that satisfy



condition [§[> |Yﬂ| throughout the whole volume of the axial
trapezoidal module. Therefore, this method for simplification
of integrand expressions to calculate the power of deforma-
tion forces is ineffective. The intensity of deformation rates €,
for the kinematic module in its original form for the recti-
linear border enabled us to find the power of deformation
forces and the magnitude of reduced pressure p, in the ana-
lytical form [12].

&Yz

Fig. 3. Comparative analysis of components of intensity
of deformation rates ¢, at R =0.5, h=0.2, H=0.3

5. 2. Techniques to derive the power of deformation
forces in analytical form

The transition to a curvilinear sloped axial border of the
trapezoidal kinematic module leads to the complication of
the mathematical apparatus. Linearization of integrand ex-
pressions of deformation intensity ¢, is difficult because of
impossibility of an unambiguous selection of functions that
satisfy condition | My > M| within the entire volume of
the given kinematic module. The possibility of obtaining the
power of deformation forces in analytical form for arbitrarily
selected function T=T(z), passing through points (Ry, H+h{)
and (Ry, h1) becomes much more complicated.

Let us select the kind of a boundary in the form of func-
tion T=T,(z), which satisfies differential equation:

T"(2)T(2)-3[T"(2)] =0. (13)

Taking into consideration the general solution of this equa-
tion and boundary conditions To(H+h1)=Ry and Ty(h{)=R»,
we finally obtain:

1

JC,z+C,’

T,(2)= (14)

where
C,=(R;-R)/(R!R;-H), C,=1/R;~C,-h,

Selection of function (14) as a sloped boundary allows
us to considerably simplify the expression of deformation

intensity and to use for subsequent calculations the function
that takes the form:

. _ 2R
g = 0 T'(2)-(V, +W,).

(15)

Thus, there is no need to use linearization of integrand
expressions to calculate the power of deformation forces.
Using (15), we obtain the power of deformation forces in
the form:

Na2=nGs'R12'(Vo+"Vz)X

X[C1~Rf~H+2~ln%—(€2+c1~h1)~(R§—Rf)]. (16)

A comparative analysis of intensity of deformation ra-
tes €, (Fig. 4) for rectilinear T="T4(z) and curvilinear T'=T5(z)
sloped border revealed that it was impossible to point out
clearly the priority of choosing one of them. In this case, for
this axial trapezoidal kinematic module, engineering formu-
las for calculation of the power of deformation forces were
obtained both in the case of rectilinear and curvilinear sloped
border. However, the choice of curvilinear sloped border
T=T,(z) meets the assumption y,, =0, the validity of which
requires compulsory verification during the calculations of
not only power parameter, but also of a change in the shape
of specific process of combined extrusion.

Fig. 4. Comparative analysis of magnitude €, for rectilinear
sloped border (1) and curvilinear sloped border (2)

at R=0.5, h=0.2, H=0.3

Accepting in the general expression KPVF (8) the va-
riant of substitution of the expression of shear deformation
with function T=T3(z) that is more «convenient» in terms of
the subsequent use, we obtain known expressions [9]:

T3(2)=A~[B_c.32M-<z—m]%7 o

where

A=RR1-¢"", B=R-R*, C=R’-R’.



Similarly to the previous scheme, the components for
the calculation of energy-power parameters of the process
were obtained [9]. Linearization of integrand expressions of
deformation intensity ¢, is also complicated because of the
impossibility of an unambiguous choice of the functions that

satisfy conditions (1)—(3) within the entire volume of the
given kinematic module. Selection of the family of functions
of kind (17) made it possible to take into consideration the
influence of shear deformations, but significantly complica-
ted obtaining the magnitude of power of deformation forces.

9=

the condition that the power of shear forces between kine-
matic modules 1 and 2 is equal to zero, takes the form:

R}-H-h-(R;-R)
(RE-R)-(H+h) " (1)

Taking into consideration ratio (18), by integrating in
section [0, Hx], we obtained the engineering formulas of
calculation of the increment of a semi-finished product in
vertical A/, T and radial Al, — directions in the course of
the deformation process at the initial height of billet Hy:

AHx

Pl

), (19)

5. 3. Comparative analysis and identification of condi-
tions for using the developed KPVF - P P

The axial trapezoidal module with a rectilinear sloped Al 1= RZ RZ [R ‘AHx+h R, -In H,
boundary T=Ty(z) of the separation of modules 1 and 3 was
used in modeling the process of the combined radial-reverse 2 —

extrusion (Fig. 5) of parts with a flange and showed effi- R, 'AHx_(Rz -R )'11 T 9
A Al, »= ; +R) —-R,.
1
Taking into consideration the found optimal value of the

ciency of using at 24,R, /(R; — R})<1. Calculation formulas
for determining the magnitude of reduced pressure and

rate of metal flow in the vertical direction, we obtained the

increment in dimensions of a semi-finished product were ob
tained [12]. The use of a curvilinear sloped border in the form
T=T3(z) in modeling process of the combined radial-reverse ~ magnitude for the reduced pressure
extrusion of parts with a flange showed the effectiveness of ) }
using at 24,R, /(R; — R})>1. However, the optimization of . .
parameter M €(—o0,0)U(0,4<0) is complicated and requires ) R,
approximate or numerical calculations, which prevents ob- C-R-H +2~1n§—
taining increments of dimensions of a semi-finished product _ o
in the explicit form. (1+ W, )-| = (C,+C, '/11)'(1{Z _RZ)“‘ +
That is why the study of embeddability of module 1 with 9 R c
. . 2 6 6
a sloped boundary T=T5(z) as more convenient in subsequent + 7-111 (] 3 (R -R )
calculations of the combined extrusion process is relevant. [ V3 R) 12
Special attention will be paid to the possibility of obtaining B R’ R,+ lz R, h,
explicitly and the verification of conformity of the magni- p=|+ W, Rz 1"'@ In + BR + [,(20)
tude of increments of dimensions of a semi-finished product i
in the process of combined radial-reverse extrusion with R l+AHx
the real one. 1+W ( R, J+
z 2 - (H+1 )
) ’ 33 e WZ R2
W: 5 )
4 W( R, +6-R§'il2]
R] \\\\\\\\& L RI.h1 R1'1 B
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/ T The character of increments in a semi-finished product
R2 during the process for rectilinear T=Tj(z) and curvilinear
R2+12 T=T,(2) sloping boundary is identical. However, a curvilin-
ear sloped boundary of flow separation is characterized by
lower values of magnitude A/, T and higher values Al, —
compared to the use of the kinematic module with a recti-
linear boundary of flow separation. Comparative analysis
of increments of a semi-finished product was performed for

Fig. 5. Calculation scheme OOD-1.2 of the process
of combined radial-reverse extrusion [12]

Calculation of the components of powers of forces of de-
formation, cutting and friction at the given form of the sloped
border is straightforward. The optimal value of the rate of
metal flow in the vertical direction, taking into consideration

(1): R{=10.5mm, Ry=14 mm, Ay=5mm, Hy=14 mm and
(2): Ry=10.5 mm, Ry=14 mm, ~;=3 mm, Hy=14 mm, based
on the proposed theoretical assessments with point data
obtained by modeling in Qform2/3d (Fig. 6). The point data



of the increment of a semi-finished product in the vertical
direction, obtained by modeling in Qform2/3d are presented
below (Fig. 7). Both schemes of the process demonstrate the
overstatement of theoretically derived data. However, the
deviation of magnitude A/, T throughout the entire defor-
mation process for T=T5(z) indicates the smallest deviation
compared to T="T}(z) from the point data obtained by model-
ing in Qform2/3d. We performed comparative analysis of the
magnitude of reduced pressures for R{=10.5 mm, Ry=14 mm,
Hy=14 mm at us=0 and H,=0 for the calculation schemes
at different magnitudes of the height of a flange (Fig.8).
Value p, of the scheme with a curvilinear sloped boundary
T=T,(z) has lower values at admissible heights of a flange in
comparison with the obtained magnitude p, based on the
scheme with a rectilinear sloped boundary T=T;(2).

AlLT
P
4 %
P
7 -
/ -
o
~
1 7 b LNO)
Z T=T(2)
0 T T T
0 | 2 3 4 5 AHx

Fig. 6. Comparative analysis of increments of dimensions
of a semi-finished product at 7=T74(z) and 7= T,(2)

Fig. 7. Point data of increment of semi-finished
product in the vertical direction, received by modeling
in Qform2/3d
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Fig. 8. Comparative analysis of reduced pressure
at T=Ti(2) and T=T,(2)

A similar pattern is also observed for modeling of the
process at Ry=10.5 mm, Ry=18 mm, Hy=20 mm. The smal-
lest deviation of increments of a semi-finished product in
the vertical direction from those obtained in Qform2/3d
corresponds to the calculation scheme with a rectilinear
boundary of flow separation (Fig.9,a). In this case, the
lowest value of reduced pressure for admissible values of
flange height %4, including those at ;=5 mm, (corresponds
to the given process of deformation) was also obtained for
the scheme with the line of flow separation in the form
of T=Ty(z) (Fig. 9, b).
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Fig. 9. Comparative analysis of at 7= T71(z) and 7= T,(2):
a — of increments of a semi-finished product;
b — of reduced pressure

Thus, the smallest value of energy-power parameters of
the deformation process acts as the criterion for selection of
the appropriate calculation scheme and formulas for calcu-
lation of increments of semi-finished product in the process
of deformation. Determining the boundaries of using the
proposed calculation schemes with the possibility to obtain
the data on a change in the shape of a semi-finished product
in the form of ready formulas is an urgent task in this case.
Based on the ease of comparing the obtained engineering
formulas p, [12] and the proposed formula p,, condition
of the preferable use of the calculation scheme with T="T,(2)
takes the form p, < p,. Thus, admission §,,=0 is correct
and the given kinematic module with a curvilinear boundary
in the form of T=T,(z) can be recommended for the use in
the framework of the calculation scheme of the combined
radial-reverse extrusion.



5. 4. Development of an algorithm to calculate the
processes of combined extrusion based on the propo-
sed KPVF

An important stage of designing the technological pro-
cess of combined extrusion with several degrees of flow
freedom is preliminary assessment of the final change in the
shape of a billet. Availability of engineering formulas for the
computation of increments of a semi-finished product and
forces in the course of the deformation process will contri-
bute to decreasing the cost and time of design and construc-
tion preparation of production.

Based on the energy method of the upper assessment,
it is possible to construct a vast number of calculation
schemes that correspond to various technological parameters
of the process. The algorithm of calculation of processes of
combined extrusion based on KPVF consists of the fol-
lowing stages.

The first stage includes an analysis of metal flow in-
side a billet. This will allow determining the rationality of
using the proposed module in the general form as an axial
kinematic module. Availability of characteristics of a sloped
boundary of the developed kinematic module (convexity or
concavity, straightness) will enable determining the type of
curve T=T1(z).

The second stage of calculation of the components of
reduced pressure during selecting a sloped boundary in the
form of T=Ty(z) is based on the use of power of deformation
forces in the form of (16). However, if the adjacent module 2
is identical to the calculation scheme OOD-1.2, the optimal
value of the rate of metal flow in the vertical direction W5 is
determined by ratio (18). If module 2 is different from the
one above, but V, >0, the optimal value of magnitude W5 can
be found taking into consideration that the power of shear
forces between kinematic modules 1 and 2 is equal to zero.

The third stage of calculation of the increments of
a semi-finished product in the vertical direction A/, T in-
cludes integration of the optimal value of kinematic parame-
ter W5 on section [0, Hx].

If the character of the sloped boundary of the axial kine-
matic module is ambiguous, it is necessary to use all of the
enumerated types of curve T=T(z) and comparative analysis
of the obtained reduced pressures. The criterion for selection
of the preferable calculation scheme will be the lowest value
of magnitude p.

6. Discussion of results of studying the processes
of combined extrusion based on the method
of kinematic modules

The research proved the ineffectiveness of linearization
of integrand dependences for calculation of the power of
deformation forces inside the axial trapezoidal kinematic
module. It is associated with a complex pattern of flow inside
kinematic modules with several boundaries of output veloci-
ties. To overcome these difficulties, the ways of simplification
of the intensity of deformation rates based on the selection
of the «convenient» function of the boundary of flow sepa-
ration. In this case, the use of assumption 7,, =0 in deter-
mining the type of function T=Ty(z), describing a sloped
curvilinear boundary of the axial kinematic module made
it possible to simplify the intensity of deformation rates.
This made it possible to obtain the magnitudes of reduced
pressure in the analytical form p, and optimize the rate of

metal flow in the vertical direction. As a result, we managed
to obtain the engineering formulas of increments of a semi-
finished product in the course of the deformation process.
They can be used based of the proposed algorithm for calcu-
lating the processes of combined extrusion with some degrees
of flow freedom. The stages of calculation include analysis of
metal flow inside a billet, the rational selection of the deve-
loped KPVF and the use of the obtained magnitudes of po-
wer of deformation forces and the optimal value of kinematic
parameter W.

Thus, obtaining the data on final dimensions of a semi-
finished product does not require the use of commercial soft-
ware products of modeling of the process. The restrictions of
using the developed calculation scheme with the existence of
the boundary of flow separation T=T,(z) were detected for
the process of combined radial-reverse extrusion of hollow
parts with a flange. It is recommended to use the condi-
tion of the least value of reduced pressure as the selection
criteria for the developed analytical solutions and those
known earlier.

The aim of further research is to develop new kinema-
tic modules with curvilinear boundaries and study their
embeddability calculation schemes of combined extrusion.
This will make it possible to identify the boundaries of their
rational use for the prediction of shape formation in va-
rious processes of combined extrusion with several degrees
of flow freedom.

7. Conclusions

1. The possibilities of using known techniques for li-
nearization of integrand dependences for calculation of the
power of deformation forces were analyzed. We showed
the ineffectiveness of their use for the axial trapezoidal
kinematic module with a sloped boundary due to the com-
plexity of determining the components, satisfying the re-
quired conditions throughout the entire volume of the
module.

2. The ways of simplification of the function of defor-
mation intensity using assumption ¥, =0 for the axial
kinematic module with a curvilinear sloping boundary were
proposed. On its basis, the dependences of the power of de-
formation forces in the analytical form were obtained, which
greatly simplifies the further assessment of energy-power
parameters of the deformation process.

3. The comparative analysis of dependences and reduced
pressure and increments of a semi-finished product obtained
with the use of various functions, describing a curvilinear
boundary of the axial trapezoidal module was performed.
This made it possible to prove the validity of using as-
sumption y,, =0 for the axial trapezoidal kinematic mo-
dule with the boundary in the form of curve T=Ty(z). The
conditions of using the developed KPVF for boundary
T=Ty(z) in the form of inequality p,<p, compared to
the previously used rectilinear boundary T=Ti(z) were
determined.

4. The algorithm of calculation of energy-power para-
meters and of prediction of a change in the shape of a semi-
finished product in the processes of combined extrusion
based on the proposed KPVF was developed. Thus, we
have proven that the developed kinematic module could be
effectively embedded into general calculation schemes for
combined extrusion.
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