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THE DEVELOPMENT OF TRIANGULAR KINEMATIC MODULE TO CALCULATE
THE DEFORMATION PRESSURE IN THE EXTRUSION PROCESSES

The article presents the universal kinematic module developed on the basis of the energy upper bound method,
designed for use in mathematical simulations of combined processes of cold forging. In particular, this module can be
used for force regime simulating and tool loads analyzing at radial-forward extrusion of hollow products with blind hole
of continuous workpieces to describe deformation zones during metal flow to the center and turn zones from radial flow
to backward one. The kinematically possible velocity field for convex curvilinear (parabolic) triangular module and the
equations of its parabolic inclined boundary are given. Analytical dependencies for power of deformation forces, friction
and shear at the boundaries of the module, as well as for the reduced pressure in a parametric form are obtained. The
developed curvilinear kinematic module, the use of which makes it possible to increase the efficiency of the upper bound
method for studying the processes of combined extrusion, has been tested and described. It is shown that value of reduced
pressure for the curvilinear turn module is most affected by the relative thickness of the flange, its radius, the thickness
of the wall of the tubular workpiece, as well as friction conditions. The possibility of correct using of curvilinear triangular
module for the analysis of complex schemes of processes with several zones is demonstrated. The simulation for
calculation schemes of radial-forward workpiece extrusion with variable flange height was carried out. It has been
determined that the developed curvilinear triangular module due to the reducing the value of the velocity jump at its
boundaries, makes it possible to reduce the upper estimate of the tool loads in comparison with the variants of simulations
that were previously based on rectangular modules.

Key words: energy upper bound method, curvilinear kinematic module, modular approach, radial-forward
extrusion, tool load, simulation.

In the range of forged workpieces, the significant volume is occupied by hollow parts with
blind hole such as cups and sleeves, which are usually obtained using longitudinal backward and
forward extrusion. Typical for longitudinal extrusion processes limitations are associated with the
limiting tool loads and the losing tool life, which forces to introduce several serial operations with
lower degrees of deformation and additional calibration operations of workpieces before extrusion
respectively.

The combined extrusion methods including traditional longitudinal extrusion schemes with
transverse (radial and cross side) extrusion schemes can serve as promising methods for stamping
hollow parts. Combined extrusion processes can significantly reduce the energy-power parameters of
deformation and manufacturing time, improve quality of parts and life of the stamping tool.

The widespread using of combined extrusion, especially in the production of hollow parts, is
limited by the development of calculation apparatus for designing technological deformation modes,
as well as insufficient knowledge of the stress-strain state of workpieces during deformation using
new methods of sequential combined extrusion.

Using modular approach makes it possible to simplify the creating mathematical simulations
for complex combined schemes by use of already existing set of tested and implemented modules.
This approach requires further research to create universal kinematic modules (including ones with
curved surfaces), which allow to more adequately describe the kinematics of metal flow in the
deformation zone for combined processes due to the choice of velocity fields of more complex
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configurations and the analysis of which can be performed separately from other related modules.

For cold deformation technologies high unit and total deformation forces are characteristic
limitations that reduce the stability of the process and the life time of the stamping tool [1, 2]. In the
existing deformation methods, that remove these limitations, the reduction of loads on the tool occurs
due to the creation of different sign scheme of the stress-strain state [3, 4], expansion [4, 5], decreasing
contact area of tool with workpiece [1, 6], and also with the help of additional combined force and
kinematic effects on the workpiece [5, 7].

Methods of combined extrusion, which combine schemes of transverse and longitudinal
(backward and forward) extrusion, make it possible to obtain parts of the most complex shapes by
just one operation [3, 5, 8]. The feature of the methods of sequential combined extrusion is that the
direction of metal flow during the deformation process changes from radial (flow with expansion) to
forward one. According to the results of the analysis of the stress-strain state of the workpieces, it
was established that the process is limited by the action of tool force loads [8].

According to the results of experimental studies, the authors of works [2-5] claim that in the
case of forward extrusion with expansion the deformation force is reduced by 16—40 % compared to
longitudinal extrusion. The greatest decreasing deformation forces due to the greatest degree of
freedom of the metal flow can be achieved if the turning flow of the workpiece material occurs
immediately after the metal leaves the volume of the workpiece simultaneously from the side surface
of the lower zone of the workpiece and the lower end surface or from direction of the lower zone of
side surface. In the process of free (without die) extrusion deep hollow containers are produced, the
specific force in this case decreases by 1.5-1.8 times [5, 9]. Free forming in the methods discussed
above does not allow obtaining the required shape and dimensions of parts, therefore, for these semi-
finished products, drawing on mandrel or direct extrusion are further provided.

Due to the direction of the metal flow into the radial cavity at the beginning of the process, it
is possible to increase the outer diameter of the cup. Further, in the turn zone, the flow of the
workpiece material will occur in the forward (predominantly) or backward direction. Further
development of extrusion methods with intensive expansion led to the emergence of sequential
combined radial-forward extrusion (Fig. 1). In this process the developed radial flow of the material
contributes to significant increasing in the transverse dimensions of the hollow part [2, 8].

Fig. 1. The part obtained by sequential radial-forward extrusion

At present the most widespread methods for studying the processes of volumetric deformation
among the traditional theoretical ones are the analytical energy method of power balance, the upper
bound method (UBM) and the finite element method. The main advantages of analytical methods of
theoretical analysis include the possibility of developing experimentally observed calculation
schemes of metal flow pictures and obtaining analysis results in the form of engineering calculation
formulas.

The modular approach used and developed in the Donbass State Engineering Academy
(DSEA) can serve to increase the efficiency of the energy method. It is based on the selection and use
of pre-developed kinematically possible velocity fields (KPVF) in the form of separate areas [1] or
kinematic modules [5, 10-12], which are designed to more accurately describe various prevailing
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deformation schemes in plastic zones. Most often, rectangular or quadrangular (rhombic) and
triangular modules are used as elementary zones. Their using does not cause problems when obtaining
solution, as well as when embedding them in the construction of discontinuous velocity field, but for
fields with more complex configuration it is necessary to use modules of complex shapes, including
those with curvilinear generatrixes. Therefore, design of new kinematic modules with non-linear
geometric characteristics, checking the possibility of using them as components for models of
combined radial-forward extrusion processes and determining the limits of parameters that provide
acceptable level of tool loads of these processes is the relevant task.

The purpose of the work is to expand the possibilities of the energy method for the theoretical
analysis of combined processes of radial-forward extrusion through the creating and using of
universal curvilinear kinematic modules.

Calculation schemes of radial-forward extrusion processes are characterized by the presence
of the turn area (zone 5) in the deformation zone, where the metal changes the radial direction of the
flow to the longitudinal one. For this zone, it is advisable to use curvilinear triangular module for
description (Fig. 2). We solve the problem by analogy with the solution for the triangular module
used to describe the metal flow to the center of the tubular workpiece [13]. The difference is that in
this case, the flow of metal occurs in the backward direction — from the center with turning the
direction from radial to forward one. In addition, in this problem, one of the sides of the module is
the surface contacting with the die, that is, instead of the power of shear forces, it is necessary to
calculate the power of friction forces on this surface.

A(R, "h3)

| )
(R;;0) w R,

Fig. 2. Scheme of metal flow in the angular curvilinear module

It was found that in the reduction problem, the kinematic field in the form of curvilinear
triangle gives the smallest value of the reduced pressure [13]. Thus, a convex (parabolic) triangular
module was chosen as the most suitable for solving the problem of radial-forward extrusion with
expansion.

We write KPVF for the triangular curvilinear module 5 as follows:

V3-R
Vs = 3r 3,

2R3hy
Rs% =Ry’ 3

Taking into account the velocity field represented by these formulas and the condition of
continuity of the normal velocity component, the equation for parabolic inclined boundary between

where W =
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the zones is obtained.
Equation of curvilinear boundaries of module 5:
W r r2
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For module 5, where the flow is turned from radial to forward, based on the accepted KPVF,

the friction and shear powers are calculated using the known formulas [1]:

m= ”TK ‘[VK|dFk; N¢ = ,”Ts '[Vc|d|:c-
FK Fc

The value of the velocity discontinuity at the boundary AB is:

The power of friction forces on the surface AB is calculated as:
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At the BC boundary, the value of the velocity discontinuity is:

V| =—a-W +W =(1-a). RZ'ZRS*‘32 V3 =(1-a)-C-Va;

(4)
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At the input speed V4 according to the energy balance equation at known power of external
active forces:

N()5=2'7Z"R3'h3-(75 'V4'_ps,

the reduced deformation pressure 55 is determined as the sum of components that take into account
the plastic deformation of module 5, as well as the values of shear and friction on its boundaries:

— 1 2 p 2 ~2 Rs°-R§

=— —|Ry—Rg+a”-C°-—F 6
Pea-s \/§h3 \/§ ( 4 3 3-R32 ( )
— 1 (1—0()2C2 R42—R32

= ‘| Rg —R3 + . . 7
Pcs-6 \/§-h3 ( 4 —R3 R32 3 (7)

To simplify the calculated dependencies for module 5, based on the results of calculating the
rates of relative linear deformations, it is recommended to determine the highest absolute value of the

rate | emax | and use the linearized dependence of the type &j =1,08:| emax | [14, 15] to calculate the

intensity of the strain rate in the zone. As a result, the following expression for the pressure of
deformation forces was proposed:

-2 R3? Ry 1
=—=" T'i‘l In=-=|. 8
Pas =73 H RaZ—Ra2 J R3 2] 8

The share of pressure that takes into account the shear on the boundary is [13]:

p _ 2 R3 'h3 24 ) (9)
¢4-5 " 3Ry

After calculating the powers of the deformation, shear and friction forces, substituting into the
power energy balance equation:

p-F-Vo=2Ngi + 2N+ 2N,

where N 4 — the power of deformation forces expended on forming,
N f; — the power of friction forces,

Ng, — the power of shear force,
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all the found values and reducing by factor2-7z-og-V4-hg-Rz, we obtained dependence for
determining the reduced pressure (relative unit force):
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Formula (12) was converted into dimensionless form, that is, related to the inner radius Rs, by
dividing all geometric parameters by this radius:
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For the convenience of analysis, we also introduce the parameter of the relative wall thickness
of the hollow part s/hg, where s=R4 —R3.

For curvilinear triangle, the position of the triangle point B is optimized. The optimal value of
the parameter « is found from the condition of the minimum reduced pressure ps (0 p5/aa) in the
form of calculation formula:

5,2 B2
V3 [ 3 R M} (12)

= . 2__R3 — —
2-(V3+2- u)

2 R43 _ R33

The graphic representation of the expression for optimal value of the parameter « is shown in
Fig. 4. It can be seen that in the range of 0.45...0.55, the parameter « has minimum value. But if we
deviate from the optimal value upwards, for example, to values o = 0.9...0.8, then the pressure
increasing is insignificant (see Fig. 4). The practical use of module 5 follows from this statement. It
can be applied to other deformation schemes in which the outer border of the parabolic shape can be
the surface of the forming tool.

Based on the results of the calculations, plots of the dependence of the reduced pressure vs
the geometric parameters and friction conditions of the metal deformation process in the turn zone of
the metal flow from the radial to the direct direction were plotted (Fig. 5-7).
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pressure vs the parameter « in the curvilinear
turn module

deformation pressure of the triangular module vs
the relative parameter s/hg

It has been established that the relative thickness of the flange hs, flange radius R3,
parameter s/hs , as well as the friction conditions expressed in terms of the friction coefficient x have

the greatest influence on the value of the reduced pressure 65 . When decreasing the wall thickness

of the tubular workpiece, the minimum values of the reduced pressure are characteristic of smaller
values of the relative geometric parameter h3 (see Fig. 6).
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Fig. 7. Dependence of the reduced
deformation pressure of the triangular module deformation pressure of the triangular module

vs the relative parameter s/hg at variable height vs the relative parameter s/hy for different

h3

friction conditions

Reducing the relative radius of the flange R3 and increasing the friction coefficient « leads
to definite increasing the reduced flange extrusion pressure. With increasing the dimensionless

geometric parameter H1, the reduced pressure increases intensively only at values of the friction
coefficient close to the maximum (see Fig. 7).

Generalized calculation scheme for the process of sequential radial-forward extrusion with
expansion with the curvilinear shape of kinematic module, close to the experimentally observed
deformation field (the analysis of the flow picture was carried out according to installation
experiments), are shown in Fig. 8.
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Fig. 8. Calculation scheme with curvilinear modules for the process of sequential
radial-forward extrusion of hollow parts with flange of variable height

The analysis of the obtained dependence was carried out with the drawing plots shown in
Fig. 9, in which such relative process parameters as the height hs, the radius of the flange zone Rs (the
radius of the part cavity) and the ratio of the wall thickness of the part to the thickness of its bottom
s/h are used as variables [16]. The effect of friction, as is known, is unambiguous; therefore, us = 0.08
was taken as the coefficient of friction, which is typical for cold extrusion processes.

If we consider the level of influence of the main parameters on the power mode of the process
and the value of the reduced pressure, then we can see that the relative thickness of the wall of the
hollow part s/h and the relative height of the flange cavity or, what is the same, thickness of the

bottom of the part h have the greatest influence (see Fig. 9). On the effect in, the radius of the cavity
of the part Rs is in third place. In the general process at small values of h the effect is quite noticeable — the

pressure p steadily increases with increasing R3. From the plots of the dependence of deformation

pressures, taking into account s/h in the forward extrusion block (Fig. 10), it can be seen that the
production of sleeve type parts with relatively thin walls requires significant energy values —up to
6-0s and more [16]. The deformation pressure of combined extrusion is higher than the pressure of
radial (centrifugal) extrusion by 1.5...2.1 times, depending on the size of the clearance for the forward
flow of metal. But at s/h = 0.5 and more, the loads are quite acceptable. At the same time, the use of
the optimal values of the specially introduced parameter a, which characterizes the geometry of the
triangular module, makes it possible to prepare rational shape of the die and obtain significantly lower
values of contact friction forces.
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Fig. 9. Dependence of the pressure of sequential combined extrusion vs the parameter h3
for different values of the relative cavity radius R3 at relative thickness s/hs = 0.75 (a) and

s/hs = 0.6 (b)
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Fig. 10. Dependence of the pressure of sequential combined extrusion vs the relative wall
thickness s/hz and the parameter h3 at ps = 0.08; R3 =1.6; ¢ = 5°

Thus, the developed module provides the possibility of simulating wide range of the processes
with radial component of the metal flow.

CONCLUSIONS

It has been found that the velocity field containing curvilinear triangular kinematic elements
better corresponds to the experimentally determined picture of radial extrusion deformations and
metal flow kinematics and provides the lowest upper estimates of extrusion pressures. The
simulations of the force regime and the analysis of the tool loads by the energy method of the upper
estimate for radial-forward extrusion of hollow products with blind hole from continuous blanks using
the developed curvilinear triangular kinematic module to describe the turn zone from the radial flow
to the forward one were carried out. The kinematically possible velocity field for convex curvilinear
(parabolic) triangular module and the equation for its inclined parabolic boundary are given.
Analytical dependencies in parametric form are obtained for the powers of deformation forces,
friction and shear on the boundaries of the module, as well as for pressure. For the parameter «, which
characterizes the geometry of the module, optimization from the condition of the reduced pressure
minimum was carried out and the analytical expression was obtained for its calculation. At the same
time, the clarification of upper estimates of the axisymmetric deformation pressures due to their
reduction is 18...30% compared to the known solutions based on axisymmetric modules with
rectilinear contours. The nature of the influence of the main technological parameters (variable and
constant value of the bottom thickness, cavity radius and part wall thickness) on the power mode of
the process of sequential radial-forward extrusion of hollow parts is established. The deformation
pressure during combined extrusion is higher than the pressure of radial (centrifugal) extrusion by
1.5...2.1 times, depending on the size of the clearance for the forward flow of metal. But at s/h = 0.5
and more, the loads are quite acceptable. At the same time, using the optimal values of the specially
introduced parameter «, which characterizes the geometry of the triangular module, makes it possible
to choose rational form of the die and obtain significantly lower values for contact friction forces.
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Aniesa JI. L., JIeeuenko B. M., Anies 1. C., Kapmamuwes /]. O. Po3pooka mpukymmnozo KinemMamuunozo mo-
0y ONA PO3PAXYHKY MUCKY 0ehopMYyBaHHA 8 NPOUECax 6UOABII06AHH

Y pobomi npeocmasneno po3pobrenuti Ha 0CHOSI eHepeemuiHo20 Memody 6epXHbOL OYiHKU YHIBepCalbHUll Ki-
HeMAmuyHull MOOYJib, NPUSHAYEHUU OJis 6UKOPUCMAHHS 8 MAMEMAMUYHUX MOOENAX KOMOIHOBAHUX NPOYECi8 XON00OHO020
00'eMHno20 wimamnysanis. 30kpema, yeu MoOyIb MONUCHA GUKOPUCIOBY8AMU NPU MOOENIOBAHHI CUTLOBO2O PEXCUMY Ma
AHANI3] HABAHMAdICEHb HA THCMPYMENmM NPU PadianibHO-NPAMOMY BUOAGTIOBAHNT NOPOACHUCIUX 8UPODI6 3 2TLYXUM OMEO-
POM i3 CYYITbHUX 3A20MOBOK OJis1 ONUCY 30H Oehopmayii npu meuii memainy 00 yeHmpy ma 30H po360pomy 6i0 paodiaibHoi
meuii 0o 360pomnoi. Hasedeno Kinemamuuno Modxuciuse noie weuoxocmell 0Jisk ONYyKI020 KPUBONIHINIHO20 (napaboniy-
HO20) MPUKYMHO20 MOOYJIsl Ma PIGHAHHS 1020 napaboaiunoi noxunoi mexci. Ompumano aHarimuyHi 3a1eicHocmi 0
nomys*cHocmel cuil 0epopMy8anHsa, mepms ma 3pizy Ha Mexcax MOOYIA, d MAKOXHC OJid HA8EOeH020 MUCKY V napamem-
puunomy suenadi. Pospodnenuii kpugoninitinuii Kinemamuunui MO0y, 3ACMOCYBAHHSA AKO20 00380IA€ NIOGUWUMU One-
PamueHicmo Memooy 8epXHbOI OYIHKU 0151 OOCTIONHCEHHS NPOYECi8 KOMOIHOBAHO20 8UOABTIO8AHHS, NPOMECTOBAHO Md
onucano. Ilokazano, wo na éeruuuny npueedeHo20 MucKy Oiia KPUBONIHIlIHO20 MOOYISA PO3GOPOMY HAUOINLWIUL 6RIUE
Maome 8IOHOCHI MOBWUHA (DAanYsl, 11020 padiyc, MOSWUHA CIIHKU MPYOUACOl 3a20MO6KU, d MAKOIC YMOBU MEPMS.
TIpodemoncmposano ModcIugicms KOPeKMHO20 BUKOPUCIAHHA KPUBOIIHITIHO20 MPUKYIMHO20 MOOYIsL Olid AHANIZY CKId-
OHUX cXem npoyecig i3 Kinbkoma 30Hamu. Mooentoeants npoeedeno 0/ pO3PAXYHKOBUX cXeM padiaibHO-NPAMO20 8UOA-
BI0BAHHS 3A20MOBKU 31 3MIHHOIO 8UCOMOI0 Ppaanys. Bcmanoesneno, wjo po3pobuenuii KpUGONIHIUHUI MPUKYMHUU MOOYTb
34 PAXYHOK 3HUIICEHHSL BEIUYUHU POPUBY WBUOKOCEN HA 020 MeICAX 003B0JIAE 3HUSUMU GEPXHIO OYIHKY HABAHMAICEHD
Ha IHCMpPYMeHm Y NOPIBHAHHI 3 8apianmamu mMooenel, AKi paniuie 6a3y8anucs Ha MOOYIAX NPAMOKYMHOI hopmu.

Kntouogi cnosa: enepeemuunuti memoo 6epxuvoi OYiHKU, KPUBONIHIUHUL KIHEMAMUYHUL MOOYIb, MOOYIbHUL
nioxio, padianbHo-npsame 8UOABNIOBANHI, HABAHMAICEHHA HA THCMPYMEHM, MOOETI0BAHHS.

Anuesa JI. U., Jlesuenko B. H., Anuee U. C., Kapmamviwies /l. A. Pazpabomka mpeyzonvhozo KuHemamu-
Y4ecK020 MOOYA 014 pacuema 0aeieHus 0ehopMuposanusn 6 RPOUeccax ebl0AGIUGAHUA

B pabome npedcmasnen pazpabomannblii Ha OCHO8e IHEPSEMUUECKO20 MeMOOAd GePXHEll OYEeHKU YHUBEPCAIb-
HbILL KUHEMAMUYeCKUull MOOYIb, RPEOHA3HAUEHHbIU OJis1 UCNOTIb308AHUS 8 MAMEMAMUYECKUX MOOeNX KOMOUHUPOBAHHBIX
npoyeccos X0N00HOU 00beMHOU WMAMNOBKU. B uacmuocmu, s3mom mooyins MOJ’CHO UCHOIb308aMb NPU MOOETUPOBAHUU
CUTI08020 pedcuMa U aHAU3€e HAZPY30K HA UHCMPYMEHm NpUu paoudibHO-NPAMOM 8b10A6IUBAHUL NYCIMOMENbIX U30eull
€ 2nyxXumM omeepcmuem u3 CHIOUWHbIX 3a20MO08OK O0JIs1 ONUCAHUS 30H Oedhopmayuu npu meyeHuyu Memaiid K YeHmpy u 30H
paszgopoma om paouanvbHo2o meyeHus K oopamuomy. Ilpusedenvl KunemMamuiecky 803MONCHOe Noje CKopocmeli O/is
8bINYKI020 KPUBOIUHEUHO20 (Napaboauiecko2o) mpey2oabHo20 MOOYIsA U YPAGHEeHUs e20 Napaboauieckol HaKIOHHOU
epanuysl. Ilonyuenvl ananumuyeckue 3a8UCUMOCMU OJi MOWHOCMel CUll 0epOpMUPOBAHUSA, MPEHUs U Cpe3d HA ePaHU-
yax mMooyas, a makce 014 NPUBEOEHHO20 OABNeHUA 8 napamempuyeckom auoe. Paspabomannsiti KpueonuHelinvill KuHe-
Mamu4eckuii Mooyib, NPUMEHEHUe KOMOPO20 NO360JeN NOBbICUMb ONEPAMUBHOCHL MeMoOd 6epXHell OYeHKU Osl
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Uccned08anus npoyecco8 KOMOUHUPOBAHHO20 GblOABIUCAHUS, NpOomecmupoan u onucan. Iloxaszano, umo na eruduUHy
npUBeOeHH020 0asnenus Ol KPUGOIUHEUHO20 MOOYIIA pA36OPOMa HAUbOIbULee GIUAHUE OKA3bIGAIONM OMHOCUMENbHbIE
monwuna granya, e2o paouyc, MoIWuHa CIeHKy mpyoyamoi 3a20moeKu, a makice yciogus mpenus. Iipodemoncmpu-
POBAHA B803MONHCHOCTL KOPPEKMHO20 UCHONbI08AHUSA KPUBOTUHETHO20 PEY2OIbHO20 MOOYIA OISl AHANUZA CLOHCHBIX
cXeM npoyeccos ¢ HeCKOnbKUMU 30Hamu. Mooenuposanue nposedeno 015 paciemuoli cxemsvl paduaibHO-NPAMO20 8bl0a-
GIUBAHUSL 3A20MOBKU C NEPEMEHHOU 8bICOMOU (PaHyd. Ycmanosneno, umo papabomanHblii KPUBOTUHEUHbII mpe-
V20NbHbLL MOOYIIb 30 CHem CHUIMCEHUS GeNIUYUHBL PA3PbI6a CKOPOCMeEl HA e20 2PAHUYAX NO38ONAEM CHUSUMb 6EPXHION
OYeHKY Ha2py30K HA UHCIMPYMEHM NO CPAGHEHUIO C 8apuaHmamu mMooenel, Komopbvie panee 6a3upo8anucy Ha MOOYIAX
NPAMOY20AbHOU POPMbI.

Knroueevie cnosa: suepeemuueckuii Memoo 6epxHell OYeHKU, KPUBOIUHEUHbIU KUHEMAMUYECKUL MOOYb, MOOY-
JIbHBLI N00X00, PAOUATbHO-APAMOE 8bLOAGIUBAHUE, HACSPY3KA HA UHCIMPYMEHM, MOOeIUPO8AHUE.
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