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1. INTRODUCTION

Mathematical and Computer Simulation
for the Appearance of Dimple Defect by
Cold Combined Extrusion

The article is considered a comparative analysis for predicting defect such
as dimple by energy method of power balance, upper bound method and
finite element method. The upper bound method takes into account the
geometrical position and dimension of the dimple, the criterion for the
formation in dimple by energy method of power balance is the presence of
a minimum point in the function of relative pressure on the relative
velocity of metal outflow in the vertical direction. New engineering
calculations for the relative pressure are developed in combined radial-
backward extrusion process by using a kinematic module with fillet. A
comparative analysis of the obtained data has been carried out by energy
method of power balance, upper bound method, computer simulation by
Qform 2/3D program and experimental data. Rationality of using the
energy method of power balance in view of its efficiency and the possibility
of taking into account various friction conditions and the presence of fillet
on the matrix, as well as smaller deviations from the results of finite
element simulation and experimental data have been defined. Providing
more conditions that are favorable for friction in the bottom of the billet
and in the flange area in comparison with the friction conditions on the
glass wall contribute to delay in the dimple appearance. It was found that
the radius of fillet makes it possible to delay the dimple appearance by the
approximately (0,4 ~ 0.5R) mm for the entered radius of fillet R. This
allows us to expand the possibilities of obtaining parts with a flange by
combined radial-backward extrusion without the formation of a defect
such as dimple.

Keywords: energy method of power balance; upper bound method; Finite
element method; kinematic module; combined extrusion; dimple.

including such as methods for describing the shape of
bodies, components of design schemes, effective

In modern conditions, mechanical engineering has one
of the key roles in ensuring the development of the
economic. In this context, the priorities are determined
by the development of over-modern science-intensive
technologies as opposed to the classical methods of
forming parts by removing shavings [1, 2]. The avai—
lability of different methods by metal forming, it is
possible to solve the actual problem based on economic
rationality [1, 3-6]. In recent years, investigation has
been carried out in the direction of solving specific
practical problems [3, 5-9] and the development of
theoretical foundations by different methods such as
energy method of power balance and upper bound
method based on modeling of plastic deformation
processes, finite element methods and statistical data
analysis [10-13]. Areas of theoretical investigations
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techniques for simplifying the assessments of power
modes, predicting the phased shaping of a semi-finished
product, determination of the optimal shape of the tool
and techniques to avoid defect formation [11, 12, 14-
17]. Cold forging extrusion process is considered such
as perspective process of metal forming that allows us
to use different billets and to make parts with different
dimensions and qualities [1, 2, 18-21]. However, the
limiting factors of more active implementation for cold
forging extrusion processes in production are the failure
of recommendations for predicting power and defor—
mation mode. On the other hand, for cold extrusion
forging processes according to basic schemes such as
combined extrusion processes with several metal flow
freedom degrees, additionally need to solve the
problems of predicting the step by step and limiting
shaping of the semi-finished product and also under
certain conditions to appear and avoid defect formation
processes [12, 13, 22-27]. The main ones are the non-
fulfillment of the shape and size in the finished product,
ruptures (separation) of the flange, the formation of
cracks and various types of defects such as walls
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curvature, squeeze, folder and dimple [28-31].
Therefore, the actual problems are determination of
ratios that are critical from the viewpoint of possible
defect formation and technological factors that allows
us to avoid the appearance of a defect. This will
significantly expand the scope of application in cold
forging extrusion technologies, including for combined
extrusion with several metal flow freedom degrees.

At the present time investigation of cold forging
extrusion processes based on schemes and with several
metal flow freedom degrees are devoted to investigation
[11, 12, 15, 17-31]. Most of the investigation in mode—
ling combined extrusion processes including the deter—
mination of the force regime, estimates in increments of
semi-finished product and carried out based on finite
element modeling and experimental investigations [18,
19, 23, 25]. The authors [12, 13, 23-26, 28] has
determined the influence of the tool design features,
geometric relationships for shaping and energy power
parameters in combined radial-longitudinal extrusion
processes, however, the question of the possible appe—
arance of defect formation has not been put. Inves—
tigation can be considered a separate area by defor—
mability of billets, calculations of the plasticity resource
for the processes of combined radial-longitudinal
extrusion [14, 16]. This makes it possible to assess the
expansion of the technological capabilities in the inves—
tigated plastic deformation processes. On the other hand,
the promising application of various modifications in the
energy method of power balance and upper bound method
such as for determining energy-power parameters, and for
predicting the formation of a semi-finished product and
defect formation are considered [27, 30, 31].

Major defects in the processes of cold forging
extrusion can be attributed such as walls curvature
(Fig. 1, a), squeeze and dimple (Fig. 1, b, ¢, d), non-
adherence and rupture of the flange (Fig. 1, e) [16, 27,
29, 30]. Defects in the form of the end lateral curvature
occur due to insufficient fixation of the punch in the
deformation process, which also causes a difference in
the thickness of the glass wall (Fig. 1, a). Defect
formation such as flange rupture is typical, usually for
low plastic materials or with a small flange thickness for
more plastic materials (Fig. 1, e). This type of defect
formation is facilitated by a rather complex stress-strain
state diagram, since in the flange formation zone
circumferential tensile stresses prevail on the peripheral
part and so the stress state is close to linear tension.
Shape deviation in the form of dimple defect, depending
on the extrusion schemes, can occur at different stages
of the process and in different zones of the semi-
finished product. For combined radial-backward
extrusion in hollow parts with flange in the final stage
of the process, with the overwhelming flow of metal in
the opposite direction, dimple defect is formed in the
bottom section (Fig. 1, ¢). For the same process, under
the condition of the overwhelming metal flow in the
radial direction (glass wall does not change) dimple
defect is formed on the inner wall of the glass. (Fig. 1,
d). The works [27, 29, 30] have been demonstrated the
possibilities of using the energy method of power
balance, upper bound method and finite element method
for predicting defect formation in the processes of
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combined radial-longitudinal extrusion. Previously
reported investigations [27, 30] have been demonstrated
the capabilities of the upper bound method for pre—
dicting dimple defect by comparative analysis with
experimentally obtained data. However, the upper bo—
und method has been given overestimated data in the
moment of dimple formation and has been used for a
simple case without taking into account the influence of
friction conditions and the presence of chamfers or
fillets on the matrix. In investigation [29], an analysis of
experimental data in the deformation force for a process
without and with dimple formation has been presented.
However, the die design features with the form of a
chamfer or fillet on the die tools and the right choice
with friction conditions are very important in the ext—
rusion processes to delay in the defect appearance. The
energy method of power balance, which has been
developed in recent years, is aimed at solving axisym—
metric processes and is more flexible to quickly change
the configuration of the tool and take into account the
friction conditions. The development of the energy
method will expand the understanding of the conditions
for the appearance of a defect and determining the
factors of effective control in the shaping of a semi-
finished product for a more complex configuration.

d e

Figure 1. Flange defects with the form of walls curvature(a),
squeeze (b) dimple (c), (d) and rupture (e) [27, 29]

2. PRESENTATION OF THE MAIN MATERIAL

2.1 Mathematical modelling of the defect formation
process by the energy method of power balance
and upper bound method

The energy method of power balance and upper bound
method are currently presented in two of the most The
most common forms: upper bound method (plane strain
problem) and energy method of power balance
(axisymmetric problem) [32-40]. Approaches to solve
problems for determining conditions, position and main
factors in extrusion processes with the presence of
defect formation are as follows. When using the upper
bound method, appearance dimple defect in the bottom
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section in the final stage of the deformation process
with combined radial-backward extrusion (Fig. 2, a),
based on geometrical parameters, without affecting
kinematical parameters has been shown. (the metal flow
velocity in the vertical ¥ and radial W, directions) [30].
On the other hand to analyze the problem of predicting
defect in combined radial-backward extrusion can be
used with the assumption of transition from combined to
backward extrusion (W, —0). Metal flow in the radial
direction that is defined as a condition to delay the
moment of the dimple defect appearance. Thus, the
geometrical parameters for predicting defect in
combined radial-backward extrusion process as follows:
H, — the height of billet, R; — the radius of the punch R,
— the radius of matrix, R; — the geometrical position of
the dimple, R — the radius of the fillet, # — the thickness
of the flange, x — the width of the dimple, H,. — the
critical value of the bottom thickness in dimple
appereance [30].
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Figure 2. The calculated scheme of radial-backward
extrusion process for predicting defect such as dimple:

plane strain problem (a), axisymmetric problem (b)
Determination of the bottom thickness is the most
valuable in the investigation of the defect solution
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process in the form of dimple and accordingly,
calculating the stroke of deformation process to define
the moment of the dimple defect appearance. To
determine the limiting bottom thickness will be used the
solution of the equation as follows:

i H. —G\3H,, +2G)+
(HCF+G)2 ( Ccr 2)( cr ) "
+2u,G
3Gh+H2. + =0
+GH,, -
A PRT A PR——
Ry — R

where G =R, - R, —h.

The graphical dependence calculated by (1) makes it
possible to determine the critical bottom thickness, to
define the moment of the dimple defect appearance
(Fig. 3) under the same as conditions of friction on the
contact surface of the billet and the tool. Influence of
friction conditions within the limits x;, = 0~0.16 for cold
extrusion process with R; = 10 mm, R, = 20 mm, in fig.
3 have been shown.

Different friction conditions and increase in flange
thickness can be considered favorable factors to reduce
the critical bottom thickness, i.e. different factors allow
us to obtain dimple appearance after more time during
deformation process. The obtained data must be
compared with the investigation of the axisymmetric
problem, finite element modeling results and experi—
mental data.

.. M

]

2 3 4 5

Figure 3. Dependence of the bottom thickness H., from the
flange thickness h under various friction conditions based
on the upper bound method

éh: i

When using the energy method of power balance, an
approach for obtaining the critical values of the bottom
thickness, which corresponds to the appearance of
dimple defect (Fig. 2, b) [20, 29].

The value of the relative pressure is obtained in the
equation:

D =D3+804+0py, ()
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where pj_3 and Ap4 — relative pressures of modules

1-3 and 4, respectively, without taking into account the
power of shear forces between modules 2 and 4;

Ap.o_4— relative pressures of shear forces between

modules 2 and 4.
The components of equation (2) are defined as
follows:
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In this case, the geometric position of dimple is not
taken into account, the function of the relative pressure
is investigated (2) from the relative velocity of metal
outflow in the vertical direction .

The character of the change in the kinematic
parameter (metal outflow rate in the vertical direction)
is the criterion that, in the presence of a minimum point,
make a conclusion about the possibility of a defect
solution. The moment of defect formation corresponds

to the presence of a minimum parameter W depending
on the bottom thickness Hcr (Fig. 4). For a process
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without formation of dimple, is characterized by a
monotonic fall over punch displacement (stroke),
(growth relative to bottom thickness Hecr) the whole
deformation process that is, the absence of a minimum
point (fig. 4, lower curve with y; = 0.16, us_, = 0). We
will carry out a comparative analysis of theoretical
result by upper bound method (1), and energy method of
power balance (2) from the viewpoint of investigation in
the critical value of the bottom thickness, which
corresponds to appearance of dimple defect. Using the
range of variation in friction conditions for cold
extrusion with #,=3 mm and critical values range in the
bottom thickness H, from 3.5 mm to 7.5 mm are
considered. However, a comparative analysis with the
upper bound method (Fig. 3) can be carried out only for
the same as friction conditions on all contact surfaces of

the billet and the tool, i.e. 4 =y 4 = pg_, .

\ l“s“ =O=Jus_,=0_16|

1/
lu1 =016 1. _, =0
4 6 8 10 12 14 16 H,,.mm

Figure 4. Change in the optimal value for the relative
velocity of metal outflow in the vertical direction during the
process punch displacement t from the bottom thickness

For values #=3 mm, the critical bottom thickness H.,
is determined by the upper bound method (1) with is
approximately 5.93 mm (Fig. 3, the curve with ,,= 0.08)
and in comparison by energy method of power balance
H,, is approximately 4.5 mm (solid curve with g = ps,
= 10, fig. 4). Similarly, for by equation (1) will be
determined a critical bottom thickness is approximately
6.17 mm in comparison to 5 mm by the equation (2),
and for the corresponding critical values reach 5.68 mm
and 4.22 mm. Thus, the predicted value of A, which is
obtained by equation (1), can be used as a preliminary
estimate of the same as friction conditions on all contact
surfaces of the billet and the tool. In this case, the
analysis of any other friction conditions ranges or
changes in the configuration of the tool is impossible,
however, the advantages of using (1) can definitely be
attributed to the elementary nature of obtaining the
necessary information. Comparative analysis with
experimental data for the material lead is shown in the
rationality of using equation (2), deviations of the
predicted bottom thickness values with the beginning of
dimple appearance from experimental result does not
exceed 1-1.5 mm, and according to equation (1) it can
reach 2.5 mm and higher [29]. Previously obtained
results in this investigation were additionally compared
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with the upper bound method that which showed more
significant deviations from the experimentally obtained
data. Thus, calculations by equation (2) are closer to
reality and more informative from the viewpoint of taking
into account various friction conditions and the
possibility of promptly replacing the shape of the flange
zone (configuration of the kinematic module 4, Fig. 2, b).

2.2 Computer simulation of the defect formation
process with finite element method by QForm
2/3D program

A comparative analysis of the experimental result with
obtained part from lead for the formation of dimple and
simulation by QForm 2/3D in different parameters such as
R=10.5 mm, R,=22.5 mm, #=3.5 mm and Hy=20.5 mm
and bottom thickness H,=1,0 mm are considered (Fig. 5).
The obtained results in the shaping of the part are identical.
This allows us to make more extensive use of simulation
results by QForm 2/3D as an analogy a natural experiment
for comparative analysis with obtained data by energy
method of power balance. In this investigation the
theoretical result according to equation (2) in the form H,,
=4.5 mm (fig. 4, curve with yy; = g, = 0.08) confirms with
experimental result 4 mm for mate—rial such as lead (fig. 5)
for the moment of defect appearance.

QForm 2/3D

Figure 5. Analytical report and models by QForm2D/3D for
appearance of dimple

According to simulation by QForm 2/3D, significant
influence of friction conditions with the possibility of a
defect such as dimple that is consistent with the result of
theoretical investigations based on the calculation
equation (2) are confirmed. Analysis of friction condi—
tions as a technological factor in the shaping control of
semi-finished product with lead material are carried out
for parameters R; = 10.5 mm, R, = 22.5 mm, #=3 mm
and Hy=20 mm and bottom thickness H.= 4 mm (Fig. 6)
and partially higher when using equation (2) (Fig. 4).
Thus, the conditions of contact friction can be attributed
to significant factors affecting the possibility of defect
formation in the process of combined radial-backward
extrusion. It should be borne in mind that the deteri—
oration of the friction conditions in the bottom section of
the billet make it possible to reduce the size of the flange
zone, and the deterioration of friction conditions on the
glass wall, which are formed, against, will contribute to
the increased dimen—sions of the flange and long-time
delay for dimple appearance during deformation process.

However, the observance of the necessary friction
conditions in the entire deformation process and constant
for the entire contact surface of the billet and the tool are a
rather controversial issue in the real process of extrusion.

94 = VOL. 50, No 1, 2022

As known, that combined extrusion processes with
several freedom degrees of metal flow have the
self-regulation property in the shaping of a
semi-finished product. The presence of a complex
configuration in the tool as chamfer and fillet forms are
also factors for the control in the shaping of a semi-
finished product. The results of shaping simulation in the
extrusion process of combined radial-backward by
Qform 2/3D indicate differences in the design of the
flange zone (Fig. 7) and the possibility of correction with
the provision of the defect appearance such as dimple.
Varying the friction boundary conditions make it possible
to obtain corrections of the filling in the flange zone up to
10% for the given parameters of the deformation process.

Figure 6. Process simulation by QForm 2/3D with defect
appearance such as dimple under various conditions of
friction

More favorable factor from the viewpoint of uni—
formity for filling the flange zone is the fillet selection
factor that it is possible to form a uniform flange
without defects. However, the primary task should be
considered precisely the comparison in the shapes of the
semi-finished product with the identification for the
moment of defect appearance in the dimple form in
billet (Fig.1, c). In the process simulation by
Qform 2/3D have been used additionally fillet radius
dimensions such as 2 mm and 5 mm for R;=10.5 mm,
R,=22.5 mm, h=3 mm and Hy=20 mm and friction
conditions x4 = u, = 0.08 for the lead material.

A delay in the dimple appearance can be reached
approximately up to (0.4 + 0.5R) using the radius of
fillet R. For a process without fillet in given geometric
relationships we have the dimple appearance for a
bottom thickness of approximately 4.4 mm, with the
radius fillet 2 mm and 5 mm, it is possible to reduce this
critical value by 3.231 mm and 2.023 mm, respectively.

Figure 7. Comparative analysis of glass bottom thickness
that corresponds to the dimple appearance in R = 5 mm
(left half) and R = 2 mm (right half)

Thus, for the tool design features fillet dimension is a
favorable factor in terms of flange design and it is possible
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to avoid dimple appearance. However, the possibility of
correcting defect formation due to the design features of
the tool by using champers and fillets with different
dimensions on the tools such as matrix that before by
energy method of power balance were not used, calculation
models did not take into account these features.

2.3 Improvement of mathematical models for pre—
dictting defect formation process

The energy method of power balance allows us to use
different schemes with the presence of kinematic
modules with various configurations [33, 36-39].

Development of a kinematic module with fillet
(Fig. 8) provides operational analysis capabilities to
determine the optimal radius of fillet from viewpoint
dimple appearance by the required amount in punch
displacement (stroke) or bottom thickness [40]. The die
and tool design to predict the defect formation such as
dimple with the determination of the optimal fillet
radius to make the production of quality parts will be
main practical investigations.

74
]
hAR -
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i
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Figure 8 — Kinematic module with fillet

The calculation scheme of the deformation process
with module 4 — kinematic module Z4r with fillet, for
anticipation dimple appearance, allows us to get the fol—
lowing results. According to equation (2) it is necessary
to replace components (5) and (6) respectively (7) and
(8) [401:
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Aper—4r =|Pe2 = =55 (7
3R,R
; S.V+L+
27V3R, (h + R) 2\/§C2
2ot et
BL+A
27
= i 1 )
Apyy = 2 321 (BRyR+274)C
+—\/§ 42 | RyR(BC+A)
+A +£ l_z_ﬂ. _
A\ C R,R
U1 4
2\ c* R3R?

FME Transactions

where, S =[[[é2dV, &; — the intensity of defor—
V
mation rates for the module Z4r;

R 2
A R+ Ry 1= 27 |4
27 RzR
V=2r — the vol-
2 2
Ry +R)" —R
Ryt R R
2
ume of the module Z4r for the approximating curve;
A
z(r) = +B

V3=t
2 T 2Ry(h+R)

VoR}
ZﬂJ

C=R@+5£

Thus, the value of the relative pressure with the
presence of the kinematic module Z4r taking into
account (2) and (7) and (8) takes the form:

D= D13 +Mco_ay + N4, ©)

According to equation (9) the influence of fillet for
the dimple appearance with R;=10 mm, R, =20 mm,
h=3 mm and H;=16 mm is analyzed. For the basic
calculation scheme of the process, the dimple
appearance corresponds to the stroke AHx =10.4 mm
(critical bottom thickness Hcr =5.6 mm, solid upper
curve, Fig. 9), with the fillet it is possible to delay the
dimple appearance with R=2 mm to AHx =11.41 mm
(Her= 4.59 mm) and R=5 mm to reduce AHx=12.44 mm
(Hcr = 3.56 mm). The obtained data correspond to the
form of the semi-finished product, according to
Qform2/3D (Fig. 7) and the oriented value of the delay
in (0.4 + 0.5R) mm.

015" = "
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Figure 9. Fillet influence analysis for dimple appearance
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Thus, based on the comparative analysis by using
energy method as upper bound method (1) and energy
method of power balance (2) and (9), theoretical results
indisputable will been confirmed. The use of dimple
appearance in accordance with (1) can be recommended
due to the simplicity of calculations in the form of a
preliminary stage for predicting a defect. A more
complete analysis, taking into account the identification
of control factors in the form of friction conditions and
the possibility of fillet in the flange zone, is provided by
energy method of power balance.

3. CONCLUSIONS

Analysis of the possibilities for controlling the shaping
of complexly shaped parts in the design stage of com—
bined extrusion processes are associated with the
development of theoretical methods.

The article provides a comparative analysis of two
theoretical methods for predicting defect such as dimple
by using the main modifications of the energy method.
It was found that, in comparison with the experimental
result, the upper bound method shows large deviations.
Therefore, the use of estimate (1) is recommended as a
preliminary stage for assessing defect formation for the
simplest case without taking into account the radius of
fillet on the matrix. Based on the analysis of a semi-
finished product shaping in Qform 2/3D, a significant
effect with the radius of fillet on the matrix and various
friction conditions for the formation of a dimple were
determined. It was found that ensuring more favorable
friction conditions in the bottom part of the billet and in
the flange zone in comparison with the friction con—
ditions on the nozzle wall contributes to a more late
appearance of dimple. To take these factors into acco—
unt, the authors obtained new engineering calculations
of the relative pressures (2) in the combined radial-
backward extrusion process using a kinematic module
with a fillet. It was found that the introduction of the
fillet radius allows to delay the appearance of the dim—
ple by a stroke equal to approximately (0.4 + 0.5R) mm
for the entered radius of fillet R. This allow in the
design stage, ensure that high-quality parts are obtained
without the formation of a dimple by determining the
required radius of fillet and friction conditions.

REFERENCES

[1] Bhaduri, A.: Extrusion, Mechanical Properties and
Working of Metals and Alloys, Springer Series in
Materials Science, No. 264. pp. 599-646, 2018, doi:
10.1007/978-981-10-7209-3 13.

[2] Plancak, M., Barisic, B., Grizelj, B.: Different
possibilities of process analysis in cold extrusion,
Key Engineering Materials, No. 367, pp.209-
214, 2008.

[3] Markov, O.E., Kukhar, V.V., Zlygoriev, V.N.,
Shapoval, AA., Khvashchynskyi, AS.,
Zhytnikov, R.U.:  Improvement of Upsetting
Process of FourBeam Workpieces Based on
Computerized and Physical Modeling, FME
Transactions, Vol. 48, No. 4, pp. 946-953, 2020,
doi: 10.5937/fme2004946M.

96 = VOL. 50, No 1, 2022

[4] Shapoval, Alexander, et al.: Profitability of Production of
Stainless Steel + Zirconium Metals Combination Adapters,
Key Engineering Materials, Vol. 864, Trans Tech
Publications, Ltd., Sept. 2020, pp. 285291, doi
10.4028/www.scientific.net/kem.864.285.

[51 [5] Salenko, Y., Puzyr, R., Shevchenko, O.,
Kulynych, V., Pedun, O.: Numerical Simulation of
Local Plastic Deformations of a Cylindrical
Workpiece of a Steel Wheel Rim, in: Advances in
Design, Simulation and Manufacturing I1I. DSMIE
2020. Lecture Notes in Mechanical Engineering,
pp- 85-94, doi:10.1007/978-3-030-50794-7 43.

[6] Artiukh, V., Kukhar, V., and Balalayeva, E.:
Refinement issue of displaced volume at upsetting
of cylindrical workpiece by radial dies, in: MATEC
Web of Conferences, Vol.224, Article Number
01036, 2018, doi: 10.1051/matecconf/2018224010
36.

[7] Markov, O. E., Gerasimenko, O. V., Kukhar, V. V.,
Abdulov, O. R., & Ragulina, N. V.: Computational
and experimental modeling of new forging ingots
with a directional solidification: The relative
heights of 1.1, Journal of the Brazilian Society of
Mechanical Sciences and Engineering, Vol. 41(8),
2019, doi:10.1007/s40430-019-1810-z.

[8] Khrebtova, O.A., Shapoval, A.A., Mos’pan, D.V. et
al.: Automatic Temperature Control System for
Electric Resistance Annealing of Steel Welding
Wire, Metallurgist, Vol.65, pp. 412-422, 2021,
doi:10.1007/s11015-021-01171-4.

[9] Markov, O.E., Aliiev, 1S., Aliieva, L.I,
Hrudkina, N.S.: Computerized and physical
modeling of upsetting operation by combined dies,
Journal of Chemical Technology and Metallurgy,
Vol. 55, No. 3, pp. 640-648, 2020.

[10]Bohdanova, L. M., Vasilyeva, L. V., Guzenko, D.
E., Kolodyazhny, V. M.: A Software System to
Solve the Multi-Criteria Optimization Problem with
Stochastic Constraints, Cybernetics and Systems
Analysis, Vol. 54, No. 6, pp. 1013-1018, 2018. doi:
10.1007/510559-018-0104-2

[11]Chigarev, V. V., Belik, A. G., Gribkov, E. P.,
Gavrish, P. A.: A mathematical model of the
process of rolling flux-cored tapes, Welding
International, Vol.29, No 1, pp. 70-74, 2015,
doi:10.1080/09507116.2014.888192.

[12]Hrudkina, N.S.: Process modeling of sequential
radial-direct extrusion using curved triangular
kinematic module, FME Transactions, Vol. 49.
No. 1, pp. 56-63, 2021, doi:10.5937/fme2101056H.

[13]Filippov, Yu.K., Ignatenko, V.N., Golovina, Z.S.,
Anyukhin, A.S., Ragulin, A.V., and
Gnevashev, D.A.: Theoretical study of the
combined process of radial and backward extrusion
in conical matrix [Teoreticheskoe issledovanie

kombinirovannogo protsessa radial 'nogo
vyidavlivaniya v konicheskoy matritse],
Kuznechno-Shtampovochnoe Proizvodstvo

[Obrabotka metallov davieniem], No. 7., pp. 3-7,
2011. (in Russian).

FME Transactions



[14]Ogorodnikov, V.A., Dereven’ko, I.A., Sivak, R.L:
On the Influence of Curvature of the Trajectories of
Deformation of a Volume of the Material by
Pressing on Its Plasticity Under the Conditions of
Complex Loading, Materials Science, No. 54 (3),
pp- 326-332, 2018, doi: 10.1007/s11003-018-0188-x.

[15]Perig, A. V. and Matveyev,l. A.: FEM-Based
Deformation Regression Analysis of ECAE Strains,
FME Transactions, Vol.47, No.4, pp.851-855,
2019, doi:10.5937/fmet1904851P.

[16]Dereven'ko, I. A.: Deformability and quality of blanks
under  conditions  of  combined  shaping
[Deformiruemost’ i kachestvo zagotovok v usloviyah
kombinirovannogo formoizmeneniya], in: Materials
working by pressure [Obrabotka metallov davieniem],
Donbass State Engineering Academy, Kramatorsk,
No. 3 (32), pp.80-86, 2012. (in Russian).

[17]Winiarski, G. et al.: Theoretical and experimental
analysis of a new process for forming flanges on
hollow parts, Materials, Vol.13, No. 18: 4088,
2020, doi:10.3390/ma13184088.

[18]Zhang, S.H., Wang, Z.R., Wang, Z.T., Xu, Y. and
Chen, K.B.: Some new features in the development
of metal forming technology, Journal of Materials
Processing Technology, Vol. 151, No. 1-3, pp. 39-
47,2004, doi:10.1016/j.jmatprotec.2004.04.098.

[19]Yang D.Y. and Kim K.J.: Design of Processes and
Products through Simulation of Three—dimensional
Extrusion, J. Mater Process Technol., Vol. 191,
pp. 2-6, 2007.

[20]Hrudkina, N., Aliieva, L., Markov, O., Marchenko, I.,
Shapoval, A., Abhari, P., Kordenko, M.: Predicting
the shape formation of hollow parts with a flange in
the process of combined radial-reverse extrusion,
Eastern-European Journal of Enterprise Techno—
logies, Vol. 4, No. 1 (106), pp. 55-62, 2020, doi:
10.15587/1729-4061.2020.203988.

[21]Kalyuzhnyi V.L., Alieva, L.I., Kartamyshev, D.A.
and Savchinskii, I.G.: Simulation of Cold Extrusion
of Hollow Parts, Metallurgist, Vol. 61, No. 5-6, pp.
359-365, 2017, doi:10.1007/s11015-017-0501-1.

[22]Zhang, S.H., Wang, Z.R., Wang, Z.T., Xu, Y. and
Chen, K.B.: Some new features in the development
of metal forming technology, Journal of Materials
Processing Technology, Vol. 151, No. 1-3, pp. 39-
47,2004, doi:10.1016/j.jmatprotec.2004.04.098.

[23]Farhoumand, A., Ebrahimi, R.: Experimental in—
vesttigation and numerical simulation of plastic
flow behavior during forward-backward-radial
extrusion process, Progress in Natural Science:
Materials International, Vol. 26, No 6, pp.650-656,
2016, doi: 10.1016/j.pnsc.2016.12.005.

[24]Luri, R., Pérez, C.J. Luis: Modeling of the
processing force for performing ECAP of circular
cross-section materials by the UBM, The
International Journal of Advanced Manufacturing
Technology, No. 58, pp.969-983, 2012, doi:
10.1007/s00170-011-3460-x.

[25]Jafarzadeh, H., Zadshakoyan, M. and  Abdi
Sobbouhi, E.: Numerical studies of some important

FME Transactions

design factors in radial-forward extrusion process,
Materials and Manufacturing Processes, Vol. 25,
No. 8, pp. 857-863, 2010, doi: 10.1080/1042691090

3536741.

[26]Lee, H.Y., Hwang, B.B., Lee, S.H.: Forming load
and deformation energy in combined radial
backward extrusion process, in: Mori, K.,
Pietrzyk, M., Kusiak, J. et al.: Metal Forming 2012:
proceedings of the 14th International Conference
on Metal forming, 16-19.09.2012, AGH University
of Science and Technology, Krakow, pp. 487-490.

[27] Alieva, L. I.: Formation of defects in parts during cold
extrusion processes [Obrazovanie defektov detalej v
processah holodnogo vydavlivanija], Visnik HNTU.
Herson, No 4, pp. 18-27, 2016. (in Ukraine)

[28]Savarabadi, M., Faraji, G., Zalnezhad, E.:
Hydrostatic tube cyclic expansion extrusion (HTCEE)
as a new severe plastic deformation method for
producing long nanostructured tubes, Journal of
Alloys and Compounds, No 785, pp. 163-168, 2019,
doi: 10.1016/j.jallcom.2019.01.149.

[29]Hrudkina, N., Aliieva, L. Abhari, P., Markov, O.,
Sukhovirska, L.: Investigating the process of
shrinkage depression formation at the combined
radial-backward extrusion of parts with a flange,
Eastern-European Journal of Enterprise
Technologies, Vol. 5, No. 1 (101), pp. 49-57, 2019,
doi:10.15587/1729-4061.2019.179232.

[30] Aliiev 1., Aliieva L., Grudkina N. and Zhbankov I.:
Prediction of the Variation of the Form in the
Processes of Extrusion, Metallurgical and Mining
Industry, Vol. 7, No. 3, pp. 17-22, 2011.

[31] Perig, A.: Two-parameter Rigid Block Approach to
Upper Bound Analysis of Equal Channel Angular
Extrusion through a Segal 20-die, Materials Research-
Ibero-American Journal of Materials, Vol. 18, No. 3,
pp. 628-638, 2015, doi: 10.1590/1516-1439.004215.

[32] Alyushin, Yu.A., Yelenev, S. A.: Theoretical
foundations of energy methods for calculating metal
forming processes [Teoreticheskie osnovyi
energeticheskih metodov rascheta protsessov obrabotki
metallov davleniem], Rostov: RISHM, 1987. (in
Russian).

[33] Hrudkina, N., Aliieva, L., Markov, O., Malii, K.,
Sukhovirska, L., & Kuznetsov, M.: Predicting the
shape formation of parts with a flange and an axial
protrusion in the process of combined aligned radial-
direct extrusion, Eastern-European Journal of
Enterprise Technologies, Vol.5, No 1(107), pp. 110—
117, 2020, doi:10.15587/1729-4061.2020.212018.

[34] Chudakov, P.: Upper bound for the power of plastic
deformation with a minimizing function
[Verhnyaya ocenka moshchnosti plasticheskoy
deformatcii s ispol’zovaniem minimiziruyushchey
funkcii], 1zvestiya vuzov. Mashynostroenye, No. 9,
pp- 13-15, 1992 (in Russian).

[35] Stepansky, L. G.:  Calculation of metal-forming
processes [Raschetyi protsessov obrabotki metallov
davleniem], Mashinostroenie, Moscow, 1979 (in
Russian).

VOL. 50, No 1, 2022 = 97



[36]Hrudkina, N., Aliieva, L. Markov, O.,
Kartamyshev, D., Shevtsov, S., Kuznetsov, M.:
Modeling the process of radial-direct extrusion with
expansion using a triangular kinematic module,
Eastern-European Journal of  Enterprise
Technologies, Vol. 3, No. 1 (105), pp. 17-22, 2020,
doi: 10.15587/1729-4061.2020.203989.

[37] Aliieva L., Hrudkina N., Aliiev I., Zhbankov I. and
Markov O.: Effect of the tool geometry on the force
mode of the combined radial-direct extrusion with
compression,  Eastern-European  Journal  of
Enterprise Technologies, Vol. 2, No.1 (104),
pp. 15-22, 2020, doi:10.15587/1729-4061.2020.
198433.

[38]Aliieva, Leila 1., Markov, Oleg E., Aliiev,
Igramotdin S., Hrudkina, Natalia S., Levchenko,
Vladymyr N., Malii, Khrystyna V.: Analysis of
Power Parameters of Combined Three-Direction
Deformation of Parts with Flange, FME
Transactions, Vol. 49, No. 2, pp. 344-355, 2021,
doi: 10.5937/fme2102344A.

[39]Hrudkina, N., Aliieva, L. Abbhari, P., Markov, O.,
Sukhovirska, L.: Investigating the process of
shrinkage depression formation at the combined
radial-backward extrusion of parts with a flange,
Eastern-European Journal of Enterprise
Technologies, Vol. 5, No. 1 (101), pp. 49-57, 2019,
doi:10.15587/1729-4061.2019.179232.

[40]Hrudkina, N., Aliiev, 1., Markov, O., Savchenko, 1.,
Sukhovirska, L., Tahan, L.: Designing a kinematic
module with rounding to model the processes of
combined radial-longitudinal extrusion involving a
tool whose configuration is complex, Eastern-
european Journal of Enterprise Technologies, Vol.
2, No. 1(110), pp. 81-89, 2021, doi:10.15587/1729-
4061.2021.227120.

NOMENCLATURE
Vo Punch velocity, [mm/s]
% Velocity of the metal flow for the
3

module Z4r, [mm/s]
Velocity of the metal flow in the

w vertical direction on the glass wall,
[mm/s]
h The thickness of the flange, [mm]

The critical value of the bottom

Her thickness in dimple appereance, [mm]
AHX Punch displacement (stroke), [mm]
R, The radius of the punch, [mm]
R, The radius of matrix, [mm]
R The geometrical position of the dimple,
: [mm]
R The radius of fillet
Inclined boundary of the flow interface
z(1) .
in module 2
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Hy Coefficient of friction, 0< g, <0.5
yZ Relative pressure

D, Relative pressure with radius of fillet
P13 Relative pressure in modules 1-3 and 4
Apy Relative pressure in modules 4

Apy, Relative pressure in modules 4 with

radius of fillet
Relative pressure of shear force

APer—4 between modules 2 and 4
Relative pressure of shear force
Ap.>_4, between modules 2 and 4 with radius of

fillet

MATEMATHYKA U KOMIIJYTEPCKA
CUMYJIAIIUJA TIOJABE YAYB/BEIbA TOKOM
XJTAJHOI' KOMBUHOBAHOI' U3BJTAYEIBA

H.C. Xpyakuna, O.E. Mapkos, A.A. lllanoBaJ,
B.A. Turos, U.C. Amnjes, I1. Adxapu, K.B. Maunuj

OBaj wiaHak IpeACTaBba KOMIAPATUBHY aHAIN33 32
npeasubhame nedekTa Kao INTO je ynyOsbeme eHep—
TeTCKHM METOJOM OWJIaHCca CHara, METOJOM TOpHe
TpaHULe M METOJOM KOHA4YHHUX ejleMeHara. Merona
TOpHE TPAHUIIE y3UMa Y 003Hp T€OMETPH]jCKY TTO3UIIH]Y
U TUMEH3U]y yAyOJbera, KpUTepujyM 3a hopMupame y
yIyOMHU EHEpreTCKMM METOJ0M OuilaHca CHare je
MPUCYCTBO MUHHUMAJHE Tauke Y (QYHKIHjU pEIaTUBHOT
NPUTHCKA Ha peslaTMBHY Op3WMHY M3JIHMBama MeTalla y
BEPTHKaJIHU NpaBal. HoOBU MHKEHEPCKU MPOpadyHH 3a
peNlaTUBHU TPUTUCAK Cy DPa3BUjeHH y KOMOMHOBaHOM
MpoLleCy H3BJIadYema paaMjallHO-Ha3ax KopuhemeM
KMHEMaTHYKOT MOJyJia ca yriioM. YpaleHa je yrnopenHa
aHanM3a JO0OWjeHHX M0JlaTaka EHEPreTCKUM METOI0M
OwiaHca cHara, MeETOJOM TOpEE TIpaHHIe, KOMII—
jyrepckom cumynamjom Kform 2/3D mporpamom u
EKCIIEPUMEHTATHUM o AIMa. VYrBphena  je
PaMOHATHOCT yHoTpeOe eHepreTcKor Merona Onmanca
cHara ¢ 003UpOM Ha BeroBy e(hpmKacHOCT U MOTyYhHOCT
y3uMama y O03HMp pasIMYUTHX YCJIOBa Tpema M|
NpuCyCcTBa 3a00Jb€Hha HAa MATPULM, Kao U Mamux
OJICTyIaka OJ] pe3yiraTa cUMyJaluje KOHAYHUX eJIe—
MEHaTa W EKCIIEPUMEHTAIHHUX IoJlaTaka. ne(uHICaHO.
O0e306ehuBame BHIIEe yciaoBa KOjU Cy IIOBOJBHH 3a
Tpewme y IHy Tpeauue u y oOmactu mpupyOHHIE Yy
nopehemy ca ycioBMMa Tpema Ha CTaKICHOM 3HIYy
JOTIPHHOCH OJjIaramy U3riieaa yayosbema. YTBpheHo je
a paadjyc yraoHHIlC OMOryhaBa oJylarame II0jaBe
ynyoseema 3a mpubmmxao (0,4 + 0,5P) MM 3a yHetn
pamujyc yraouune P. To nam omoryhaBa pa npo—
mpuMo MoryhHocTd aoOujama feioBa ca Mpupyo—
HHULIOM 32 KOMOMHOBAHO H3BJIAU€H€ paJivjalHO-HA3a/l
6e3 popmupama aedexra Kao mTo je yayOJbene.
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