u]

=,

3anpononosano y AKOCMi 0Cb0B020 BUKOPUCMOBYEA-
mu po3pobaenuil mpukymnuii Kinemamuunuii Mooy 2a
3 KPUBOJIHINHOI0 NOXUOI0 Medcel0, W0 00360J5€ ONu-
cyeamu xapaxmep meuii mMemany 6 30Hi Po36opomy 00
padianvnozo eudasnoeanus. Ha ocnosi enepzemuunozo
Memooy OMPUMAHO GeUMUHU NOmMYNHCHOCMI cun dedop-
Mysanmnsa ecepeduni nody0oeamnozo KiHemamuuiozo mooy-
A 2a, nNOMyx*cHOCmi Cul mepms Ha MedHcl KOHmaxKmy 3azo-
mo6KU 3 IHCMPYMEHMOM Mma NOMYNHCHOCMI CUA 3pi3y i3
CYMiNCHUMU KiHemamuunumu mooyasmu. B pesyaoma-
mi OMPUMAHO AHAIIMUMHUL 6UPA3 NPUEEOEH020 MUCKY
depopmyeants 0Cb068020 MPUKYMHOZ0 KIHEMAMUUHOZ0
MOOYAA 2a 3 NOXUNLOI0 Medcelo, Popma AK0i 3anexncums 6i0
napamempa o.. IIpoananizoeano mosxcaueocmi onmumizauii
npueedenozo mucky 0epopmysanns 3a napamempom o. 3a
Pi3HUX CniesiOHOWEND 260MEMPUMHUX NAPAMEMPIE MOOY-
N ma ymoe mepms. 3 YpaxyeanHam Qopmu Cymizncnozo
KiHeMamu4Ho20 M00Yas 3a 3anpoOnoHOBAHO UKOPUCMAHHSL
OMPUMAHUX 3ATIEHCHOCMEN NPUBEOEH020 MUCKY 015 pO3Pa-
XYHKIB CUTLOBUX PeIHCUMIB nPoUecié KOMOIH08AN020 NOCTi-
0061020 padianbHO-n03006IHCHBLO20 BUOABTIOBAHHA 3 PO3GU-
HeNno10 padianviolo CKaaoosoto meuii memasny.

30iiicHeno nOPieHANDHUN AHANI3 POPAXYHKOBUX CXEM
EM-2a 3 po3pooaeHum 0Cb08UM MpUKymHum Kinemamuy-
Hum mooynem 2a ma EM-2 i3 euxopucmannuam ocb068020
NPAMOKYMHO20 KiHeMamuunozo moodyis 2 ma excnepu-
MEHMANGHUMU OAHUMU MOOENI08AHHS NPOUECY KOMOIHO-
6aH020 PaodianvbHO-NPAMO20 6UOABNIV6AHHS 3 PO30ayer).
Hepesuwenns danux 3a sycunnam dedpopmyeanus, ompu-
Manux na ocnogi cxemu EM-2a (i3 po3pooaenum mpurym-
HUM MOOYJeM 3 Kpugoninilinoto mecero 2a) ma EM-2, 6io
excnepumenmanviHo ompumanux ckaaoae 12-15 % ma
15-20 % eionosiono. ILle niomeepoicye pauionanvnicmo
BUKOPUCMAHHA PO3POOIIEHO20 0Cb0B020 KIHEMAMUUHOZO
MOOYAA 2a 3 KPUGONIHIUHOIO Medcelo 3aMichb 0Cb08020
NPAMOKYMHO20 KIHEMAMUUHO20 MOOYJSL NPU MOOENI0BAHHI
npouecie nocai006H020 PadianbHO-NPAMO20 6U0ABIIOBAH-
HA 3 PO36UHEHO10 PAdiaNbHOI0 CKIA0068010 Mmenii memany.

Ompumani 3anexcrnocmi npueedenozo mucky oedop-
Myeanns mooyas 2a moxcymo Oymu 60yoosani y inui po3-
PAXYHKO0BI CXxemMu npouecié nociiodo6Hoz0 paodiaibHo-no-
300621CHb020 6U0ABIIOBAHHA. 3AB0AKU ULOMY ZHUNCEHHS
OMPUMAHUX CUNOBUX NAPAMEMPIE NPOUECY MOJce CMAHO-
eumu 7—10 % no eionowenm1o 00 cxem, wo MiCmsamv 0Cbo-
BUIL NPAMOKYMHUU KiHeMamuuHuil Mooyio 2

Knmouoei cnosa: mooemosarns npouecie komoinosano-
20 6U0ABNI0BAHHSA, KIHEMAMUMHUI MOOYlb, eHePZeMUMHULL
Memod, npoyec depopmyeanis
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1. Introduction

Under current conditions, the role of effective re-
source-saving methods of metal forming, such as cold bulk
stamping, is increasing. This is primarily due to the decrease
in the indicators of energy and labor intensity of production
and the increase in the metal utilization coefficient, as well
as the increase in its mechanical properties. A steady trend
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towards increasing the production of precise blanks and ex-
panding the range of stamped parts and materials using cold
extrusion processes requires in-depth research and evaluation
of the capabilities of these processes [1, 2]. The most com-
mon methods of cold extrusion at present are the techniques
of longitudinal (reverse and direct) and traverse (radial
and lateral) extrusion, as well as their combinations [3-5].
Components of complex shape should be extruded by using



the combined (joint or sequential) extrusion, which has suf-
ficient advantages over simple deformation schemes [4, 5].
However, there are a series of problems related, first of all, to
the issues of metal plasticity under conditions of a complex
stressed-strained state. In addition, there are relevant issues
of assessing the power regimes of deformation and predicting
shape-change and defect-formation [4, 6, 7]. Resolving these
issues would help expand the possibilities of the combined
cold extrusion processes and their active implementation
in production.

2. Literature review and problem statement

In recent years, many researchers have shown interest in
the processes of combined longitudinal-transverse extrusion.
However, studies mainly include an analysis of force and defor-
mation regimes of these processes performed experimentally or
by finite-elements methods (FEM) and, therefore, are limited.

A series of works study the force parameters and shape-
changes in combined extrusion processes. In [8], based on
a finite element method, employing the ABAQUS software
(ABAQUS Inc., USA), the influence of geometric parameters
and friction conditions in the process of direct-inverse-radial
extrusion was analyzed. Paper [9] studied the force parameters
and shape change of hollow parts during combined extrusion
based on simulations using Deform-2D (Scientific Forming
Technologies Corporation (SFTC), USA). However, there are
no analytical dependences of the force regimes and increments
of semi-finished products, which limits the application of the
reported results. Work [10] conducted a comparative analysis
of the theoretically (based on the upper estimate using rigid
triangular elements) and experimentally obtained data on the
force parameters of the process and the shape change of blanks.
Studies [11, 12] applied an upper estimate method (hard
blocks) to confirm the emergence of a dead zone in the reversal
zone and to obtain estimates of the energy parameters of the
lateral extrusion process. However, the proposed modification
of the energy method is used to solve flat non-axisymmetric
problems. Paper [13] investigated the effect of structural pa-
rameters and friction conditions on the deformation forces in
the process of consistent radial-longitudinal extrusion, but no
analytical dependences of energy-force parameters were ob-
tained. Radial direct extrusion [14] is an effective method for
producing large diameter pipes from small cylindrical blanks.
At the same time, the use of additional hydrostatic pressure at
the deformation site and the introduction of the sign-alternat-
ing character of deformation ensures, along with a very low
loss of plasticity, a significant increase in strength. However,
the issues of calculating the increased energy costs and loads
on the tool in the cited study remained unresolved.

To obtain an assessment of force regimes and shape
changes in the processes of combined radial-longitudinal ex-
trusion, an effective theoretical method is the energy method,
in particular, a power balance method [15]. As part of its
application, special attention should be paid to expanding
the base of unified modules of complex shape (triangular or
trapezoidal with curvilinear boundaries [16]). That would
make it possible to build the estimation schemes of a defor-
mation process taking into consideration the relevant (to
experimental data) boundaries of the metal flow interface
within a semi-finished product, as well as the boundaries of
the contact between a tool and a workpiece [16, 17]. At the
same time, the possibility to obtain analytical dependences of

the reduced pressure makes it possible to optimize the force
mode, determine the optimal configuration of the tool and,
for the case of combined joint extrusion, to predict the shape
change and defect formation in a component [18].

However, the techniques of building analytical solutions,
reported in [17, 18] relate to the kinematic modules of the
trapezoidal shape. The axial triangular kinematic modules
with curvilinear boundaries must be developed, which de-
scribe the line of the flow interface when moving from the
longitudinal to the transverse (radial) flow.

Thus, the increasing complexity of the tool geometry
and the character of a metal flow inside a blank requires the
development of new kinematic modules of triangular and
trapezoidal shapes with different types of borders.

3. The aim and objectives of the study

The aim of this study is to expand the base of unified
kinematic modules by developing a new axial triangular ki-
nematic module with a curvilinear boundary, allowing more
complete and accurate modeling of the processes of combined
sequential radial-longitudinal extrusion.

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

—to develop an axial triangular kinematic module with
a curvilinear boundary, making it possible to describe the
boundary of a metal flow interface in the reversal zone to the
radial extrusion;

— to analyze a possibility to integrate the developed axial
triangular kinematic module into the estimation schemes of
the combined sequential radial-longitudinal extrusion process;

— to conduct a comparative analysis of the force parame-
ters of the radial-direct extrusion process with expansion,
obtained theoretically (using the developed module and based
on previously used axial modules), with experimentally ob-
tained data.

4. Calculating the reduced pressure of an axial triangular
kinematic module with a curvilinear boundary

4.1. Development of an axial triangular kinematic
module with a curvilinear border

For a theoretical analysis of axisymmetric cold extrusion
processes, modifications of the energy method [19-22] are
used. As part of the application of a power balance method,
the deformable volume of the workpiece is split into kine-
matic modules with corresponding kinematically possible
velocity fields (KPVF). Calculating the power of plastic
deformation forces inside the kinematic module, the forces
of cutting with the adjacent modules and friction forces on
the surface of the tool make it possible to obtain the reduced
pressure in an analytical form [20, 21]. Such calculations are
required by the triangular modules with a sloping boundary
of a curvilinear or straight shape [23, 24] or curvilinear mo-
dules of different configurations as components of schemes
of combined sequential longitudinal-radial extrusion with
expansion. At the same time, when selecting the shape and
building the kinematic module KPVF, it is necessary to en-
sure not only the correspondence of its boundaries to experi-
mental data but also the possibility of obtaining analytical
expressions of the reduced pressure [17, 18,23, 24]. That
would make it possible to take full advantage of the energy
method and optimize the force mode of the deformation



process for the selected variable parameters. A new triangular
module 2a with a curvilinear boundary (Fig. 1) is proposed
as an axial kinematic module describing the transition from
direct to radial flow.

ZA

2a

0 R r

Fig. 1. The axial triangular kinematic module 2a
with a curvilinear border

A given module can be used with the kinematic module
bordering the sloping boundary, adjacent to the right, of dif-
ferent configurations, and rigid. At the same time, the shape of
the sloping face reflects the character of a metal flow when re-
versing from direct to radial extrusion during the deformation
of blanks by successive combined extrusion with expansion.

Consider a KPVF of the kinematic module 2a in the
following form:

yo_at
h (1)
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The shape of the curve, which describes the curvilinear
upper boundary, is determined from the continuity condi-
tions of the normal speed component on the surface of the
cut on either side of it and the conditions of metal incom-
pressibility. If the boundary is defined as some continuous
function between the curvilinear rigid module 1 and the pro-
posed triangular module 2a, the continuity condition takes
the following form:

[AV. ]dr—[AV,]dz=0, (2)

where [AV,] and [AV,] are the magnitudes of a speed gap at
the border between the kinematic modules 1 and 2a.

Upon solving the appropriate differential equation (2)
and by using boundary conditions in the form z(0)=0 and
z(R1) = h, we obtain the curve in the final form:

hr?
R @

where o e (0, 1) is the variable parameter that determines the
shape of the curve.

Calculations during the modeling of the processes of se-
quential radial-direct extrusion with expansion are carried
out in dimensionless quantities, attributed to the outer ra-
dius of matrix Ry. Thus, in the following calculations, we use
R =R, /R,and h =h / R,. The curve configuration, depending
on the o parameter, makes it possible to describe a kinematic
module with a convex or concave sloping boundary and then
use the o parameter as an optimization parameter (Fig. 2).
This would make it possible to take full advantage of the energy
method’s capabilities in terms of obtaining a minimum of the
magnitudes of power and the deformation reduced pressure.
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Fig. 2. Configuration z:z(r) depending on the o. parameter

at R =0.5and h=0.3

Using expressions (1) and (3), we obtain the magnitude
of the power of the deformation forces in the analytic form:
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A given kinematic module 2a can be combined exclu-
sively with an upper rigid module 1 (V,=-V,, V,=0), so,
considering (2), the magnitude of the power of the cutting
forces takes the form:
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The magnitude of the power of friction forces with the
tool takes the form:
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The proposed triangular curvilinear module 2a is inter-
nal, so consider it in a combination with the right adjacent
module of type 3a (Fig. 3). In subsequent calculations, we
assume the speed at the boundary of entry to module 3a takes
the form V, =V,R, /(2h).

The magnitude of the power of cutting forces between
modules 2a and 3a takes the form:

*(3-20). (6)
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Fig. 3. Configuration of the adjacent kinematic module 3a

In terms of studying the possibility of using the o para-
meter as a variable, it is necessary to consider the magnitude
of the reduced pressure, taking into consideration the power
of deformation forces, cutting forces, and friction forces, for
the combination of module 2a and module 3a. Considering (4)
to (7), examine the reduced pressure magnitude in the form:
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Thus, all the components of the combination of these
modules, depending on the o parameter, have been taken into
consideration.

4. 2. Analysis of the magnitude of the reduced pressure
of the axial triangular kinematic module with a curvilinear
boundary

We shall analyze the character of change in the optimal
value of variable parameters at different ratios of the geomet-
ric parameters of the deformation process and friction condi-
tions (Fig. 4). The character of the reduced pressure curves,
according to formula (8), under different friction conditions is
similar with the presence of a minimum point, which indicates
the possibility of optimization for the o parameter.

At the same time, the deterioration of friction conditions
leads to a shift towards an increase in the optimal value of o.
However, for the conditions of friction typical of cold extrusion
in the range from pu, =0.08 to pugy =0.16, this change is insig-
nificant and corresponds to the limits from 0.87 to 0.9 (Fig. 4).
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Fig. 4. Dependences of reduced pressure p,, ,
on the o parameter at R, =0.5, #=0.2 and different
friction conditions

We shall investigate the effect of the thickness of a flange
area and the punch radius on the optimal value of o based on
formula (8) (Fig.5). The character of the resulting curves
at different geometric ratios is similar with the presence
of a minimum point. As a primary dependence, to be more
informative, consider the line at R, =0.5, A =0.2 (solid line).
Reducing the relative thickness of the flange area A results
in an increase in the magnitude of the deformation reduced

pressure and in a shift, towards growth, of the optimal value
of the o parameter (blue dotted lines).
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Fig. 5. Dependences of reduced pressure p,, ;,
on the o parameter when i =0.08 at different
geometrical ratios

Reducing the relative radius of an active deforming tool
R, at a fixed thickness of the flange zone also increases the
magnitude of the optimal value of parameter o. However,
with these geometric ratios, a change in the optimal parame-
ter is insignificant and varies from 0.81 to 0.93 under friction
conditions p, =0.08.

Thus, the developed axial triangular kinematic module 2a
with a curvilinear boundary can be used in the general esti-
mation schemes of the longitudinal extrusion processes with
a possibility to optimize for parameter o.

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

In order to test a possibility to embed into general estima-
tion schemes, we conducted an experimental study into the
extrusion of hollow components using the combined radial-
direct extrusion with expansion (Fig. 6). The hollow compo-
nents with an external diameter of 28 mm and 24 mm were
obtained, manufactured during the radial-direct extrusion from
aluminum alloys and copper M1. At the same time, the choice,
as an adjacent one, of the kinematic module 3a makes it possible
to use the results in form (8) for the developed radial flow. The
assessment of the stressed-strained state of the workpiece made
from the aluminum alloy AD31 in the process of deformations,
obtained by using FEM, as well as the experimental data, are
given in work [16]. At the same time, the character of the dis-
tribution of stress intensity and deformation in the deformed
blank allows us to argue about the rationality of considering
the developed kinematic module 2a as an axial one.

We acquired experimental data on the effort of the de-
formation of a blank made from the aluminum alloy AD1 at
R{=7.5mm, R3=12mm, Ry=14 mm, and the initial height of
the blank Hy=50 mm. At the same time, the thickness of the
flange zone % ranged from 2.2 mm to 5.3 mm, the full working
cycle of the punch was 43 mm. A comparative analysis was
performed involving the theoretically calculated values based
on two estimation schemes: including an elementary axial rect-
angular module 2 (EM-2) and including the developed axial
triangular module 2a (EM-2a). The hardening curve of the
material AD1 is approximated by the demonstration function



0,=138.4-¢"218 MPa, and the average intensity of the accumu-
lated deformation was equated to the reduced deformation pres-
sure, the friction factor value is equal to g = 0.04. The deviation
of data derived from the estimation scheme EM-2a (Fig. 7, solid
line) and EM-2 (Fig. 7, dotted line) from those experimentally
acquired (Fig. 7, points), is, respectively, 15-20 % and 12—15 %.

Fig. 6. Hollow components obtained by the radial-direct
extrusion with expansion
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Fig. 7. Comparison of results from the theoretical
and experimental studies into the manufacture of hollow
components made from AD1 using radial-direct extrusion

Compare the reduced pressure for the developed kinematic
module 2a (EM-2a) taking into consideration components (8)
and for elementary module 2 p, ,, (EM-2) taking into consi-
deration a part of the components from the previously develo-
ped process scheme [16]. These values are derived considering
the power of deformation forces, friction forces, as well as cut-
ting forces, on surfaces with adjacent modules 1 and 3 (Fig. 8).
The comparative analysis of the reduced pressure p,, ,, (solid
lines) and p, ,, (dotted lines) at R, =0.5 and u =0.04 indi-
cates the possibility of optimization for the parameter o for all
ratios of geometric parameters. At the same time, the overesti-
mation of the magnitude of the reduced pressure when using
module 2 compared to using the proposed module 2a can reach
7—-10 %, which indicates the rationality of its application.
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Fig. 8. Comparative analysis of reduced pressure p,, ;, (solid
lines) and p, ;, (dotted lines) at R =0.5and p; =0.04

Thus, the developed axial triangular kinematic module 2a
can be recommended as the basic one in the estimation schemes
of the processes of combined sequential radial-longitudinal ex-
trusion with the developed radial component of the flow.

6. Discussion of results of the triangular module’s
integration into the estimation schemes of the radial-
direct extrusion process with expansion

The triangular kinematic module 2a with a curvilinear
sloping boundary, proposed as an axial one (Fig. 1), makes it
possible to describe the character of the flow of metal in the re-
versal zone to radial extrusion. The resulting analytical expres-
sion for the reduced deformation pressure of the axial triangu-
lar kinematic module 2a with a sloping boundary, according
to (4) to (8), can be used in general calculation schemes. An
analysis of the behavior of the reduced pressure function p,, ,,
confirms the possibilities of optimizing a given quantity for pa-
rameter o at different ratios of the geometric parameters of the
module and friction conditions. We have performed a compa-
rative analysis of theoretical estimations in line with the
scheme EM-2a (with the presence of the axial triangular
kinematic module 2a considering the components (8)) and
EM-2 (with the presence of the axial rectangular kinematic
module 2) and experimental data on the force mode of the
process of combined radial-direct extrusion with expansion.
The data on the deformation effort, obtained from the
scheme EM-2a and EM-2, exceed those experimentally ac-
quired by 12—15 % and 15-20 %, respectively (Fig. 7). Thus,
the rationality has been confirmed to use the developed axial
kinematic module 2a with a curvilinear boundary instead of
the axial rectangular kinematic module in the simulation of
processes of sequential radial-direct extrusion with the de-
veloped radial component of metal flow. The resulting depen-
dences of the deformation reduced pressure of module 2a in
the form (4) to (8) can be built into other estimation schemes
of successive radial-longitudinal extrusion processes. Such
processes include processes with a developed radial flow (the
presence of an adjacent kinematic module in the form of 3a) up
to the degeneration of the kinematic module 1 in the triangu-
lar one. At the same time, the reduction in the estimated force
parameters of the process can reach 7-10 % relative to the
schemes containing the axial rectangular kinematic module 2.

It is promising to develop new curvilinear kinematic
modules of different configurations, as well as additional
research into the integration of the developed kinematic tri-
angular module 2a into more complex calculation schemes of
combined extrusion processes.

7. Conclusions

1. As an alternative to existing axial kinematic modules with
a parallel flow describing the reversal of metal from the direct
to radial flow, an axial triangular kinematic module 2a has been
developed. A given kinematic module 2a makes it possible to
describe the shape of the boundary of the metal flow interface in
the reversal zone to the radial extrusion, based on the continuity
condition and the boundary conditions, in the form of the o pa-
rameter function. The configuration of the curve depending on
the o parameter allows us to describe the kinematic module 2a
with both a convex and a concave inclined boundary and in
the future use the oo parameter as an optimization parameter.

2. We have analyzed a possibility to optimize the magni-
tude of reduced pressure p,, ., for parameter o, responsible
for the sloping boundary shape, as well as the impact exerted
on the optimal value of parameter o by different geometric
ratios within the scheme and friction conditions. Thus, the in-
tegration of the developed axial triangular kinematic module



into the calculation schemes of the process of combined se-
quential radial-longitudinal extrusion has been investigated.
3. We have performed a comparative analysis of the force
parameters of the radial-direct extrusion process with expan-
sion, obtained theoretically using the developed module 2a (the
EM-2a scheme) and on the basis of previously used axial mo-
dules (the EM-2 scheme), with those experimentally acquired.
The smallest deviation from the experimental data corresponds

to the EM-2a scheme (it is 12—15 %), which confirms the ratio-
nality of using the developed axial kinematic module 2a with a
curvilinear boundary. The resulting dependences of the reduced
pressure of the deformation of module 2a can be built into other
estimation schemes of successive radial-longitudinal extrusion
processes. As a result, the reduction in the estimated force
parameters of the process could reach 7-10 % relative to the
schemes containing the axial rectangular kinematic module 2.
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