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1. Introduction

The machining processes of metals, both hot and cold, are
the preparatory base of machine engineering and metallurgy.
Given the ability to form a metal at high performance and
low waste, thereby improving its mechanical properties, the
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importance of pressure treatment in modern industry is enor-
mous [1]. This increases the role of effective resource-saving
methods for pressure metal treatment such as cold volumetric
stamping [2]. Combining traditional schemes of longitudinal
extrusion by radial or lateral extrusion methods opens up
the possibility of manufacturing parts with a more complex



configuration over fewer technological transitions [3, 4].
Combining the reverse and radial extrusion schemes in the
manufacture of hollow parts with a flange improves techno-
logical capabilities of the processes of precision volumetric
stamping by reducing the energy and labor intensity of pro-
duction and increasing a metal utilization factor. However,
along with these advantages, there are a series of problems,
primarily related to the issues of plasticity and hardening
of metal under conditions of the complex stressed-deformed
state [5, 6]. In addition, despite the high efficiency of the
combined extrusion processes, examples of their practical
implementation are limited.

The range of products manufactured by machine building
and instrumentation enterprises contains a large number of
hollow parts with flanges and protrusions of various shapes [7].
This should encourage research into new effective processes
for obtaining this type of components, such as combined ex-
trusion. However, when making them by cold extrusion, under
certain conditions there may occur defect formation (failure to
maintain the shape and size of a finished product, cracks and
ruptures of protrusions, shrinkage depression, etc.). The defect
formation processes are a deterrent to the active implemen-
tation of these processes in industry. Therefore, they require
a thorough study of the complex of geometric and technolo-
gical factors that contribute to the emergence (or hampering)
of defects in the process of deformation. In this case, special
attention should be paid to building full-fledged mathematical
models for calculating force parameters and shape formation
that would make it possible to predict defect formation in the
processes of combined extrusion.

2. Literature review and problem statement

Currently, the active implementation of combined ex-
trusion processes in industry is constrained by the lack of
detailed recommendations on determining the force pa-
rameters of the process, predicting shape change and defect
formation [8—17].

A series of papers [8—13] are limited to studies of force
parameters and phased shape change in the processes of
combined extrusion. Work [8] analyzes the effect of geo-
metric parameters and friction conditions in the process of
direct-reverse-radial extrusion based on a finite element
method employing the software ABAQUS (ABAQUS Inc.,
USA). Papers [9, 10] report studying the force parameters
and shape change of hollow parts in the process of combined
extrusion, which are limited to modeling in Deform-2D (Sci-
entific Forming Technologies Corporation (SFTC), USA).
The combined extrusion processes were investigated in stud-
ies [11, 12] by the methods of finite elements and the upper
assessment (using rigid triangular elements). A comparative
analysis of theoretically and experimentally obtained data on
the force parameters of the process and on the shape change
in workpieces was carried out. Paper [13] analyzed the
process of combined radial-backward extrusion in a conical
matrix for successive stages of the process. The study relates
to the calculations of force parameters of the process, as
well as a shape change; it is limited in application. The the-
oretical analysis was carried out using the method of power
balance taking into consideration the hardening of a metal;
experimental testing of the results obtained was performed.
However, the constructed mathematical models do not make
it possible to analyze patterns in the course of the deforma-

tion process with defect formation (deviation in the shape of
a finished product, formation of shrinkage depression, cracks,
etc.). Thus, the issues related to determining the limit of
deformity and defect formation in the processes of combined
extrusion remained unresolved.

The issues of assessing the unevenness of the deformed
state, the deformity of a metal, and the limit of shape
change in workpieces at cold extrusion were addressed in
papers [14—16]. Study [14] calculated, based on the upper
estimate method, the magnitudes of the reduced pressure and
accumulated deformation at cold lateral extrusion. The cha-
racteristic deformation zones and the presence of a dead zone,
as well as the effect of friction conditions on the course of the
process, have been defined. Paper [15] estimated the limit of
shape change in workpieces made from different materials
in the processes of cold volumetric deformation. Study [16]
calculated plasticity resource according to various criteria
for the process of combined radial-direct extrusion. The
derived pathways of material particle deformation make it
possible to assess the resource of plasticity and the techno-
logical possibilities of the combined radial-direct extrusion
process for various materials whose plasticity diagrams are
known. Study [16] also examined the stressed-deformed
state in a deformation site at the combined extrusion of parts
with a flange. Based on the study conducted, the resource of
plasticity exhaustion in the flange zone has been evaluated
for various materials. Thus, papers[15, 16] addressed the
stressed-deformed state, estimated the resource of plasticity
and the technological capabilities of the processes of com-
bined extrusion of parts made from various materials.

In this case, analysis of the technological capabilities of
the combined extrusion processes is considered in the aspect
of assessing the limit of shape change and possible defects
due to metal destruction and does not imply studying defect
formation of the shrinkage depression type and failure to
maintain the shape of parts.

The analysis of defect formation in the processes of di-
rect, radial, and radial-backward extrusion was reported in
paper [17]. Based on the simulation data from QForm2D/3D
(«KwantorForm,» Russia), the authors proposed a diagram
of regions that are critical in terms of defect formation in
the form of shrinkage depression in a bottom part at the
combined extrusion of hollow parts with a flange. However,
these data are limited to the case of variation in the flange
height, ranging from 1 mm to 6 mm, the thickness of the cup’s
wall, ranging from 3.5 mm to 14.5 mm, with a matrix radius
of 22.5 mm. Paper [17] also considers the possibilities to pre-
dict the process of defect formation in the form of shrinkage
depression in the bottom part of a cup with a flange using an
energy method of the upper assessment. The proposed esti-
mation scheme for a flat-deformed process of combined radial-
backward extrusion makes it possible to determine the crit-
ical value for the thickness of the cup’s bottom H,,; in terms
of the emergence of shrinkage depression. However, a given
estimation scheme is limited by the condition H,,;;>hy, where
hy is the height of the extruded flange, which significantly
narrows the scope of its application. In addition, the authors
failed to investigate the influence of friction conditions and
other technological solutions as control factors for correcting
the emergence of a defect in the form of shrinkage depression.

Thus, one can state that there are certain under-inves-
tigated issues related to the analysis of combined extrusion
processes in terms of possible defect formation. It is critically
needed to construct the estimation schemes for predicting



shape formation and defect occurrence, as well as to develop
technological means that could ensure effective control over
the flow of a metal. That would improve the efficiency of the
combined extrusion processes and contribute to their wide
implementation in industry.

3. The aim and objectives of the study

The aim of this study is to construct mathematical models
for the process of combined extrusion of hollow parts with
a flange that would make it possible to predict defect forma-
tion in the form of shrinkage depression. That could provide
an opportunity to identify patterns in the process of combined
radial-backward extrusion with the emergence of a defect in
the form of shrinkage depression in the bottom part of a cup.

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

—to develop an estimation scheme of the process of
combined extrusion of hollow parts with a flange that would
make it possible to predict the emergence of shrinkage de-
pression in the bottom part of a cup throughout the entire
process of deformation;

— to establish patterns in the course of the process of com-
bined radial-backward extrusion with the emergence of shrink-
age depression in the bottom part of a cup, as well as without
defect formation, and to investigate the effect of friction condi-
tions on the process of shrinkage depression formation;

—to experimentally test the feasibility of using the de-
vised estimation scheme to predict defect formation in the
form of shrinkage depression in the bottom part of a cup.

4. Theoretical analysis of the processes of combined
extrusion of parts with a flange with the formation
of shrinkage depression

4. 1. Construction of an estimation scheme for the pro-
cess of combined radial-backward extrusion of parts with
a flange with the formation of shrinkage depression

A generally recognized defect, characteristic of cold extru-
sion processes, which significantly reduces the quality of parts
and the technological capabilities of the process, is the shape
deviation in the form of shrinkage depression. Depending on
the extrusion scheme, defects of this type occur both at differ-
ent stages of the process and in different zones of the part that
is being shaped (Fig. 1). A combined extrusion with multiple
degrees of freedom of the flow at different ratios between the
geometric and technological parameters of the same process
may result in the emergence of shrinkage depression in dif-
ferent zones of the workpiece being shaped (Fig. 1, a, b). For
example, during the combined radial-backward extrusion
of cups with a flange, at the final stage of the process, with
a predominantly reverse flow of a metal, there is a shrinkage
depression in the bottom part. The predominantly radial flow
is characterized by the emergence of shrinkage depression at
the inner wall of the cup, which is in contact with a punch. In
addition, at the final stage of the process the defect formation
is possible of this type in the axial part of a workpiece in the
form of metal waste from the end of the punch (Fig. 1, b, ¢).

One of the efficient theoretical methods for calculating
cold extrusion processes, including taking into consideration
possible defect formation, is the energy method [8]. Current-
ly, two main modifications of the energy method are actively
used: the energy method or the method of power balance

(axisymmetric problems) and the upper assessment method
(flat problems). To calculate the axisymmetric processes, the
deformable volume of a workpiece is split into axisymmetric
kinematic modules with the appropriate kinematically pos-
sible velocity fields (KPVF). In this case, the modules are
considered in the cylindrical system of coordinates 7, 9, z, tak-
ing into consideration the axial symmetry and the equality
to zero of the circular component of velocity Vo=0. After
selecting the appropriate set of KPVFs for the process, the
main equation of the energy balance in powers is built:

vaO=2N4i+zNai—j+lej—n’ (1)

where Ny is the power of forces of the plastic deformation
of module i; N;;_; is the power of cut-off forces between the
neighboring modules i and j; N;_, is the power of friction
forces, generated at the surface of the contact between mo-
dule j and tool n; Vj is the speed of an active deforming tool;
p is the pressure of deformation; Fis the area of the cross-sec-
tion of the active deforming tool.
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Fig. 1. Schematics of defect formation, the type of shrinkage
depression: @ — radial-backward extrusion; b — reverse-direct
extrusion; ¢ — radial-direct extrusion

By dividing both parts of the derived equality by a multi-
plier FV,yo,, we obtain a formula for the reduced pressure p:

2N, +§Nd, AN,
i J

FV,o,

p= ) (2)

where o; is the fluidity strain, MPa.

The resulting magnitude of the reduced pressure makes
it possible to calculate, regardless of the brand of a material,
the magnitude of deformation pressure p and the force of
deformation P:

p=p-6, P=p-F. 3

In the development of new estimation schemes according
to the modular approach, it is possible to use, for known kine-
matic modules, the ready components of reduced pressures of
deformation, cutting, and friction [19]. In this case, in order
to qualitatively assess the prediction of defect formation in
the form of a shrinkage depression at combined extrusion,
it is necessary to pay special attention to the character of
change in the optimal value for the kinematic parameters in
the course of the process.

The previously devised [20] estimation scheme (Fig. 2,
the process of deformation at H>0) makes it possible to
investigate the force characteristics of the process of com-
bined radial-backward extrusion, shape change in a part, and
defect formation in the form of a shrinkage depression in the
cup’s bottom part.
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It has been established that the shrinkage depression _W+ao,
forms at the final stage of the extrusion process, when the flow B Oa 2(r) 7
of a metal in the radial direction is almost non-existent, and 2 9
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the main part of the metal of the workpiece flows vertically 0, =
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which occurs without defect formation, is characterized by the r h_ I A
absence of a minimum point of magnitude W (a given magni- = ﬁ, b= ;1 -R,
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tude decreases during the entire process of deformation).

The kinematic and geometric parameters applied for the
improved estimation scheme (Fig. 2) are: V; is the speed of
an active deforming tool; Vi is the speed at the boundaries
of kinematic modules 1 and 2; W is the rate of metal outflow
in the vertical direction that forms the cup’s wall; V is the
rate of metal outflow in the radial direction that forms the
flange zone; Ry and Ry are the punch and matrix radii, re-
spectively; %y is the flange thickness; H is the magnitude that
characterizes the inclination angle of the module 2 boundary;
[y is the increment in the cup’s wall; /5 is the flange increment.

Under the accepted designations of the improved estima-

tion scheme, the process of deformation proceeds in succes-
sive three stages. Stage I corresponds to the set of kinematic
modules 1°, 2°, 3, 4. In this case, Hyysom=H~+hy and module 2 is
trapezoid. At H=0 (Hpozom=N1), there is a degeneration of the
trapezoid module 2° into a rectangular module (this stage 11
corresponds to the dotted boundary line in Fig. 2). The process
of deformation then proceeds to the stage at which the height
of module 1° becomes less than the thickness of the flange
(stage III, the set of kinematic modules 1, 2, 3, 4). This stage
corresponds to ratios Hpuom<ht With a change in the inclina-
tion of the boundary of flow divide of trapezoid module 2. In
this case, the calculations made earlier corresponded only to
the first stage of the deformation process [20]. Consideration
of stages II and III could significantly expand the possibilities
for studying the emergence of defects in the form of a shrinkage
depression in the cup’s bottom part for the final stage of the
deformation process at 0< Hpoom<h1.

The main changes in the generalized estimation scheme,
which takes into consideration the entire process of deformation
up to Hppuom— 0, relate to changes in the configuration of mo-
dule 2. We shall consider KPVF inside a given module accord-
ing to the selected stages in a deformation process (Table 1).

Thus, the calculation of force parameters of the process
of deformation comes down to the sequentially passage of all
three stages. Using the calculations for stage I of deformation
at Hyoseom>ny (H>0), we obtain, for the geometric parameters
related to Ry, and kinematic, related to V, the magnitude for

the reduced pressure:
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where

: _8\/722_W+av,,2
27 9z z(r)

is the speed of relative linear deformation of module 2;

U= Jez2rz )dr, U, = J,zezzz r)dr, U, = f ” r)dr

R R

are the magnitudes that determine the highest estimate of
the reduced deformation pressure in zone 2 [20].

For the case of the degeneration of trapezoidal module 2
into rectangular (at Hpyom="Hh1 or H=0), the point estimate
of the reduced pressure in relative parameters, taking into
consideration the history of deformation, takes the form:
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In this case, by assuming the magnitude Hy=A,+H in the
KPVF of module 2 for stage I1I where H, in the course of the
process, accepts values from 0 (not including) to —/4, one can
completely duplicate the magnitude of reduced pressure p,.
Thus, we finally obtain, taking into consideration the degen-
eration of module 2 at H=0 and the history of deformation
(relative to the stroke), the generalized magnitude of the
reduced pressure:

t Ay e[0,.H,~h)o(H,~h.1,),
H

p= _ (6)
P, at =H,-h
where H, is the relative stroke; H, is the relative initial
height of a workpiece.

4. 2. Analysis of patterns in the course of the process
with the emergence of shrinkage depression in the cup’s
bottom part and without defect formation

Let us consider the effect of change in the friction con-
ditions on the cup’s wall and punch s, responsible for the
reverse flow, and Ly, for the outflow of a metal that forms
a flange zone in the radial direction, on the possibility of

forming shrinkage depression (Fig. 3). At equal values for the
magnitudes [y =Ly, there is a slight shift in the critical course
of the punch corresponding to the beginning of the formation
of a given defect. The shift of the critical stroke of the punch
does not exceed 1 mm for friction conditions py=y=0.3
(curve (1), Fig.3) and wy=py=0.08 (curve (2), Fig. 3). In
addition, the relative speed of metal outflow in the vertical
direction W, also changes slightly, while at stage IIT there
is actually a transition from the combined extrusion to the
reverse extrusion. The increase in the friction factor in the
bottom part uy=0.3 at a fixed value py=0 results in a more
significant shift of the critical magnitude AHx downwards
to 8.5 mm (curve (3), Fig. 3). This leads to the possibility of
an earlier moment in the formation of shrinkage depression,
which is a negative factor. In this case, the increase in the
friction factor on the cup’s wall punch py=0.3 at a minimum
value of py=0 makes it possible to avoid the emergence of
a defect at all stages of the deformation process. This is due
to the absence of a minimum point, as the magnitude W
decreases throughout the entire deformation process; it is
a favorable factor (curve (4), Fig.3). Therefore, one can
obtain a period of critical values for stroke AHx, at which it
is likely that there will be a shrinkage depression for these
geometric parameters of the process, considering the extreme
values of friction factors characteristic of cold extrusion.

w
0.25 _——— -
) I ’
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02 ,/ 1I
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0 L - -
0 5 AHx

Fig. 3. Numerical simulation of change in the relative
outflow rate of a metal in the vertical direction W, depending
on punch stroke H, under different friction conditions:
1= W1=1=0.3; 2 — 1= =0.08; 3 — 11=0.3, Y =0;
4— H1=0, },L2=0.3

For the process parameters Ri=10.5 mm, Ry=22.5 mm,
hy=3 mm, and various contact friction conditions, we per-
formed simulation employing QForm2D/3D (Fig. 4). We
have analyzed patterns in the staged shape change of a part
made from lead alloy, in terms of influence of these technolo-
gical factors on the critical values for the thickness of the cup’s
bottom in the formation of such a defect. The results, based
on QForm2D/3D simulation, confirm the significant effect of
friction conditions on the possibility of a defect in the form of
shrinkage depression and are consistent with the results from
theoretical studies based on the estimation scheme.

Thus, the conditions of contact friction can be attributed to
significant control factors that affect the possibility of defect for-
mation in the process of combined radial-backward extrusion.



Fig. 4. A QForm2D /3D simulation of the process of
shrinkage depression formation in the part made from lead
alloy at R1=10.5 mm, R,=22.5 mm, h;1=3 mm, and different

friction conditions

5. Analysis of the feasibility of using
the estimation scheme to predict defect formation
in the form of shrinkage depression in the cup’s
bottom part

5. 1. Experimental study of the process of combined
radial-backward extrusion with the formation of shrinkage
depression

When implementing cold extrusion processes, one can
observe, under certain conditions, the phenomenon of defect
formation. For the process of combined radial-backward ex-
trusion, characteristic are the following types of defects:

— failure to maintain the shape and size of a finished pro-
duct, including the non-fit flange;

— rupture of a flange (evolution occurs in the radial direc-
tion to the axis of the extruded part);

— crack at the border of contact between a cup’s wall and
the bottom part, leading to the detachment of the latter;

— shrinkage depression in the cup’s bottom part and on
the inside of the formed wall of the cup.

Defects of the first type (Fig. 5, @) in the form of curva-
ture of the lateral end occur due to the insufficiently fixed
centered punch (co-axiality) in the deformation process,
which also contributes to the formation of different thickness
of the wall of the resulting cup. The main defects also include
the characteristic shape of a flange in the form of a «toe of
the boot». Defect formation in the form of flange rupture is
typically observed for low-plastic materials or at low flange
height for more plastic materials (AA1135, Fig. 5, b). This
is facilitated by a rather unfavorable pattern of the stressed
state, because the zone of flange formation is dominated by
circumferential tensile stresses, and at the peripheral part the
stressed state is close to linear stretching.

The extrusion based on the scheme of combined radial-
reverse extrusion at the intensive flow of a metal upwards
(predominant reverse extrusion at the final stage of the
process) may lead to the emergence of shrinkage depression
at the cup’s bottom (Fig.5, ¢, d). It was experimentally
established that the main difference of the process of defor-
mation with defect formation from the process that occurs
without the emergence of shrinkage depression is a sharp
increase in the magnitude P. When studying samples made
from lead alloy, the data were obtained on the strength
of deformation at the matrix radius R»=22.5mm and the
punch radius R;=10.5 mm. The process of extrusion without
the formation of shrinkage depression at the flange height
hi=4.5 mm is characterized by a smooth saturation of the

magnitude P at the final stage of the deformation process
(Fig. 6, point data (2)). In the process of extrusion with the
formation of a defect at Hy=20.5 mm and the flange height
hy=3 mm, the final stage of the process is characterized
by a sharp jump in the force of deformation, starting from
Hx=14 mm (Fig. 6, point data (1)). This occurs at the stage
of deformation, corresponding to the moment of the defect’s
birth in the form of shrinkage depression with a further
increase in the effort of extrusion during the process. This
feature in the character of change in the energy-force pa-
rameters of the process is associated with a sharp increase
in the rate of outflow of a metal in the vertical direction,
that is almost with the transition to the scheme with one
degree of freedom of flow (radial extrusion is virtually
non-existent).

c

Fig. 5. Defect formation in the process of combined radial-
reverse extrusion: a — failure to maintain the shape;
b — flange rupture; ¢, d — shrinkage depression
in the cup’s bottom part
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Fig. 6. Experimental data on change in the force of
the radial-backward extrusion P for a workpiece made from
lead alloy in the course of the process Hyat R,=22.5 mm,
R;=10.5 mm and flange thicknesses hy:
1—m=3mm, 2 — h=4.5mm

Experimental data on the course of the deformation
process with the formation of shrinkage depression for the
first stage are given in detail in paper [20]; further examined
below in the comparative analysis taking into consideration
all stages.



3. 2. Comparative analysis of theoretical studies into
predicting the formation of shrinkage depression with
experimental data

An important stage in the design of the technological
process of combined radial-backward extrusion is an analysis
of the possibility of a defect in the form of shrinkage depres-
sion in the cup’s bottom part. In this case, it is necessary
to refine the character of change in the relative outflow
rate W and to determine the critical value of the thickness
of the cup’s bottom, corresponding to the beginning of
shrinkage depression formation. Theoretical study of the
character of change in the optimal value W was conducted
up to Hbottom_>0-

We have performed a comparative analysis of the ex-
perimentally obtained part made from lead alloy with the
resulting shrinkage depression and simulation employing
QForm2D/3D at R{=10.5mm, Ry=22.5mm, h;=4.5 mm
and the bottom thickness Hpoom=2.5 mm (Fig. 7). The re-
sulting patterns of the part’s shape formation are identical.
In addition, for these geometric parameters of the process,
a change in the relative speed of metal outflow in the vertical
direction during the process (Fig. 8) has been investigated.
At Hx=22.5mm (Hpyom=4.5mm), there is a transition
from stage I to stage III; in this case, in close values there
is a minimum of the magnitude W. This indicates the pos-
sible beginning of the formation of shrinkage depression,
and at Hx=24.5 mm there is actually a transition to the
process of reverse extrusion. The onset of shrinkage depres-
sion formation according to the QForm2D/3D simulation
and the experimental data corresponds to Hpgom=3.6 mm
(Hx=23.4 mm). According to theoretical calculations, the
onset of shrinkage depression formation is marked by a ver-
tical solid line (T), and, according to experimental data, by
a dotted vertical line (E) (Fig.8). Thus, considering as
a criterion value of the minimum point W is feasible and pro-
duces a slight overestimation of the bottom thickness, cor-
responding to the start of defect formation. The character of
change in the increment of the flange zone during the process
of deformation with the formation of shrinkage depression
also confirms the patterns in the course of the process. Thus,
starting from Hx=24.5 mm and to the end of the deformation
process, there is no increase in the flange zone, that is there is
no radial extrusion (Fig. 9).

QForm2D/3D

Fig. 7. Comparative analysis of experimental data (left)
and the QForm2D /3D simulation (right) on the formation
of shrinkage depression in a workpiece made from lead
alloy at R1=10.5 mm, R,=22.5 mm, h;=4.5 mm,
Hbortomzz-s mm
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Fig. 8. Numerical simulation of change in the relative rate
of metal outflow |/ during the process H, with the formation
of shrinkage depression at R;=10.5 mm, R,=22.5 mm,
h1=4.5 mm: T — theoretically obtained estimation data,

E — experiment
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Fig. 9. Numerical simulation of increment in the flange
zone f during the process H, with the formation of shrinkage
depression at R1=10.5 mm, R,=22.5 mm, h1=4.5 mm

Since friction conditions can be attributed to factors
that significantly affect the duration of shrinkage depres-
sion formation, the following diagram can be proposed as
a preliminary estimate of the defect formation (Fig. 10).
A given diagram was derived from theoretical calculations of
the moment of shrinkage depression formation, correspond-
ing to the point of minimum in the magnitude W, when
the relative flange thickness /1/Ry ranges up to 0.35, the
relative thickness of the cup’s wall /Ry up to 0.75 at the
border sets ui=0, 1y=0.3 u p;=0.3, wo=0. Let us describe
the algorithm of using this diagram.

Initially, one needs to find the relative values for the
flange height and the thickness of the cup’s wall S=Ry—R; by
marking them in the coordinate system (,/R,,S/R,) on the
right-hand side of the diagram. Next, one needs to proceed,
considering the relative value for the cup’s bottom thickness
t=Hpottom, to the left-hand side of the diagram by marking the
final position of point (¢/R,, S/R,). In this case, if the point
(¢/R,, S/R,) is located above the top broken line, separating
the region of defect formation (Fig. 10, (1)), the shrinkage
depression for these parameters of the process does occur,



below the bottom broken lone — does not (Fig. 10, (2)). In
addition, in the band of critical values (the region of the plane
between broken lines), it is possible to control the emergence
of shrinkage depression by changing friction conditions within
the range of u;=0+0.3, 1y=0+0.3. In this case, increasing the
height of the flange while maintaining the rest of the extru-
sion process parameters contributes to a later onset or the
absence of shrinkage depression, and thus expands the region
for obtaining parts without defect formation. Increasing the
thickness of the cup’s wall while maintaining the rest of the ex-
trusion process parameters, on the contrary, contributes to the
earlier onset of shrinkage depression and is a negative factor.

pressure has been obtained to calculate the deformation pro-
cess up to Hpyom— 0 (considering the final stage of deforma-
tion at Hpoom<h1). A change in the character of the relative
outflow rate in the vertical direction has been investigated
for processes with the formation of shrinkage depression and
without a given defect. It is feasible to consider, as a criterion
magnitude (corresponding to the beginning of defect forma-
tion), the point of minimum W.

We have analyzed the effect of change in friction condi-
tions on the cup’s wall punch s, responsible for the reverse
flow, and py — for the outflow of a metal forming a flange
zone in the radial direction, on the possibility of shrinkage

depression formation. It is noted that at

equal values for magnitudes pyi=p, there is
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m,=0 ;; S/R, a slight shift in the critical stroke of the'
H=0.3]| =~ | n'_’ " punch corresponding to the beginning of
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Fig. 10. Diagram of dimensions of the parts that can be obtained
by combined extrusion without the formation of shrinkage depressions:
1 — experimental data for R,=22.5 mm, A1=4.5 mm, S=12 mm, {=3.6 mm;
2 — experimental data for R,=22.5 mm, ~y=3 mm, S=8.5 mm, =6.5 mm

The diagram has a point (1) corresponding to the process
of deforming a workpiece made from lead alloy at #;=4.5 mm,
S§=12 mm, ¢=3.6 mm with the formation of shrinkage depres-
sion (experimentally obtained data). This point falls into the
region of the diagram above the top broken line, that is in
the region of shrinkage depression formation, obtained from
theoretical data. The point (2) corresponds to the process
of deforming a workpiece made from lead alloy at #;=3 mm,
§=8.5 mm, t=6.5 mm without the formation of shrinkage de-
pression. This point falls into the region of the diagram below
the bottom broken line, that is the region without the forma-
tion of shrinkage depression, derived from theoretical data.

Thus, a comparative analysis of the experimentally obtained
data for Ry=22.5mm, $=12 mm and $=8.5 mm confirmed the
possibility of using the built diagram both for the process with
the formation of shrinkage depression and without defect for-
mation. The proposed diagram (Fig. 10) for the chosen range of
variations in geometric and technological parameters is infor-
mative enough and easy to use. Based on theoretical data, it is
possible to build diagrams similar to this one, for other ratios of
the combined radial-backward extrusion process.

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

Our study has confirmed the effectiveness of the devised
generalized estimation scheme for the process of combined
radial-backward extrusion. Three stages in the process prog-
ress have been identified and the magnitude for the reduced

— relative thickness of the flange up
to 0.35;

— relative thickness of the cup’s wall
up to 0.75;

— ensuring friction conditions within
the range u1=0+0.3, uy=0+0.3.

The QForm2D/3D simulation and experimental data
confirm the feasibility of using the proposed generalized
estimation scheme, which makes it possible to predict shrink-
age depression formation throughout the entire process of
deformation up to Hpuom— 0. The factors that reduce the
likelihood of shrinkage depression formation or contribute to
its later onset include:

— increasing the thickness of a flange (for example, by
introducing a chamfer);

— ensuring the highest friction on the cup’s wall and
punch at minimal friction in the bottom and flange zone.

The aim of further research is to extend the possibilities
of the energy method for the development of estimation
schemes for combined extrusion processes, which would
make it possible to effectively predict defect formation in
different zones.

7. Conclusions

1. A generalized estimation scheme of the process of com-
bined radial-backward extrusion of hollow parts with a flange
has been developed, taking into consideration all stages of de-
formation. That has made it possible to predict the emergence
of shrinkage depression in the cup’s bottom part throughout
the entire process of deformation.

2. We have investigated a change in the character of re-
lative outflow rate in the vertical direction for processes with
the formation of shrinkage depression and without defect for-
mation. It has been proposed to consider, as a criterion mag-
nitude (corresponding to the beginning of defect formation),



the point of minimum W. The effect of different friction
conditions on the process of shrinkage depression emergence
has been analyzed. It has been established that the greatest
influence on the time of shrinkage depression emergence is
exerted by the boundary friction conditions (maximum value
Wy at minimum value Uy, and vice versa). A later onset (or the
absence) of shrinkage depression is contributed to by ensur-
ing the highest friction on the wall of the cup and punch at
minimal friction in the bottom and flange zone.

3. The obtained experimental data and the QForm2D /3D
simulation confirm the feasibility of using the gene-
ralized estimation scheme to predict the formation of
shrinkage depression throughout the entire deformation
process up to Hppwom—>0. Using the proposed diagram is
recommended for the relative flange thickness A{/Ry with-
in the range up to 0.35, the relative thickness of the cup’s
wall §/Ry up to 0.75 at the border sets u;=0, u,=0.3 and
LL1=0.3, ].l2=0.

References

1. Markov, O., Zlygoriev, V., Gerasimenko, O., Hrudkina, N., Shevtsov, S. (2018). Improving the quality of forgings based on upsetting
the workpieces with concave facets. Eastern-European Journal of Enterprise Technologies, 5 (1 (95)), 16—24. doi: https://doi.org/
10.15587/1729-4061.2018.142674

2. Zhang, S. H, Wang, Z. R., Wang, Z. T, Xu, Y., Chen, K. B. (2004). Some new features in the development of metal forming tech-
nology. Journal of Materials Processing Technology, 151 (1-3), 39-47. doi: https://doi.org/10.1016 /j.jmatprotec.2004.04.098

3. Plancak, M., Barisic, B., Grizelj, B. (2008). Different Possibilities of Process Analysis in Cold Extrusion. Key Engineering Materials,
367, 209-214. doi: https://doi.org/10.4028 /www.scientific.net/kem.367.209
Aliev, 1. S. (1988). Radial extrusion processes. Soviet Forging and Sheet Metal Stamping Technology, 6, 1-4.

Cho, H. Y, Min, G. S, Jo, C. Y., Kim, M. H. (2003). Process design of the cold forging of a billet by forward and backward extrusion.
Journal of Materials Processing Technology, 135 (2-3), 375—381. doi: https://doi.org/10.1016 /s0924-0136(02)00870-1

6. Pepelnjak, T, Milutinovi¢, M., Plangak, M., Viloti¢, D., Randjelovi¢, S., Movrin, D. (2016). The Influence of Extrusion Ratio
on Contact Stresses and Die Elastic Deformations in the Case of Cold Backward Extrusion. Strojniski Vestnik — Journal of Mecha-
nical Engineering, 62 (1), 41-50. doi: https://doi.org/10.5545/sv-jme.2015.3051

7. Aliev, 1. S., Lobanov, A. 1, Borisov, R. S., Savchinskij, I. G. (2004). Investigation of die blocks with split matrixes for the processes of
cross extrusion. Kuznechno-Shtampovochnoe Proizvodstvo (Obrabotka Metallov Davleniem), 8, 21-26.

8. Farhoumand, A., Ebrahimi, R. (2009). Analysis of forward-backward-radial extrusion process. Materials & Design, 30 (6),
2152-2157. doi: https://doi.org/10.1016/j.matdes.2008.08.025

9. Seo,]. M, Jang, D. H., Min, K. H., Koo, H. S., Kim, S. H., Hwang, B. B. (2007). Forming Load Characteristics of Forward and Back-
ward Tube Extrusion Process in Combined Operation. Key Engineering Materials, 340-341, 649—654. doi: https://doi.org/10.4028/
www.scientific.net/kem.340-341.649

10.  Kalyuzhnyi, V. L., Alieva, L. 1., Kartamyshev, D. A., Savchinskii, I. G. (2017). Simulation of Cold Extrusion of Hollow Parts. Metal-
Jurgist, 61 (5-6), 359-365. doi: https://doi.org/10.1007/511015-017-0501-1

11. Noh, J., Hwang, B. B,, Lee, H. Y. (2015). Influence of punch face angle and reduction on flow mode in backward and combined
radial backward extrusion process. Metals and Materials International, 21 (6), 1091-1100. doi: https://doi.org/10.1007/
$12540-015-5276-y

12.  Aliieva, L., Zhbankov, Y. (2015). Radial-direct extrusion with a movable mandrel. Metallurgical and Mining Industry, 11, 175-183.

13.  Filippov, Yu. K, Ignatenko, V. N., Golovina, Z. S., Anyuhin, A. S., Ragulin, A. V., Gnevashev, D. A. (2011). Teoreticheskoe issle-
dovanie kombinirovannogo protsessa radial'nogo i obratnogo vydavlivaniya v konicheskoy matritse. Kuznechno-shtampovochnoe
proizvodstvo. Obrabotka materialov davleniem, 7, 3-7.

14. Laptev, A. M., Perig, A. V., Vyal, O.Y. (2013). Analysis of equal channel angular extrusion by upper bound method and rigid blocks
model. Materials Research, 17 (2), 359-366. doi: https://doi.org/10.1590/s1516-14392013005000187

15.  Ogorodnikov, V. A., Dereven’ko, I. A., Sivak, R. I. (2018). 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, 54 (3),
326-332. doi: https://doi.org/10.1007 /s11003-018-0188-x

16. Dereven’ko, I. A. (2012). Deformiruemost’ i kachestvo zagotovok v usloviyah kombinirovannogo formoizmeneniya. Obrabotka
metallov davleniem, 3 (32), 87-96.

17. Aliiev, 1., Aliieva, L., Grudkina, N., Zhbankov, 1. (2011). Prediction of the Variation of the Form in the Processes of Extrusion.
Metallurgical and Mining Industry, 3 (7), 17-22.

18.  Shestakov, N. A. (1998). Energeticheskie metody rascheta protsessov obrabotki metallov davleniem. Moscow: MGIU, 125.

19. Hrudkina, N., Aliieva, L., Abhari, P, Kuznetsov, M., Shevtsov, S. (2019). Derivation of engineering formulas in order to calculate
energy-power parameters and a shape change in a semi-finished product in the process of combined extrusion. Eastern-European
Journal of Enterprise Technologies, 2 (7 (98)), 49-57. doi: https://doi.org/10.15587/1729-4061.2019.160585

20. Aliieva, L., Grudkina, N., Zhbankov, I. (2012). Analysis of billet deformation during the combined radialbackward extrusion. New

technologies and achievements in metallurgy and materials engineering. Czestochowa: Quick-druk, 389-396.



