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Abstract

The work examines the process of cold three-dimensional stamping, which is a very effective method of
manufacturing blanks for machine parts. When using cold extrusion, high-cost stamping equipment wears out
quickly and defects appear on the finished products. The development of rational technological processes of
stamping helps to solve the tasks of expanding the possibilities of cold extrusion by reducing the specific force
perceived by the punches, finding the optimal shape of the punch, and testing different grades of steel in order to
select them according to the best operational properties. The process of radial extrusion was theoretically
investigated and its mathematical model was built based on the energy method, which allows for the analysis of
the force mode of extrusion and the kinematics of metal flow, to determine the relative specific force of
deformation, to construct the velocity fields for different metal flow zones, and already from these data to
calculate the total force deformations The resolution of the model made it possible to formulate
recommendations for reducing production defects and increasing the durability of die equipment.
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Introduction

Cold three-dimensional stamping is a highly efficient process of manufacturing parts and is widely used
in the world engineering industry. Extrusion occupies a special place among volume stamping operations. In the
conditions of the free economic zone with the EU, the main criteria of product competitiveness are its price and
quality, which is achieved by introducing new and improving existing technologies.

Analysis of the latest research

One of the highly productive and economical processes for the production of parts is cold extrusion (CE)
from alloys of non-ferrous metals and various grades of steel [1]. The economic feasibility of using cold
extrusion is determined by improving the quality of parts, reducing metal consumption, reducing labor intensity,
and reducing cost. The highest efficiency of cold extrusion processes is achieved in the production of
axisymmetric parts and a complex shape with large differences in the intersections of cavities of different
configurations [2].

Highlighting the previously unsolved part of the general problem

In fig. 1 shows a drawing of an extruded M42x2 nut blank. This nut is used to complete the high-pressure
hose (Dy=25-4SH, R=320 Bar.), which ensures the operation of the power hydraulic system of grain harvesters.
However, during the manufacture of this part, some problems arise, namely:

- surface defects appear (cracks, depressions, burrs, and other defects (Fig. 2);
- low stability of expensive stamping tools (matrices and punches), which reduces work productivity and
increases its cost.
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Fig. 1. Workpiece of nut S50(M42x2)

Presenting main material

The choice of one or another method in the production of products by extrusion requires the development
of scientifically based technology [3], which allows predicting the mechanical characteristics of the resulting
parts at the stage of designing the technological process. In addition, the development of rational technological
processes contributes to the solution of the tasks of expanding the possibilities of cold extrusion by reducing the
specific force perceived by punches, finding the optimal shape of the punch, and testing different grades of steel
in order to select them according to the most optimal operational properties.

a) b) c)
Fig. 2. Surface defects of the nut blank obtained by cold extrusion:
a - surges, weights; b — cracks, roughness, ¢ — longitudinal lines.

It has been theoretically proven [4] that the processes of extrusion of parts with variable wall thickness
along the perimeter are characterized by a specific three-dimensional flow of metal. This flow is not
axisymmetric, which has not been taken into account in theoretical solutions until now. It has been proven that
extrusion takes place in two stages: the first, which occurs as a radial flow of metal, during which the festoon is
formed on the upper end of the part (Fig. 3); the second is three-dimensional (vortical), i.e. all three velocity
components are different from zero: vr # 0; v0 # 0; vz # 0) (Fig. 4). The initial parameters are the dimensions of
the punch r,, the matrix A, and the workpiece h,. For the first stage of deformation, we assume that radial flow
takes place in zones 1, 2, zone 3 can be plastic (due to shear), and zone 4 has no deformation, therefore it is a
rigid zone. Velocity fields in zones 1, 2, 3 in the cylindrical coordinate system have the following form (Fig. 3):
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Fig. 3. Diagram of the process of radial extrusion at v;=0
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For zones 2 and 3, the components vrl, vz2 and vr2 are obtained on the basis of the law of constancy of
volume. Dependencies for metal flow rates, deformation rates, and intensity of deformation rates make it
possible to describe the deformed state in the entire volume of the workpiece and proceed to the construction of a
mathematical model of the process.

v
Zonel: h-hs<z<h, 0<r<ry; Vzl=—fz—ha—h;vrl=_;: T Vo1 = 0;
g
v v, A%—r®costf
Zone2: h-hy<z<h, m<r<Alcosf;v,;=—"—hs—h-f5; Vrzzi'f'fﬁ;

2 2
where f8 = %; Vo2 = 0;

Zone3d: h<z<h+he, m<r<Alcosf; v, =v, f0; v,3=0; vg3=0;
Zoned: 0<z<h-hy, m<r<Alcost; v,y =0; v,y =0; vg =0,
where v, — punch speed

h — is the depth of propagation of the center of plastic deformation;

h¢ — the height of the part wall;

h — bottom thickness;

r, z, @ — coordinates of the cylindrical coordinate system.

To build a mathematical model of the process, we use the first basic equation of the energy method [5]:

M

Fy= v—ln [Z Uﬂ o (Ef)‘f;'dlf)j + Zl (ﬂ‘ 7, \,deA)m +Z Uf 7, avda)n (1)

m=

where F — the variable active force in the process of deformation, H;
vit — punch speed, m/c;

o (i) — flow stress as a function of strain intensity &i, Pa;

V — volume of the zone in the center of deformation, m?;

x — friction stress on the contact surfaces, Pa;

A — surface area of this element of the deformed workpiece, m?;

Vi, Vi — speed along the generalized coordinate axes k and I, m/c;

S — shear stress on the surfaces of the speed gap, Pa;

Av — gap of shear rates, m/c;

G — surface area of the speed gap, m?;

J — the number of zones into which the deformation center is divided;
M — the number of contact friction surfaces;

N — the number of velocity discontinuity surfaces.

The power of the external deforming force applied to the punch:
N12=F5."Vn = ]‘ITHZ P VnOs , (2)

where p — the relative specific deformation force as a function of the dimensionless depth of the
distribution of the plastic deformation cell.

Based on (1), we can write:
Ty pvaos=Lic1 Ny 3)

By substituting into the ratio (3) the value of the calculated power of the internal forces of resistance to
deformation, contact friction and shear, which are calculated for each of the zones of the part - Ni, dividing the
right and left parts by vi s and the area of the working face of the punch zr,% , after conversion to the criterion
form, we find p

p=Ao + Aihs+ A2/ hy (4)

Values A0, Al, A2 are calculated constants. Ratio (4) is a mathematical model of the radial extrusion
process (under the conditions ve = 0). (4) can be considered as a function of the properties of the deforming
material (os), the dimensions of the workpiece and the tool (shown in Fig. 2), the friction conditions on the
contact surfaces of the matrix and the punch (u1 and u2), as well as the varied parameter h, - depth spread of
plastic deformation center.
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a) b)
Fig. 4. The diagram of the division of the part into zones (a) and the diagram of the three-dimensional flow in zones 2
and 3 (b) at the second stage of extrusion

Dependence (4) makes it possible to analyze the force mode of extrusion and the kinematics of the metal
flow, determine the relative specific deformation force p, construct the velocity fields for zones 1 - 4, and use
this data to calculate the total deformation force Fo.

It is shown that the theoretical analysis of three-dimensional flow processes when vx # 0, vy # 0, v, # 0 (or
in the cylindrical coordinate system v. # 0; vy # 0, v; # 0) (which is conventionally called "vortex", as
recommended by A. G. Ovchinnikov [4]), can be carried out in full. The analysis performed the second stage, in
which the wall formed by the overhang hc with the festoon @ acts as a rigid end and equalizes the velocity v,
along the angle 6. At this stage, the dimensions of the formed festoon no longer change (which is confirmed by
experiments), and since the thickness of the wall along 8 is variable, then this leads to a significant change in the
character of the flow - the formation of a three-dimensional flow, in which we have vy # 0 in zones 2 and 3 (Fig.
4, b). For a three-dimensional flow (when all components vr, v and vz are different from zero) the condition of
constancy volume has a more complex form than with radial:

dv,. dv, dvg 5
ar+az (a +v) 0. (5)
Equation (5) contains three unknown functions v; , vp and v,. If two functions vy and v, are specified, then

the function v, can also be determined from the condition of constant volume. For this, you can use suitable
functions that describe the flow of metal in zones 1, 2 and 3 (see Fig. 4, a). Zones 4 and 5 are hard, because in
them all components of strain rates, except v.4, are equal to zero. In addition, vz4 = const. Suitable functions must
satisfy the boundary conditions. Zone 1 (0 < r <Ry) is characterized by a radial flow of metal, which is described
by functions linear with respect to the independent variables r and z:

V= —2 [z —(h—hy); vi= H. Vo1 = 0; (6)

where Rx — the unknown radlus separatlng the regions of radial and three-dimensional flow.

Zones 2 and 3 (Rx < r < ry, as well as r, <r < A/cos(6) are characterized by an eddy flow that can be
described by complex suitable functions. The velocities v;2 and v,z are easily determined from the conditions of
constancy of volume, and the function for the velocity ve, can be given as a fit with five parameters (ao, a1, a2, as
and 1) that must be varied to obtain min (Fy):

2
e LR R ) A R 0 ™
vez=[ag+a 7+ a,r? + azrd](sindf + Asin86) - v,; ves=vez; (8)

where r, 8 and z — independent variables; ao, a1, a2, as and A — variable parameters.

It was established from previous experimental studies that 0 < 4 < 0.55. The functions v, and v;3 for zones
2 and 3 can be found from the condition of constant volume:

1 dv, 1dv z3
v,,2=—;[_l.[ a: + Iﬂ':z) rdr+Cy]; Vrz ——‘[f( + ) rdr+Cy; ©)

Integrating (9) taking into account boundary conditions by zones Ieads to obtalnlng complex functions of
the general form:

Vio=fr(ag, @y, az a3 hy,6,4,R,); vra=fy(ag, @y, az az hy,6,4,R,), (10)

la\a'eﬂ

where Ry — variable, which allows to determine the border of zones 1 and 2, based on boundary conditions 0 < R
< I

The velocity functions vy and v, have the following properties: 1) the eddy current (when vy # 0) starts
from some coordinate r = Ry; 2) at the point r = Ry function vy is continuous; 3) the metal of the workpiece does
not penetrate through the wall of the matrix.
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From these properties, we obtain additional information about the behavior of the corresponding
functions ve, vy and additional conditions: 1) at r = Rx vy = 0; 2) at r = Ry we have dvy /d; = 0, as well as dave /d/
=0; 3) at r=A/cos(0) Vi3 / ves =1g(6).

From these additional conditions follows the possibility to reduce the number of varied parameters by
connecting them through 2 generalized parameters. This simplifies the process of minimizing function (4)
depending on the depth of propagation of the plastic deformation center (Fig. 4), makes it possible to follow the
transition of the deformation process from the initial stage (purely radial flow) to the second stage - three-
dimensional flow, when ve # 0 as an energetically more advantageous option with a sufficient height of the rigid
end (extruded wall).

The accepted assumptions for determining the parameters of the functions vy and v;, which minimize the
function p (4), made it possible to perform calculations and describe the nature of the metal flow at all stages of
extrusion with sufficient accuracy.

The strain rate intensity & is determined by the well-known formula, which contains the components of
the strain rate tensor determined according to the Cauchy equations.

The obtained dependences for flow rates, deformation rates, intensity of deformation rates in each zone
made it possible to describe the deformed state in the entire volume of the workpiece and proceed to the
construction of a mathematical model of the process.

The power of the external deforming force applied to the punch;

Nl4:Fa"-"n = :I'TTRZ p ViOs (11)
Based on (1), we can write:
52 - p vuos = TN, (12)

By substituting the values of the calculated capacities into expression (12), dividing its right and left parts
by v.os and the area of the working face of the punch zr,?, converting the obtained complex function to the
criterion form, we find the relative specific deformation force p for extrusion in three-dimensional flow
conditions [5].

The considered process is a process in which the radial and "eddy" currents flow sequentially. The
MathCAD software package was used for the analysis and research of the process of metal pressure processing -
a practical and effective tool that allows you to predict the nature of formation during metal pressure processing
operations without the expense of experimental research.

The work analyzes the technological process of manufacturing a part of the "thin-walled glass" type with
a variable wall thickness along the perimeter by cold reverse extrusion, as well as the influence of the CE
parameters on the mechanical characteristics of this type of parts.

Conclusions and prospects for the development of the direction

1. The use of active forces of contact friction will reduce the specific force on the punch by 20-30%.

2. When choosing the optimal taper angle of the punch end, it is possible to reduce the specific force on
the punch by 7 - 13%.

3. When choosing the optimal dimensions of the outline on the end of the workpiece, it is possible to
reduce the specific force on the punch by 4 - 15%. Under the action of active frictional forces, the influence of
the technological outline decreases.

All of the above factors increase the stability of the cold-drop tool (matrices and punches) by 40-45%.
The stability of technological equipment directly affects the cost of production of blanks due to the significant
costs of its production. Currently, in order to reduce the deforming force, various lubrication materials, tool
shapes, methods of processing the surface of the workpieces are used, which allow to reduce the forces of
contact friction, and extrusion with active frictional forces is also carried out. In addition, due to a significant
improvement in the condition of the surface of the workpieces, the number of rejected products is reduced from
15% to 5%.
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CaBHHbKHH IO.B. MHJ]I)KO B.B. BHCL C.C. HiHBI/HlIeHHﬂ HOBFOBi“IHOCTi 06HaﬂHaHH}I I XOJIOOHOT O
9 9
00’eMHOT0 mTaMITyBaHHSA

B po6oTi BUBYEHO TpoIeCc XOJIOTHOTO 00’€MHOTO IITaMITyBaHHS, SKHN € TykKe e()eKTUBHHM METOIIOM
BUT'OTOBJICHHS 3aTOTOBOK AeTaieil MamuH. [1py 3acTOCYBaHHS XOJIOAHOTO BUIABIFOBAHHS BiOYBA€ThCs MBHIKE
3HONIYBAHHS BUCOKOBAPTICTHOI IITAMITIOBOi OCHACTKH Ta 3 SIBITIOTHCS Je(PEKTH Ha TOTOBHX BHpoOax. Po3pobOka
palioHaIbHUX TEXHOJIOTIYHUX TMpPOILECIiB IITaMIyBaHHS CHpUSE€ BUPIIICHHIO 3aBJaHb 110 PO3LIMPEHHIO
MOXIIMBOCTEIl XOJIOAHOTO BHWJABIIOBAaHHS 33 paxyHOK 3HW)KEHHS ITUTOMOI CHJIM, SKa CIIPUAMAETHCS
MyaHCOHAMH, 3HAaXO/DKEHHsS ONTHMAaNbHOI (OpMH ITyaHCOHa, ampoOalis pi3HHMX MapoK cTaleil 3 MeTow iX
minbopy Mo HaWKpamuM eKCIUTyaTaliiHUM BIIACTUBOCTSM. TE€OpEeTHYHO JOCIHIJKEHO MpOLEC paiiajJbHOro
BUJIABIIIOBAaHHS Ta MOOYJ0BaHO HOro0 MaTeMaTW4Hy MOJEJIb Ha OCHOBI €HEPreTHYHOTO METOAY, SKa J03BOJIIE
MPOBECTH aHaJli3 CUJIOBOTO PEXHUMY BHABIIOBAHHS i KIHEMaTHKH IUIMHY MeETally, BU3HAYUTH BiIHOCHE ITUTOME
3ycmutst aedopmariii , HoOyAyBaTH OIS MIBUAKOCTEH U Pi3HMX 30H Tedii METaly, a BKE 3a IIUMH JaHUMHU
po3paxyBatd TOBHe 3ycmurst nedopmarii. Po3B’s30k Monmemi J03BOJNMB CPOPMYIIOBATH PEKOMEHAAIil II0
3MCHIICHHIO BUPOOHNIOT0 OpaKy Ta MiIBUIIEHHIO JOBTOBIYHOCTI IITAMIIOBOTO OCHAIICHHS.

KoarouoBi cioBa: Teuist merany, nedopmariii, BUIABIIOBaHHS, MaTPHUIs, ITyaHCOH.



