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Summary

A novel simplified theoretical solution is found for the stress states accompanying the process of extrusion of multi-layer materials
under the conditions of axial symmetry. The solution is based on the model of perfect plastic material satisfying the Tresca yield condition,
the Haar-Karman conditions being satisfied in each layer. The layers are characterized by different yield limits and strong plastic
nonhomogeneity. In the neighbourhood of the interfaces continuous variation of the yield limit is assumed. The form of the plastic zone and
positions of the contact surfaces separating the layers are assumed. Shearing stresses and mean pressure in a longitudinal section of the
extruded rod are expressed in terms of functions of the axial coordinate z. Unknown functions of the single coordinate z are determined
from the yield conditions written for the contour of the die. Accurate analytical relations are derived for the normal stress distribution at
the surface of contact between the dic and the material extruded. Using the known normal and shear stress distributions (due to friction),
accurate value of the lower estimate of the extrusion force is determined. The solution may be applied to the cases of arbitrary number of
layers and arbitrary form of the die. It may be used to a rational analysis of the process of extrusion of multi-layer cylindrical rods.
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1. Introduction Thc‘cxisling theories have Cl‘ll]CL‘I‘I}IL‘l»| r'.llhlcr homogencous
materials’ extrusion and the characteristics of such processes
one may find, among others, in [ 1+4].

In this work we analyse the extrusion process of multilayer
cylindrical bar [5+7] and try to determine extrusion forces using
the existing methods [8+11]. Our objective is to search for a
new, more advanced theoretical solutions.

One of important manufacturing technology processes is
multilayer elements extrusion — schematically presented in Fig.
1, the lack of theories regarding this process, theories taking
materials heterogeneity and fraction coefficient variability into
consideration tempted us to approach the problem.
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We have adopted a model of ideal plastic body with
Treska’s plasticity condition to look for the answer to the
problem of axial — symmetrical forward extrusion of multilayer
cylindrical bar through a dic with a conical hole, algorithms
taken from [11, 12] and presenting the results of numerical
calculations in graphic form.

2. Fundamental assumptions and
relations

In the realization of undertaken objective we adopted the
following assumptions:

— every deformed layer has properties of an ideal rigid —
plastic body of k plasticity limit, and the material is non —
compressible,

— there is a continuous change of plasticity limit in the
contact arca,

— motion trajectories of particles in each layer correspond to
plastic flow described by the flow output function [2]:

™ gy
(DF = ﬂmR(—,V‘]

2.1)

and its value along i-th current line is constant (Fig. 2) and
equal to:
OF =TIR;Y, =[O’V (22)
— a radius Ry, R....R;, Ry and the following equation

determine the position of every point in any layer in the
area OARC (Fig. 1)
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Fig. 1. Notation of cylinder’s layers taken for consideration.

(2.3)

r,(r,z)=
R,(z)

— trajectories determined by the formula (2.3) and the
function ®F comply with the hypothesis of flat cross
sections A-A (Fig. 1) at motion.

Nevertheless, the above assumptions are controversial, for
the experiments described in [5, 12] show a complex motion of
layers depending, among others, on Ry/Ry, Ro/Ry ... ki/ka, ko/ks
relations and the reduction grade (Fig. 2).

N (2.4)
R[l

It has been also assumed that friction stress 1,(z) on surface of
material contact with a die is [21]:

1,(z) =k, (2.5)

where: friction coefficient p has the value: 0 < p < =1, and
practically, with lubrication. reaches 0.3.

We based the proposed method of stresses and extrusion
force calculation on Treska’s plasticity condition and Haar-
Karman assumptions. With components of stress tensor being
determined from these conditions on contour line
r =Ry (z) . Morcover, we assumed the following:

r, =1
- plasticity limit k = k (r, z) in the AOBC area,
- Ry (z) =ry+ mz, where: m = tg a (Fig. 2).

Thus, in considered quasi-static problem and plastic

material without hardening the equilibrium would have the
form:

do Iarm o, -0,

! { =0 (2.06)
J, 0, r
Jr, do, 1
9, 9, r
o, —0, =2k, =2k(r,z) (2.8)
G, =0, 2.9)

and after inserting o; ,G 4, 0, , T into the equation (2.9) in

place of main components of stresses’ one obtains:

2 2 .
(0,-0)+4 T, =4k (r,z) (2.10)
Thus we finally obtained four equations (2.6+2.9) with four
unknowns. Boundary conditions, apart from the relation (2.5),
now expressed as:
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