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1. Introduction

The porous metal undergoes a density change during the metal forming. Since
the mechanical proporties of the final P/M products are greatly affected by the den-
sity or density distribution, it is very important to estimate them. There are efficient
experimental or semi~experimental methods for obtaining the density distribution. An-
alytical methods of approach, based on the slab method [2, 3], the slip-line method [2,
3] and the upper-bound method [4, 3] for different metal forming problems are applied.
Evaluation of density, stress and strain fields may be done effectively by means of nu-
merical analysis avoiding experimental approaches. The elastic-plastic finite element
approach is applied for this purpose by [5].

In the present study, the rigit—plastic finite element approach is used for analysis
of forming processes of porous metals. This method is based on the upper bound
theorem and the finite element solution in velocities.

2. Mathematical model

The plastic flow due to the metal forming of porous metals is charaterised by
large plastic strains and volume changes. A yield criterion containing the first stress
invariant should be applied. In the present model a yield criterion, proposed by Betten
is used [6).
(1) F= AII? + Bh* +CII, + DI, - 0} = 0,
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where
II, = 1/ %s;js;j,
(2) %; = i — 30kkbij,

L = 0iib; = ok,

and o;; is the Cauchy stress tensor, A, B, C and D are experimentally obtained material
functions depending on the relative density, oy is the generalized yield limit which

depends on the yield limit of the base material a: and on the material function g = §(p)

3 oy = ﬂa:.

The relative density is present by the ratio of the volume of the base metal V;
to the total volume of the porous metal V and V = V4 4+ Vpor, Vpor is the volume of
pores in V

(4) p=V/V.

The yield limit of the base material depends on the effective strain-rate &, of
the base material, on its effective strain &, and on temperature T

(5) af,: :(é’b,é’b,T)

where .

(6) & = / Epdt.
0

According to the associated flow rule, the plastic strain—rates and the volumetric
strain—rate are:

gij = 5\(5{-6.-,- + g%F;rsij),
(7 ) . : g

€y = Ekk = 3A3T1"
where i
(8) : &;j = 5(vi4 + v54)

is the strain-rate tensor of the porous material and v; is the velocity vector.
The rate of plastic energy dissipation is given by

9) ’ Wp = 0jj€i; = d;é.'j.
The density-rate kinetic equation is
(10) p = —péy.
The plastic flow is considered as quasi-static and the equilibrium equations are

(11) 0iji = 0.
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Friction conditions at the die-material interface greatly influence metal flow,
formation of surface and internal defects, stresses acting on the die as well as load and
energy requirements. We assume Siebel friction law with friction factor depending on
the relative density

1
(12) = Em(/’)":,
where 7; is the friction stress, directed opposite to the tangential velocity.
The surface roughness parameter R4, evolution is given by the following ki-
netic equation [7]
dR
(13) sz = ko,
where v and R = kG are material constants, G is the mean cristal grain diameter and
k is a given constant, associated with the sintered preform.

Assuming different values of the material constants in eq.(1) we obtain the
models of Doraivelu, Shima and Oyane and etc. For example if C = 0,D = 0 and A, B
are appropriate material functions, the model proposed by Doraivelu [8] is obtained.

op V20?10t
(14) A(p) = 2477,
B(p) -34=30-p%.

o

3. Method of solution

The Finite Element Method will be applied for solving the boundary value
problem, based on the obove mentioned model. The case C = D = 0 will be considered.
The method is based on the requirement for stationarity of the following functional [9]

(15) T = /apé‘dV+ /TtvtdS— /p.-v,-dS = stat,
14 S, S,

Taking into account (9) and the rigid-plastic FEM approach, the boundary value prob-
lem leads to solving the following linear system of equations:

(16) [K1{q} = {F} +{F:},
where {q} is the global unknown nodal-point velocity vector and

(17) (K= [ ZPlav
14

is the global stiffness matrix.
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Fig. 1

The load vector due to the prescribed tractions { F'} and the friction load vector
{F,} are presented by

(18) (F)y = [N {Pyas, (£} =- [INF{r}as
Sp Sy
where the matrix [P] is
(19) [P)=[P]+[P:), [P]=[BI"[Di](B], [P)]=B]"[D][B]
and

(20) (D3] = 5 BlE] = [B), (Dd]= g5 (A,
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[I1] and [I3] are unique matrices and [N] is the matrix of the shape functions. [B] is
the matrix, giving the relation between the strain rate vector and the nodal velocities.
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Fig. 2

On the base of the above mentioned equations, the programme system PORO
was created. The programme gives the possibility to incorporate different density
functions A(p), B(p), 0,(, £, T).
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4. Numerical results

As a numeriacal example, the compaction process of ring powder billet of differ-
ent geometry is considered. The aim of this numerical example is the investigation of the
influence of geometry on relative density distribution into the body due to compaction.
The material functions of the model are taken in the form proposed in [8] (see (14)). The
material yield limit function corresponds to alluminium [11]: o} = o} (1 + a&, — bé}),
where a = 0.4286,b = 0. The problem is solved as axisymmetric with 4-node elements
by means of the finite elemnent programme PORO. The density distribution into the
body after a 30% reduction is plotted in Fig.1.

As a second example, the evolution of the surface roughness parameter R,q,
along the wall during the compation of a cylindrical powder billet is considered. The
R,... distribution along the wall of the billet at different values of the initial relative
density is plotted in Fig.2.
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