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S u m m a r y . The mathematical model of stress-strain 
state has been developed for solving the problem of 
direct extrusion of hollow porous powder billets by 
finite element method. The dependences of 
backpressure on the ratio of dimensions, depth and wall 
thickness of the cavity parts have established. 
Distributions of the intensity of stress and intensity of 
deformation at optimal value of backpressure have 
obtained. Distributions of relative density, hardness and 
appearance of defects at direct extrusion of powder 
billets with backpressure and without it have been 
investigated experimentally. The production technology 
for hollow powder parts from porous powder billets by 
direct extrusion has been developed. 
K e y  w o r d s :  powder billet, direct extrusion, 
backpressure, defect. 

INTRODUCTION

Extrusion of details from porous powder 
billets allows production of complex-shaped 
parts with internal cavities and substantial 
differences of sections [9, 10, 23]. The main 
forming condition of porous billet is the 
uniform compression scheme that ensures 
plasticity of hard phase. Powder billets with 
the relative density 0.85 and more are used for 
extrusion of details [5, 6, 29]. 

One of the factors ensuring a high quality 
of powder products is the backpressure that 
impacts a stress-strain state and, consequently, 
shaping and appearing of shape defects during 

extrusion of compact materials [11, 25, 27]. 
The influence of backpressure at deformation 
of porous powder billets promotes to reach the 
required density of products and eliminates 
density variation [9, 16]. 

According to the literature [7], it is 
recommended to take the backpressure for 
extrusion of compact materials equal to yield 
stress. At the same time, significant values of 
accumulated deformation of hard phase at 
extrusion of porous billets are leading to 
considerable deformation hardening and, 
consequently, growing of yield stress that 
increases a hydrostatic pressure on the matrix 
and punches. The intensity of stress into the 
die tool may reach conditional yield stress of 
tool steel and even exceed it, while increasing 
of the backpressure, resulting in destruction of 
die. The conditions mentioned above are 
limiting the applicability of such 
recommendations [7]. 

It is necessary to refer that two 
simultaneous processes are taking place at 
extrusion of porous powder billets – 
densification of the compacting material and 
deformation with flowing into hollows of the 
die impression [29]. The higher density of 
billets was achieved at the densification stage 
and the later forming stage started, the greater 
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density and lower inhomogenuity of its 
distribution obtained [22].   

Friction forces of billet along matrix 
walls during densification stage are preventing 
flowing of material into the wall of product 
and the beginning of the second deformation 
stage at direct extrusion of parts such as 
‘cartridge’ [3] resulting in high density of 
products. Metal flow to the wall at the reverse 
extrusion of such parts starts without 
densification and the final density of the 
products is lower [12]. 

This work aims on development the 
mathematical model of stress-strain state at 
direct extrusion of hollow porous powder 
billet, as well as experimental investigation of 
the influence of backpressure on the density, 
hardness, pressure variation and quality of 
products.

MATERIALS AND METHODS 

Mathematical modelling of direct 
extrusion has been provided on the basis of 
laws of the plasticity theory of porous bodies. 
Plastic potential is considered as a function of 
the stress tensor components and presented in 
the following form [1, 2, 13, 21, 27]: 

2

2 s
2

s

m
p

m 1
F 1 m ,  (1) 

where: ij ij
1

p
3

– is the medium 

pressure, 

ij ij ij ijp p  – is the 

intensity of shear stress, 

2
1 ,

2
12

3
 – 

are functions of porosity ,

1  – is the relative density, 

m  – is the parameter characterizing the 

degree of imperfection of the contacts in the 
powder billet and defining different resistance 
of a porous body during its testing in tension 
and compression. 

The rate of volume change resulting 
from the plastic deformation is presented by 
the expression [28]: 
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where: 0  – is the flow stress of hard 

phase, may be presented by the following 
dependence [30]: 
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where: K – is the hardening coefficient. 
The rate of accumulating deformation in 

hard phase of porous body has determined on 
the basis of postulate of uniqueness of the 
dissipation function formulated by 
Skorokhod V.V. [26]: 
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where: – is the shape changing rate. 
The value of accumulated deformation 

is renewed by solving of differential equation 
[15]: 
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where: W – is the equivalent strain rate: 
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The extremal requirement for the 
functional was implemented for calculating 
distributions of intensity of stress, intensity of 
deformation and relative density [2, 15]: 

p
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where: ij iD(e (V ))  – is the dissipative 

function,

ip – is the stress vector on the surface 

of investigated billet, 
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iv – is the velocity vector on the surface 

of investigated billet. 
The first integral in the expression 

(Eq. 7) is the total energy dissipation rate and 
the second integral  is the power of the 
external stresses. 

The dissipation function iij VeD  for 

a porous billet that deforms plastically is 
presented by the following expression [6, 14]: 
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s  – is the shear yield stress. 

On the basis of experimental data in the 
first approximation the dependences of 
backpressure pbp on compacting pressure p and 
the dimensions ratio of the part h/b may be 
described by exponential functions [20]: 
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where: 1,001,01K  – is the stiffness 

coefficient of stress state, 
3
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i
 – is the stiffness exponent of 

stress state, 
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K  – is the coefficient of non-

uniformity of deformation, 
h  – is the depth of cartridge hollow, 
b  – is the thickness of cartridge wall. 

At the initial time h = 0, 1K = 0 and 

2K = 0, the backpressure pbp, according to [4], 

assuming equal to initial yield stress 0s .

Equating functions (Eq. 9) leads to the 
following expression: 
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Substitution of A in functions (Eq. 9) 
with accounting (Eq. 10) leads to the 
expressions for backpressure: 
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bp s0 1p p exp K p .              (12) 

The proposed mathematical model is 
used for stress-strain state analysis of hollow 
powder parts such as ‘cartridge’. Copper 
billets of 20% porosity were used as the initial 

billets with dimensions: diameter D = 28 mm, 

height H = 26 mm, cavity diameter d = 14 

mm, height of the cavity h = 14.8 mm, wall 

thickness of the ‘cartridge’ b = 7 mm, friction 

coefficient = 0.25. 

The problem has been solved by finite 
element method. A stress-strain state has been 
analyzed in the axial section of the bottom part 
(A-A), angular section (B-B), and by the width 
of the wall (C-C) (Fig. 1). 

Fig. 1. The sample for investigation 

Finite element model of the "billet-die" 
system constructed using eight-node fully 
integrated prismatic elements is presented in 
Fig. 2. 

Fig. 2. The calculation scheme of extrusion 
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The results of mathematical modelling 
have been verified experimentally. Billets 
were made of copper powder M1 obtained 
from wastes of current conductors [17, 19]. 
Copper scrap with copper wires has been 
extracted from various electrical devices that 
are reached the end of their service life. 
Wastes are in form of twisted strands, 
shapeless pieces of current conductors of 
various length and diameter.  

The technology for production of copper 
powder from such wastes consists of the 
following steps: oxidative annealing, 
hydrogenazing annealing, fragmentation into 
small fractions, removing combustion products 
by air separation, grinding of crushed scrap 
into powder, recovery annealing, grinding of 
porous sponge to the powder of given 
granulometric composition [18]. The chemical 
composition of the copper powder obtained by 
proposed technology is presented in Table 1 
and granulometric composition – in Table 2. 

Table 1. Chemical composition of copper powder 

Powder 

Mass fraction, % Calcined 
residue,
no more 

than 

Cu, 
not less 

Fe O Si 

No more than 

Copper
powder from 

wastes 
99.7 0.18 0.10 0.10 0.05 

Table 2. Granulometric composition of copper powder 

Powder 
Content of particles, %, size, mm 

<0.160 <0.100 <0.063 <0.045 

Copper
powder from 

wastes 
28 27 17 25 

Billets of 20% porosity have been 
produced   on   the   hydraulic   press   model  

PD-476, force 1600 kN, by uniaxial 
compression. Sintering has been performed 
into a laboratory shaft furnace in the synthesis 
gas medium (the gas composition is 72.0% H2,
21.0% CO, 5.5% CO2, 1.5% H2O) by stepwise 
mode with final delay for one hour at the 
temperature of 950 – 920 °C [24]. The 
diameter of billets after sintering was 28.5 
mm, the height – 26.3 mm, the relative density 
– 0.89 – 0.91. The hollow samples for 
experimental study (Fig. 1) obtained from 
sintered pressings at the same press by direct 
extrusion without backpressure and at 
backpressure of 120 MPa [20]. A molybdenum 
disulfide used as the lubricant. 

The influence of depth of the cavity on a 
quality of extruded products has been 
investigated during experiments. The depth of 
the cavity has changed by adjusting the 
extrusion pressure. Extrusion without 
backpressure included the following steps: the 
pressing 3 was installed into the matrix 1 on 
the limit stop 4 (Fig. 3a) and upset by the 
upper punch 2 (Fig. 3b), then limit stop 4 was 
removed, the lower punch 6 was inserted and 
the sample 5 extruded (Fig. 3c). The 
dimensions of samples after extrusion were 
D = 32.0 mm, H = 20.1 mm, d  = 18 mm, 

h  = 2.6, 7.8, 13.7, 14.8 mm. 

Extrusion with backpressure has been 
performed without preliminary upsetting of 
pressings (Fig. 4). The pressing 3 was placed 
in the matrix 1 on the movable punch 5 with 
backpressure created by moving stop 6. The 
sample 5 was extruded by the upper punch 2. 
The diameter of matrix – 32.0 mm, the lower 
punch diameter for extrusion of cavity –

18.0 mm. The cavity depth was taken the same 
as in the first experiment. 

                                    
a                                                                 b                                                           c

Fig. 3. The extrusion scheme without backpressure: loading of the billet (a), upsetting on the limit stop (b),  extrusion (c) 
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The density after extrusion was 
determined by hydrostatic weighing. The 
hardness has been measured on Rockwell 
hardness meter using ball indentor of 
1.587 mm at the load of 1000 N by scale HRB 
(GOST 9013–59). 

Fig. 4. The extrusion scheme with backpressure 

RESULTS OF RESEARCH 

Calculation of the dependence of 
backpressure on the ratio of depth of the cavity 
and wall thickness using (Eq. 10) and the 
backpressure depending on extrusion pressure 
of porous billet by expression (Eq. 11) are 
presented in Fig. 5. 

The backpressure is growing while 
increasing of ratio bh  and extrusion pressure. 

The data in Fig. 5 may be used for selection of 
backpressure depending on the dimensions 
ratio and the pressure of direct extrusion. 

Simulation of the stress-strain state at 
direct extrusion of "cartridge" detail with the 
wall thickness of 7 mm has been conducted at 
the backpressure 120 MPa (Fig. 6). The 
highest intensities of stress and deformation 
has observed under the punch in section A-A. 

                                
a                                                                                               b 

Fig. 5. The dependence of backpressure on relative depth of the cavity (a) and extrusion pressure (b): 1 – is the 
theoretical dependence, 2 – is the experimental dependence 

     
a                                                                              b 

Fig. 6. Distribution of the intensity of stress (a) and intensity of deformations (b) in different sections of the sample: 
1 – is the bottom section, 2 – is the corner section, 3 – is the ring section 
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The experimental results of 
determination of relative density by height of 
the sample are presented in Fig. 7. The relative 
density of samples increased from initial value 
0.94 to 0.97 and then decreases with 
increasing depth of the cavity to 13.7 mm at 
extrusion without backpressure. In this case, it 
varies non-homogeneously by the volume of 
sample. The relative density of the bottom part 
has grown to almost nonporous state, 
dramatically increasing at the depth of the 
cavity 14.8 mm. The relative density of the 
ring part increases up to a certain limit for the 
depth of the cavity 13.7 mm, and then 
decreases as a result of tensile stresses in the 
butt end of ring part, which is the reason of 
decreasing the whole density of the sample. 

Fig. 7. The influence of the depth of extruded cavity on 
relative density: 1 – is the density of sample extruded 
without backpressure, 2 – is the density of bottom part 
of the sample extruded without backpressure, 3 – is the 
density of ring part of the sample extruded without 
backpressure, 4 – is the density of sample extruded 
without backpressure 

The hardness is distributed non-
uniformly by the volume of sample. The 
average hardness on the bottom surface 
adjacent to a moulding punch was 56.4 HRB, 
on the inner side – 67.8 HRB, on the wall 
adjacent to the bottom part – 64.5 HRB, on the 
free butt end – 37.3 HRB, at the depth of the 
extruded cavity 13.7 mm. The hardness of the 
bottom part increases and on the butt end of 
the wall decreases while increasing the depth 
of the cavity. 

The results of extrusion of sintered 
billets with backpressure 120 MPa are 
different. At the first stage, upsetting of billet, 
transversal flow of the metal and filling of the 
matrix are taking place. The relative density 
increases rapidly and the process of extrusion 
cavity is beginning (Fig. 7). The relative 
density was 0.98 at the cavity depth equal to 
2.6 mm with further increase till achieving a 
pore-free state while growing the depth of the 
extruded cavity. 

Variations in the relative density and 
hardness by the volume of extruded samples 
were not observed. The average hardness was 
68.3 HRB at cavity depth of 15.6 mm. 
Samples with depth of the cavity 18.2 mm 
were of regular shape and shape defects were 
not found during visual inspection. 

Analysis of forming of the sample during 
extrusion without backpressure allowed mark 
out three zones (Fig. 8): 1 – is the ring part, 
where tension in axial direction has observed 
and leads to increase in porosity and decrease 
in hardness, 2 – is the transition from the ring 
part to the bottom part, where compression 
occurs due to dam by the metal of bottom and 
ring parts, wherewith the high density and 
hardness reached, 3 – is the bottom part, where 
the compression and radial tension are taking 
place, which leads to formation of flow-
through flaw on the front surface and decrease 
of hardness. The deformation of metal layers 
adjoining to the wall of die tool impeded by 
friction resulting in formation of pit on the butt 
end surface of the ring part (Fig. 6). 

Fig. 8. Distribution of deformation zones by the section 
of detail: 1 – is the axial tension zone, 2 – is the 
compression zone, 3 – are compression and radial 
tension zone 
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Defects were not found upon visual 
inspection of samples with the depth of 
extruded cavity 2.6 mm and 7.8 mm. Cracks 
and other surface defects were not observed at 
the cavity depth of 13.7 mm, but the defects of 
shape: pit on the outer surface of the bottom of 
0.05-0.15 mm and flow-through flaw of 
0.1-0.3 mm height on the butt end of the wall 
(Fig. 9). The cracks on the butt end surface of 
tubular part appeared after increasing the depth 
of the cavity to 14.8 mm. 

a

b

Fig. 9. Shape defects: the sketch (a): 1 – is the tip, 2 – is 
the flow-through flaw, photo (b) 

Implementation the backpressure of 
120 MPa leads to increase of extrusion 
pressure [24]. The pressure was 560 MPa 
during extrusion of cavity 13.7 mm in depth 
without backpressure and with backpressure 
the cavity of 15.6 mm depth was obtained at 
pressure of 682 MPa. It happens due to 
growing of stresses and deformations in each 
part of the extruded sample and may be 
observed clearly through changes of the 
coordinate grid in the sample (Fig. 10). 

Fig. 10. The coordinate grid on the sample after direct 
extrusion

The "cartridge" details produced from 
copper powder billet of 15% initial porosity at 
back pressure 120 MPa are shown in Fig. 11: 
with wall thickness 7 mm (Fig. 11, a) and with 
wall thickness 2 mm (Fig. 11, b) [22]. The 
density of details is 8.92 g/cm3.

a

b

Fig. 11. The "cartridge" details produced from porous 
copper powder billet by direct extrusion with 
backpressure 120 MPa: the wall thickness 7 mm (a) and 
the wall thickness 2 mm (b) 
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CONCLUSIONS 

1.  The mathematical model of the stress-
strain state used for solving the problem of 
direct extrusion of hollow porous powder billet 
by finite element method has been developed 
on the basis of plasticity theory of porous 
bodies.

2.  The dependences of backpressure on 
the ratio of cavity depth and wall thickness of 
the detail have obtained on a basis of 
developed mathematical model and may be 
used for selecting the value of backpressure at 
direct extrusion. 

3. The distributions of the intensity of 
stress and deformation into the porous powder 
billet at the optimal value of backpressure 
have obtained. The highest values of stresses 
and deformations appeared under the punch 
and in the corner section of the billet. 

4.  The distributions of the relative 
density, hardness and presence of defects at 
direct extrusion of porous powder billet with 
backpressure and without it have been 
investigated experimentally. 

5.  The production technology for hollow 
powder details from porous powder billets by 
direct extrusion with backpressure proposed. 
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