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Abstract: Distributions of stresses, deformations and density have been investigated during direct extrusion with backpressure of the detail 
‘cartridge’ from a porous powder billet without relieving cavity and with relieving cavities on the butt ends of billet. The analysis of stress-
strain state has been conducted using of non-uniformity functions of the deformed state. It has shown clearly, that the most uniform stress-
strain state and equidensity may be ensured by direct extrusion of the billet with relieving cavity on the lower butt end. It has established that 
direct extrusion with backpressure of billets with relieving cavity on the lower butt end allows production of equidense and full-strength 
details of high-quality. The recommendations for determination of dimensions of relieving cavity referring to dimensions of impeded 
deformation zone during upsetting of porous powder billet and minima of non-uniformity functions of deformed state have been developed. 
KEYWORDS: BILLET, POROSITY, STRESS, DEFORMATION, NON-UNIFORMITY FUNCTION, BACKPRESSURE, RELIEVING 
CAVITY, DENSITY. 
 

1. Introduction 
 
Reduction of production cost for improvement of 

competitiveness of industrial enterprises requires decreasing of 
power consumption, materials and labour expenses that are 
substantially dependent from the shape and dimensions of initial 
billet. It is necessary to take into account that during deformation of 
powder billet the densification and plastic deformation are taking 
place simultaneously and occurring by shortest trajectory for 
diminishing of power consumption. The shape selection of billets is 
of great importance in case of existence the only free surface while 
realization of plastic metal flow towards it. In such conditions, 
designing the shape of the billet should be performed using design-
analytical techniques [4, 5]. Implementation of relieving cavities is 
one of the methods for approximation the shape of billet to the 
shape of detail for intensification of radial metal flow and 
decreasing the deforming force. It is recommended to place 
relieving cavities in butt ends during development the shape of 
billets of axis-symmetric details [3]. Implementation of porous 
powder billets with relieving cavity for direct extrusion is an 
effective way for intensification of radial flow of material, 
decreasing of extrusion force, prevention of defects; appearance and 
diminishing of density variation for improving quality of powder 
metallurgy parts [4, 5]. 

The purpose of this work is determination of an optimal shape 
and dimensions of porous powder billets with relieving cavity on a 
basis of investigation of stress-strain state during direct extrusion 
with backpressure. 

 
2. Mathematical model 
 
The fundamentals of plasticity theory of porous bodies were 

implemented for development of the mathematical model [6, 7]. 
The variational functional for steady flows of compressible 

porous body is presented by the following expression [5]: 
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where σS – is the compressive yield stress; 
Γ – is the intensity of strain rate for compressible porous body with 
taking into account the shear and volumetric deformation; 
Fi – is the resultant of external forces on the section i of the tool-
billet contact surface; 
υi – is the actual velocity field corresponding to a minimum of the  
functional (1). 

 
The relation of hydrostatic pressure and shear strength of 

material τ on a pores’ surface for avoiding pore opening should 
meet the following condition [4, 6]: 
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where c = 0.25 for spherical and с = 0.33 for cylindrical pores. 

This condition is true for almost all porosity values and γ = 2 
on the shear plane tilted on the angle of 45 degrees to material’s 
flow direction. Therefore, closure of pores in porous powder 
material during direct extrusion may happen by plastic forming at 
the hydrostatic pressure that meets the condition (2). 

The following non-uniformity functions were implemented for 
analyzing of the deformed state of porous powder billet: 
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where 
i

ave
ze , 

i
ave
re – are arithmetic average values of axial and 

radial deformations into the volume of billet; 
j
ze , j

re – are axial and radial deformation in j finite element. 
 
3. Finite element simulation 
 
The finite element simulation was carried out on the example 

of direct extrusion of the detail ‘cartridge’ from copper powder 
billet of 15% initial porosity on the hydraulic press, force 1600 kN. 

The initial density of billet ρ= 7.6 g/cm3, diameter D = 28 mm, 
height H = 28 mm, the diameter of blind hole d = 14 mm, height 
h = 14.8 mm, wall thickness b = 7 mm, friction coefficient 0.25. 
The diameter of work space in the matrix was 32 mm, value of 
backpressure was 120 MPa. 

The finite element model of direct extrusion of detail 
‘cartridge’ is presented on fig. 1. 

The initial porous powder billet 3 is placed into the matrix 4 on 
the counterpunch 5 and movable punch 2 that ensures the given 
value of backpressure. The direct extrusion of the detail ‘cartridge’ 
is executed by the upper punch 1. 
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Fig. 1. The finite element model of direct extrusion of the detail ‘cartridge’: 
1 – is the upper punch; 2 – is the movable punch for backpressure; 3 – is the 
porous powder billet; 4 – is the matrix with bandage; 5 – is the 
counterpunch. 
 

The deformation process consists of two stages: upsetting of 
the billet till contact of its lateral surface to the matrix walls and 
simultaneous densification, further direct extrusion of powder 
material into the space that is started by the end of upsetting. 

The stress-strain state has been analysed through axial section 
of the billet at upsetting and very beginning of direct extrusion. 
A midrange porosity value of powder material has assumed by the 
volume of billet. The intensity of stress and deformation fields into 
the billet without relieving cavity in the moment of contacting of its 
lateral surface with matrix walls presented on fig. 2. 
 

 
a 
 

 
b 

Fig. 2. The stress-strain state of the billet without relieving cavity: a – is the 
intensity of stress; b – is the intensity of deformation. 

 
The analysis of stress-strain state (fig. 2) has shown that 

impeded deformation zones are appearing before contact with 
lateral surface of the billet to the matrix walls on the upper and 
lower butt ends of the billet and hampering radial flow of material 
from a deformation zone. The lower impeded deformation zone was 
more than two times higher than upper zone (fig. 2, a) and both of 

zones have a shape of truncated cone with curved generatrix. 
Dimensions and shape of impeded deformation zones, where metal 
does not deforming substantially, may be used for development of 
powder billet with relieving cavity [9]. 

Production of billets with curved generatrix of relieving cavity 
is difficult and costly ineffective, therefore a cavity with the 
truncated cone on the basis and sphere on the vertex that enveloped 
an impeded deformation zone was implemented and three types of 
billets have proposed for further study: I - is the billet with lower 
relieving cavity (fig. 3, a); II - is the billet with upper relieving 
cavity (fig. 3, b); III - is the billet with upper and lower relieving 
cavities (fig. 3, c). 

     
       a                                                     b 

 
             c 

Fig. 3. Billets with relieving cavities: a – is the billet with lower relieving 
cavity; b – is the billet with upper relieving cavity; c – is the billet with 
upper and lower relieving cavities. 

 
Dimensions of relieving cavities have defined using shape and 

dimensions of impeded deformation zones and given in the Table 1. 
The simulation of direct extrusion of the type I porous powder billet 
has been performed for investigation the influence of relieving 
cavity on the stress-strain state. Distributions of stress and strain 
intensities into the billet with relieving cavity on the lower butt end 
is shown on fig. 4. The lower impeded deformation zone does not 
prevent a radial flow of metal in the billet with lower relieving 
cavity, the intensity of stress is 126.5 MPa and intensity of 
deformation is 0.5 near the cavity. 
 
Table 1 

Dimensions of relieving cavities 
Type of 
the billet 

d1, 
mm 

h1, 
mm 

R1, 
mm α,º d2, 

mm 
h2, 
mm 

R2, 
mm β,º 

I 20.0 10.4 10.4 50 – – – – 
II – – – – 20.0 10.4 10.4 50 

III 20.0 10.4 10.4 50 20.0 10.4 10.4 50 
20.0 10.4 10.4 50 20.0 5.2 20.8 25 

 
The stress-strain state was more uniform and filling of cavities 

by radial metal flow continued until the contact of lateral surface of 
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the billet to the walls of matrix. The metal continued of its active 
flow in the radial direction after filling the matrix space, thereby 
forming of blind hole into the detail was carried out by the shortest 
trajectory. Distributions of stress and deformation intensities at direct 
extrusion of type II billets with relieving cavity in the upper butt end 
is shown on fig. 5. 

 

 
a 
 

 
b 

Fig. 4. The stress-strain state of the billet with relieving cavity on the lower 
butt end: a – is the intensity of stress; b – is the intensity of deformation. 

 
The intensity of stress in the upper butt end is 140.5 MPa, the 

intensity of strain is 0.85. High values of these variables are leading to 
formation of a fold with the size that increases while decreasing the 
height of the billet. Despite the slight decrease of non-uniformity of 
stress-strain state in the whole billet, it has grown gradually in the 
metal layers near the upper end. Thus, using of billets with upper 
relieving cavity is inappropriate due to a high probability of appearing 
defects of metal flow. 

The distributions of stress and deformation intensities have been 
investigated for prevention of defects at direct extrusion using the 
type III porous powder billets with relieving cavities on the upper 
and lower butt ends (fig. 6). The intensity of stress was changing 
within 135-142 MPa, intensity of deformations - within 0.15-0.57. 

The same dimensions of upper and lower relieving cavities lead 
to the formation of fold with the following transformation into crack. 
The size of crack is growing while increasing a depth of upper cavity 
and decreasing a height of the billet, so a depth of upper cavity 
assumed two times lower due to accounting of dimension ratio of 
upper and lower impeded deformation zones (Table 1). In such case 
the fold and crack are not forming, but flow-through flaw of 2-3 mm 
in depth is still appearing and is also a defect of metal flow that is not 
appropriate for high-quality details. 

The quantitative analysis of deforming state at direct extrusion 
of all types of porous powder billets has been carried out using 
relation of radial deformation er to axial ez (fig. 7) and distribution of 
radial deformation by the height of billet for the value of axial 
deformation ez = 0.35 corresponding to the moment of fulfilling of the 
lower relieving cavity by metal (fig. 8). 

 
a 
 

 
b 

Fig. 5. The stress-strain state of the billet with relieving cavity on the upper 
butt end: a – is the intensity of stress; b – is the intensity of deformation. 

 

 
a 
 

 
b 

Fig. 6. The stress-strain state of the billet with relieving cavity on the lower 
butt end: a – is the intensity of stress; b – is the intensity of deformation. 
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Fig. 7. The dependence εr = f (εz) for direct extrusion of porous powder billets: 
1 – is for a billet without relieving cavity; 2 – is for a billet with lower 
relieving cavity (I type); 3 – is for a billet with upper relieving cavity 
(II type); 4 – is for a billet with upper and lower relieving cavities (III type). 

 
A uniform increase of radial deformation at extrusion of billets 

without relieving cavity has been observed (fig. 7, curve 1). In this 
case the most intense radial metal flow occurs near the lower edge of 
the punch with a sharp decrease by height of the billet, which 
promotes formation of flow-through flaw and limits the depth of 
extruded blind hole (fig. 8, curve 1). 

It has established that using of billets with the upper relieving 
cavity does not eliminate the defect, but also leads to the appearance 
of fold in the upper butt end of the billet with further transformation 
into crack. It is stipulated by intensive multidirectional flow of 
material. The material is originally directed to the walls of the matrix 
and then flows back into the relieving cavity with formation of 
vortexes corresponding to the second maximum of the curve 3 (fig. 8) 
and inflection of curve 3 (fig. 7) while surface layers of metal are 
tightening inside the billet. At the beginning of the curve 3 (fig. 8) a 
maximum corresponding to the formation of flow-through flaw has 
also observed at the absence of backpressure due to the impeded 
deformation zone in the lower butt end of the billet and friction forces 
are hampering the radial flow of material. 
 

 
Fig. 8. Distributions of radial deformation by the height of porous powder 
billets  during  direct  extrusion:   1 – is for a billet without relieving cavity;  
2 – is for a billet with lower relieving cavity (I type); 3 – is for a billet with 
upper relieving cavity (II type); 4 – is for a billet with upper and lower 
relieving cavities (III type). 

 
In this regard, the deformation changes during direct extrusion of 

porous powder billets with the lower relieving cavity have been 
analyzed. A fairly uniform increase of radial deformation (fig. 7, 
curve 2) with a maximum in the wall formation area (fig. 8, curve 2) 
has been observed. In this case, a fold in the upper butt end of a billet 
did not appear. 

Implementation of billets with two cavities for direct extrusion 
led to increasing of non-uniformity of strain state in compare to using 
of type II billets. A multidirectional material flow, which is not 
compensated by the presence of the lower cavity, has been observed 
near the upper end of the metal (fig. 8, curve 4) together with the 
intensification of the radial flow that is necessary to formation of the 
wall of  detail ‘cartridge’ (fig. 7, curve 4). Consequently, the flow-
through flaw of 2-3 mm in depth appeared, despite of the absence of a 

fold. The results of analyzing of deformed state using the non-
uniformity functions (3) are presented in the Table 2. The most 
uniform distribution of the axial and radial deformation occurs at 
direct extrusion of the type I billets with relieving cavity in the lower 
end corresponding to minima of functions (3). 
 
Table 2 

The non-uniformity of deformed state at direct extrusion 

Type of the billet inhze  inhre  
I 0.11 0.14 
II 0.32 0.37 

III 0.26 0.31 
0.18 0.23 

 
The experimental investigation of direct extrusion of copper 

powder billets with 15% initial porosity on a hydraulic press PD-476, 
force 1600 kN, confirmed that results of finite element simulation are 
matching the real process with a relative error 8 – 9%. 

 
4. Conclusions 
 
The optimal shape of the billet with relieving cavity on the lower 

butt end has determined using the results of finite element simulation 
of the stress and deformed state of porous powder billets during direct 
extrusion into a closed matrix and its analysis using non-uniformity 
functions of deformed state. It has established that stress and 
deformed state is also non-uniform while using billets with the upper 
relieving cavity, because large values of stress and deformation 

intensity are leading to formation of fold and subsequent cracking. 
Implementation of billets with upper and lower relieving cavities also 
creates conditions for the formation of flow-through flaw. The size 
and shape of the relieving cavity is recommended to choose 
depending on the size of impeded deformation zones during upsetting 
of porous powder billet and minima of non-uniformity functions of 
deformed state. 
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