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Abstract -
 
The extrusion of metal powders at room temperature

 
with subsequent sintering allows 

manufacturing of final products with unique microstructures and therefore with unique 
mechanical properties. In this study, the experimental results of extrusion of both aluminium and 
copper powders under laboratory conditions are presented and analysed. The main objective of 
the work is to demonstrate the various aspects of extrusion of powder preforms, which have 
been compacted and sintered from atomized powder. An attempt has been made for the 
determination of the die pressures developed during the extrusion of powder preform by using 
an Equilibrium approach. The interfacial friction law considered and dealt with in great detail, and 
also the yield criterion. The results so obtained are discussed critically to illustrate the interaction 
of various process parameters involved and are presented graphically.
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“Analysis of Sintered Metal Powder Preform 

Approach” 
Arun Ku. Sharma α , Abhay Ku. Sharma σ, R.K.Ranjan ρ & Maneesh Choubey Ѡ 

Abstract - The extrusion of metal powders at room temperature 
with subsequent sintering allows manufacturing of final 
products with unique microstructures and therefore with 
unique mechanical properties. In this study, the experimental 
results of extrusion of both aluminium and copper powders 
under laboratory conditions are presented and analysed. The 
main objective of the work is to demonstrate the various 
aspects of extrusion of powder preforms, which have been 
compacted and sintered from atomized powder. An attempt 
has been made for the determination of the die pressures 
developed during the extrusion of powder preform by using an 
Equilibrium approach. The interfacial friction law considered 
and dealt with in great detail, and also the yield criterion. The 
results so obtained are discussed critically to illustrate the 
interaction of various process parameters involved and are 
presented graphically. 
Keywords : Preforms, sintering, conical converging die, 
inter facial friction law. 

I. Introduction 

intered powder metallurgical (P/M) preforms are 
often subjected to secondary processing with an 
objective to enhance the final density and to 

obtain components with superior mechanical properties. 
Amongst the secondary processes, extrusion is a widely 
accepted process to densify P/M preforms since all the 
three principal stresses in the deformation zone are 
compressive in nature [1]. However, the success of the 
extrusion is mainly dependent on the effective control of 
the process parameters viz., extrusion strain, 
temperature, coefficient of friction, relative density, 
adhesion friction factor. On the contrary to wrought 
materials, in P/M materials volumetric changes occur 
throughout deformation due to persistent densification 
[2]. This further complicates the process mechanism. 
Hence estimating the achievable density prior to the 
experimentation is very difficult. Although a considerable 
amount of work has been reported recently as the 
various technological aspects of the industrial 
processing of metal-powder preforms [3], no systematic 
attempt  has  been  made so far to study the processing 
 

Author
 
α:

 
Research Scholar at ggits, Jabalpur.

  
Email :

 
arunsharma232@yahoo.com

 

Author
  

σ
 
:
 
Assistant Professor at GGITS. Jabalpur.

 

Author
  

ρ :
 
Professor &Principal at GGITS, Jabalpur.

 

Author
  

Ѡ
 
:
 
Professor & Group Director at GGITS, Jabalpur.

 
 

load and deformation characteristics during flow 
through conical converging dies. 

II. Interfacial Friction Law  

In an investigation of the plastic deformation of 
metal-powder preforms, it is evident that with the 
application of compressive hydrostatic stress the pores 
will close and the relative density will increase, whereas 
the application of tensile hydrostatic stress the pores will 
grow and the relative density will decrease. The density 
distribution also does not seem to be uniform 
throughout, being high in the central region and low at 
the edges. The density distribution will be more uniform 
for smaller coefficient of friction μ and for a greater initial 
density. [4] 
 

In plastic deformation of the metal, the surface 
of the work-piece is distorted and takes on an 
impression of the tool surface. Therefore, actual contact 
area, as far as the specific cohesion of the contact 
surface is concerned, is not negligible as in the case of 
elastic deformation. Hence friction in plastic deformation 
is essentially different from sliding friction in machine 
parts. However, high relative velocity between the work-
piece material and tool surface combined with high 
interface pressure and deformation modes will cause 
breakdown of the surface film and will allow new surface 
to come into contact with the tool surface and hence 
facilitate the intimate contact essential for adhesion .For 
such a case, the metal being deformed does not 
necessarily slip along the tool surface. At the same time, 
it would also be erroneous to deny completely the 
existence

 
of slip between the work-piece and tool. For 

this B.V.Deryagin(1952)suggested that frictional stress is 
a function of both sliding and adhesion and hence the 
shear equation becomes

  

𝜏𝜏 = 𝜇𝜇[𝑃𝑃 + 𝜌𝜌0𝜑𝜑0]
 

 
The pattern of metal flow during the 

compression of a metal powder preform is such that 
there exists two zones, an inner one where no relative 
movement between work piece and die occurs (the 
sticking zone), and an outer zone where sliding occurs. 
Therefore, the appropriate interfacial friction laws for the 
conditions are:

 
 

S 
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(

)

During Extrusion through an Equilibrium 

A



Axisymmetric condition 

𝜏𝜏 = 𝜇𝜇 �𝑝𝑝 + 𝜌𝜌ₒ𝜑𝜑ₒ �1 − � 𝑟𝑟
𝑛𝑛𝑛𝑛
���  (1) 

Where r denote the sticking zone radius for 
axisymmetric condition, which may be approximated by 
the relation given by Rooks, and n >>1 

III. Yield Criterion 

 In an investigation of the plastic deformation of 
metal powder preforms it is evident that change in 
volume occurs due to porosity. A preform with high 
relative density (pores of small size) yields with relatively 
high stress whereas low relative density preforms (pore 
of large size) yields with relatively small stress. With the 
application of compressive hydrostatic stress, the pores 
will close and relative density will increase whereas with 
the application of tensile hydrostatic stress the pores will 
grow and relative density will decrease. Even hydrostatic 
stress can cause the metal powder preform to yield, as 
the yield surface is closed on the hydrostatic stress axis. 
The density distribution also does not seem to be 
uniform throughout. It is high in the central region and 
low at the edges. [5] The density distribution will be 
more uniform for a smaller coefficient of friction and for a 
higher initial relative density of the preform. 

In consideration of the characteristics described 
above, yield criteria for porous metal powder preforms 
were developed by Kuhn et al,Green and Oyane et 
al.,Oyane et al simplified their criterion and derived the 
slip line field theory and the upper bound theory for 
porous metal powder preforms. Tabata and Masaki 
[6]proposed the following yield criterion for porous metal 
powder preforms: 

  𝜌𝜌𝑘𝑘𝜎𝜎0 = �3𝐽𝐽2  ± 3𝜂𝜂𝜎𝜎𝑚𝑚              (2) 

 The upper sign (negative) in equation (2) is 
taken for 𝜎𝜎𝑚𝑚 ≤ 0 and the upper sign (positive) for. 
𝜎𝜎𝑚𝑚 ≥ 0  Figure 1 shows the yield surface for a porous 
metal powder preform given by equation, which consists 
of two cones. The height of cone increases with 
increasingλ. When λ=1, i.e. a pore-free metal, the cone 
becomes a cylinder and equation (2) reduces to the Von 
Mises yield criterion.and  k in equa tion (2) a re

 

experimentally determine from compression and tension 
test of sintered copper powder preforms are as 

( ) 2.1154.0 ρ−=η                    
 for 

  0m ≤σ                            (3) 

 ( ) 83.0155.0 ρ−=η       for  

0m >σ                                 (4)    

 However, these values can be used for other 
porous metals because there is little difference in the 

plastic behaviour in axisymmetric compression tests for 
and powder preforms. [7] 
 

 

  Figure

 

1:

 

Yield Criterion

 
IV.

 
Frictional Power Losses in Conical 

Portion
 

 
A wire or a rod of initial diameter Db

 
is extruded 

through a conical portion of the die. While passing 
through the die, the wire deforms plastically and 
decreases in diameter, the frictional force will be act 
between the wire metal and die. Cylindrical symmetry 
assumed to prevail .A slug of metal bounded by the 
conical surface of the die and by two transverse 
surfaces normal to the axis of symmetry. One surface is 
at a distance x from the apex O of the die, and other is 
at another incremental distance dx. The stress σx

 
over 

the transverse surface is assumed to be uniformly 
distributed tensile stress. It is normal to the surface with 
no shear component. For the incremental distance dx 
the stress varies by the amount dσx over the surface in

 contact with conical die. A pressure p is assumed 
normal to the surface and a frictional drag τ

 
parallel to 

the surface. (Fig 2)
 a) The σx 

stresses on the two transverse planes yield 
the resultant as (neglecting all incremental terms to 
power greater than one)

 
 
∫ �𝑝𝑝 𝑑𝑑𝑑𝑑

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
� �𝐷𝐷

2  𝑑𝑑𝑑𝑑� 𝑐𝑐𝑠𝑠𝑛𝑛𝑐𝑐 = 𝑝𝑝𝑝𝑝𝐷𝐷 𝑡𝑡𝑡𝑡𝑛𝑛𝑐𝑐  𝑑𝑑𝑑𝑑 = 𝑝𝑝𝑝𝑝𝐷𝐷𝑑𝑑𝐷𝐷
2

2𝑝𝑝
0   

                                                                        

(5)

 
 b)

 
The component of the normal pressure of the die in 
the x-directions determined and as follows 

 
 

∫ �𝑝𝑝 𝑑𝑑𝑑𝑑
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

� �𝐷𝐷
2  𝑑𝑑𝑑𝑑� 𝑐𝑐𝑠𝑠𝑛𝑛𝑐𝑐 = 𝑝𝑝𝑝𝑝𝐷𝐷  𝑡𝑡𝑡𝑡𝑛𝑛𝑐𝑐   𝑑𝑑𝑑𝑑 =2𝑝𝑝

0
𝑝𝑝𝑝𝑝𝐷𝐷𝑑𝑑𝐷𝐷

2                                                                     (6) 
 
c) The component of the frictional stress τ in the x-

direction is 
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∫ �𝜏𝜏 𝑑𝑑𝑑𝑑
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

�2𝑝𝑝
0 �𝐷𝐷

2
𝑑𝑑𝑑𝑑� 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜏𝜏𝑝𝑝𝐷𝐷𝑑𝑑𝑑𝑑 = 𝜏𝜏𝑝𝑝𝐷𝐷𝑑𝑑𝐷𝐷

2𝑡𝑡𝑡𝑡𝑛𝑛𝑐𝑐
                                        

(7)

  
 

(
)

A



    
    
 

Summing all the parts of forces in the x-direction leads 
to 

 
 

𝑝𝑝𝐷𝐷
4

(𝐷𝐷𝑑𝑑𝜎𝜎𝑑𝑑 + 2𝜎𝜎𝑑𝑑𝑑𝑑𝐷𝐷) + 𝑝𝑝𝑝𝑝𝐷𝐷𝑑𝑑𝐷𝐷
2

+ 𝜏𝜏𝑝𝑝𝐷𝐷𝑑𝑑𝐷𝐷
2

 

𝑡𝑡𝑡𝑡𝑛𝑛𝑐𝑐

 

                 (8)

 
 

On simplification

 
  

𝐷𝐷𝑑𝑑𝜎𝜎𝑑𝑑 + 2𝜎𝜎𝑑𝑑𝑑𝑑𝐷𝐷 + 2𝑑𝑑𝐷𝐷 �𝑝𝑝 + 𝜏𝜏
𝑡𝑡𝑡𝑡𝑛𝑛𝑐𝑐

� = 0

            

(9)

 

 

Now,considering the friction law

 
 

𝜏𝜏 = 𝜇𝜇

 

�𝑝𝑝 + 𝜌𝜌ₒ𝜑𝜑ₒ �1 − �
𝑟𝑟
𝑟𝑟𝑑𝑑𝑥𝑥

�
1
𝑛𝑛
��

 

  

 
 

𝐷𝐷𝑑𝑑𝜎𝜎𝑑𝑑+2 

   

𝜎𝜎𝑑𝑑𝑑𝑑

 

𝐷𝐷 + 2𝑑𝑑𝐷𝐷 �𝑝𝑝 + �
𝜇𝜇

𝑡𝑡𝑡𝑡𝑛𝑛𝑐𝑐
� �𝑝𝑝 + 𝜌𝜌ₒ𝜑𝜑ₒ �1 − �

𝑟𝑟
𝑟𝑟𝑑𝑑𝑥𝑥

�
1
𝑛𝑛
���

 

                                                                           

 

(10)

 
 

After simplifying of the equation, we get,

 
 
 

𝐷𝐷𝑑𝑑𝜎𝜎𝑑𝑑+2                                                                        
𝑑𝑑

 

𝐷𝐷 �(𝜎𝜎𝑑𝑑 + 𝑝𝑝) + 𝐵𝐵 �𝑝𝑝 + 𝜌𝜌ₒ𝜑𝜑ₒ �1 − � 𝐷𝐷
𝐷𝐷𝑥𝑥
� 1
𝑛𝑛
���=0     

  

                                                                                                   

(11)

  

Eq. (11) reduces to,

 
 

𝐷𝐷𝑑𝑑𝜎𝜎𝑑𝑑+2                                                                         
𝑑𝑑

 

𝐷𝐷 �𝜆𝜆(1 + 𝐵𝐵) − 𝐵𝐵 �𝜎𝜎ₓ − 𝜌𝜌ₒ𝜑𝜑ₒ �1 − � 𝐷𝐷
𝐷𝐷𝑥𝑥
� 1
𝑛𝑛
���=0     

 

    

                         

(12)

 

Integrating and simplifying the eq. (12)

 
 

σₓ = 2𝐵𝐵𝜌𝜌ₒ𝜑𝜑ₒ

𝑛𝑛( 𝐷𝐷𝐷𝐷𝑥𝑥 )

 

. 1
(1−2𝐵𝐵)

+ 1
2𝐵𝐵

[2𝜆𝜆(1 + 𝐵𝐵) + 2𝐵𝐵𝜌𝜌₀𝜑𝜑₀]+CD2B

      

                                                                      

 

(13)

 

Now,

 
 

C=Db
2B.[σxb-  

1
𝐵𝐵

{𝜆𝜆(1 + 𝐵𝐵) + 𝐵𝐵𝜌𝜌𝑐𝑐𝜑𝜑𝑐𝑐} − 2𝐵𝐵𝜌𝜌𝑐𝑐𝜑𝜑𝑐𝑐
(1−2𝐵𝐵)𝑛𝑛

]

 

  

                                                    
(14)

 
 

Putting the value of C in eq. (13) and solving it

 
 

𝜎𝜎ₓ
𝜆𝜆

 

=�1 − � 𝐷𝐷
𝐷𝐷𝑥𝑥
�

2𝐵𝐵
� 1+𝐵𝐵

𝐵𝐵

 

+σxb
𝜆𝜆
� 𝐷𝐷
𝐷𝐷𝑥𝑥
�

2𝐵𝐵

 

+ 

                                             

  

𝜌𝜌𝑐𝑐𝜑𝜑𝑐𝑐
𝜆𝜆

�1 − �
𝐷𝐷𝐷𝐷
𝐷𝐷𝑥𝑥

�
2𝐵𝐵

�1 +
2𝐵𝐵

𝑛𝑛(1 − 2𝐵𝐵
� +

2𝐵𝐵
(1 − 2𝐵𝐵

�
𝐷𝐷
𝐷𝐷𝑥𝑥

�
1
𝑛𝑛
�

 

 

                                                                   
           

(15)

 

Draw stress is the value of σx(say σxf) at the exit 
when we have D=Df,σx=Fb/A; i.e .σxb

 

therefore,

 
 

 

𝜎𝜎𝑑𝑑𝐷𝐷
𝜆𝜆

= �1 − �𝐷𝐷𝐷𝐷
𝐷𝐷𝑥𝑥
�

2𝐵𝐵
� 1+𝐵𝐵

𝐵𝐵

 

+σxb
𝜆𝜆
�𝐷𝐷𝐷𝐷
𝐷𝐷𝑥𝑥
�

2𝐵𝐵
  + 

 

𝜌𝜌𝑐𝑐𝜑𝜑𝑐𝑐
𝜆𝜆

�1 − �
𝐷𝐷𝐷𝐷
𝐷𝐷𝑥𝑥

�
2𝐵𝐵

�1 +
2𝐵𝐵

𝑛𝑛(1 − 2𝐵𝐵
� +

2𝐵𝐵
(1 − 2𝐵𝐵

�
𝐷𝐷𝐷𝐷
𝐷𝐷𝑥𝑥

�
1
𝑛𝑛
�

 

   

                                       

 

(16)

 

V.

 

Results and Discussion

 

 

The deformation pattern of metal powder 
perform is quite different from solid metal deformation. 
In the powder metal forming operation, there are 2 
processes that happen simultaneously, i.e. compaction 
and deformation.

 

Figure 3 shows the effect of semi cone angle 
(α) of the die. It is found that with the increase of semi 
cone angle (α) of the die, the relative extrusion stress 
decreases and after attaining minimum value the power 
consumption again increases as the cone angle 
increases. Here such the value obtain within the range 
of semi cone angle 8° to 10°,thus this values are the 
optimum value of cone angle with certain set of 
variables for minimum power consumption. It can be 
vary with varying the set of variables. 

 

Figure 4 shows therelative extrusion stress 
increases with increasing the coefficient of friction 
between preform and die wall. It is due to the fact that 
friction always opposes the motion and hence we need 
higher amount of relative extrusion stress for higher 
value of coefficient of friction.

 

Figure 5 shows, for lower value of percentage 
reduction in diameter, relative extrusion stress varies 
linearly. As relative density increases relative extrusion 
stress decreases. It is due to the fact that an initially 
large amount of load is consumed in compaction and 
then, after gaining sufficient relative density, it is 
deformed and gives a uniform proportionate curve.

 

Figure 6 shows for lower value of percentage 
reduction in diameter, relative extrusion stress varies 
linearly. It is due to the fact that with too small a cone 
angle, the contact area between the preform and the die 
is high, causing significantly high frictional losses. With 
too large a cone angle, the distortion becomes a 
predominant factor.

 

© 2012 Global Journals Inc.  (US)© 2012 Global Journals Inc.  (US)

63

G
lo
ba

l
Jo

ur
na

l o
f

Sc
ie
nc

e
Fr

on
tie

r
R
es
ea

rc
h 

  
  
  
 V

ol
um

e
X
II

 I
ss
ue

  
  
  
 e

rs
io
n
I

V
V
I

20
12

Y
ea

r

“Analysis of Sintered Metal Powder Preform during Extrusion through an Equilibrium Approach”

Figure 7 shows the effect of coefficient of 
friction μ on the extrusion stress for the case of 
deformation through conical converging dies. With the 
increase of coefficient of friction, the relative extrusion 
stress increases

Figure 8 shows the effect of back pull pressure 
on the extrusion stress for the case of deformation 
through conical converging dies. 
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Figure 3

 

:

 

Variation of relative extrusion stress with semi 
cone angle.

 

 

                                                    

                                                    

                                                    

                                                    

                                                    

                                                    

                                                    

5 6 7 8 9 10
0.31

0.32

0.33

0.34

0.35

0.36

0.37

0.38

0.39

µ=0.04

µ=0.03

µ=0.02

considering friction law

 

τ=(p+ρ0φ0)(1-(r/R))1/n
Initial Relative density 0.75,x=0.3,n=4

Re
la

tiv
e 

Ex
tru

si
on

 S
tre

ss
 

σ x
f/λ

Semi Cone Angle α

 

Figure 4

 

:

 

Effect of coefficient of friction and semi cone 
angle on relative extrusion stress.
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Figure 5  :

  

Effect of adhesion friction factor and 
reduction ratio on relative extrusion stress.
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Figure 6

 

:

  

Effect of semi cone angle and reduction ratio 
on relative extrusion stress.
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Effect of coefficient of friction and reduction 
ratio on relative extrusion stress.
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Figure 8 : Effect of back pull and reduction ratio on 
relative extrusion stress.
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VI.

 

Conclusion

 

 

Relative extrusion stress shows minima at a 
particular semi cone angle of the die, so it can be used 
criteria for the forming through conical dies. Lower value 
of coefficient of friction requires low value of relative 
extrusion stress, i.e. it favours the forming operation. 
Higher initial relative density of the preform needs lower 
value of relative extrusion stress. For small semi cone 
angle, the geometry of the preform doesn’t affect too 
much on the relative extrusion stress.So all the above 
conclusions certainly would be helpful for the forming 
operation through conical converging dies

 

List of Symbols

 

τ = Shear stress

 

η

 

= Constant and a function of

 

ρ

 

only

 

μ

 

= Coefficient of friction

 

p

 

= ram pressure

 

r

 

= Radius of the sticking zone

 

J'2

 

= Second invariant of deviatoric stress

 

R0

 

= Initial radius of the rod

 

Rf

 

= Final radius of the rod

 

α

 

= semi cone angle of the die

 

σxb

 

= Back pull stress

 

k

 

= Constant equal to 2 in yield criterion

 

n

 

= A constant quantity much greater than 

 

λ

 

= Flow stress of metal powder perform

 

ρ

 

= Relative density of the perform

 

σxf = Extrusion stress
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