FACULTY OF ENGINEERING HUNEDOARA

’ JoURNAL OF ENGINEERING l
Saanclsy

INVESTIGATION INTO EXTRUSION
OF SINTERED PREFORM FLOW

!Abhay Kumar SHARMA, ?R.K. RANJAN, 3K.S. KASNAM, 4V.K. BAJPAI

-2Mechanical Engineering Department, BRCM College of Engineering & Technology Bahal, INDIA
3-4Mechanical Engineering Department, NIT Krukshetra (Institute of National Importance), INDIA

Abstract

The forming of sintered metal-powder performs is currently arousing interest in many parts of the
world as an economic method of producing components from metal powders. This paper reports on an
investigation into 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 upper bound approach. The
concept of a spherical velocity field is introduced and dealt with in great detail, and the power
required. Experiments were conducted on aluminum and copper metal powder performs to validate
the theoretical results. The results so obtained are discussed critically to illustrate the interaction of
various process parameters involved and are presented graphically.
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1.INTRODUCTION

During the last few years metal-powder components have assumed an important position in
industry, as they are being used successfully in a wide range of applications. Both the mechanical and
the metallurgical properties of the metal powder components compare favorably with those of wrought
materialst. Bulk processing of metal powder preforms is a convenient method of reducing or
eliminating the porosity from the conventional powder metallurgy products. Process is attractive
because it avoids large number of operations, high scrap losses and high-energy consumption
associated with the conventional manufacturing processes such as casting, machining etc. In this new
technology sintered porous powder preforms are used as starting materials in metal forming
processes. Metal powder products manufactured by this new technology are comparable and in some
cases even superior to those of cast and wrought products.

Although a considerable amount of work has been reported recently as the various technological
aspects of the industrial processing of metal-powder preforms2-4, no systematic attempt has been made
so far to study the processing load and deformation characteristics during flow through conical
converging dies.

The paper reports on an investigation into 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
upper bound approach. The concept of a spherical velocity field is introduced and dealt with in great
detail, and the power required. The results so obtained are discussed critically to illustrate the
interaction of various process parameters involved and are presented graphically.

It is expected that the present work will be of great importance for the assessment of relative
extrusion stress developed during the flow through conical converging dies of metal powder preforms.

2. 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 p and for a greater initial densitys.

During the forming of metal-powder preforms the compressive force gradually increases the
relative density, which later is directly proportional to the real area of contact. The relative density
gradually approaches the apparent relative density (Fig.1) this approach probably being asymptotic®.
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Friction condition between deforming tool and work piece in metal forming are of the greatest
importance concerning a number of factors such as force and mode of deformation, properties of the
finished specimen and resulting surface roughness. During the sinter forging process it is very
important to keep special consideration on the interfacial friction, as this will determine the success or
failure of the operation. The relative velocity between the work piece material and the die surface,
together with high interfacial pressure and or deformation modes, create a condition of composite

friction which is due to adhesion and sliding’. The shear equation becomes 1 = plp + Py (I)OJ The first

term up being due to sliding and second term ppodo being due to adhesion, which later arises from
change of the relative density of the preform during the process.

The pattern of the metal flow during the forging 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 friction law for

particular condition is:
r
= + 1-— 1
T H{p Pod)o{ nRH 1)

L where r denotes the sticking zone radius & which may be
“E y . . approximated by the relation given by Rooks8 and n>>1.
% 3. PLASTIC DEFORMATION OF SINTERED PREFORM
E In an investigation of the plastic deformation of sintered
# deformation of sintered metal powder preforms it is clear that
Normal Pressurs (Rg/mme) — change in volume occurs due to porosity. A preform with a high
9 P o relative density yields at a relative high stress whereas a low
l J. ‘ relative density preform yields at a relatively low stress. Even
o f_ f°_ J hydrostatic stress can cause the sintered metal powder preforms
Gy = to yield, as the yield surface is closed on the hydrostatic stress
Py e [ e ‘ axis. The density distribution also does not seem to be uniform
1 T T throughout, being high in the central region and low at the edges.
b ? P The density distribution will be more uniform for a smaller
T (pre<ps) 11 {preps) 1L (m=ps) coefficient of friction and for a higher initial-density preform.
Tabata and Masaki® proposed the following vyield criterion for
Fig. 1 Three regimes of density porous metal powder preforms:
variation K -
p =43J2t3Mom 2

The negative sign is taken for g, < 0 and the positive sign is taken for 6,>0.

The values of n and k were determined experimentally from simple compression and tension test
of sintered copper-powder preforms?® as

n=0.54(1-p)"* for 5, <0

n= 0.55(1— p)o'83 for om>0 and k=2
For the axisymmetric condition the yield criterion reduces to

k
piso ., (L+m) .
- = + - =) (Sa Appendix A 3
o1~ 02 (L= 2n) (1—211)02 c2=A(Say) (App ) 3)
4. SPHERICAL VELOCITY FIELD

The wire is divided into three regions in which the velocity fields are continuous (Fig. 2). In
zone-I and zone-I111, the velocity is uniform and has only an axial component. In zone-lI, the velocity is
Vo, and in zone-111 the velocity is vs.

Because of mass constancy

2
Rt
o Vo=PVf| — (4)
Ty Ty RO
et ot ; et In zone-1, deformation has not yet begun. It
consists of the incoming rod, which is separated from
Fig. 2 The spherical velocity field the deforming zone-Il by the surface I''. Surface I'; is

spherical, of radius ro with the origin at the apex— o of
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or

the cone of the die. Zone-I1 is the zone of deformation bounded by the surface of the die, with a cone of
an included angle 2a and two concentric spherical surfaces I'; and I'z. The surface I'z is the spherical
boundary between zone-I and Il. The spherical surface I'; of radius r;, with the origin at the apex —O of
the cone, separates zone-11 from the emerging product of zone-I11. In zone-11, the velocity is directed

towards the apex —O of the cone, with cylindrical symmetry.
In the spherical co-ordinate system (r, 6, ¢), the velocity components are

2
__vErgeose o
Ur="—1k 7+ Ue=0: Uy

(L—2n)

2(L+m)

5. STRAIN RATE

where K =

®*  vf rlgcose ° Vf rlgcose i Vf r%cose i Vf r]gsine
T AK)H O T T WK)e POT T @WKyeL 0T (WKL

The above strain rates must satisfy the compressibility equation of powder preforme-
2 2 2

er+eg+egp =21 er—eQ | *|Ep—Ep| *|Ep—er

This equation may be rewrite as according to our problem:

2+n) Ur _,

1-2n) r
6. INTERNAL POWER OF DEFORMATION

r+

According to Oyane & Tabatal9, the internal work done is given by-
1

2
2232 2

2 1
Wizﬁkaoj P er+eQ+ez+2¢rg || dV
\

V2 I vf v§cos?0 E vErfsin20
J3P 0| AWK | 2 2 AWTK)+D)

and dV = 2nrsin0.rdo.dr

2.2 o o 1 in20 1 .
I N 2 2 192 leac2p 4 SN 2sin0.do.dr
mpRooVirfl | H( + Jcos + r4sin 0.de.

2
1-cosa. [1- 2+3K sin2a+
21+ 2K2

N 2.6 2(,2-1/K_ 2-1/K
z\/ETfkaO 1+2K Vfrf(ro rf ) - 2+3K2 2+3K2

1 1+
V3(2K -1) 2‘1+2K2i|n o+ 2K2)

®)

(6)

()

(8

C)

\/2+3K2 \/2+3K2 +\/1_ 2+3K2 _ 2
d+2k?) Vo+2k?) | 2i+2k?)

a
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ro Ro R+

Since — =—and rf =———,; itfollows that:
It Rf SIna
1
- \/Enpkcoﬂl_i_ 2k2 vf r§4—1/ K) RO 2?
Wij= — -1(f(o)
V3(2K -1) R

2
1—cosa\/— 2+3K in 2

SIn o +
2ﬁ+2K2i

f () = 1 2+3K?2 2+3K?2

1- 1+
0 (4-1/K) ¢ 6 2) (i 2)
sin 2L+ 2 K In 20+ 2K
2+3K? 2+3K?% | 2+43K?Z .2
Voh+2k2)  Va2b+2k2) 2+ 2k 2) |
For very small a, f (o) converges to unity and equation () reduces to-

y Ml
: Ro| K_
Wi = \/§(2K - 1) j 1|f(a) (10)

Rf
7. VELOCITY DISCONTINUITIES

along I';- AV = y¢sin®
along I'2- AV = \/Sin0
2 2
Vfrg cosa  vf Rf cosa
along I's- Av = =
1K RL/K
along I's- AV = v (11)

8. FRICTIONAL POWER LOSSES

In Cylindrical Portion
Consider the equilibrium of the small element (Fig.3):

(GX-FdGX)?IR%—GXTCR%—ZMpTEROdX=0 (12)
For cylindrical state of stress, the principal stresses are or, 69 and c;. Hence, equation (3) becomes
k
B poo  (L+n)
‘ T or—ocp= + cp—cp=Ar (Say)
(L-2n) (@-2n)

o -
] —— _'_' ____ N N As the yielding of the material during this
; o & process takes place at a particular maximum value

of oy. Hence A is a constant for this process

] L (Appendix A) when c,=cy, and c4=-p.
!‘ L *.1—:! Von Mises y;iald critgria reduc(es to: k)
Fig. 3 Free-body equilibrium Ox TP =" le.p=—lox+ (13)

~ Ro

> doy = updx = —p(gy +A)dx = (d& =2 M gx

7‘+GX) Ro
and by integration, In(k+ g, )= oM vic

Ro
Using boundary condition, g, = ¢y, atx=0. Now, C = In(K + be)
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After putting the value of C in the above equation, we get,

— [ 1+ %} exp[— ZMLJ -1 (14)
ox K A Ro

Now, p = (A + 5y) = —k[l G}i‘bjexp( Lx]

Ro
Wi = [1]Av/ds (15)

S

L-1
Oxb pX
Wi = 2nv; RE- jpdx = —2nys Rf—7{1+ ] [ exp(—Z—jdx
Rox=0 R A Jx=o Ro
After integrating and substituting, | = (RO — Rf)cotoc

L Ry
Wi = tvs Rf 7{1+ jexp 2u ——( ——Jcotoc — (16)
f f 2 [ {Ro Ro

In Conical Portion
The die and differential element are shown in Fig. 3. Considering the equilibrium of the forces in
x-direction which is the direction of principal stress,

DdGX+20XdD+2dD(p+ j:o
sina

n rjl
, Dd 265y dD + 2dD 1-|—|—
or ox +2o0xdD + <p+(tanaj{p+po¢o{ [RanH>

After simplifying of the above equation, we get,
where B=——

Ddoy + 2dD<(GX +p)+ B[p + p0¢0{1— (—D JEH> =0 (17)
Dp /N
tana

Equation (17) reduces to,

Dd g, + 2dD<x(1+ B)- B[GX ~Po by {1— (Dﬂb] %H> =0 (18)

Integrating and simplifying the equation (18),
2Bpyd, 1 1
n(D/D,) (- 2B) 2B
Using boundary condition at entry for this case is,
Ox = Oxf at D = D¢
Using this value in equation (19)-
2B p0¢0:|

C= DFZB{fo —%{7“(“ B)+ Bpod)o}—m

Substituting the value of C in equation (19) and after simplification without considering front
pressure, we can get,

2B 2B
Ox _1+B 1_[DJ . Podo 1_[D] {H 28 Df}+ 28D | (a
A B Ds A £ (1-2B)Dy| n(-2B) D,

Now from equation (15), we can get,

1)

— [21(1+B)+2Bp, ¢, |+ CD?® (19)

Ox =

(20)
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RO B Df A

Wt =27h ve R%cota |
RE p *° 2B D
f 2B D
1= — 1+t
[ij { ”(1—25)Db} n(l-2B) Dy
2nvf REcota K R{ZK)| (oo (2-1/K)
) (2K -1) Rf
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R1—1/ K 4r

—-1|x

Wi

I 2B
1_£ 1— Ro g 2K-1
B Rf 2BK + 2K -1 (22)

2B
L J(Ro)T gl 2k-1 2B Ry
Rt 2BK+2K-1|" n(1-2B)Rg

L (1_Rfj(2|(—lj
@-2B){" Ro\3K-1

9. RELATIVE EXTF_QUSION PRESSURE

_ PpPp
A

The total power required for the process can be split up into parts:
(a) The power loss due to shear at surface of velocity discontinuities I'; and Tz .
(b) The internal loss due to friction along die surfaces I's and T's.
(c) The internal work of deformation.

*
For plastic deformation of a metal powder the external power J supplied by the ram is given as:

*
J=W,;+Ws+W,+W; (23)
The first term on the right hand side denotes the rate of internal energy dissipation Wi, the
second term denotes the frictional shear energy losses Wt the third term denotes the energy
dissipation due to inertia forces W,, and the last term covers power supplied by predetermined body
tractions W:. In this case a force due to inertia is negligibly small and no external surface traction is
stipulated. Therefore, Wa=W,=0.
*
Now the external power J supplied by the press through the platen is —
%

J= J.FI Ul ds ==W; +Wx (24)

*
and J=-mpvf Rgcxb (25)

10. RESULTS AND DISCUSSION

Fig. 4(a) shows the physical model of deformation of a metal powder preform through a conical
converging die. During the process of deformation of metal powder preform, it is seen that initially the
densification of particles take place and thus the density of the preform increases gradually. The
applied stress has more contribution towards densification (compaction) and less contribution
towards compression. After attaining sufficient density the densification and compression take place
simultaneously. The applied stress now contributes more towards compression and less towards
densification. However, the extent of each of them depends upon the reduction ratio and the initial
relative density of the preform. When a further deformation stress is applied, the stress-free portion is
completely deformed and replaced by densified material. The later starts to emerge from the die
orifice, while the elastically deformed part of the preform crosses the back boundaries of the plastically
deformed zone and starts a process of densification and this continues until the whole preform is
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deformed. Fig. 4(b) shows the effect of semi cone angle (o) of the die. It is found that with the increase
of semi cone angle (o) of the die, the deformation stress decreases.

INITIAL RELATIVE DENSITY=0.85
L/R,=3.41; L/R =3.8; n=3; x=0.3

-1.4 % Reduction in Dia=10%; n=0.3
@ 121 \
PREFORM o 1 .
5 -1.0 1 \_
& 8] I
DIE ‘é’ 2 |
2 _0.64
<L ]
(W0}
s 0
'_
5 -0.2
n J
0.0 T T T T T T T T

T 1
1 2 3 4 5 6 7 8 9 10 11
SEMI CONE ANGLE (o)

FIG. 4 (a) Physical model of deformation of a metal powder preform through a conical converging die
(b) effect of semi cone angle (o) on relative extrusion pressure
Initial relative density=0.70
R/R=1.6; % Red.=37.5 24
x=0.3; n=3

o= x=0.3, ;=0.03; =3

-2.34

2.2

xb

-2.14

—0— p=0.03

RELATIVE EXTRUSION STRESS (o,,/2)
Ny
o

—e&— u=0.05
. -16 T T T T T T T T T T T 1

0 2 4 6 8 10 12 14 16 18 20 0 0 20 30 4 0 @
SEMI CONE ANGLE (a) % REDUCTION
FIG. 6. Variation of relative extrusion stress with
percentage reduction in diameter at different initial
relative density of the preform

RELATIVE EXTRUSION STRESS (o _/A)

FIG. 5. Variation of theoretical relative extrusion stress
with semi cone angle at different coefficient of friction

L/Rf:3.2; 1u=0.03; n=3; FIG. 7. Variation of theoretical relative extrusion
% Red.=37.5; R /R=1.6; p=0.8 stress with semi cone angle at different value of
-6 podo

Fig. 5 shows the variation of theoretical
relative extrusion stress with semi cone angle
considering different value of coefficient of
friction. The relative extrusion stress
increases with increasing the coefficient of
friction between preform and die wall.

Fig. 6 shows the variation of theoretical
relative extrusion stress with percentage
reduction in diameter (reduction ratio) of the
preform. For lower value of percentage
reduction in diameter, relative extrusion
stress varies linearly. As relative density
increases relative extrusion stress decreases.
Fig. 7 shows the effect of density factor podo

RELATIVE EXTRUSION STRESS (o, /2)

o4+~ on the deformation stress for the case of
5 10 15 20 25 30 35 40 45 50 55 60 deformation through conical converging dies.
SEMI CONE ANGLE (o)) With the increase of density factor podo, the

deformation stress increases.
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In order to study the deformation characteristics, cylindrical Aluminium and copper billets were
pushed through conical converging dies. The dies are given 29, 49 ,6° and 10° semi cone angles. The
dies gave reductions ratios 1.6, 3.8, 4.2 and 10. The experiments were conducted both at slow and at
high speed for different semi cone angles of die and different reductions ratios. Five Aluminium and
Copper preforms of different length having initial relative density of 0.85 were taken. The extrusion
dies made for the sintered preform has been shown in the Fig. F-1. Fig. F-2 shows the sintered Al
preform.

F-2. Sintered Aluminium Powder Preforms

a. b.
F- 3. Extruded al preform (length of preform=2.63cm; die angle=69, reduction ratio=1.6)

Fig. 8 shows the variation of relative
extrusion stress containing theoretical as well as
experimental results on Aluminium preform
having initial relative density equals to 0.85. Figure
shows the close agreement between theoretical and
experimental results.

ALUMINIUM PREFORM
INITIAL RELATIVE DENSITY =0.85
1=0.3; =4 n=3; x=0.3

F-4. Extruded copper preform (semi cone angle of the

die=6°, reduction ratio=1.6) 1841

Fig. 9 shows the variation of deformation 3 1.821 =
compressive load with percentage reduction in & 1.80+ .
diameter for Aluminium and Copper powder 2 1.784
preform having initial relative density equal to g 176
0.85. Deformation load increases with 25~ A
percentage reduction in the diameter of the & & 1.741
preform. Initially large amount of compressive 1.72-
load is consumed in compaction of the preform E 1.70
and hence shows a linear variation with large < 1 THEORETICAL
slope. After attaining the sufficient densification, & 1.687 A A EXPERIMENTAL
the preform gets deformed plastically and hence 1.66+
shows the variation of curve nearly asymptotic. 1 2 3 45 6 7 8 9 10 11 12

Fig. F—3(a) shows a snap for extruded % REDUTION IN DIAMETER
sintered Al powder preform of length 2.63 cm FIG. 8. Variation of relative extrusion stress with
through 4° semi cone angle die. Fig. F-3(b) percentage reduction in diameter of the aluminium
shows extruded Al billet cut into three pieces. F- powder preform (Size of the preform: ¢1.48x2.63cm)

4 shows extruded copper preform through 6° semi cone angle die and reduction ratio equals to 1.6.
Fig. 10 shows the load-displacement curve for Aluminium and Copper powder preform having
initial relative density equal to 0.85 of length 2.0 cm, 2.63 cm and 3.0 cm each. It has been seen that
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slope of the curve for different length of the metal powder preform is nearly same. Initially, the
difference between the deformation loads is same. The difference is significant as displacement of
punch is more forward. It is due to the change in the length of the preform, and therefore it is due to
the change in the friction force between preform and die wall. At the end of the process, the difference
between the forces is negligible. As seen from the Fig. 10(a) & 10(b), the deformation load increases
rapidly at the start of the operation. After some movement of the punch, the load decreases with a
constant slope. Again, two common phenomenon occurs in the deformation of metal powder preform
i.e. compaction or densification and plastic deformation. Initially large amount of load is consumed by
increasing the density of the preform and after getting sufficient densification, preforms get deformed
plastically. At the end of the process lower frictional resistance is found and that’'s why curve sloping
down. This curves also on the effect of length of the metal powder preform. As length of the preform
increases, deformation load increases.

ALUMINIUM PREFORM
INITIAL RELATIVE DENSITY =0.85

1=0.3; a=4% n=3; x=0.3

5.5 A
5.0
451
4.0
3.5
3.0
251 A

—— THEORETICAL
A EXPERIMENTAL

DEFORMATION LOAD (Ton)

2.0+ A
15

0123456 7 8 9 101112
% REDUCTION IN DIAMETER
FIG. 9 (a) Variation of deformation load with
percentage reduction in the diameter of the preform
ALUMINIUM PREFORM
INITIAL RELATIVE DENSITY =0.85

COPPER PREFORM
INITIAL RELATIVE DENSITY = 0.85
1=0.3; a=4° n=3; x=0.3

THEORETICAL
A EXPERIMENTAL

DEFORMATION LOAD (Ton)

0 1 2 3 4 5 6 7 8 9 10 11
% REDUCTION IN DIAMETER
FIG. 9 (b) Variation of deformation load with
percentage reduction in the diameter of the preform
COPPER PREFORM
INITIAL RELATIVE DENSITY =0.85

1=0.3; a=4"; n=3; x=0.3 1=0.3; 0=4° n=3; x=0.3

2.5+ ]
6 o
= 1 K
é 2.0 = 5 A
a 2 1 o
< |
o 44
Q© 154 < |
P4
o = 3
= =z
< 1.0 Qo 1
p 2 2 =
& —e—L=30cm = ] e rissem
] N —v—L=2.63cm © e
g 0.5 L=.0cm E 14 —4A—[.=2.0cm
—8— . w ]
0.0 T T T T T ! 0 T T T T T T T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

DISPLACEMENT (cm)
FIG. 10 (a) Load displacement curve of aluminium
preform of length: (a) 2.0 cm (b) 2.63 cm (c) 3.0 cm

DISPLACEMENT (cm)
FIG. 10 (b) Load displacement curve of copper preform
of length: (a) 2.0 cm (b) 2.63 cm (c) 3.0 cm

Fig. 11 shows the variation of average relative density with reduction ratio for deformation of
Aluminium powder performs through conical converging dies. The result shows a tendency for the
relative density at slow speed to be slightly higher than at high speed. This is due to the effect of inertia
and frictional forces acting during the process. During deformation an important factor, which will
affect the relative density of the deformed part, is the effect of speed on the metal flow. The first
portion of material to be deformed undergoes a relative small amount of deformation, which means
that the material is deformed in a state close to its original form. The amount of flow of this portion of
the deformed part depends upon the frictional level, which changes with speed. At high speed friction
is decreased, so more deformed metal passes the die in the beginning of deformation that at slow
speed.
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ALUMINIUM PREFORM
INITIAL RELATIVE DENSITY=0.85
1.0- .
/%7“ .
AY
0.8
>
=
2 0.6
L
o
L
E 0.4
S
m —e— HIGH SPEED
0.2+ —A— SLOW SPEED
0.0 — —

T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12
LOG OF REDUCTION RATIO

FIG. 11. Variation of relative density (deformed

portion) with reduction ratio

11. 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 favors 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 effect too much on the relative
extrusion stress. So all the above conclusions
certainly would be helpful for the forming operation
through conical converging dies.

APPENDIX A

Of course, the value of o2 (-p) varies over the
surface of the work piece. For a particular
compression condition the value of o» (-p) is
constant when yielding starts. Hence the value of A
is constant during a particular compression

condition, although the value of A varies slightly during successive reduction of the work piece due to
the variation of p in each compression condition. It requires an accurate determination of the variation
of A and/or o> (-p) at the die- work piece interface during each reduction. But this consideration will
extend the numerical calculations considerably. Considering equation (13) the moment yielding starts,
the value of oy (Or ox) is negligible in comparison to p. Hence for all practical purposes o (Or ox) can
be neglected. Hence p = A. Putting this value of o, (-p) in equation (3) gives the value of A associated
with yielding. Hence equation (3) on simplification reduces to

k
5~ P o0

(1-2n)

List of symbols

T =

S >35S XTE
|

D

el
1

Shear stress

Coefficient of friction

Constant equal to 2 in yield criterion

A constant quantity much greater than 1
Flow stress of metal powder perform

¢ = Spherical co-ordinates

Relative density of the perform

p*, pr = Densities of apparent and real contact areas
om = Mean yield stress

co = Yield stress of the non-work hardening matrix
metal

[ ] [ ] [}

sr,89,8¢ = Principal strain increment

for axisymmetric compression

n = Constant and a function of p only
p = ram pressure
r = Radius of the sticking zone

J, = Second invariant of deviatoric stress

Ro = Initial radius of the rod

Rt = Final radius of the rod

Vo = Velocity of incoming flow

Vi = Velocity of exiting flow

Av = Velocity discontinuity

V = Volume of deformation zone

o = semi cone angle of the die

T'1 = Surface of velocity discontinuity
oxb = Extrusion stress
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