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Abstract:  The paper reports on an investigation into the various aspets of
an axisymmetric sintered compound ow behaviours of powdempreforms which
have been compacted and sintered from atomized metal powdeMany forging
processes involve ow of preform in more than one direction.For the purpose of
die and process design it is often necessary to determine thew behavior and
the forging force. Analysis of a general axisymmetric prol@m is discussed and
presented graphically. In addition the fundamental interest that it emphasizes
the power of upper-bound when applied to the prediction of conpound sintered
metal ow.
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1. Introduction

The forging of powder preforms have been considerably dewsgbed during the
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last few years in industry, as they are being used successkylin a wide range
of applications. Both the mechanical and the metallurgical properties of the
metal powder components compare favourably with those of wought materials.
Bulk processing of metal powder preforms is a convenient mabd of reducing or
eliminating the porosity from conventional powder metallurgy products. Pro-
cess is attractive because it avoids large number of operatns, high scrap losses
and high-energy consumption associated with the conventioal manufacturing
processes such as casting, machining etc. Sintered porousvpder preforms are
used as starting materials in metal forming processes. Metgowder products
manufactured by this new technology are comparable and in soe cases even
superior to those of cast and wrought products. The deformabn pattern in
forging of metal powder preform is quite di erent.

A change in density occurs during plastic deformation.

The yielding of porous metals is not completely insensitiveto the hydro-
static stress imposed during processing.

Analysis of an axisymmetric sintered compound ow problem (Figure 1) is
made. As the preform is compressed, preform while owing raghlly outwards
may or may not ow through the annular hole of the upper at die. The
theoretical analysis suggests that depending upon the dimesions of the preform
and the annular hole in the die friction, one of the following three situations
may occur:

1. The thickness of preform within annular hole may increase
2. This thickness may not change.
3. This thickness may reduce.

Assuming the preform to ow through the die hole with a positive or nega-
tive velocity, separate velocity elds are postulated for the deforming preform.
The expressions for the rate of energy dissipations of the picess for the dif-
ferent sets of velocity elds are obtained. Minimizing the expressions for the
power according to the upper bound theorem, the geometric anensions and
friction conditions valid for any one of the above-mentional three situations
are computed. The material of the preform is assumed as Misematerial and
the friction is represented by constant friction factor. Many forging processes
involve ow of preform in more than one direction. For the pur pose of die and
process design it is often necessary to determine the ow belvior and forg-
ing force. A simple axisymmetric problem i.e. formation of acentral boss on
a small disc by compression between a platen by Jain and Braraly [1], and
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Figure 1: (a)-(c) Compound ow of Preform (velocity elds)

Newnham and Rowe [2]. The analysis of axisymmetric problemsi presented
here. In addition it emphasizes the power of upper-bound whe applied to the
prediction of metal ow.

2. Plastic Deformation of Metal Powder Preform

In an investigation of the plastic deformation of sintered deformation of sintered
metal powder preforms it is clear that change in volume occus due to porosity.
A preform with a high relative density yields at a relative high stress whereas a
low relative density preform yields at a relatively low stress. Even hydrostatic
stress can cause the sintered powder preforms to yield, as ¢hyield surface is
closed on the hydrostatic stress axis. The density distribtion does not seem to
be uniform, being high in the central region and low at the ed@s. The density
distribution will be more uniform for a smaller coe cient of friction and for a
higher initial-density preform. Tabata and Masaki [3] proposed the following
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yield criterion for porous metal powder preforms:

q_—
k=319 3 . 1)

The negative sign is taken for ,, 0 and the positive sign is taken for ,, 0.
The values of and k were determined experimentally from simple compression
and tension test of sintered copper-powder preforms as

=0:541 )2 for n O

=0:55(1 )% for p<Oandk=2:

For the axisymmetric condition the yield criterion reduces to

I(o+(1+)

1Tad 2y Ta 2y ? 2)

3. Interfacial Friction Condition

Many solutions to problem in forging are obtained with consiant shear factor,
Coulomb friction and viscous friction assumed between die ad preform. These
theories are associated with the forging practice. The basi shortcomings of
these theories are the absence of a su cient justi cation far the value of constant
shear forces adopted. The correct determination of frictio at the interface is
of great importance. In the plastic deformation, the surfae of the preform is
distorted and takes on an impression of the tool surface. Thefore, the actual
contact area, as far as the speci ¢ cohesion of the contact sface is concerned, is
not negligible. Hence, friction in plastic deformation is essentially di erent from
sliding friction. Direct metal-to-metal contact between t he die and the preform
is usually undesirable, since this contact results in weldig and shearing of
surface and gives rise to high friction values and deteriorgon of the product.
Contact is prevented either by the presence of a surface oxi& Im or by the
introduction of Lubricant [8]. High relative velocities between the preform or
die surface combined with high interface pressure and/or dermation modes
will cause breakdown of the surface Im and will allow the newsurface to come
into contact with the die surface and causes adhesion. We abscan not deny
completely the existence of slip between the preform and d& therefore [6]

= [Pav* o0 ol: 3)
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4. Velocity Fields and Strain Rates

Simple velocity elds are postulated by dividing the deforming preform into
three cylindrical zones (Figure 1). In each zone the velocjt components should
be continuous, satisfying mass constancy and boundary coiiibns. bg, cf,
and bc are the surfaces of velocity discontinuity. The norm& components of
velocities at these surfaces in any two adjoining zones shtilibe equal to satisfy
the mass constancy. In each zone parallel velocity eld is asimed

Case |. The metal of Zone 1 partly ows into the die hole.
At ry,, radial velocity is zero. Forr >r ,, U is (¥)ve and r <r ,, U; is
( )ve

Zonel U, = %; "z=%li= %;
_ @ 2) 5 o
U= s@eym T )
= @r " 20+ Hh T2 )
Zone 2 U, = %Ve; "= %;
u =& 2)rg (L 2)Ve(r® rf).
"7 21+ )rh 21+ )h
L@ 2)  rf g
Toawyh 12 Ve ®)
z 1 1 2)r
Zone 3 U, = e "= e U = 7£(1+ ih;
m — (l 2) .
e ©

Case Il. No material from Zone 1 ows into the die hole. The material
coming out of Zone 3 ows partly into the die hole and partly into Zone 1. Ve
is (+)ve
1.

h!
[F§(L+ Ve) ri(L+ Ve)+ r?;

Zonel U; = %"Z =

_ @ 2)
"7 21+ )hr
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. 1 2) r2 r2
rzm(l"'ve) % +1 (7
Zone 2 U, = %Ve"Z = %;
1 2
Uy = ﬁ[rg(u Ve)  Ver?]
. 1 2) r2
P = 201+ )h r—2(1+ Ve) Ve (8)
_ oz, . _ 1 _ @ 2)r,
Zone 3 U, = o 2= Ur_72(1+ '
mn — (1 2)
"7 201+ )h ©

Case |ll. Material from Zone 3 and
(+)ve.

Zone 2 together ows to Zone 1.V, is

z 1
Zone 1 UZ = H, z = H,
_ @ 2) 5 2 2
U = m[ror(l Ve) rir(l Ve)+ r7]
L@ 2) ri 18
= =~ 2 +
Zone 2 U, = Eve; "= %;
_ @ 2) 2
U = 20+ hr ro(t  ve) Ver
@ 2)
= — — +
r 2(1+ )h r2(1 Ve) Ve (11)
z 1
Zone 3 U; = ﬁ; 2= ﬁ;
_ @ 2)r, a 2)
Ur = 21+ )h " 21+ )h (12)
5. Rate of Energy Dissipation

Corresponding to the three sets of velocity elds the expresions for components
of strain rates and velocity discontinuities are obtained. Using this strain rate
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components and velocity discontinuities
zZr — Z
§e,j g dv + jr Vijds
\% Z S
+ a;uidv TiVids: (13)

\Y st

J =p=o
?

We are considering internal energy dissipation and frictimal force.

6. Internal Energy Dissipation

©

2 49— — —
Wi = = Ko (0 T2R(" T2e(T )2 14)
For axisymmetric condition, ", =" , equation reducesdW; = 5 ¥ o(", ",).
Case I.
2 1 2) r _
Wi=z o 20+ ) (r3 |r§)+2r§|na +(r3 rd); (19
_ 2 @ 2n) 5 r
Ve r§r§r+2rgln:—1 Ve(rz rd) ; (16)
0
W= 2k 30 (Zone 3) 17)
T3 % 2a+)
Case Il.
Wi=B A 2(1+ Ve)(r? rg)ln:—2+(r§ r3) +(r53 r?) (Zonel) (18)
1
Wi=B A0+ Ve rAIni2+(r3 1D 2fa+ Ve
1

:
n Ve V@i r§+(rf 1D
0

2
3rg

VT 10+ ey

(Zone 2) (29)
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2
3rg

W; =B 20+ ) (Zone 3) (20)
Case lll.
Wi=B A 2(1 Ve)(r2 rS)In:—2+(r§ r3) +(r3 1
1

(Zone 1) (21)

r
Wi=B A 241 Veln r—l + Ve(rf+13) + Ve(r? rd)
0

(Zone 1) (22)
_ 2y 3rg
W = 30 e (Zone 3) (23)
Total internal work done for all three zones:
Case |.
W, =B A (r3 rf)+2r§|nr—2 2r§|nr—1
I lo
Ve 12 r3+2rar In;—1 +(r3 r?)
0
3r2
2 2 0
Ve(r1 r0)+ 2(1+ ) (24)
Case Il.
Wi=B A 2(1+ Ve)(r2 ré)ln:—2+(r§ rf
1
;
2r3(1 + Ve)lnr_l Ve(r{ rf)
0
3rlr
+(r3 1) ve(r? rd)+ 2(13 ) (25)
Case llI.
r
Wi=B A 201 Ve)(r2 ré)lnr—2+(r§ 5)
1
2r2(1 ve)ln:—1+ve(R§ r2)
0
2 .2 2 .2 3rg
+ (r5 D)+ Ve(ry rg+ (26)

21+ )
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where

@ 2).

_2k —
B—é 0 and A—m

7. Frictional Energy Dissipation

R
The frictional energy dissipation isWy = _ ] vjds where

(( v) is the velocity discontinuities along surfaces)ds=4 rdr ;
= [p+ o ol
Case |.Zone 1

@ 2)(r? rf).

VS T2+ n z
_ (1 2)p+ 00 (r* 1)
We=d =gy o m
_2 (p*t o0 2)3(1+ )h(1 2)
) Wi = 31+ )h
[(r3 rd) 3ra(r2 r1)
Zone 2
v= 728+ 2)r)h r3 rev(r2 rdy
Z
_ (P+ 00) @ 2) " [r§ Ve(r® @] . .
Wi =4 2@+ Hh ., . rdr ;
Wi =2 (p+3 0 o) 8+ 2)%[3rc2>(r1 ro) Ve(r$+2r3 3r3ry)]
Zone 3
_ @ 2)r,
" 21+ )h’ .
W; =4 (P* 0o (I 2) rOr rdr;

2(1+ )h o

(p+ 00 (@1 2)r3
3 1+ )h?©

Wi W =2
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Total frictional work done for all three zones:

2 1 2
(p;(l(l O))(h )[(r:Z3 r%) 3rr2](r2 rl)

+3r3(r1 ro) Ve(r3+2r3 3raror)+ rdr]

Wf:

Case Il. Zone 1

v= %[ré(u Ve)  TE(1+ Ve)+ r7l;
z
4 (pt oo 2)7 r2A4Ve) r2A4Ve) L r2
Wy = 2(1+ )h W e
W = 2 (p;(l(irO))(r? 2 )[3rc2>(1+ Ve)(rz - 1)
i+ Ve)(rz ro)+(r3 i)
Zone 2
~ (1 2) 2 27.
VE g g ot Ve Vel
z,,
w = 2 (p;(liO))(r? 2) [F§(1+ Ve) Ve r?Jrdr;
i - 2 (no;(lo+ o))(; 2 2@+ Vors ro) Ve(r3 1)
Zone 3
_ @ 2)r.
YT 2@ z
_4 (p+ o) 2) '
W = TRT . rdr
_2 (pt 00 2) 4
) Wi = 31+ )h 0

Total frictional work done for all three zones:

W = 2 (p;(110))(r? 2 )[3rc2>(1+ Ve)(rz - r1)

321+ Ve)(ra ro)+(r3 r3d)

(32)
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+3r2(L+ Ve)(r1 ro)  Ve(r3 rd)+ rd]

Case lll. Zone 1

1 2
= ol v B v
4 (p+ oo 2)
We = , 2+ Hh
rz[ré(l Vo) 121 Ve)+ r3dr
) wp =2 P 0ol 2) 00 vy,

3(1+ )h
I3 Ve)rz ra)+(r3 rd)
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Zone 2
_ @ 2) 21.
V= m[ro(l Ve)  Ver<;
_4 (pt oo)@ 2) ", 2
Wi = 2L+ )h " [ro(1  Ve)+ Ver<ldr
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Total frictional work done for all three zones:
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8. Relative Average Pressure

Pa: 2K r ry
V=S A (r3 rH+2r2in2 2Zint
0 3rs r o

r 3r2
2 2. .2, M1 2 2 2 2 0
Ve ri rg+rgln o (r3 ri) Ve(rz ro+ 20+ )

2 (p+ o o)1 2)f(rg r3) 3r2(r, ry)
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1
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r
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9. Experimental Analysis
9.1. Metal Powder Used
Electrolytic Copper powder of greater than 99% purity was usd
Physical characteristics of copper powder used.
Apparent Density: 2.60 g/cc Tap Density: 8.96 g/cc

9.2. Specimens and Density Measurement

In the preparation of metal powder compacts the following seps are necessary:
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Maximum Limits of Impurities
Copper 99:80%
Phosphorous| < 0:001%
Iron < 0:006%
Silicon < 0:002%

Table 1: Chemical analysis of sintered copper powder (weigioage)

(I) Compaction:  Copper powder was compacted in a closed circular die
using a 40 Ton hydraulic press (Figure 2) at various pressure Com-
paction is shown in Figure 3.

(1) Sintering:  Sintering of copper compacts was carried at 600, 625 and
650 C for three hours in appropriate atmosphere. All sintering qera-
tions were carried out in a mu e type silicon carbide furnace (Figure 4)
capable of providing temperature of 1300 C with accuracy of 5 C.

(1) Machining: The surfaces of the specimens were polished with ne
emery paper. Density of the copper powder preforms was obtaed sim-
ply by measuring specimen dimensions and weight. The relate density
of the powder preform was obtained by the ratio of the powder peform
density to the solid metal density (density of solid copper =8:93g/cc).

9.3. Experimental Procedure and Measurements

The copper powder perform of known relative density was plaed between a
compound ow arrangements dies (Figure 1) and was compresdeat room tem-

perature. The compression was carried out in lubricated coditions. The sin-

tered copper powder preforms of known initial relative dengies (0.75, 0.80, 0.85
and 0.90) were deformed between at dies. The load was graduig increased
until cracks were observed. The % compression and the load kg just at the

time of the appearance of cracks were recorded. The deformaareforms are
shown in Figures 6 and 7.

10. Results and Discussion

Figure 8, 9 and 10 shows the normal variation ofp= g and Ve. In this normal
case, from geometry of the Figure 1, it can be seen that only G | is valid for
the given set of input. In these cases, the direction ol must be positive for
Case | and Il and negative for Case Ill. So,\Ve is one of the criteria for selecting



684 P. Kumar, R.K. Ranjan, R. Kumar

N|
1

420
zl /
15 .’ s

@160 N
t

DIMENSIONS IN MM

Figure 3: Compactions die arrange-

Figure 2: Hydraulic press ment (circular type)

the best situation for a particular case of sinter forming operation. Figure 9
shows how the velocity eld changes from one case to anotheiCase Il holds
no more good ash=r, increases further more. So it is limit of using Case Il in
a particular situation. For higher value of h=r,, Case Ill is going to apply for a
particular situation (because Ve is going down and it may attain ve value for
higher value ofh=r,). Although the Case | is more general situation considered
in a forming operation but for lower value of h=r; it gives the little high value
of p= ¢ (Figure 12). The suitability of di erent cases is also dependng upon
the various other geometry of the preform/die. For higher vdue of ro=r, and
r1=r, the Case Il holds good at a higher value oh=r, and Case Ill good for
lower value of h=r,. It means as h=r, increases Case lll is transformed into
Case Il (Figure 12, 13 and 14). This will be another criterionfor selecting the
best suited velocity eld for the particular situation. The selecting criteria of
di erent cases are also depending upon the percentage reduon in height of
the preform. Figure 15 and 16 shows the valid situation for dl the cases for
particular inputs at 20% reduction in height.

11. Conclusion
The deformation characteristics of the sintered metal power preforms are much

complex than wrought materials. It is sensitive to hydrostatic stress and instead
of volume constancy; mass constancy is assumed during the fdemation of the
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Figure 5: Compactions die

Figure 4. Sintering furnace

Figure 6: Photograph 4 Figure 7: Photograph 5

metal powder preform. Again, when the geometry of the prefom is not simple
and /or some annular hole present in the die, then we should ha the clear
understanding of ow of material of sintered preform, di ere nt velocity elds

are proposed for a particular ow condition of the metal powder.

Case |l is best suited whenh=r; is less.

Case Il is best suited whenh=r, is high.

Case | is universal but at lower value ofh=r,,gives higher value ofp= g.
Again the velocity eld depends upon the geometry of the prebrm.
Velocity eld depends upon the percentage reduction in heigt.

o M wDh ke
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Figure 8: Variation of p= o and VaFigure 9: Variation of p= ¢ and V,
with % reduction in height with % reduction in height

Figure 10: Variation of p= o and V,Figure 11: Variation of V, with re-
with % reduction in height spect to h=r;

Figure 12: Variation of p= o and VaFigure 13: Variation of p= ¢ and V,
with h=r; with h=r,
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Figure 14: Variation of p= ¢ and VaFigure 15: Variation of p= ¢ and V,
with h=r, with h=r,

Figure 16: Variation of p= ¢ and V Figure 17: Variation of p= ¢ and V,
with h=r; with h=r;

The experimental and theoretical results agrees satisfacorily. The Pg= ¢
obtained theoretically agrees satisfactorily with the experimental results, it may
be observed that as thickness of the preform increases the mdition of ow
changes from Case | to Case Ill through Case Il. Also as;=r; increases, the
conditions of ow changes from Case | to Case Ill. Selection mteria of the ve-
locity eld for the particular shape and size of the preform is very complex one,
so it is expected that the result of this paper will help the designer/academician
who are engaged and working in this eld.
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A. Appendix
A.1l. Velocity Fields | Case |

In this case it is assumed that the metal of Zone 1 partly ows nto the die
hole. Assuming a parallel velocity eld this suggests that & a radius r the
radial velocity is zero. Forr >r , U, is positive and forr <r ,, U, is negative.
Velocity components for three zones are obtained.

Zone 1: TheZ-direction velocity at upper die is equal to 1 and the same
at lower die is zero.

@V,U, 1 2 @V_

@r r 1+ @z °
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@y 1 2 @y z
——+ U + —Zr =0; = =
) r ar U, 1+ @Zr 0; Uz H
1 2 @yr?
) rU, = T+ @.E+f(z)
Using boundary conditionsU, =0 at r = r, in equation (A2), we get
1 2 1 r2 _ _ 1 2 r2
) 0= 1+ n 7+f(2), f(z) = 1+ oh

By putting this in equation (A2),
(l 2 ) ( 2 2

U= 5@+ ym n
Zone 3: Similar to Zone 1,
Z
U,= —
z h
From (A2)
1 2 @yr?
= ——+f
ru, 1+ @z 2 (2)

Using boundary conditions,U, =0 at r =0, i.e. f (z) =0.
Putting the value of f (z) =0 in equation (A6),

@ 2)
we get U = 2+ )h
Zone 2: Assuming linear distribution of
z
U, U= Hve

Using equation (Al) and (A2)
(1 2 )VeVer?

= + f
rUr 2L+ )h @)
U, at r = ro can be obtained from equations (A7) and (A4).
_ - @ 2)ro R
At r=ro; U = manda‘tr— rq;

1 2)y2 r}

U= ar ),
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(A1)

(A2)

(A3)

(A4)

(AS)

(A6)

(A7)

(A8)

(A9)
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Using boundary conditions, at

L 2)y3 (1 2)Ve(r? rd)

= U = Al10
= 1o = 5@+ Hyrh 201+ )rh (AL0)

Applying mass constancy to Zone 2V, is obtained as:
Ve= rd+r2 r2r? rd (A11)

(A10) suggest that at some radiusre in Zone 2, U, = 0. Using U; = 0 in
equation (All)

_@ 2§ @ 2)Ve(r® rd).

21+ )rh 21+ )h
) 2 M
e Ve
s -
_ (1+ Ve)
) re=To T

A.2. Velocity Fields | Case Il

It is assumed that the velocity Vg is positive, but no material from Zone 1 ows
into the die hole. The material coming out of Zone 3 ows partly into the die
hole and partly into Zone 1.

. _ oz, _@a 2y

Zone 3: U, = h’Ur_2(1+ n
) _ Z,. _ @ 2) 5 2

Zone 2: U, = Hve, U = m[ro(1+ Ve)  Ver?] (A12)
. _ Z. _ @ 2) 2 2

Zone l: U, = e U = m[ro(1+ Ve) rir(1+ Ve)+ r<] (A13)

A.3. Velocity Fields | Case Il

Itis assumed that Ve is negative. The material from Zone 3 and Zone 2 together
ow to Zone 1. The velocity components for the di erent zones ae as given
below:

z @ 2)

Zone3:UZ= H,Ur—m
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z 1 2
Zone2: U, = pVer Ur = ﬁ[rg(l Ve)  Ver?]
z 1 2
Zonel: U= 5 U = ﬁ[rg(l Vo) 131 Ve)+ 1 (A14)

B. Nomenclature

= Shear stress; = Coe cient of friction;
= Constant and a function of  only;
k = Constant equal to 2 in yield criterion;
r, ;z = Cylindrical co-ordinates;
n = A constant quantity much greater than 1;
Ve = Velocity of powder preform in annular hole;
= Relative density of the perform;
h = Instantaneous thickness of perform;p = ram pressure;
; r = Densities of apparent and real contact areas;
""", = Principal strain increment;
o = Yield stress of the non-work hardening matrix metal;
P = Die load;
Jg = Second invariant of deviatoric stress;
ro;r1;r2;h = Dimensions of specimen.
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