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ABSTRACT

The present paper aims at studying the net-shape closed-die sinter-forging of centrally located cylindrical preforms
within closed dies. The net-shape sinter-forging has been considered in two stages; where first stage consists of preform
free barreling and the second stage consists of constraint deformation during which die corners are continuously formed
and filled till the process is completed. The experiments were carried on a hydraulic press using closed-die set having
upper and lower punches with centrally located cylindrical recess cavities having diameter equal to that of the cylindrical
preforms, so that preforms can be loaded centrally with respect to the axis of the central container. Three separate modes
of deformation were considered during the theoretical analysis using ‘Upper Bound’ approach, which were based on the
different division of preform. The generalized expressions for the velocity field, strain rates, internal, frictional, inertia,
energy dissipations and average forging loads have been formulated for each of these cases. The effect of die velocity,
preform aspect ratio on energy dissipations, die cavity fills and die loads were investigated and results were verified
experimentally and compared. It is expected that the present work will be useful for the analysis of net-shape forging of
sintered materials.
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Nomenclature

U velocity field €ij strain rates
U die velocity U die acceleration
Go flow stress of sintered material n constant greater than unity
P, average die pressure F. average die load
Ay average cross-sectional area h height of unfilled region
Hy preform initial height Pi preform initial relative density
Po preform relative density T interfacial frictional shear stress
Wi internal energy dissipation W, die-workpiece frictional energy dissipation
& inertia factor Wi, die-container frictional energy dissipation
¢ load factor W. inertia energy dissipation
J total external energy supplied by press Ry flange radius
Ry hub radius I'm sticking zone radial distance
1) coefficient of interfacial friction b specific cohesion of contact area
n, function of ‘py’ Y function of ‘Ry’
Subscripts
T radial 0 circumferential z vertical

INTRODUCTION

Net-shape forging technology, which results into minimal
material wastage, is the subject of much interest in the
current industrial scenario mainly due to high yield by
manufacture of the net-shape or near-net-shape
components. This entails the use of completely or nearly
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completely closed cavity dies without drafts, normally on
mechanical presses. Flash, which is the major form of
metal wastage in the conventional forging, is thus
eliminated (Thomson, 1986; Lee et al., 1997; Serdyuk et
al., 2000). One of the major problems associated with the
flashless or net-shape forging is preform location prior to
the forging. Eccentric loading of preforms may results
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into off-centre loading, distortion of the preform and
increased cavity filling loads. Thus, in net-shape forging,
the filling of die cavities to a predetermined degree is of
paramount importance, as it significantly affects the
dimensional accuracy of the final components, forging
load and tool stresses (Hou, 1997; Fereshteh-Saniee and
Jaafari, 2002; Zhaoa et al., 2002; Samolyk and Pater,
2005). The present paper aims at studying this net-shape
forging using sintered preforms as starting material.

Sinter-forging technology uses pressed and sintered metal
powder preforms as starting material for the manufacture
of precision engineering components virtually without
scrap and combines the advantages associated with the
powder metallurgy and conventional forging. The
mechanical and metallurgical properties of sinter-forged
components compare favorably with those of wrought
materials and finds extensive applications in automobile,
aerospace and defense industries (Jha and Kumar, 1983;
Jha and Kumar, 1994; Frantsevic, 2000; Singh et al.,
2001a; Ilia et al., 2005).

The net-shape forging is an extremely complex process
from the point of view of deformation characteristics due
to unsteady state and non-uniform metal flow along the
die constraints. It is well-investigated fact that close
control of preform volume, preheat temperature (if the
process is not performed at room temperature), lubrication
and the positioning of the preforms is absolutely
necessary, if consistent components, safe loads and tool
stresses are to be maintained. The non-uniformity in
density distribution and complex die-workpiece-container
interfacial friction conditions during processing of
sintered materials further makes this process difficult to
analyze (O'Connell et al., 1996; Majerus et al., 1997). The
investigations into the various aspects of closed-die
forging using conventional wrought materials have been
reported by various researchers (Kwan, 2000; Hwang et
al., 2001; Sljapic et al, 2002; Kwan, 2002;
Malayappan and Narayanasamy, 2003; Bhutta and
Chitkara, 2007) but very few have carried out the
investigations of sinter-forging process (Jha and Kumar,
1996; Sutradhar and Gadkhindi, 1997; Sutradhar et al.,
1997; Singh et al., 2001b; Cho et al., 2001; Huang and
Cheng, 2002; Singh et al., 2002; Satsangi et al., 2003;
Singh et al., 2003; Singh et al., 2004; Huang and Cheng,
2004; Justino et al., 2004; Jha and Gupta, 2005; Huang
and Cheng, 2005; Yang and Hsua, 2006; Alves et al.,
2006; Singh et al., 2006; Singh et al., 2007a; Singh et al.,
2007b) and as such no work has been reported on the
flashless net-shape forging of sintered materials.

In the present paper, the complete deformation of
cylindrical preforms into double-hub-flange components
has been considered in two subsequent stages, namely
free barreling and constraint deformation. Also, three
separate cases of deformation modes have been

considered based on the division of preform into dead and
deforming zones. Each deforming zones for all the modes
have been analyzed based on ‘Upper Bound’ approach
and generalized expressions for the velocity field, strain
rates, internal, frictional shear and inertia energy
dissipations have been formulated. The theoretical
analysis is based on the compatibility conditions and
composite interfacial frictional shear equations already
derived by the author (Singh et al., 2007c; Singh et al.,
2008). The average die loads have been computed
separately for all the deformation modes, when die cavity
impressions were just about to be filled completely, i.e. an
infinitesimal small corner filling was still left unfilled.
The experiments have been performed on a hydraulic
press using closed-die set having upper and lower counter
punches with centrally located cylindrical recess cavities
with diameter equal to that of the cylindrical preforms, so
that preforms can be located centrally with respect to the
central container. Both the theoretical and experimental
results were compared and investigated critically. The
effect of die velocity, preform aspect ratio on energy
dissipations, die cavity fills and die loads have been
investigated and results for the deformation modes have
been compared. The effect of die speed i.e. dynamic
effects has been investigated using inertia and load
factors. It is expected that the present work will be useful
for the analysis of net-shape forging of sintered materials.

UPPER BOUND ANALYSIS

The process of net-shape sinter-forging of cylindrical
preform into double-hub flange component is performed
by placing the preform within the two rigid closed die-
halves comprising of upper punch, counter lower punch
and container as shown in figure 1. The dies have
cylindrical recess-cavities with depth and diameter equal
to length and diameter of hubs. These cavities minimize
the difficulty and variability during billet location within
the closed-dies as discussed earlier. In the present paper,
the complete deformation of cylindrical preforms into
double-hub-flange components has been considered in
two subsequent stages as shown in figure 2. The first
stage consists of preform free vertical surface barreling
till it touches the middle of the container sidewalls and the
subsequent second stage consists of constrained
deformation of bulged preform, where corners are formed
and filled (approximated with straight dotted lines). The
present theoretical analysis considers following
assumptions (Jha and Kumar, 1997):

a) The circumferential flow of preform i.e. rotation of
specimen is neglected.

b) The average die load is estimated at the end of
forging operation when the load is maximum.

¢) The barreling of preform during second phase, i.e.
constraint deformation is neglected and the inclined
surface of deforming preform remains inclined
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during the entire die filling process.

d) The die-workpiece-container interfacial friction
condition is assumed to be composite in nature and
consists of both sliding and sticking frictions (Jha and
Kumar, 1994) and the interfacial frictional shear
equation is given in equation (1):

pep ] o

e) The relative density of preform varies during
deformation, as compaction and compression takes
place simultaneously (Jha and Kumar, 1986; Tabata
and Masaki, 1978), thus compatibility equation is
formulated accordingly as given in equation (2):

1-2n
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Fig. 1. Net-shape closed-die sinter-forging process.

Fig. 2. Deformation stages during net-shape closed-die
sinter-forging.

Three different deformation modes have been considered
based on the different divisions of the preform into dead
and deforming zones, which are discussed as deformation
modes I, II and III. In all the three deformation modes, the
quarter portion of deforming preform has been considered
and divided into various zones. The total energy
dissipation (Avitzur, 1968) expressed as sum of the
various energy dissipations as given in equation (3) are
formulated using boundary conditions, exponential
velocity field and corresponding strain rates for these
zones [Refer Appendix] and then summed to get the total
energy dissipation separately for each of the deformation
modes.

T=(W; +W; way,)[zf/%0 J' /%éhéijdV+Jr‘AU‘dS+Ip,(aiUi)dV 3

In case of deformation mode-I, the quarter portion of
deforming preform have been divided into zones 1, 2 and
3, where zone 1 and 3 are dead and metal flow is
considered in zone 2 only as shown in figure 3. In case of
deformation mode-II, it has been divided into zones 1, 2,
3 and 4, where zone 1 is dead and metal flow is
considered in zones 2, 3 and 4 as shown in figure 4. In
case of deformation mode-III, it has been divided into
zones 1, 2, 3, 4 and 5, where zone 1 and 3 are dead and
metal flow is considered in zones 2, 4 and 5 as shown in
figure 5. The corresponding equations for internal energy,
frictional shear energy and inertia energy dissipations are
formulated and shown below.
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Fig. 3. Deformation Mode 1.
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Table 1. Physical and chemical characteristics of the aluminium metal powder.

Particle size () Weight Under (%) Chemical Analysis Weight (%)
118.0 100.0 Aluminium 99.500
88.1 98.9 Iron <0.1700
65.6 95.5 Silicon <0.1313
48.8 88.8 Zinc <0.0053
36.3 79.0 Manganese <0.0023
27.0 65.8 Magnesium <0.0016
17.4 40.1 Apparent density 1.25 gm/cc
13.0 25.5 Tap density 1.50 gm/cc
20 Y% preforms having different shape complexity factors were
W, = ZrooxRoUa’s (27) forged at dry and lubricated interfacial friction conditions
36! (a—z)% and corresponding strains (axial and radial), as well as
W. =W. =0 (28) forging load were recorded to investigate the dynamic
f1 f2 effects. Figure 7 shows some of the deformed cylindrical
N ot o3« o] ‘ , (29) preforms.
W, :{np,(l :)R‘,U }x{{sx R} (4:;7;)33/2\2;17:‘1)\.; 1) ]+2Rox (2wh+1)(1 3x)+2Uhgy+l)}

/ 2
Where,q,:[ij, XZ[R_OJ, a:{z{Z(lm)} }and
Ro Ro 1-2n

h
X_{2+MHb—h)}

The total energy dissipations and subsequently the
average die load for both the deformation modes may be
computed by substituting equations (4) to (29) into
equations (30) and (31) respectively as:

J= 42 (Wi +We + W +W, )j (30)
j

where, ‘J” is number of zones

Fay =J(U) " Aqy (31)

EXPERIMENTAL WORK

To investigate the deformation mechanism during present
net-shape closed-die sinter-forging process, experiments
were conducted on the sintered aluminium cylindrical
preforms fabricated by compacting the aluminium metal
powder in a graphite lubricated compaction dies having
bore diameter equal to 30 mm at recorded compacting
pressure of about 15-20 tonf. Table 1 shows the physical
and chemical characteristics of the aluminium metal
powder used for the preform fabrication. The green
compacts were sintered at about 400 °C for four hours in
an endothermic sand atmosphere and were finally
machined and polished to the required dimensions. The
densities of preforms were obtained by measuring their
dimensions and weights and the corresponding relative
densities were obtained by taking the ratio of density of
preform to that of the density of solid metal. The final
experiments of the net-shape closed-die forging of
sintered preforms were conducted on a 150-ton hydraulic
press using closed-die sets as shown in figure 6. The

Fig. 7. Deformed Preforms.

RESULTS AND DISCUSSION

A typical data of preform and deformation characteristics
has been considered as:

Ro= 15 mm; R'y= 10 mm; Hy = 20 mm; y = 0.80; podo =
0.30 P,; 6p=6.25 kg/mmz; pi=2 x 10° kg/mS; n=2;py=
0.75; (H/o /Rg)=0.2510 1.0 and U= 0.01 — 0.2 m/sec.

The variation in height reduction with die velocity for
various preform aspect ratios has been displayed in figure
8. It is evident that preform height reduction increases
with die velocity and also preforms with higher aspect
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ratio exhibits higher height reduction. Thus, slender
preform deforms comparatively more than shorter
preform under same die load during uniaxial compression.
The change in relative density with corresponding die
load has been displayed in figure 9 and it is found to
increase with die load and die-cavity fills, as preform
material flows along the container and die-wall
constraints. The densification is also better for higher die
velocity. Figure 10 shows the variation of inertia factor
‘& (ratio of inertia energy dissipated to total external
energy supplied by press die platens) with die velocity
and it is found to increase exponentially with die velocity
and preform aspect ratio. Also, it is higher for
deformation mode 1. Thus, for closed-die sinter-forging
operations, especially at higher die velocity, the
magnitude of inertia energy dissipation is comparable to
other energy dissipations and must be considered during
analysis.

504 R, =15 mm; Ru =10 mm; H, =20 mm
High Interfacial friction Condition: v = 0.80
40 < ip o=
g- —h— HU /R, =10
‘: —o— H /R =075
3 304| —v— H, /R =050
=~
3
=
0- T T T T T T T T T T 1
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Die Velocity 'U" (m/s)

Fig. 8. Variation of height reduction with die velocity.
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Fig. 10. Variation of inertia factor with die velocity.

Figure 11 shows variation of average forging load with
the ratio of unfilled die volume to component’s volume
for various aspect ratios and die velocity. It is apparent
that load is exponentially high at the final stages of die
filling operation due to high constraint deformation and
resistance against metal flow. The load curves are also
high for higher preform aspect ratio due to two prominent
reasons. First, the geometry of corners differs with
preform aspect ratio, due to difference in barreling during
free upsetting stage of deformation. Second, the preform
with lower aspect ratio has lower contact area with
container walls, resulting into low friction shear energy
dissipations. The variation of load factor ‘’ (ratio of
difference in average die load with and without dynamic
effects to average die load with dynamic effects) is shown
in figure 12. It decreases rapidly and become asymptote
with x-axis at higher die velocity. This is attributed due to
shorter contact time under deformation, which does not
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Fig. 9. Variation of relative density with average forging

Fig. 11. Variation of forging load with ratio of unfilled
die volume to component’s volume.
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12. Variation of load factor with die velocity.

The preforms with high aspect ratio i.e. slender
preforms deform at higher die loads and exhibit
higher change in height, as compared to the shorter
preforms. This is due to two prominent reasons, first,
due to the difference in geometry of the unfilled die
corners i.e. difference in barreling for various
preform aspect ratios. Secondly, the slender preforms
make contact with die container walls earlier and the
contact area is large for same die load, as compared
to the shorter preforms, leading to high interfacial
friction shear energy dissipations.

It is expected that the present research work will be highly
useful carrying further research work in the field of
flashless closed-die forging of sintered preforms.

APPENDIX

The boundary conditions, velocity field, strain rates for
zone-2 of the deformation mode — I are:

allows the internal heat generated during deformation to
escape quickly and hence, decreases the resistance of
preform material. Also, load requirement under
deformation mode-I is higher than deformation mode-II
and thus, it is more effective for predicting the forging
load requirement for complete die-fill during flashless
closed-die  sinter-forging of double-hub  flange
component.

CONCLUSIONS

e The inertia energy dissipation increases exponentially
with die wvelocity and its magnitude becomes
comparable to other energy dissipations at higher die
velocity, which has been has been illustrated using an
inertia factor ‘&. Therefore, it must be considered
during analysis of sinter-forging operations for
accurate and reasonable measure of die load.

e The die load decreases with die velocity, which has
been demonstrated using load factor *¢’. The die load
increases exponentially with the die cavity fills
during complete filling stage i.e. forcing of sintered
materials into the cavities of impressions. This is
because sinter-forging operations at higher die speeds
are characterized by very small contact time under
load, which restricts the internal heat generated
during plastic working to dissipate quickly and
hence, reduces the resistance of sintered materials
against deformation.

e The deformation mode-I gives higher estimate of die
load, as compared to the deformation mode-II due to
larger dead zones and higher squeezing effect of
sintered material into cavities of impression. Hence,
deformation mode-I is more effective for predicting
the die load requirements for complete die fills and
must be preferred during design process also.

Zone - 2
Boundary Conditions

U,=0atz=(H,-h) (1a)
U,=-Uatz=H, (2a)
Velocity Field

B (@-2n)ur
v S o
U, = _[M}U (4a)
Ug =0 (5a)
Strain Rates
. (@-2n)u
€ =Egp = {m (6a)
ézz = _(%j (73)
ére :éez :érz =0 (83)

The boundary conditions, velocity field, strain rates for

zones-2, 3 & 4 of the deformation mode — II are:

Zone 2
Boundary Conditions

U,=-Uatz=H), (9a)
U,=0atz=0 (102)
Velocity Field

_ (1*2T])Ur 11

Sk 19
U

U, =—[H—§J (12a)
Ue =0 (133)
Strain Rates
. . (1— 2n)U

=gp = | m—— 14
Er =00 |:2(1+ n)Hb (14a)
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zones-2, 4 & 5 of the deformation mode — III are:
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