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ABSTRACT

A kinematically admissible velocity field for near-net shape forging of a crown gear form is proposed. This takes inlo
account the profiled shape of the tecth chosen by approximating these kinematically as radially straight laper teeth,
{rectangular and trapezoidal 1eeth). The upper bound to the forging load, the relative forging pressure and the deformed
configurations, with both the initially solid circular cylindrical and hollow billcts, are predicted using the velocity field at

varying incremental punch mavements considering differing frictional factors. These and other results are given and
commented upon.

Key Words : upper bound elemental technique, kinematically admissible velocity field, crown gear, near-net shape
forging

Nomenclature 7, #, z : radial, hoop and axial distances (polar

coordinate system)

N, Nt : number of crown gear teeth U, iy, o : radial, hoop and axial velocity components

, A angle as shown in Fig, 3 =x/N - . . .

a.f:ang g 3, {(F=z/N) &,, &4, &, : radial, hoop and axial strain rate components
7 pressure angle of gear tooth

h : current height of the block above the stationary ¥ 7 02> ¥ 27 SheAC strain rate components (polar
die coordinate system)

h: : height of the tooth, see Fig. 2 &, :strain rate componernts

he : current height ol the material at the corner filling k :yield shear stress (= a/v3 )

stage as shown in Fig, 3 g, : flow stress

rs ! currlent rac-ilal .chs;ance at the corner filling stage m - frictional factor 1 =m0
1n Fig. . .

a3 showil = F : punch/die load or power per unit downward

In, Tin 1o © Tadial distances shown in Fig, 2(b)
£ rangleratio (=g /5)

%, : velacily of the moving die(punelr)

velocity of the punch

1. Introduction
W, : internal plastic energy dissipation rate in each of

the delormation zones Crown gear is a componeni uscd in mechanical

W, : encrgy dissipalion rate due (o velocity systems to {ransmit power and to converl velocity.

. S . Producing the gear of reduced weight but with increased
discentinuities on different surfaces & 5 &

strength resulis in saving energy and hence, there exists
a strong demand for it. For this componeni, the
closed-die forging process, which i3 moving more
towards near-nct shape [orging. is a good manufaciuring
o,  : effective stress. eflective strain rate method that corresponds to ihis demand. The near-net

g;’ - deviatoric stress component shape [orging ean change an initial billet into a near-net
shaped product which can be used directly as a part

W, . frictional energy dissipalion rates at die-material
interfaces

¥ : total energy dissipation rate

%4
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requiring a liltle or no further finishing. The directional
alighment of the grains or [ibers, which forms the outline
of the product during the forging process, helps improve
mcchanical properties of the final forged part with
increasing strength, ductility, and resistance 10 impact
and [atigue of the metal.

Usually overall performance of the forging nperation
requires not only an understanding ol the flow stress of
the material, the frictional conditions, but also the moda
of flow of the material. Success here depends on a
tharough  understanding of the metal flow during
forging. To acquire the knowledge necessary to design
the forging processes, [inite elemenl method [1,2],
upper-bound method [3-8] and upper-bound elemental
technique [9-13] have been used to a great extent.
Application of the upper bound elemental lechnique
(UBET) io the forming analysis can be changed and
adopted readily lo the corresponding design parameters,
Hence, the necessary information can be quickly
refrieved 1o design the [orming process. The UBET
presenied recently by Bramley[%] and Kiuchi[10] is a
well-known theoretical methed, and has been shown Lo
be  economical to analyse even some relatively
complicated plaslic forming problems. In order to use
the UBET, the deloiming body is first divided into
several deformation zones or elements. The energy
dissipation rates due to the plastic deformation in each of
the divided zones or elements, at the element boundaries
and that required to overcome frictional resistance at the
die-metal interfaces are ail then summed-up. Finally the
design parameters which minimize the fotal energy
dissipation are delermumned.

The upper bound approach was [ist presemied by
Kudo [4,5]
deformation

in analysing axisymmetric and plane
problems.  Upper bound analyses for
closed-die forging of spur gear forms and splines [14-17]
are lound in the literature but litlle or no forging analysis
cf the crown gear form has been published though some
wark in gear coupling teeth [18] has appeared in the
hterature. In the present siudy, kinematically admissible
velocity (ields for the near-nel shape forging analysis of
a crown gear form are presented. In particular, the
velocity fields corresponding to the tooth comner filling
stage during forging of the crown gear farm are also
included. The upper
presented velacily [ield was done al incremental die

bound simulation wsing the

movement stages [or both the initial circular solid and
hollow billets. The predicied values of the upper bound
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to the die loads and the deformed configurations of the
looth filling patterns based on CAD) representations are
compared wilh those observed experimentally in each
case, The correlation belween the experimental and the
theoretical results was found Lo be reasonably goad.

2. Forming processes and preform

The planning of the cold foiging processes of a crown
gear Torm is shown schematically in Fig. 1. It consists of
five sub-processes; cutting of the billet, upsetting,
extruding, piercing and closed-die forging. The first four
of these processes make the preform to be forged during
the final process of closed-die forging. Among ihese
[orging processes, the preform shape obtained afler
piercing for the hollow gear can strengly, affect the
lorging result of the final forged product, especially the
tooth corner [illing of the final forging. To get a good
quality forged produet il is important lo design the
preform shape properly. For the proper design of the
preform shape o produce a good quality product, the
processing parameters should be investigated and then
catctully controlled, Thus, the near-net shape forging
process should in general be so designed that the proper
preform for subsequent forging can also be obtained.
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Fig. 1 Near-net shape {orging processes ol a crown gear
form, (a) initial bdlet, (b) upsetting. () extrusiomn,

{d) picrcing, and (e) closed-die forging

3 Upper bound elemental analysis

3.1 Basic assumptions

In applying the upper bound elemental technique io
the analysis of metal [orming problems. several
simplilied assumptions are usually invaked. Those
commonly used are;
i ) the workpiece is homogeneous and isotropic,
11 ) elastic deformations are neglecied,

il } the process 1s either frictionless or a constant shear
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stress ;=m&k where, 0<<m <1 condition prevails af
the tool-workpiece interface, here. & is the vield
shear stress of the material,

iv ) the inertia force of the deforming body is neglecied,

v } the material flows according to the von Mises' [low
rule, £='g/V3, whelc 7 is the effective stress,

vi) the effect of strain hardening of the flow stress is not
taken inlo account,

3.2 Kinematically admissible velocity fields

In obtaining power dissipation rates in a deforming
body using an upper bound elemental technique, an
admissible velocity field has to be posiulated. It may
also be advantageous to first divide the deforming body
into several zones of deformations. In each of (he
individual zones, the velocity field and ils derivatives
should be continwous, and the normal component of
the
neighbouring regions should alse be continuous. Some

velocily  across boundaries  between  lwo
of these boundaries may be the velocity discontinuily
planes. During the incremental forging of the crown gear
form, in gencral. the plastic flow patterns and the
velocity discontinuity boundaries in the deforming body
will continue to change as the deformation progresses,
the

discontinuities were assumed, and for the convenience of

However, in  the present  study, velocity
simulation of the upper bound elemental analysis, nol to
change during the deformation.

Since, the crown gear form being analysed was
symmetric about a diametral plane along the axial
direction, the initial billet was therefore [irst divided inio
2N similar segments, where N represented the number of
teeth. Each of these divided scgments was then again
subdivided into 4 different deforming subzones, as
shown in Fig. 3. Then for a downward axial velocity u,,
of the moving punch with the gear teeth (rectangular or
trapezeoidal shapes), the velocity components for each of
the divided subzones may be determined, using the
equation of volume coustancy and the beoundary
conditions of continuity. As the forging progresses, i.c.
at the first stage, the billet material fitling in the tooth
cavity first gets in contact with the Looth root on the
circumference of the punch head and then Haws-in to fill
into the inner tooth carner, where the secand plastic flow
stage is said to occur at the tooth corner filling stage. At
this stage, for a comprehensive analysis of the formed

tooth portion of the billet, it was again divided into three

Tfaternational Jouraal of the KSPE,
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subizones for both tie rectangular and trapezoidal shaped
teeth respectively, as is shown in Fig, 3. Each of the
corresponding velocily companents is given in Table [.

Table 1 Kinematically admissible velocily fields

Zone Velocity componenils
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Fig 2 Subdivision of a deforming body into several

subzones, (a) forging of a crown gear form with

a hollow untial billet, (b) divided subzones and

(c) shapes of the teeth, (i) shape of lhe

rectangular teeth (=0 and (ii) shape ol the
trapezoidal teeth, ( =20
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Fig. 3 Subzones of the tooth portien at the tooth corner
[illing stage.

3.3 Upper bound elemental solufion
The strain rale componenis at any point i the
deforming body in a cylindrical coordinate system are

given by
.o, - _L 1 Ay _
8T BT, +r g0 =T oz
L _A[L Bk dup g
Te=wl v e ar ¥
1 day 1 du.
Y 2{ . Ty aﬁ}’
_ [ 8w, 1 3w,
N TS r @z

where the dot{ * ) represenls the derivalive of a variable
wilh respect to time.

Here, the malerial in the analysis is considered
rigid-plastic and is assumed to obey the von Mises yield

criterion. The effective siress, ¢ and he efiective strain

rale g in the tensor [orm are. respectively, given by
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&{%@gfﬂ (2)
and
o= [% e, 5]1 (3)

where 7, 7==7, 1, z and prime (") represents the deviator
of the stress.

The wpper bound solulion suggested by Prager and
Hodge[3] was that if there was no surface traction and
the strain hardening effect was neglected, then

=3 J;,}Edv + Zf%

i |4uls,ds

- s, ‘ _
I—E IS mTS | w5, dS = Wy

where g,=V 34 and £ is the yield shear stress.

When the total defoiming volume is divided as sevetal
sub-zones, the upper bound soluiion can be obtained by
summing-up of all the individual energy dissipation rates
for each of the subdivided zones. The total enermy
dissipation rates in closed-die forging, Wy is obtainad
by summing-up each of the Internal energy dissipation
rates due to plastic deformation over the volume, shear
energy dissipation rates along the velocity discontinuity
surfaces and the {rictional cnergy dissipation rates along
the lool-material interfaces, i.e.

Wr=2N (W, + W. + W) (5)
. e . a, .
where W= jya edv , W“:Tf'ﬁ_ f;‘ | 2 [dS,
. a, .
%Z?ﬂﬁ JS |1 Zfsflds (6)

where, m is friction factor, 0<m =1 and N represents
the number of teeth. The strain hardening effect of the
forged malterial was considered in calculating the upper
bound solution. The applied lorce for a downward
velocity, u, of the punch for a closed-die fo1ging is then
determined as

z{!)

(7)

4. Upper bound solution

An upper bound solulion for the near-net shape
forming of the crown gear form with either 1he

recltangular or trapezoidal 1eeth can be obtained
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numerically by using the velocity components presented
previously. In obtaining the upper bound solution
numerically, Simpson's rule was used for lhe various
integral lerms occurring on the work rale lerms during
the operation and the computer programme Jor their
estimation was writlen using Fortran code.

To investigate the plastic flow patlerns during the
forging process. it is recommended that the distortion of
grids marked on a typical cross section of the specimen
should be checked, In other words, giids are first marked
on the typical cross section of the deforming body before
the forging process is conducted and then the nodal
velocities are found for each of the forging processes.
The coordinates of the grids are updated newly afresh at
each incremental stage by using the nodal velocities and
from these the material {low patterns can be obtained.
Any position in the formed body during the forging
process can be determined easily using the velocity
components obtained for each of the divided subzanes,
that is, whenever the velocity components for each of
infinitesimal ~ deformation steps are abtained. the
deformed geometry of the workpiece can also be
obtained by updating the coordinates of the nodes in the

following manner,

X =Xt wa (8)
where X" and X' represent 1he coordinates of {he grid
nodes at the ith and the {i+1)th step of the deformation

process, and Af is the time-increment. & is the velocity
component of a typical node at the ith deformation step.
Therefore, in order to investigate the plastic flow pattern
of the billet during the forging process, the nodal
coordinates were updated for every infinitesimal time
increments by using equation (8) and then the updated
coordinates AutoCAD
environment, this was done following vyel another

were displayed under the
computer program developed by the author for the
purpose The upper bound simulation was peclormed in
that the billet was deformed
incrementally by giving 2% height reductions at each of

the loading step.

the manner inilial

5 Experimental works

Some approximation and simplifying assumptions are
inevitable in almost all the theoretical analyses that are
advanced to analyse metal forming processes, il is
therefore, desirable adequacy by
performing eaperimental work in the laboratory under

to check their
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contrelled  conditions.  Again  certain imporlant
paramelers that need 1o be used in the analysis can only
be examined or vertlied by experiments. The general aim
of the experimental work desciibed here is delermine the
deformation Torces, and the characteristic deformation
modes that are met with during the process of metal low
in closed-die lorging of the crown gear form, when
material of the billet fills into the tooth cavity and also
the tocth comer, in order to improve dimensicnal

accuracy of the ferged products.

5.1 Experimental materials

A few engincering malerials such us, plasiicine, wax,
lead and aluminium have often been used as model
matetials for experimental investigation into the piactice
ol these, plasticine
lellurium{Te) lead are used exlensively as model

metal  forming.  Among and

materials 1 experimental work since, al  room
lemperature these 1epresent almost similar physical
properiies and nearly the same [low patlern as Lhat
observed during working of steel al high temperature
(about 1000°C). In the prosent work, Te-lead was chosen
as the model malerials for the experiments.

For most model materials, when experiinents are
carried outl in the quasi-static state, the sensitivity of
strain rate may be neglected, even though the elfect of
strain rate on the flow stress of the model material is
reported'™. Considering the effect of strain rate, the
stress-strain ielation for the model materials may be

expressed by

i

- _n

c=C¢e ¢ (9
where &' is a plasticity coefficient, n is the
strain-hardening exponent and wm  the strain 1ate

cxponent, [ere, the effect of strain rate will be neglecied

because  the quasi-static [lorging process is only
considered, Te-lead was selecled as Lhe model material
for the experimental works. The flow siress is expressed
by o= 31.4¢" " (MPa) which was based on the resulis
obtained fiom the compression test done on a eylindrical

specimett.

5.2 The test specimens

To gain an insight into the flow of material during
quasl-static ol
specimens, a few sets of axially splil-type half specimens

closed-dic  forging tellurium-lead

were manufactured and produced from two  solid

specimens each. This was done by milling half of each



Seung-Dong Lee, Won-It Kun wnd Yohng-Jdo Kim

of these solid specimens to obtain exact halves. A square
erid pattern of 1.5 mm> 1.5 mm was scribed on the
meridional plane on one of these half split-type
specimens that made a pair. To produce these grid lines,
a vernier height gauge with a finc scribing edge was
utilised. All the lest specimens were manufactured as the
circular solid hillel of 4380 mm=10.2 mm. The
shapes of specimens used lor these experiments were
chosen as the same dimension as that used for the upper
bound simulation.

5.3 Experimental equipment
the
experimental apparatus was made. The forging apparatus

For experimental  invesligations, a basic
consisted of a cylindrical container, a punch, a punch
head and a die retaining ring. During the experimental
investigations on quasi-static forging of the crown gear
form, a compulerized Instron 4400 series testing
instrument (medel 4485) of 200 kN capacity was used in
conjunction with the sub-press assembly. All the
experimenis were carried out at the room lempeiature.
The load-displacement curves and experimental data
were oblained as a file using the computer control
connected 10 the testing machine.

During the tests, the cross-head speed was set to 2.0
mm/min and was kept constant which prevented
varialion in mean effective stress in the specimen. The
load was recorded at every 0.002 mm movement of the
cross-head and was stored automatically in the data files.
The load- displacement plot was also obtained [rom a
plotter for each of these tests.

6. Presentation of results and discussions

6.1 Plastic flow pattern

The incremental upper bound simulation can yield
tooth cavity filling patterns thal may be produced
following the computational procedure adepted of the
near-net shape forging of an initially circular solid billet
with paraliel [lats at its ends. Figures 4(a), 4(b) and 5(a),
3(b} show the resullant CAD outputs of the tooth
[orming patterns at different stages of the forging
processes of the crown gear form each with & teeth under
the friction condition of m=0.2 for both the initially
circular solid and hollow billets. The results shown in
Figs. 4(a) and 4(b) are for the rectangular teeth while,
those shown in Figs. 5(a) and 5(b) are for the trapezoidal
teeth, For comparison Figs. 6(a}, 6(b), 7(a) and 7(b)
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show photographic views of the incremental deformed
solid crown gear forms with lhe rectangular and
frapezoidal teeth respectively. Again, Fig. 8 shows
typical views of the profile geomeiry changes estimated
at different increments in one of these forging process.
From Fig. 4 lo Fig. § it can be seen that the outer part of
the workpiece top surface first gets in contact with the
tooth root of the moving punch and then the inner corner
of the 1ooth is filled completely. Regardless of the billet
types. it may be seen that severe distortion of the grids
markcd on the cross sections takes place al the inner
corner porlion of each of the teeth. From these results, it
may be expected that any failure such as folding or
crack, if it may take place, would be at the inner tooth
cotner portion. Therefore, such a lorging process for the
final forging of the crown gear form may not be suttable
for getting an excellent forged product. In practice,
multi-forging processes and a proper preform shape is
selected in order to obtain an excellent [inal product.
Thus, there is a necessity for the design of a proper
prelorm shape, which improve the dimcnsional accuracy
of the final forged crown gear form. This should be
selected in a manner that the billet material can fill in
both the outer and the inner corners of the tooth root of
the moving punch simultaneously.

(b) Hollow billet
Fig. 4 Tooth forming patterns during the forging process
{rectangular teeth, upper hound simulation, N=8)

(b} Hollow billet
Fig. 5 Tooth forming patterns during the forging process
(trapezoidal teeth, upper bound simulation, Nt==%8)
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(a) Progressively forged gears

{b) Their sectioned views

Fig. 6 Photographic views of the incremental deformed
form with solid billets of Te-lead (Nr=S§,
reclangular teeth, y=190°, h/d,=0.27, d.=3%mm,
r=9mm, h=3.8mm)

a a b c

- S S &S

(a) Progressively forged gears
{b) Their sectioned views
Fig. 7 Photographic views of the incremental deformed
form with solid billets of Te-lead (irapezoidal

teeth, =20, Nr=8, hyd=027, d,=38mm,

ri=9mm, h~=3.8mm)

¢ Punch T Tanlh part —
SRR -33\\\/
. Punch \\g
V,i NN
L
o
Billet I[/ Billek i
T
Conlotner
(a) {b)

Fig. 8 Profile geomelry changes estimated by URET
during the forging process, (a) tooth filling flow
according to the incremental punch movement
and (b) change of the billet cantour in the toath
pari.

6.2 Die load-die movement curves and profile
geometry changes

The experimental resulls of quasi-static closcd-die

forging of crown gear forms on Te-lead specimens were

first observed in the form of aulographic diagrams of the

die load vs die movement curves. Typical Figs. 9(a} and
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9(b) show the autographic diagrams of the die load vs
die movement for closed-die forging of the crown gear
forms {tom solid cylindrical speciinens of Te-lead, Each
of the crown gear forms consists of four and eight teeth,
and rectangular and traperoidal in shape. The inilial
diameter of the billel was 38.0 mm while the height was
10.2 mm. The whole tooth depth of the toolhed punch
was 3.8 mumn. irrespective of the tooth shapes and the
pressurc angle lor the trapezoidal tooth was 26°. The
[igures reveal that the estimated forging load on the
crown gear with eight tecth is a little high than that of
four teeth, as would be expected. Two [lexion points on
these curves are shown, where the {irst {lexion point can
be due to initiation of deformation flow al both inner and
outer diameter sides of tooth, while the second flexion
point is explained as the footh corner [illing stage. These
figures show that the forging load increases rapidly at
the corner (illing stage

Experimental
Crown Gear Forging
Solid, Reclangular teeth
£-0 5
- —— N,—B

—— M=
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Formag load (LK)

<40

13 18

Movernent of punch (mm)
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(a} Rectangular teeth

Cunperimental
Crown Gear Forging
Fahd Irapcraidal leclh /

505
e M, =8 /
—— Ny =4 /"
£
Iy
L / /
,I l"
a0 |- / /
Y.
s
O—/

| S

Forging load (k)

04 (o=} 12

Meovement of puncl (mm)

{b) Trapezoidal teeth
Fig. 2 Die load vs die movement for closed-die forging
of a crown form from solid cylindrical specimens
of Te-lead, (Nv=4 and 8, £=0.5)
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Figures 10(a} and 10(b} show some repeated test
results (die load-dic movement curves) for the specimens
forged incrementally io the die movement stages, where
a, b and ¢ marked on these curves indicate the current
shapes of the deformed specimens corresponding to
these stages. The plhotographic evidence showing the
isometric and plan views ol the piogressively deformed
specimens al Lhese slages a, b, and ¢, arc given in Figs.
6(a-b) and 7(a-b), respectively.

I

] a b c
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|
i‘ Crown Gear Forgimg
l— Experimenlal
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| Zalidd, Rectangular teeth i=3
[
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Z 120 L /
= ! !
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= i
Ed i
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[ I
h
i
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oo o -] 12 16
Movarmenl of puaneh {(mrm)
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(a) Rectangular teeth ( y=0")
s -
0 a b ¢
200
i Crown Gear Porging =
_ Experuncntal —1—
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Solid Trapezoidel lestl /
=2 1m0 |- /
= /
- /
E e/
2 eo | s /7%7
5 - e
=
40 |- i
P
#
o . L L . 1 L 1
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Movemenl ef punch (mm)

(b) Trapezoidal 1eeth ( y=20%

Fig. 10 Profile geometry changes during the forging
process of solid cylindrical specimens of
Te-lead, (N1=8, &=03, hy/d=0.27, d,=38mm,
r=9mim)
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6.3 Theoretically estimated relative pressure
and forging load
To obtain the estimaled results of forging loads and
the relative pressure. based on the incremental upper
beund simulation followed, the flow stress equation was
selected by o= 31.4 20.21{MPa), which was based on
the results obtained from the compression test done on a
cylindrical specimen made of Te-lead. Figs. 11(a} and
11(b) show the variation of the relative pressures for
forging of the crown gear forms with the 4 and § teeth,
each with the rectangular and trapezoidal shape teeth
respectively, under the friction conditions of m=0.2 and
0.4 using the solid and hollow billets. The results given
in F1g. 11(a) is for the rectangular teeth while Figs. 11(b)
is [or the trapezoidal tecth.

Upper Bound
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N =8

m=0 1 !
m={ 2
m

[ 3R 2

[ Seolid
Rectangular testh
=05

Relatve pressure (Pa.,cfuﬂ)

oo 1 . . . . :
oo o4 o8B 12 16
Movement of punch [(mm)
{a) Rectangular teeth
ec
I Upper Bound /‘
Crown Gear Forging
= 80 |- o Nr=4 m=02 f/
= B m=0 4
2 = Ny=8 rn=0232 /
= - m=0 4
e r Solid '
o Trapszoidel teslh
5 =
@ 46 &=06
o
=
=N
@
B
=
o
x= =0
o0 L I I 1 I
oo D4 s}-] 18 168
Movemenl of punch (mm)
{b) Trapezoidal tecth

Fig. 1] Rclative forging pressure according to punch
movement (solid billet, N=4 and 8§, theoretical)
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It may be seen from these [ligures that the relative
forging pressures for forging of the rectangular teeth,
Fig. 11(a), is shghtly greater than that for the trapezoidal
leeth, Fig. 11(b). This is because the flow in looth cavity
filling during forging of the trapezoidal teeth is relatively
much casier than that in forging of the rectangular teeth
and also that the dimensions of the divided subzones are
different in these two cases. For examples, the size ol the
subzone 1 for the rectangular teeth is a little larger than
that [or the corresponding trapezoidal teeth, which
makes sizes of the subzones 2 and 3 for the rectangular
teeth comparatively smaller. Therefore, in the case of the
rectangular teeth, the material flows rapidly in these
subzomes and hence, the rates ol internal deformation
energy dissipation increase, and thus yield increase in
the relative pressure. It may however, be seen from these
figures that the relative pressures [or the first stage for
all these cases are in general, in the range of 1.0~3.4
except, for the tooth corner filling siage i.e. the second
stage, During the tooth comer filling siage, the rolative
pressures in each of the cases for bolh the rectangular
and trapezotdal teeth mcrease very rapidly.

Forging loads corresponding to the relative pressures
Fig. 11{a} for the straight teeth and Fig. 11(b} for the
tapered teeth for N=4 and 8, for ihe initial solid billet,
during incremental [lorging of crown gear forms are
shown in Figs. 12(a} and 12(b), respectively. [t may be
seen from these figures that in general the forging loads
increase with increasing friction coelficient m and also
the forging load in each case during the tooth corner
filling stage increases very rapidly, as would be
expecied. Such a simulation result in each case is alinost
similar to that obtaincd firom an upper bound solution [8]
and the {inite element analysis [19] for closed-die
forging of the hexahedral and rectangular shapes.

Again, since al the tooth corner [lling stage, as bolh
the relative pressures and forging loads all increase
rapidly, a highly pressing machine has to be in great
demand to get to the final shape ol the forged product.
The excessive forging load that acts at thal stage on the
die-set, can cause increased die wear and decreased
die-set life. Thus, there is a need to find a suilable
alternative in order to get an excellent product. Pethaps,
using a good preform shape ol the initial billet can get
the material fow during the forging o come
simultaneously in contact with the tooth root of the
punch wilhout an abrupt initiation of the tooth corner

filling stage and thus require somewhat less forging load
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() Trapezoidal 1ceth
&. 12 Jorging load respect 1o punch movement (solid
billet, Nt=4 and 8, theoretical)
6.4 Comparison of experimental and
theoretical results : die load-die movement
curves
Typical Figs. [3(a) and 13(b) show the experimentally
observed die load-die movemenl cuives for Te-lead
specimens which were carlier shown in Figs. 6(a) and
7(a). For comparison, the estimated values ol the die
loads at various dic movement slages based on the upper
bound analyses are also shown plotled thercin.
Theorelical estimates of loads in crown gear forging
for specimens of 4./4,=0.27, where k,and , arc
height and diameter of the initial specimen respectively,
were done an the assumption of (riclion factors, m=0.2
and 0.4 The number of gear in each 1ooth shape were
kept at 4 and 8 whilc the whole 1ooth depth of ecach

-

crown gear form was 3.8 mm. These are shown
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compared with the experimentally observed values of die
loads at increasing die movements. From these figurcs
which show a companson of the experimental and the
theoretical die load-dic movement curves for a specimen
having eight teeth, 1t is observed that the thecictical
results lie very close Lo thase observed experimentally. It
iz also seen that the die lead values estimated using
UBET are higher than those obtained by experiments.
This may be because ihe subdivision of the deforming
zone was made simplifying the velocity discontinuilies
linearly and also the velecity field for tooth parl, ie.,
subzong 4 assumed to flow plastically in the axial

direction
200
I Crown, Gear Foresung
Sohd, Reclangular Leelh
160 Mr=C {=0=& /
Upper bound K )
~ - =032 / /l
= > m=04 i /
E 120 |- = Exporimenlal /
=
B
=
an
£ [=1s]
5o
5
=
40
]
oo 04 s -] 12 18
Movement of punch (mam)
(a) Rectangular teeih
200 e
Lrown Gear Targing
Solid, Traperoidal leath .
180 - Mp=3a, £=0 5 b F
Upper Bound i
—~ m=08 ! !
om0 / i
2 pp . © Expenmontal i /
= - /
g eo ./
= - e
2 —
e =
o - 2
J;.- //
7 -
L
[ T — S T 1 .
Qo 04 0B 1e 16

Movement of punch (inm)

(b} Trapezoidal teeth
Fig. 13 Comparison of experimental and 1heoretical die
load-die curves  (Nt=8, solid
ho/d=0.27.  de=38mm,

movement
specimen,  &£=0.5,
h=3.8min, r=8.9mm)

7. Conclusion
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Mear-net shape forging process for a crown gear with
tiwvo of the simplified shapes of the crown gear form
teeth, i.e., rectangular and trapezoidal teeth, was
analysed for 4 and 8 teeth with initially solid and hollow
citcular cylndrical billets using the upper bound

clemental  simulation  rechnique.
admissible velocity field corresponding to the forging

pracess was presented using the velocity discontinuity

A kinematically

boundaries assumed to be straight planes. Forging loads
and deformation flow patlerns obtained using the
velocily field are presenied and comparcd. According to
the ingremental upper bound simulation the results for
the relative pressures for the near-net shape [orging of
the crown gear form with the 8 teeth, it was [ound that
these values were in the range of 1.0 and 3 4 for the solid
circular billets at the friction conditions of m=0.2 and 0.4
excepl, lor Lhe tooth corner filling stage, and these were
in the range of 1.0 and 3.2 for the hallow billets under
the same forging conditions. The forging load in cach
case increased rapidly after the imtiation of the tooth
corner filling stage.
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