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ffirt:
fuy theories have been put forward to predict the forming process of circular bulges by means af unila-

ld lryrfostalic pressure. Very few of them consider incremental strain tlrcory and anisotropy of the sheet

d Bw Yamada and Yokouchi predicted a theory for predicting the bulge fornting process using incremental
,ilIhs otd incorporated in it the normal anisotropy o/ the sheet metal while the equations were simple compared
r* tlcJe of other theories. This theory has been solved numerically in this present work to find the effect

{fffi dffirent values of normal anisotropy R on pressure-polar thickness strain, and polar radius of
ffiwe'polar thickness strain relationships for a given talue of strain-hardening index n. For the nwnerical solw
h CDC 7600 machine has been nsed.
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Normal agisotropy or strain ratio defined as

the ratio of .natural width ta natural thickness
$train in tension tests.

Strain hardening index (o:KeD )

Constant in the stresq-strain rslationship (a:K r")

Equivalent strain

Equivalent stfess

Meridional radius of curvature

Circumferential radiup of curvaturc
Thickness strain at pole
Circumferential strain

a$ Meridional strain
o0 Circumfercntial strcss
o6 Meridional stress
s Original radius from pole to an elementg' Current radius from polo to an element
6 Angle with vertical formcd by a gencric point
p Fluid pressure, psi
to Original thickness of sheet nctal
t Current thickness of sheet metal
a Radius of dic opening

I Ceneralized x and y coordinates

dash meaqs derivative with respcct to x
dot means rate of change
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Introduction

lVlost *f the equitibrium equaiirrn.s for buiges

:rre simihir but the tnai-vsis and thc compl*xity ofl nu-

mericirl srdutions tre rnutlt deperident on the tlel"'- ruls

and trounelar!' coilditirllls '-lr,:d. Woo [1] used a $*[eriil
rnethod frrr axisyrnmetric t'onning processe$ baseci on iu-

crcmental strain theory but obtained the results on the

basi.s of total strein theory using successive approxima-

tion.q rri' stresses and strains according ta tite knnwn

stress strair characteristic. Wo* pointed out liie difil-

culty of the requirerneni ,f,f high cr:mputer tirtrs to

satisly the boundary contlition if in':rernentil'1 511-i1it'!

theory is used fo ths numi:rical sniution. l'V;ilig at:ri

Sharrrammy [2J invcstig:"ted the bulge fori:rilig priicssse$
'by, incre*rental a;.rtl total strain thi:ories i:ut t'h*ir ertr**-

tinns :ryere eomplle'ated a:r'J t'.:t sr;iiabls !'r:rr t:t':i''' scrtri;-

tion. On ths either hand Yamada and Y*kou*?ri {31

analysed the problem in a simpler wa3 anei. suggeste'$

"*rriri.tutie brocedure 1'rrr numerieal solution which

[as" beerr used here lbr comparing forrning ?rocesse*
f-Li materials having differest through thick:ress strenglr'
fh.--*olutio!! n€ar 

-the edge of the diaphragm is tliq-
;ii -t d inaccurate. Ilhe -values obtairred at iile polc

firr arbritrary rraterials have been used -i'or th* cnt'ir*

parisons without quoting tlie absolute vnlues'

.THEOR\:

For rieducing ths governing difilerential equ*tir:nr

the follorving assunptions art- nladc.

i! Tlre naterial i.i ineonpr*ssible.

ir) The sheet metal is isotropie in the plane of the shecc.

iri) Tilere is no friction durrog the forming lraccss
iv) The deforraing proelrrs !s eonsidered to be aSis,vur-

rnetric"
Figure I shows one stage, of by4rostatrc eiet'orma'

tron 6t circular sheet metal clamped rigidlrv at tXre

edge. For this axisymrn':tric formiug proct'ss ciicu;n-
fer"entia! strain, meristiotlal strain and equilibrium equa-
tions can be eombined andlor simpti$ed tu thr l'ollorx'
ing equations.
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Sinee the lteess in the tbickness tlirectton ls negligibie

compared. t* ths stresse* in the plane of the sheet the

flcr"'v theon' can be rryritterr ils fcllorvs :
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Instea<l ol equation (5a} the following equation can bE

used which includ.Es e1 &rrd is given from the incom'

pressibilitl' conditioti"
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Hill's [4] anisotropic -vieid eriterion and the associated

florv rule can b: simplifleC to the iollorving equatir-rns'
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Ihe itraia iiarcl;r:tt.g eheraeteristic used is oiths forxc

s,K - e" tr8a)

be;ause thrs g"p; r-f cquati*n'-vill enablc the effect

r1f R to bi visualized elo:;eiy for a given value of n

anel K" But due to ths,- difficulty in starting ttre nurce-

ricai solutio;r the following modllie'J tirrln is used for
the nurnerieal :olution.

ojK -. tQ.Otli5 :-.e )'

Ihis type ,crf equation rviii not aiTecl the result speciallS'

r-r.'hee the :itrain i: not. verY lou'.

Thc initia! cc'nditioas {ai the begin-nitg of defornration}
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The boundary cerndition$ ars
at pole (s:0), e$:ed, d:0 and
at edge (s*a). e0 :0 (at all stages).

i.e. for all eo

The_values of the unknowns ar6 evaluated with p as a
paranneter such that the boundary condition at edge
is satisfied. The proced,ure for numerical solutiorr,
followed was similar to that of yamada and yokouchi
l3l. When the solution for a stage is finished the
radii of curvature can be found by using the following
relations rvhich can be obtained from geometry.

eonclusions

Figure 3 shows that ihe stress is higher for materials
with higher values of R and it is expected due to thc
increase in the thickness strength"

The pressure required for a given polar thickness
strain ( Figure 4 ) increases if tbe R-value increases.
The instability strain does not vary significantly with
the increase in R. The polar ttrickness strain is about
0.58 when the pressure is rnaxirnum. The relationship
betweeir the maximum pressure aird the correspond,ing
polar stress can be seen in Figure 5 which is almost
Iinear (shown by the dotted line).

Figure 6 confirms that the polar radius of curva-
ture does not change due to change in R values
which implies that the geometry of the butge is less
sEnsitive to the value of R of the metal.
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li(e*lts

fhe numerical solutionr are shown in Figurcs 3 ta 6.
I r: following values (typical of Aluminium killed steel

' ilch rvas tested by tension) were used : K:T1,900;
:. :0.036 in. The radius ,&' was taken as 5 in. The
,alue of n was taken as 0.2. The different values of
R ri'cre 0"5, 1.0 , 1.5 and 2.0 which cover the range
: ordinary industrial sheet metals. The stresses and

-"dii were dimensionless" The values of stresses plotted
r,;e of the order of a/K.

1n Figure 3, the polar circumferential stress and
p,oler thickness strain relationship patterns have been
,:on'n for materials with different R values. These cur-

;:, il:.:h.stress 
strain characteristics in the thick_ t3l

In Figure 4, pressure-polar thickness strain anel ju
F.gure 5, the pressure-polar circumferential stress rela-
:r rnships have been plotted.

In Figure 6, dimensionless polar radius of curva_
r-re (p/a; against the polar thickness strain for four t4l
:Ferent materials have been drawn rvithin the same axes.
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