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SCOPE ANDTCCNTENTS:

The effects of pressurization on Ehé prbpertiés of

metals has ]ong beén of interest to scientists. Bridgman
-_found that in general the dﬁctility (ability bf the metal

to deform wi;hout fracture) increased ‘with superimposed

hydrostatic pressure,. Pugh et al. confirmed similar findings.

' The effects of hyﬂrbstatic pressure on the nechanical

'“Broperties of thiq anisotropic zinc, heat treated apd non'heat
“treated zinc alloy sheets sub&ected to biaxfal tension (via L

—

'thq:cirEUT&r’ﬁhlge tesfi\is investigated in this prd}eht.
-;; ’ | A brief look s taken iﬁgo the generalized conditio;s i
for the onset of.- tonsile plastic instability in a ‘thin
ctrculhr diaphragm bulged under superilposed hydrostatic pressure.
- The materfal 1is assumed to_obey Ht)I s thpory of yielding for
anisb;rbpic materials. These predictions are verified by
‘ conductinq bulge tests using back pressures up to 10,000 nsi.
It is conc]uded that within the pressuro range of lnvestigation
there 1s no detectable changes in the propertics of the materials

tested.
.
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In the append1r sect10n a brief look is taken into

the microstructure of the materials tested
o
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NOTATION - D

Directions of principal axeé.of anisotropf)

in thg sheet. X1 belng in the dlrecqion of

rolling, x, transvérse to the ro111ng

direction and X3 perpendicu]ar to the p]ane |

Cartesian coordinate ares of reference,

R Ang]e'measured anticlockwise to the rolling
_ Hirection.

- Original length} width and thickness

respectively. ‘.

Current length, width and thickness

-

respectively.
Stress, strafn and strain increments.
Representative stress, stra1n'and strain

increments.

Constants in the empirical stress-strain

relation o = A e n,

‘Anisotropic constants for the material, (//

Hi11's notation.
F+G + ﬁ _

FG + GH +. HF
Load .

Normal anisotropy -
Rlanar anisotropy

Average normal anisotropy

R o
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is the ratio of-propd}tionality.in fhe Levy~ .

misés equation.

Height of the bulge at the po]e. -

Radius of curvatura{

Pressure on the inner side of’ the bulge.

. : N
Work done ‘
Die radius

.\\ | 4

"Eressure on the‘outer-side of the bulge.,
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CHAPTER 1 '

TNTRODUCTION
.’ e

—_—

1.1, Introduction - ’ ) - . '

The art of sheet metal forming stretches back to times
:immemoeab1e In this. present era of space age aechnology. sheet
metal forming “is p1aying an everaﬁhcrea51ng[tmportant rp]e. 1
Every day mi]lions of components are pressed\from sheet metol

nder varyiog cond1t10ns. and small changes in material pro-
.pertjes can_make‘the ditfetence betveen success or scrap metal.
scicntisto aée continuously on the look cut for different and.
better:means of changing the shape of sheet ‘metal fnto intricate
forms and there have been a lot of'brilliant'achievements; The
once thought of concept "This is impossibie to do' applies no more.

The prjncipal ﬁurpose of sheet meta' teqtingi1s to
determine the forming characteristics (limits) under varvihg
‘conditions of temperoture. pressure and teChn1ques The theory of
plasticity has given a better 1nsight into the nature of deforma-
tion but. the existing theories in genera] have not been able .to
'adequate1y describe the. rheoiooicaf"behaviour of materia]s._

From the sheet forming point of vieu, the situation 1s :
.not QErv different. In a large number of forning operations. the
process 1s essent1a1ly one of plane stress (at least over certoin
sections of the deforming shaet) and‘honco one of the principal

"

stresses can be regarded as zero. Although in orincipio. this .
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should simp1ifv the problem, 'sheet meté] forminu is still a
complicated combination of ssretch1n9 draw1ng. hending, shear- “
~ing, piercing, etc. [1]. Certain formab111ty tests have "been
devised to determine the 11m1¥ to which the metal can be
strained durfng any svecific operation., Since most forming
operations are a combﬂex combination of_stretching and drawing,
the applicability of tests such as the simulative test {Erichsen
and Olseq iest, Swift draw test, etc.) are designed to represent
one or more important features of the forming operation. The non-
simulative tests on the‘other hand, used for assessing such
material -properties 1ike strain hardening, degree of qnisotrOpy,
measure of ducti1{{y,etc. are not too helpful in ﬁnderstanding the
material behaviour undér‘comp1ex stress systems encountered in -
practical problems. The generaliled strain at 1nstab111?y as a
measu}e of the "effective ducti]itv; seems to be the most general
and rational so far. It is valid for a]l stress systems. and

for simple geometric configurations dgn often be calculated quite
eastly.

It {s recognized that ductility 1s not just a property
of the material but, {s controiled by the stress syssem-which in
turn is induced by the forming operation. Goodwin [2] examined
the principal strains at the failure site in biaxially stretched
'sheet by measuring the dimensions of the actuai fracture surface. » '
’ﬂé found that the maximum tensile strain at the fracture??}e was

-least,sor a process of approximately plane strain and greatest

for one of noainal equal btaxial tension as showh in Fig. (1.1).

B '
he .
L : .
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Keeter and Backofen [3] examined limit strain* in sheet metal

subject to varying amounts of biaxial tension and plotted a
simi]ar'&iagram. -Fjg. (I{]) shoﬁs that there is a 5ignificant
difference between the maximum strain at the fracture site = the
Goodwin curve - and the 1imit strain - the Keeler curve - this
suggests that there is s?mﬁ‘very'1ocalized_deformatidn pfocess .
which ﬁfecedes actual fracture in a biaxial stretchinb process.

It is unlikely, therefore, that the maximum useful strain in a
process - the 1jmit strain - can be brediéted theoretically
either by considgration'of-fracture alone or simply from a
st;£1lity or diffuse necking analysis. This work has recently
been éxtended'by Marciniak {4] and Sowerby and Dunéan [§l,wh6
showed that 1ttwas possible to obtain the'forminghlimii diagrams
theoreticaf]y. The analysis assumes an inftial inhomogeneity

in the sheet at which fracture.finally takes place by fofmjnb.a
ioc$11zed neck. The theory is capablé of covering all stress
states from plane strain ( qlloz‘é 2) td balanced bfaxial tension
(°1192 = 1) and to include such material pérameters as the n and

R-value {n the analysis. | S

, hatd - ; - ! B j <

* It is convenient to use the term “limit strain* to describe
the strain in a fractured sheet near to the rupture but.

- measured in a.region clear of any zone of localized plastic
deformation associated vith fracture or.a lacaliznggggii;

-
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1.2. Choice of Problem ) b

The work presented in this thesis uses an instability
analysis approach similar to the one used by Kular [6]. The.
main problem investigated was t@e effect of hydrostatic pressure
on the instability strain (stress-strain characteristic) in a
biaxial stress system.. The work‘extends a familiar two-dimensional
forming operation, that of forming a clamped circularhdiaphragm
with hydrauljc pressure, by introducing a.baCk pressure. A
brief discyssion of the bulge test follows in the next section.

Bridgman [7] has shown that plastic deformation without

fracture may be significantly increased vwith the co-operaﬁion
of hydrostatic pressqr;hor gometimes other forms of stress.
Sfmilar results were reported By other vorkers for extrugion of
metals under pressuré. Stérting from a work prinéiple Hillier
8, 9] derivéd'thé conditions for instability’ underlcomplex
stresses for isotropic as well as for orthotfopic‘materials. )
Hillier [10] afso Fhoued that for simple forming processes the .
instability ;train 1ncreasgs-w1th hydr;satié pressute. There
were two remarkable points about his calculations: firstly,

they seemed to explain the increase in plasticity with préssurg

as qualitatively demonstrated by Bridaman, and secondly, the

“effect predictéd could be checked experimentally even at

relatively easily attainable pressures.

r'ﬂ-Fron the practical point of view the study of instability
is important because the onset of instabfi?tr can bte regarded as
the limit of usefu[_p1hst1c deformatfon in forning process. From

the theoreticil point of view, instabilitv marks the end of the

o
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easily investigable plastic range where the theory of plasticity

can be experimentally verified.~ Moreover for simple thin shell

A

configurations, experiments can be set up with relative ease.
In fact manyv solutions for simple two-dimensiOnal 1nstabi]ify A \f
problems can Se found in standard texts on p]ast{city. e.g.,
Johnson and Mellor [18?. IQf choice of the bulge tesf for this
investigabioﬁ lies in the relative ease with which thé experiments
can be perfbrmed. The bulge test is advantageous because
1}  There is no uncerta;n friction effect to be taken
1nt6'acéoun£. |
lii) k The specimen can be easily cut from sheet metal whose
stress-strain properties and the degrqé of anisotropy
can’be determined with reasonable accuracy. = °
iil) ‘The.s;ress and strain at the pole can be easily controlled.
tv) Hoﬁf important of all, the stress state at the pole is.
known, | '
Other'mephods of realizing bigxiaI stress systems have been used
_but the instabtility strain in the bulge test is greater gﬁan_most
other systems 1n.part1¢u1ar uniaxial tension which is widely used
in determining the ductility of‘the materfal.  Thus if the |
theory in this case reiates:ye]1 with the experimental results,'
" then {t shduld_hold'good for most of the processes and stress
configuhations used in sheet_fbrming.because all of them have‘-
insggbiii;y strains smaller than this case. ' -
S{nce ﬁost of the available experimental data "t“_

investigating instability in biaxial tension are for materials

with an uﬁknown degree of hnisotropy} it 1s really

A \ .




necessary to inctude anisotropy in the theoretical models in order
. . ™~

to increase the accuracy of the predictions., Also, for isotropic

materials most of the nroblems involving shear and direct stresses

can be reduced fo those involving the principal direct stresses

- .

_or_only the maximum shear stresses because the principal axes R

of strain increments alwavs coinéide with those of the stresses.
For'anisbtropic materials ‘such a simpiificatton cannot—always-be
effected. because the p¥1nc1pal axis of stress a;d,stra1n increment
do not coincide except in the principal directions bf anisotropy.
Thus the inclusion of anisotropy in plasticity equations.is likely
to become an important factor in exp1a1n1ng the form of the yield

¢
function when direct and shear stresses are s1mu]taneously involved

1.3 Literature Survey _ , ' ST

.In thiﬁ-section-a-very brief review of the res;arch
papers on the hulge test'1s given, folloved bx a review ﬁf‘the
:findings Of;Bridgméh (71 and Pugh [11, 121 on thei# work with
various metals under hvdrostatic pre§5ure.

. o S

The Bulge Test 5 ' q

The first attempts to understand the bulge test were
'expgriaental. Sachs, Espev. and Kasik [13]_bulged aluminum
diaphragms at room and elevated temperatures up to S00°F. They.
found that the strain distribution was non uniform along the
prbfile and a]so. that the 1imit of uniform straining increased
and the maximum pres;ﬁie decreaSed with 1ncreasihg temperature if

-

;.it was higher that a critical range between 250%F and 4nn°F.
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It was also shown that the bulge is a surface of revolution ahd
is very close to 2 snhere near the poie. Bro?n and Thompson [14]

used five different tvpes of,gnnea]ed and hardened low carbon

steels. Thev plotted the stress strain curve for the bulge test -
‘and found it to be almost coincident to that of a tension test.
‘They found the strains to be maximum at the pole and that the
average radigs of curvature of the profile decrease§ towards fhe

]

die at small bulge heights, but increased towards the dte at more
advanced stageés. | .
The theofetica] sofutions of the tulge test fall into
‘thfee‘typeSJ- those using total strain thedry, thbse using
incremental fhedry and von Mises vield *riterion and those using
.Tresca yield criterton and the assoéiated f]oQ rule.

The first theoretic&l‘soiutibn is due to Gieyzal [15]
and tﬁereafter'vartous comtinations of different theories haJe
.béen uﬁed bv various authors.i}The théoretical predictions and
experimental results have tied Ch fairly well depend{ng on the,
tyne of solutiaqn used and also upon the naterial properties f

In the 1950's Mellor and Loxley bulged diaphragms
of eight d1fferent types of annealed as well as hardened commor
sheet materials and concluded that annealed materials exhibit
fnstability while -strain hardened:onqs fracture under increasing
pfgssure. and that the strain distribution, bylge height and
cur;atur depended ﬁpod the miteria1 properties.“ They found that
Hi11%s [EG] solution for 1inear strain-hardening materials gave:

éood correlation for strain hardened niterials\but'the agreement

RS

S

'between Hill's sdlutiop;and other-expérinental values for aﬁnealgd
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materials ‘was poor. -

DA

Effects of Hvdrostatic Pressure on the Pronertiés of Metals

The effeéts qf-pressurization on the properties of
metals has loné been of interest to scientists, although till
today there aré but a (few thearies which allow quantitative
Uxzf'redictions to ﬁe mage to this effect. Although studies on the
plastic behaviour of metals under hydrostatic pressyre were first
conducted by Rqss‘and-Eicthger (1929), tﬁe most extensive
investigations were made during ﬁor]d war [l by Bridgman t?], k
and his wvork has served as,a model for most of the subsequent ~
investigations in this direction. o ' £
| As a result_of studies on a wide variety of metals by

sevéral wbrie}s.,1t has been found that in general the ductility
(ability to deform without ffacture) 1néréased with hydrostatic
pressuré. Bridgman found that for all but two steé]; he teﬁ;édd

‘the ductility yas linear with pressure*. These results have teen

oon}irmed by other workers. Puéh (11, 12]-et a].‘stdd1ed the

'behavdoéflof both‘britt]e aﬁd-défxi1e materiils:Under'preSSure and

confirmed an increase in dhct111ty with pressure for all metals

_tested, and a linear increase in the case of steel.

RN

L
-

N

f The pressures have not been mentioned because of the generality
of the literature survey, but they vary in the range of 20,000 -
200,000 psf. Also some names have been mentioned without any

. reference in the reference section. This being due to the

E unavailability of the relevant papers. = . .
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. For Zinc and mazak, Pugh demdnstratéd’for the first ’j
Ftime the existence of a sudden pressure Enduced transition from >/
brittle to dﬁctile béhaviour.' The metal in{tially showed 1ittle

or no change in ductility up to a certain pressure, but above

b this critical pressure they showed a sudden increase ifnductility,

~

[ and behaved 1ike perfectly ductile materials. Pugh suggestad

that this sudden trahs1tion could be expected in hexagonal metals

- whosé slip systensare_norma11y confined to the basal plane by

the‘operrtion of new slip systems above a critical pressure. Later
Pugh and Green expiained this sudden transition.in zinc and

mazak. it was &ssumed‘pbat the stress-strain relationship is a
_basic nroneriv of the material, but that fraeture qas-measured by
some absolute value of the tensile %tress " Thus in a tensile test
under hydrostatic pressure? a large ten511e stress 1s required

for fracture in order to offset the compressive stress que to the
1Dressuré sd.that the not'teqsrle stress achieves the critical

value f0r7frrcture. Thus a material with a stress-strain curve

as showh in Fig 1.22 wj]l fracture at A when ‘tested in tension

L
at atmospheric pressure. as the critica] value of maximum tensilé

stress 15 satisfied at-this point. In a tensi]e test under .
hydrds;atic pressure._compressive'stresses are 1nd9ced in the
‘;petimen—upon which a large tensile‘stre§;,(poin£ B) has to be
superimnrsed’to sati;}y the frgcture_criter\on. At n.higher
p?ﬁiiﬁre the fracture fis delayed further to‘point C. In a
material with a flat topped stress- strain curve [Fig 1.2b] only
a small change in hydrostatic pressure 1s requirad to intrease the

a

¢
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fraeture stress from B to C, produciqg a large change in strain
and thus a sharp transition froﬁ\frittle to ductile beﬁevfour.

This explanation which suggests a direct'connectjon-betHEen the
abrdptness of the brittle to duptii&gtransition and the rate of
work hardening wasalater,con¥1rmed when the stress-strain cerve

for zinc was found to be flat topped.

. Some workers have studied the effects of hydrostatic
? pressure‘dn the yield stress 6f metals and the results have been
| very coqtradiétory. The ultimate conclusion ¢raen was that . J !
hvdrostatic pressure hgd no significant effect on yield or flow
stress of metals. at least in the pressure range anestig&ted. -
Bridgman's inital studies led him to conclude that '

hvdrostatic pressure caused a 1tnear-increase in tensile strength

He also -found that the strain at maximum load was independent of
pressdre for'some melals impliying that,the stress—strain gurve
,chanqed with hydrostatic pressure Cther workers have a1$o found u
- -that the tensile strength for all metals tested increased with
pressure and at times the increases measured were quite large and
these were also contrary to Bridgman s results, lt was thougrt

that maybe the results uere not accurate as the loads were measured
outside the high pressure container. Later Pugh performed _
'tens11e tests'on zinc, cepper. etc. Repeated tedts under the sanme
‘condttions showed good. reproducibility and showed that staeic
pressuré'hdd no effect on the sensile strength nor had 1t an ’

2

effect on the strain corresponding to the laiilul'load.

rd
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As a result of these experimental findings Pugh

questioned the validity of the widely accepted solution of an

associated prob]em, namely'%hat a transverse hydrostatic pressure

superimposed on a tensile specimen delayed the onset of necking
and resulted in an increased uniform elongation.” In 1963 Pugh

~showed that the mathematical analysis on which many workers...

for several years had based their resdlts was. In error, and it

was subseauently conceded that Pugh's analysis was correct. This

_analysis is basically as follows.

‘Suppose a tensile specimen is subjected to a tensile
stress ag and a transverse hydrostatic pressure p {p is negatiie
for.a hydrostatic peessure). Now the representative stress for

yje]ding or flow in this combined stress systeﬁ depends on

(oT - p) whether the Tresca or Huber-Hises-Hencky criterion‘is

‘used. Thus the 6r191n of f%e curve of oy VS engineering strain e

is at e = 0 ahdt(oT.- p)_1_0 or oy * p. The effective load L on
the specimen is therefore (cT - p) A, where A {s 1ts cross-
sectional area. Necking starts when the load reaches a max{mum

value, and so at'{nstab11ity

dL = O'f'(°T,' p)dA + A d(aT-- p)

or : !

'd(oT - p) - - dA . de ‘ . o
. or \. ¢ ‘ ° PR _ ;
; d(d - P) dUT' (UT - P) ‘
. de " de " Tve. '

or a test at constant pressure. Thus the necking point is a

1




show that for materia]s tested. pressure has 11tt1e or no effect

14

point of tangency to the (°I' e) curve from the point t-], p).

For the norma1 tensile test. p = 0, so the tangent is drawn from

the ‘point (-1, 0} to the stress- -strain curve whose origin is at the’
point e . o, cT = 0. Thus for the tensile test under a transverse
hydrostatic pressure p, both theepoint and the curve have been
displaced by p along the stress axis. Hence both strain .and

representative stress (c - p) at the maximum lcad point are

L e w—

unaffected by the transverse hydrostatic pressure.
Bridgman obtained true stress- strain cuﬁVés for the
materials he tested. As a result of numerous tension tests,

particularly on stee] it was concluded that'to a first approit-

‘mation, the stress- strain curve 15 1ndependent of pressure Again

some other werkers conc]uded that hydrostatic pressure did rafse
the stress-strain curve for certain materials. Therefore. '
although 1n a few cases, some of which are open to cr1t1cism.

-

contradictary results have been obteined the results to date

'd

on the stress—strain curves of metrls.
R N

~ Conclusions . Ca . .

I
&

Studies of nechahicel properties of metals and alloys
under combined stress conditiohs have producep onty a partial’ |
explanation of some interesting problems’of flow and frecture g
of matarials. The results -of dffferent vorkers heve often been
contradictory; making 1t imperative to further 1npreve the reseerch o
methoes and techniques. particularly those concerneg with the ;

dccuracy of stress measurement. C
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Tension and torsion tests have shcwn an increase in-
the strain to fracture with pressure. The increase in ﬁuctility
varied for d1fferent metals. Materials brittle under atmospheric
‘pressure have shown an abrupt increase in duct11ity above a
certain transition pressure. The tensile strength 1s not._.

or%on1y slightly affected by’pressure | X
r There is a need for more systematic 1nvest1gation of
mechanical tests as the random nature of previous tests on
different mater1a1s and the use of .different testirg methods makes

1\\

the compar1son and ana]ysis of results difficult.

‘ \

1.4. . Applications of Hydrostatic Pr%ssure

progress in many branches of technology;his led to
2 demand for and - the deveJopment of new materials. However,
materials with the desired properties are of 1imited value {f
they cahnot be economically formed into the rgquired shapes.
It 1s frequently true that materials, particularly the newer
mater1a1s with the desired properties are difficult to form efther
on account of their‘inherent-stﬁength or because of their lack
of duct111ty. or both, The 1ncreasing "demand for these difficult-
to-form metals has: been one of the nost 1nportant factors 1n the
development of new methods of forning 1n racant years.

Twe developnents. viz.. hydrostatic extrusion, and

' o app!ication of hydrostatic pressurss to the forling of matals,
resent new and rcvolub1onary approachcs to the field of cold -
rning. A brief description of the various aspects of h§drottat1c

trossuro in the forling of metals fol!ows.

pma vy
P E



drostatic Extrusion oL
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v

Hydrostatic extrusion, which was first so named by
ugh et al., is essentially a method of extruding a b11]et‘
hrough a die using a pressurized fluid instead of the ram used
n conventional processes with the pressurised fluid acting on
he sides of.the billet as well as or 1ts back face

At Kigh extrusion ratios high pressures of up to
450,000 psi may be necessary, which in turn, require that the
problem of container design must be overcome if the process 15;

to be acceptab1e to industry.

The s1ight change in principle involved in hydrostatic '
‘extrusion results in significant techqgcal advantages over the
conventiony] process. Some of the more obvious advantages and
features_foilow from the consideration of a process (Fig. ¥.3).

It 1s obvious from Fig. 1,3 that the friction at the billet-
container interface 1s eliminated:in hydrostatic extrusion.
consequently the axtrus1on pressure does not {ncrease with length
of billet. Further since thi pressurised fluid surrounds and
gives lateral support to the billet, the stress system in the
part of the billet outside the deformation zone in the die fis
hydrostatic; and‘equal i{n magnitude to‘thé'prossure in the 1iquid.
Consequently, whatever its length, it 1s impossible to bucﬁlc the
billet under tHe end load which is forcing the billet to extrude
through the die. Thus, extremely long billets .can be extruded

in this way. ' _ .. o -
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Exdrusion, Ih-m_

g IIlo 7{\ 2272
I ] h Lm ’ ' "

Billet X BiIJ-l .

Lutricont Mrdod
k] BNlel - Dve interiace
Billel - Y / _ : No Bitled - Conlamer Frction +
Contoiner Frictron+ « (/ Decreased D Frictien +
Die Friction+ : _ Decreceed Redunchbnt sbrk
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FIG 13 COMPARISON OF CONVENTlONAL &
“ HYDROSTATIC EXTRUSION |
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The'only friction which occurs in'hydrostatic extrusion
i s that ‘betwéeo the billet and the die, but even this is low
ince. the high pressure fluid is dragged a]ong the billet-die
{nterface during the extrusion. The extrusion pressure obtainedf;
under practical conditions by‘various workers showed that the
pressure for hydrostatic ‘extrusion 1is frequently 502.or more
lower than for conventional extrusion. Other advantages being
that billets of any shape and section can be extruded, and close
tolerances are noﬁrnecessary Furthermore, the billets need not
be of constant section along its length. :
' _Disadvantages of the process are that. the blllet has
to be shaped at one end and held against the die ‘to effect initial
sealing. The use of quuid makes loading and. unload1ng of billets

in the container more complicated..and the repeated pressurisation

and depressurisatioh requtres particular attention to be patd to

. the design and material of the containers.

L
3

%'Conventiona1 Extrusion agoinst a_Back Pressure

" The application of hydrostatic pressure to the extrusion

. process described here 1nvolves principies concernod prinarily

with the nodification to the work material rather than to the
mechanics of the process. - Bridgman in the resuIts of his many.
1nvest19ations showed that the ductility of metals 1ncreased

uith pressure. Pugh et ot..,sugqestod that this increase in
ductility with pre_ssure explatned ‘the surprisingly‘ large reduction

of area that can He‘achieved-uithout fracture‘in_the conventional

i P

L
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extrusion process as compared with the reIatively small strains
obtainedlin conventional tensile tests. It a]so exp]ains the
success_df.many dther formiﬁg processes in shaping metals without
crackidg. | | ' ’

_ ﬂdi cons1der.the conventional extrusion of a brittle
material, in which the product emerged in a cracked form. Pugh

et al. suggested that th%s was due to the fact th;t the hydro-
static compressive stresses set up by the extrusion too]1ng were
insufficient to inhibit cracking and that if these stresses could

be augmented, for example by immersing the uholé\extrusion apparatus

in a pressurised fluid, a sound uncracked product'could be

obtained. To test the validity of this hypothesis'Pugh and N

\‘
~

Green carried out a series of experiments, both with the apparatus A
in an.edvironmeﬁt of atnosphe%ic pressure and in a pressurised
liquid, and confirmed the essential validity of thie hypothesis.
Experiments have been reported by other workers on the effect of
back pressure on the high speed extrusfon of zinc, mazak, magnesium,
etc. and it was shown that, for extrusioms without back pressure
~and at low speeds satisfactory products were got, but atl products
were broken or cracked at high speeds. The same materials when
extruded at high speed, the-Use of back pressure rcsuldpd in ;

™. onsiderable improvement in the quatity.

b

(

; Differential Pressure (Fluid to Fluid) Extrusion

N — . .
" Differential pressure or fluid to fluid'extrusion fs

r process co-biniug the advantages of back prossuae.uith those of -

? Hydrostatic extrusion, This method of oxtrusion is one of the fcu

| .
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nown methods capable of cold forming brttt]e high strength
aterials such as alloys of the refractory metals, titanium,
ungSten. eto{ The equipment for differential pressure extrusion

s basically the same as for hjdrostatic extrusion except that ‘
the volume helow the die 1is f111ed with a pressurised iiquid
whose value can be controiled in some convenient manner. The
differential 1ﬁ‘pressure above and below the dﬁe must of course
equa1 the extrusion‘oressure. which is determined by the extrusion :
conditions. Back-pressure in the range of 10,000 - 300,000 psi

¢ . :
have been used under varying conditions of tool geometry and

i metals.

"~

-

! i V . ‘ =¥
Forging and Related Processes _ ' ™

AN | Under this title, a brief look 1s taken into the

application of hydrostatic pressure, on metal deforming processes

in which the stress system 1s predominantely compressive, such _ .~

as forging. f1anging. bending, shearing, etc. . .
Bridgman reported work on the effect of prestraining

under pressure ‘on the residual atmospheric ductility. In’ his'

L work using tenpered steei. he found that every specinen pulled

“under pressure, always showed. residual ductility when subsequently

pulled in tension at atmospheric pressyre. Pugh investfigated the

effects of conpressive prestrain under pressure on the residual
tnospheric conpressive ductiiity of an aluminym alloy.

Cylindrical specimens.were conpressed in castor oil that had

been pressurised to 160,000 psi. After a given prostrlin. the

conpression test was qontinued at. etlospheric prossure unttl

\
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fracture became apparent. and the resuits confirmed Bridgman' s.
findings. The results éf these experiments suggest that fracture.
{s a consequence of some form of cumulative damage. If the
cause of fracture is the opening up of cavaties. then the voids
would not be formed so readily under the high hydrostat1c pressure.
thus yielding a product w1th less damage and improved properties.'
particu]arly of ducti]ity. , i ,
Industrial developments on the forging, rolling, etc.
o; Pritt]e metals have shown, that. by jacketing the meta} with a
strong ductile metatl, successful forgings can be produced'owihg
to the constraints imposed by the jacket on the britt1e metal.
Thus stee] has been used to jacket beryllium, refractory metals
and superalloys for successful forging. Various-techniques have
been reported for applying restra1h1ng‘pressure in the working

of bery]lium One techniuue for the closed die cold. forging "

was to use-a spring loaded lnnular punch,. which applied pressure

to the outer annutus of the beryllfum while it was being deformed
As the forging punch was driven into the billet, the Spring was
turther compressed, increasing the back pressure during the
deformation. This spring loading due to size limifations can be
' replaced by hydrau11c 1oad1ng on the beck pressure punch and the
operation carried out 1n a hydrauiic press with concentric rams.
Similarly research workers have shown app]icetion of
hydrostatic. pressure for the process of upsetting, bending. N

shearing, etc. of metals.
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prawing and Related Processes

Under this title a brief look is taken into the applica-
tion of hydrostatic pressure on metal deforming processes which
involve sjgnificant tensile stresses such as drawing processes

It must be remembered that some metal working processes
are limited by factors other thae freeture and that such f;;tors
may not be. qffected to the same extent by hydrostatic pressure.

It is known® that the reduction of area in wire drauing and the
draw ret{o tp deep drawing are 1imited to necking, and Pugh.
" both experimentel]v and theoretically also showed that the
initiation of necking in a material under tension is quite,
‘unaffected by the pressure of a hydrostatic stress system. Hence;—
to obtain the advantuges essociated-w1th the application of
hydrostatic pressure. it is necessary to renove the I;eitetion
imposed by necking. Thus attention has been directed to modifica-
tion or inversion of those processes that are limited by necking.
in such a way that although the sterting b111et and final _
- product are still the sale. no donineet"tensile stresses can . <%
t arise thereby elieinqting conditions leading to necking. _

In the conventions] wire dreuing process, the marked

fncrease in strength produced by work herdening in'the wire 1is

J
: ecconpenied by a reduction 1n ductility end the uire eventually

bacomes toO herd and brittle for further drawing, thus setting a
j‘fhit to the herdening thet can be imparted by this process.
_ilridgeen was the first\to carry ‘out wire drawing in a pressurised
fluid. In contrast to the hydrostetic extrusion process, ‘the ) ]
eressure in -the flpid ebeve end‘belou the eie ues ‘the same. ‘Ihe?

| .

I - .
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ower end of the billet after proper shaping was connected to 3
ull rod end the billet was drawn through the die. Piano wire,
1076 inches in diameter was drawn down under hydrostetic pressure
lof 168 000 psi to .026 inches in diameter in 6 passes without
interstage anneaiing, At atmosphericepreSSure 15 passes were
required without interstage anneeiing for the same reduction. 'The
wire at this stage lost all cepecity{for further reduction and
broke with no preliminary yield. It was'e\so shown that up N
to a given strain, the fiow stress was independent of pressure.
However at greater streins, the flow stress of the specimen
deformed at atmospheric pressure fell telow that pulled under
pressure. ,Jhus showing that the.epplicetion of hydrostetic
pressure resu]ts in’ iess damage and consequent]y improved residual
properties in the materiei Similar results were obtained by
Pugh from tests.on copper&end steel. N
The deep drawing of sheet in the presence of a pressurised
\liquid has received 11tt1e attention. ~Some unpublished work by
Pugh supported the conclusion that pressurisation did not increase
draw ratio except for brittle metals which fractured before necking.

Some work was done by Fuchs in this ‘direction. Although the too]-

ing for deep drawing under pressure was. basiceily the same as for

conventional dreuing. the use of the surrounded high pressure.
iliquid inverted the process and elinineted tho unusuel tensile
"stresses, The presence of & pressurised liquid above and below

the annular surfece of the piank elfminated friction between the
4blenk ‘and the ho!d down block and die. After the hold down block

had been forced down on. the blank, the pressurised 1iguid acting on

]

. .
-
ke
. - : 4 h ud
.- 1 N
- . - . . _ .
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the perimeter forced the blank inward, and with the aid of the
downward movement of the punch, which sized the bore, caused
the blank to extrude between ‘the punch and the die. }As only a
small force was exerted on the punch the tensile ‘stresses were
considerablv reduced The. pressure for this deep drawing opera-
tion was about 100,000 psi. : . 7 e \

In their recent work on annealed 70/30 Brass andJ
'using a hydrostatic pressure of 300 atmospheres E1-Sebale and
Mellor [17] achieved a drawing ratio of 3.21 as compared to
2.81 at atmospheric DTESSUT&} further, with improved 1ubrication

“over the flange a’drawing ratfo of 3. 247 was achieved. L
t

i

Conc]usions ' o . N

[

The appiication of hydrostatic pressure to. metal working
processes has resulted fn‘a variety of.modifications that are
- of considerable importance. and in many .cases have led to the
Vdevelopment of new metai working processes that have considerable
potential efther as additions to or as superseding some of the
existing methods. It may also be noticed that many features and '
advantages on the application of hydrostatic pressures to the

. various metal uorking processe;\were similar ih nature.




. CHAPTER 2

CTHE TENSILE TEST - °

2.1.  Introduction BN

in this chapter thg stress-sfrain propertiesLEnd- }
anisotropic parameters of the materials used in the.experiments
are determ1ned with’the help of simple tension tests

The consideration regarding the choice of the matefia]s
and the working pressures are discussed in section 2 2. :

Starting from a three- dimensionat stress system. a

brief discussion along with the formu]ations leadinglto representa-
5t1ve stress and representative strain are carried out in section

2. 3 (the formuIat1ons shown can be found in any text. book on s
blasticity, e.g.. Johnson and-Mellor [18], W11 [19], etc.) ' \
The theory of simple ;ension tests for isotropic and.
anisotropic sheets is given in section 2.4. | PO
The experimental procedure for the tension tests

is described in section 2.5. ‘

SO The results of the tension tests are given in section

2.2. Choice of Material and ﬁorking ?ressure

Since the main objective of this projcct was to investi-
gate the effect of prcssure on the 1nstab111ty strain (stress-

strain characteristics) in the bulge test, it was important to

2% ¥
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choose the proper working pressure and materia]s Our-theoreticel
consideration (Equation (3.16)) indicated that pressure hed no
effect, where as Equation (3 18) formulated by Hi]lier [10] based
on the thin membrane theory. 1nd1cated that this effect increases
lineariy with- the ratio p/o, where p is the average of the ~
pressures inside’ and outside ‘the bu]ge and o 1s_the representative
stress in the mater1a1 at 1nsteb11ity. Because of the availability
of an existing set up {(for the bulge test with back pressure up

.to 10 000 psi). -from the Un1versity of Waterloo 1t was decided

to keep the investigation within the existing pressure range of &

-

the euuipment.

For a gifen D, to have e-ierge value of the pressure
- effect it is necessary to maximize the ratio p/o (Equation (3.18)).
Pugh in h1s work with metels under pressure had come up w1th a
rather 1nterest1ng find1ng He demonstrated a sudden pressure

1nduced fransition from britt]e to ductile behaviour 1n zinc and_

| later, suguested that\th1s trensition could be expected in
hexagonal metaIs. It was this interesting resu\t of Pugh,.
combined with a low value of the constants A and n (zinc and
‘zinc alloys) on which o depends which prompted an 1nvestigetion ., -
on these metels. namely, zinc, a heat treated and non-heet treated
zinc elloy. It uas decided to test these three metals end compare
their beheviour under pressure. .

"The -eteIs were supplted is sheet form.by Hetthiessen
‘and Hegeler Zinc Company of La Salle, llltneis.'_fhe zinf sheet

was sold under-the trade ?ulber as LS-6 and the other twe'uere

called Titanaloy (heet-treetegfena non-heat treated). All the

) s
. .
' . N
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~
-~
'l

three sheets were to be supplied .017" x 36" x 84", but 6n
receiving the material i1t was realized that the sheets came as

follows: ‘ ) . -

LS-6 : - .018"x 36" x BA"
. _% )
Titanaloy (non-heat treated) -~ .020"x 36™ x BA" .
. o
Titanalby (Heat treated) - .021"x 36" x 84"

g

Furthermore it was realized that there was a considerab]e varfa-
tion in thickne s within a specific sheet. Due to the time factor
involved 1in obta ning the sheets, 1t was decided to test them
the wav they were received '
On preliminary testing it was further rea112ed that
the zinc sheet (LSTQ) had rogling defects and fractured prematureig.
hence it was decided to aban&on the test1n§ of the zinc sheet and ‘
only test the rema1n1ng twd sheets which have been referred to as
the‘heat treated and non-heat treated matgrial. In the Appendix
ia.briet note“qbput the éuppliers comments as regards the materiel
and the nfcrbstrecture 1s looked into.

' ’ . i

2.3{ Representative Stress-Reprhsentative Strain

Suffix Notation T {

A brief description on the suffix notation used for the
stress and strain components related to an orthogona] co-ordinate
system {say x, y, z or 1, 2, 3, etc.) in the chapters and: sub-
j.secttdns to follow is given below.

Direct stresses being defined as o .. Syy? ozz or

01‘. 022. 033 (Oft‘n Q]] is S‘llp‘y Nl‘itten as 0]. 022 as Uz 'tc )
L .

Pl
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Shear stress bein§ defined as oy Oyxy0 €tc.

The double suffix notation is employed to define the-
eirection of eegg‘of the stresses. ‘°xy means the stress on 2
plane perpendicuiar to Ox and paraiiei to axis Qy. The first
suffix gives the direction of the normal to the plane on which
the stress acts, and the seeond one its ditection with respect
to that plane. Similar suffix notations~are-used for tﬁe strain
compqnents. o |

AN )

Determination of Principa] Stresses in Three:bimension

" The six components of stress-at a point are given in
magnitude and “direction as shown in Fig. 2. 1. Suppose 1t is
desired to evaluate the principal stresses and their directions
at a point. (Principal stresses are stresses acting norma1 to
a piane across which there {s no sheat stress ) Triangle ABC
represents the oblique plare. N is a point in the plane ABC

_ and ON is the normal to this plane. ', and y are the angles
ON makes with the x, y and z axes respectiveiy. and .p is the
principal stress. ON ‘has directiqns’cosie;s as follows:

cos a =t - 3 , '
cos 8 =W -
cos y * ﬁl‘ ' : .

K Ihe streds p is related as follows:’

T 8y "R E ' o
' =P, LS . 2.1
sy p.m _ '( )
s. = p.n
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FIG. 2.1 STRESSES ON A DOUBLY OBLIQUE

PLANE 4

M
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1
\

e equi1ibriﬁm of forces in the direction Ox.

Area (ABC) = o

(x+ hrea (oBc) + cyxi‘ Area (0AC) + o,,. Area (AOB)

51mi1ar1y

s =g ,.m+ o .t +a o (2.2)

* . - i
Hech'i{::LEquatiom;(Z.l)and (2.2) we get

\\
F%ixx-p) 2 f'oyx.m + ozx.n = 0

|

. (ayy—p) m + Syxy® L+ ézy.n =0 (2.3)
(°z;'p)" t g, bt oM 0

! - . . o

. \ .
g£liminating ¢, m and n from Equation {(2.3) we get a cu31c expression

for p.

3 v 2
P '(°xx+°yy+°zz) P T(ny2+ °y22+°zx2'°xx Oyy

'9yy°zz'°zqux) P '(°xxfyy°zz+?:xy°yi°zx : \ (2.4)

2

“Oyx° yzz'uyybzx 2) =0

—

“%922%y

or simplicity gquation (2.4) is often expressed as

IS

pa - 1]"2 - Izp - ‘l‘3 - 0 ) ' (205)

N ‘ : [




where !
Iy = oxx ¥ Oyy * %2 : T (2.6) -
' s .
12 = uxy2 ¥ oyZZ +azx2 - Syx %yy ~ %yy 6,7 = 92z %xx .
13 = qx0yy%zz * 2°xy°yz°zx T %xx® y12 = °yy°zx2'°zz°xy,2

-

'I], 12 and 13 are éeoun as the first, second and third 1nvae1ants

of the stress tensér. [The word invariant is used simply . -
because, if we selected another orthogonal to-ordinate system ‘
X1 y1; Zq (instead of x, y z) then we would arrive at an expression
similar to Equation (2.4). but o, , would be replaced by o‘]xi.

by o etc.] Since the values of p remain unchanged,

%xy XYy

_ then the values of Iy, I, and I, must remain unchanged. Also’

the cubic equation (2.5) in a real physical situation has three
real,solutions which are the principal stre;ses a1 92 and o4
of this particular system and the values of I],‘Iz and"l3 in

terms of the principal stresses are

l] -.U]+02+03 . ‘ .
liu' - (°1°Z + &203 + 0391) (2-7)

I3 = oq0p05

Since plastic yifelding can then depend only on the lpgnituﬂe of
the three principal-applied stresses and not on their direction,
any yield criterion should be a function of the three {avariants

.as given by Equation (2.6) and-the precise combination would depend
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ipon the material. ‘
For many meta]é it is an experimental fact that yield-

Hng is unaffectéd bv a quefate hvdrostatic pressure, [defined

o + g + I ‘
as ap XX 3YY 2z, -%-1 either applied a?one or

superposed on some state of combined stresses. This'lé&ds to

working in terms of reduced or deviatoric stresses defined as

' a . ' . -
o' vx =-%%x ~ m etc. . A e (2.8)

The yield criterion now reduces to the form

]

prd - 3t ~3y =0 - | . (2.9)
. | ~ .
where J, and J4 replace 1, and 13 in Equat1ons(2 5) and (2 6)

simply by wriiing o for %y x etc.. and J.l « 0, 1. e.. . e

' -
o xx t o yy | a9 0

Hence the yield criterion is now a function of J2 and
J3, and these two invariJnts of the reduced stresses have spec1a1

1mportance when considering the yielding of metals. -

i

Tresca and von_ Mises Yield Criterion .

.The foregoing has demonstrated trom 2 mathematical

point of view that any yieId function should be described by

some conbination of 11. 12 and 13. . The experinentll fact that
the hydrostatic pressure o  * 1113 doss not 1nfluenco the yield-
ing of most coluon engincnring llterinls \eads to the conclnsion

that a yteld critorion should be 2 function of J, “and 33‘ Tho

-
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questidn remains what function? .
The two y}eld criterion that have proved to be the
most satisfactory for the yielding of isotropic materials are
those ascribed to Tresca and von Mises. |
The yield criterion of Tresca is expressed in. 1tsI
simplest form when written in terms of the principal stressea,

namely.

‘°max - Sain | = constant - . (2.10)

.'gheie Tmax a“d,°m1n are the maximum and minimum Of-(ul. Gy 63).

The Tresca criterion is often interpreted as: "yielding
occurs when the maQOum shear stress in the material reaches 2
critical value". The right hand side of Equation (2.10) is -

‘usually written as

logay = mtnl = 2K *Y (z.a1)

where k is the yield shear stress and y 1s the yfeld stress_in
uniaxigl tension."The-Tresca criterion can also be expressed in
terms Jf Jy and:J3. but this tends to be too {nvolved for general
usage. ; | "
The von ﬁises criterion on the other hand cen be shown
.  to be aqual to 6 Jz and this is often expéessed in principnl' |

S stress components as

(U]"Uz)z "‘-(&2"53’2.§ (03"0‘)2 - z ’z - § kz . _ ‘2012)

-
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or in terms of general components
| 2 . 2 ., 2 . . 2
.(Oxx-c ) .+ (0., -0,,)" *+ (o, ~0 y© o+ B(ny2+°y£ Yo, )

- - - L (2.13)
_ o PR

k and y in Equations (2.12) and (2 13) have the same meaning -
as defined in Equation (2. 11) When plotted in princ1pa1 stress
space Equation (2.12) provides 2 right circular cvlinder whose
~ axis %s equally inclined to the principal stress axis. MWhile-
Equation (2. lli describes a right hexagonal’ pr1sm which fis
incribed 1nside the von Mices cylinder. -

In this present work the von Mises criterion will be
employed since this function avoids the singularities exist1ng
on the yield surface of thefTresca hexagon. 1t has already ,
been state% that the hydrostatic stress does not cause yielding.
From a geometrical point of view a hydrostatic stress state
plots as a point on the axis of the, qylinder. “The radius of the
cv]inder ‘dictates the current yleld stress and this can be shown
to be expressible in terms of the deviatoric stresses.

1t is also cpnvention&l to replace the unfaxial yie1d
stress y in Equation (2.12) by ‘the symbol o uhich is terned the
;. representative stres;. = {s really a measure of the current,
éyield stress of the nlterial and the sinplest work’ hardening"
.;hypqthesis ts that the cylinder nerely fncreases. in diauetar.

Equation (2.13) can be rewritten as '

_ N
- \
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e

) ' : 1/2 !
o =/ %‘[(01'02)2 + (02-03)2 + {03-0])2]v ' (f (2.14)

or in tetms of deviatoric stresses as

- |2. 1 ‘ 2 ’

VL N A R L | (2.15)
Simi]ar\y the representative strain (e) or representative strain
increment (de)} is defined apart frpm the numerical factor, as-

a similar combination of the strain components and' is given as
' : 1/2
- 2 2 : 2
y .dc = /'g' [(dC]-dﬂz) + (dcz-dC3) + (d€3"d€1)2]

s

(2.16)

The factor g being so chosen that de\' de1| 1n a tensile test.

When a materfal is deformed p1ast1ca11y. it “work
hardens”. That’is, as the mater1a1 deforms, its resistance to
efurther deformation increases. Our hypothesis is that the degree
of hardening 15 a function only of the total plastic work and

is otherwise independent of the strain path. Therefere-

<
L

5 « Frdw = F TE de

} -
and it follows that o is a function only of de where the

integral is taken over the strain path -rTherefore

o« H !de , . - ‘,;- \ | (2.17)

c
where H is_a certain function depending)on the metal concerned.

[}
-

I =

S

e e
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The 4orm of the relationship given by Enuation (2 17)
has led to the proposal of several empirical relationships

petween o and and one of the most common being

5=AzZ . - . (248)
vhere A and n are constanté and are usually determined experi-
mentalTfy for a glven materia] from sa& tensiIe tests; bulge
tests, etc. and then plotting o vs ¢ on a log-log graph paper.

The 1ncremental strain components and the deviatoric
stress component relationship is provided by the Levy- Hises

equation . \

de de de de de de A .
3. G e~ s _ = = d) (2.19)

Mo

where dx is a ratio of proportionz1ity which can vary throughcut

* the straining programme.

2.4. Theory of Simple Tension Tests ‘
! Y

This section is.divided into two parts.
a) 1Isotropic sheet . |
b) Anisotropic sheet

It is assuled that the principal axis'ofﬂanisdtroh;
. are along (x]) and transverse (xz) to the direction of-ro]11n§ .
and nor-al to the plane of the sheet (13) For a specimen of oo
“uniform cross section area A, subjcctcd to a tcnsili forctlr;’

" the applied stress

»

3y = PIA - Priv.t) = P/ (15w .to) (20
/o : . ‘

I
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where Lo ¥ to are the original length, width and thicrness

0 »
and ¢, wﬁ t are the current length, width and thickness of the
] ) !

specimen respectively For constant volume L%, t = g.W.t.

For large deformations. lograthmic strain is a better

indication of strain than the engineering strain, and the strains

S
therefore are /f’f )
. ]

E1 = 1n (1/1,)

zz-"qn (wiwy) | (2.21)

E3 = 1n (t/to)

a) Isotropic Sheet

To take into account the various stress and strain systems
we make use of the representative stress and representative
strain 1ncrement Enuations (2.14) and (2.16) Thése equat1ons

are rewritten here for.convenience

o 1/2 - o
L3 =t} Toy-u)? Hologmag)? ¢ (04-07)%) T (2.14)

' . : 72
d¢ = /% [(dcl-dcz)z + (dcz-dta)z + (d53'd“|)21

(2.16)
where' -. '

gys 9 93 are the 1nc1pal stresses

-

d:,, dcz. dca_-are the rincipa1 strain 1ncrelonts
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[
i
i
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. _ ° - - ) ) - ;\
- - i | = - ]
‘1 7 %2 B

" Then from Equations (2.14) and (2.16) we get

r ! ) . . .
. a = 01 : ) (2.22)
e = € (2.23)
- b)» Anisétropic Sheets
- As with the isotropic cas%, for a simp1e tension test

under épnsideration. the reprefentative stress s as defined by

Hi11 becomes
! .

e | . 1/2 -
5= 7 gy [Floymag)? + flog-0q)? * }N/o‘Z:é)z] S (2.28)

"

~ where ‘ . Ty L \
1 = F+6G+H- ‘

. ] . o
The ‘representative strain increment as defined by HT11 becomes

172
'“"‘3) + G(Hdc3-ch1) Ca H(Idcl-ﬁdtz)]

ﬁ 1

de =/ 3——2 [F(Gdcz
(2.25) .

''Q = FG + GH + HF
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‘thus vwe. see that when F = 6 = H, EQuations~€2:24) and (2.25)
reduce to the 1sotr9pic expression as glven by Equations (2. 14)

\and (2.16). T~

3

|

e In Fig..{2.2) the axes i] and ;2 are along t%e longi-
ttudinal ang transverse axes of the specimen which is cut at an
‘ang]e a (positive counter -clockwise to the direction of rollinq

L : The stresses when referred to the principa] axes. of

“anisotropy Xy and X, are
o = 51 coszlé o
Opp ™ O ﬁinz'u (2.26) -
22 1 «£v1
0‘112 = (-J] Sin a COS.(-J.
1f the1mater1a1 obeys Hil1l's theory of anisotropy, strain
‘tncrements will be - -
. . ) L ]
2 2 - 3
degy * [(6+H) cos® a - H.sin a] oy . d2
,' . 2 2 - q
degyy = [(F+H) sin® o - H coOS u) ay - da :
- . . ‘ - (2-27)
dcy, -.(N.sin a COS uj ;1 . d

iwhere F, G, H and N are the anisotropic parameters and di is 2
‘pportionaljﬁy ratio. On transforming these strain increments

the axes X, and X, in the specimen, we get - b
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directioa of rolling |

FIG. 2.2
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‘a * 2de12 sin a €0S -a

dey = ?5]1 cos? a, + deyp sin’
ﬁE = d¢ 51n2 a + de c052 ;'- 2de sih' cos :
2 1 22 12 & =P o
deq = degq - (2.28)

‘\

Substituting from Equations (2.27).1ﬁto (2.28) and simp11fyihg

we qet

Al

dey - [(F+H) sin® o + (G+H) cos? o + (2N-F-G-4R) cos? a . sin? «)

3

hEz .*[(F+§+4H-2N) ginz a coé2 o -H} E] Ldx (2.29)

dey = degy = --[F s_in2 a + 6 cos? a ] ay dr .

a

the -transverse to the through thickness strain can

P

. The ratfo of

¢

‘be calculated from Equations (2.29)

- é . d‘2‘_ [(F+G+4H-2N) s1n2 u'coszdsﬁl ' (é 30;
l - K ' 2 ‘ ' ’
: ® dey S [F sin® o ¢ G cos” al |
| e -
Hence ‘\\j .
H
R =
o B .
AN /
N i -
- ' R = H \\ ‘j B ) Sy

\ SN
o 2N-(6+F
Ras 'ET*:FTIR

»

fira Ro' Rgo and R‘s are the 'R* values at 0?, 90° and 45°'to. /b
de

the direction of ralltng respectively. 2
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-

1f by pérforming experiments on the. sheet it is found
that the measured 'R‘ va1ue is unchanged with orientation, the
sheet is said to have o]anar 1sotropy, and if R = 1 then the
sheet s }sotfopic. The R-value of any angle a (measured )
‘anticlockwise from the rolling direction) js given by Equations
{2.30). Thus according to this theorv, we see that planar
{sotropy occurs when N=F+ 2H = G + 2H 1in uhich case R always
eouals H/F or H/G. _ - f

" A technological definition for planar isotropy is some-

times employed and this is defined as: ‘ o

R+ Rgg - R

-

Al

AR =

-~
-

Equation (2.32)ris not a mathemitjcally rigor9u§ definition of
* anisotropy, but has found uses in the;gress sh;p. Certainly fﬁr
. sheet ‘steel it has been found that AR can give 2 useful.."
§ indicatfon of earing 1in the deep drawing test.
It has already been uentioned that a conﬁtaﬁt R-value,
lindependent of rotation. 1np1ies planar 1sotropy. ﬂdvever. for:
R ¢ tha’ﬁ;;erial is stil1 anisotropic.' A high R-value
(R > 1) implies that the material has a high résistance to
thinning, and the reverse -1s true for R < 1. Consequgnt\y the
R-values mifor a sheet. with planar 1sotropy) is regarded is

)
L. & measure of the Noraa\ Isotropy und is of;en given as

R L) (2.




e ¥

: ) e .
or in more general terms, 1f Ru js determined for m directions,

k4

the average R may be calculated as

R = gy, (Rl * 2Rz * oo z_R;q\('m-n + R o (2.38)
) : ,
Here again Equations .{2.33) and (2.34) are techno1ogica1 defini-
tions ‘which have found their uses in press shop.
The recognition of the ro1e that the R-value can play
in certain metal form1nq processes has lead to an increased
activity in the role of 'Texture-ngdeninq . . The probiem 11es_1p
first identifying the ro1e ‘R' might play and then suftably pfo-
cessing the sheet to produce the desired texture. e.g., an
Mcreased R- v\alue tends to increase the deep drawing .capnbﬂ*lties
of sheet. All evidence up to now would suggest a 51m11ar.trend 7

>
for stretch'formingnoperations.
. |

{\
v

2.5, Experimental Procedure for Tension Tests

The . variation of the strain ratio. the anisotropic
constants, and’ the qenera1ized stress strain characteristics for
the two mater1a1s were determined from the tension tests. The
ﬁrocedure was.as follous' ‘

1. - A group nf three blanks each for the two different

matér1a1s uere randomly chdsen from the available set..

From these blanks pieces were cut along a * 0°. 4s°
and 902 to the direction of rolling as shown: in Flg. (2.3).
After machining these pieces to the proper ASTM speci-

fications for tensile testihg of sheet metal, the

o,




o
[
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rolling direction

FIG.2.3 Tensile specirhens in three different
directions with respectto the

rolling direction.

-

A4
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finished specimens were c?refully marked to.indicat;
the material, the direction of roliing, and tﬁe specimen
number. S1nce the direction of rolling was clearly
visible on the blank sheets, no e]aborate procedure
was used to confirm this.
A Joad cell range of 50 1bs. to the inch, cfoss-headn
speed of .2"/min and 37501;extensioueter caltbrated to

give a 1" chart 1ength for every 2.5% extensions of

the specimen was used for all the experiments. This

gave a chart length of reasonable sizecfor each test.
Because of the nu1t1p1e necking of the material on a
microscope leve] at low percentage elongations, and
which becana very visible at higher percentage elongations
two differént procedures were used as follous*
a) Determining of the stress-strain curve with the

help of an extensiometer.
b) Determining the variation of the strain ratto and

the anisotropic constants uith the help of grids for

a specific perceﬁtiqe elongation of the material.
To perfor- part(p) of the tension test two specimens for
each direction (1.e., o * 0%, 45° and 90°) and for each
material were chosen at random from the wmachined lot.
A specimen WS, carcfully.held between the jaws of the -
lnstroa testing, machine, taking care to avoid eccentricity

and any initial loading. The fnftial width and thickness

were mgasured at three cross sections evemly distributed
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-oyer the range of the exténéiometer knife eddes. {(with a
vernier micrometer having 2 1east count equal to
000] 1nches) and the extensiometer carefully attached,
avoiding any slack or over]oading of the.extensiometer.
The qraph calibrations were then carefu]ly adjusted and
the 1oad app]ied to about 25-30%. elongation or fracture,_‘
depending upon whichever occurred first. From the load-
elongation curve, the true stress-strain curves were
computéd. and the procedure repeatéd for the?othér
emaining specimens. -
To perform part (b) of the experiment ‘the tensi]e speci-
mens were grided The griding procedure used was

1dent1ca1 to the one described later in the bulge test .

u section, vith the exception. of rectangular grids beina

used in place of circular grids.' In this case four
specimens for.each direction and for each material were
chosen at randos. Thé length and width of the three
/different'marked grids plaEed along the ceﬁtre line of
the snecinen. evenly distributed over the range of the:
extensiometer knife edge was ucasured with a toolt
makers nicroscope having a 1east count of .0001 inches.

. The specimen was set up in the Instron testing machine in
exactly the same manner as in part(a). Two Speciieni

of each type were loaded 1gdiv1dua]lyAtqvbi‘elongqtion
as read frouﬂkho graph and the remaining two in 2 similar

manner to 10% elongation. The specimen was then unloaded,
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s

the length and width of the marked grids were measured
again and the R-values calculated from which the
apisotropic parameters were determined; ‘

5. leroc errors were noted in all cases, and appropriate

corrections were applied wherever necessary. Care was

taken to avoid backlash in instruments wherever necessary.

"2.6. Results of Tension Tests
N

a) Strain Ratios

¢ “a
Although the three strains gy, €, and €3 uere";easuned
_1ndependent1y, because of the greater’ probahle error in €3 only
£y and e, were ‘used for calculating the strain ratios and the
anisotropic parameters. Due to the multiple necking of the ~
material, it was noted that there was a large 3catter in the
R-value for any one specimen at the three points under considera- -
tion at Qﬁn percent e1ongqtiong Hence the results for these tests
have not been reported. On the remainder of the specimens at
six percent elongation, the scatter in theeneasured R-values still
——existed. but this scaéter'was within reasonable limits resulting
1n;fajr1y consistent averagea R-valueﬁ. These values along the
various directions of rolling along with the averaga normsal ‘
:anisotropyeqs obtained from Equetion (2.31) are as reported in
Table {2.1). ' R ' '
The R-values. reported in Table (2.1) were used for cal-
_culeiing the anisotropic\Q::::;:ers with the help of quatiqns.(z.zg)_

and are as reported in Table (2.2). ”/// .

.
. i

~ R\ N

SO
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TABLE 2.1
R-Values for ¢ = 6%

LY L]

1. HNon Heat Treated Material

R R

Test No. 0 ~ Rys Rgg Rave
] .34 .453 .655 .475
2 .356 .462 .658 .484
Average .348 457 . .656 .479
\
2. Heat Treated Material \?
Test No.‘ ~Ro- R45 : RQO . . RAVE
1 .22 .194 .429 .259° )
2 .214 .207 .438 1266 .
Average 217 .200 ,433 .262
/'/
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. *-
* TABLE 2.2
Anisotropic Parameters for e = 6%
1. Non Heat Treated Material
Test No. 6 H N F+2H G+ 2H
] . . L4
1 1.92 655 2.783 °  2.31 . 3.23
2 1.848 .658 2.740 2,316~ 3.164
‘ /
Average 1.884 °.656 2.761 _  2.313 3.197
2. Heat Treated Material
Test No. 6 RN F s 2H 6 + 2H
1 1.95 . .429 2.047. 1.858 ~ 2.808
2 2.046 .438 2.153 - 1.876 2.922
Average 1.998 .433 2.100 1.867 2.865
¥ . - k
}u
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b) Representative Stress-Strain Curve ' )

The representative stress and strain for each tension
test wvere calcu]ated. and tﬁe stress-strain curves for the
various angles with respect tb the roiling direction are as
shown in figs. (2.4) and (2.5). The individual curves were
then linearized and a least square curve fitted. The values
of the constants A and n so determined are as shown in Tables
(2.3) and (2.4).

The resu1ts of this section are now summar1zed and

'discussed.

i) from Table (2.2) we see that for both the materfals [f
since N ¢ F + 2H # G + 2H, the materials do not have {
planar isotropy. ' ' : \\

1) . From Tables (2.3) and (2.4) we see that the constants
A and n vafy with a. In other words, the ¢ - ¢ curve

for a given blank is not unique.

After c;lpulating a few of the representative stresses
and strains from a tension test data using the alréady calculated
anisotropic ‘parameters and Equations . (2.33) and (2 34) nd on
comparing these results with the representative stress and strain

calculated by Equations (2.15) and (2.16) for the same tension

data, it uis';een that the variation of the results calculateé

. by the two methods was less than 15%. Hence it was decided

for ease of computation to present the results using Equations

(2.15) and (2;16f‘on1y.'
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' TABLE 2.3

.The Const&nt A in kpsi for

1. Non Heat Treated Material

Angle with the direction of rolling a®

Test No. 0° 45° 90° ‘
5 24.0 28.00 30.6
2 243 x . * 30.45
Average 24.15 ~ 28.00. 30.525
4
, 2. Heat Treated Material’ _
| - . ;
‘Test No. ;0% - ag® 90°
; b : - o
YN © 15,10 - 21.9 28.1
2 14,75 21.25 27.3 . .
Average 14.925  21.575 27.70




. . | . \ . ) 2 >
TABLE 2.4

The Constant n for

»

B

. 1. Non Heat Treated Matertial

Angle with the direction of rolling a?

Test No. ' 0° a5+ 90°
1 .0337 /.0314 .0424
2 .0360 _ X .0443
Average ._ .0348 . 0314 - .0833 |
g i
. i 1
2. Heat Treated Material a |
" Test No. 0° 45° : 90° |
T . .18 . .0685 .0375
2 EEEENE FAU .0683 #0403
Average 16 7 L0684  .0389 ‘ \\
.‘/‘




-CHAPTER 3
THE BULGE TEST

3.0 Introductioq

~In thig,chapter the bulge test is 1ntroduced The
variation of the stress- stra1n characteristics of the mater1a1s
under superimposed hydrostatic pressure (the maximum pressure
used was 10,000 psi) is chécked experimentally bynmeahs of the
bulge test {circular aperture). - '

A brief look is taken into the theory of bulging of
circular'diaphragm under hydrostatic pressure, and some ’
formulations are presented in Section 3.2 under a few different "
“headings. | | |

(v

The hydraulic circuit, the die and the method of pre-
&ﬂ 3 3. I

paring the bu!qe spec1mens are discussed 1n Sect
‘ The experimental procedure for the bu\ge ‘test for the .
mater1als is described 1QlSect10n 3.4,

The results of the bulge test are given 1n Section 3.5.

3.2. Theory of the Bu1gg Test

The ductility of sheet matal under biaxia] stress 1s
often eiamined by means of the so called "bulge “test®. A uniform
plane sheet is placed over a die with a. circular or elliptical

aperture and is firmly clanped aroungd ‘the perimeter. An fncreasing '
55 o L
. : —~

e
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fhvdrostatic pressure is app]ied to one 71de of the diephragm

causing it to bulge through the aperture. _from ‘the measuredl

profile and thickness of the plastical1y deformed diaphragm

near the pole, it is possib1e to calculate the tocal state of

stress in terms of the applied pressure. 1f, 1n addition, the

'state of strain is measured by means of scribed grids, the

stress-strain character1st1cs of the metal under biaxial tension

can be obtained. One advantage of thﬁs test over the simp1e
tenSi]e_\fSt.is that a greater range of. prefnstability strain can ;,;d
be attajned. To understand the ‘sighificance of this test .t is Vi
desirabie to have a theory wh1ch explains how the’ varyine shape &
of the bulge, and the distribution of strain, depends on the
properties of the meta]

The assumptions made in predicting tﬁ/,gnset of

e
{nstability in the bulge are outtined. !

‘ : & :
Assumptions | . . S

The material is assumed to obey Hill's yield, criterion
and associated flow rule for anisotropic materials. The assumptions
are as follows: |
1. _fThe materfal is incompressible.
2. Elastic strains are negligible.
3. Bauschinger effect. strain rate end tenpcrature effacts
are neglected. o
4. The state of anisotropy 1s such thlﬂ three -utdaily

orthogbnal axes of symmetry, called the axis of

.




o

anisotropy, .exist everywhere.' These axes are assumed
to be a]dng and iransverse td the direction of.roli-a
| ing (x; and x,) and normal to the plane of the shdsif
\ 5. 1f the principal axes of stress coincide with the
' ~axes of anisotropy..so do the principal axes of
strain increments.‘ Otherwise, the principal axes
of stress and Etrain_incrgﬁent§5are not necessarily
coincident. '
6. The staté of anisotropy remains effeCtiveiy uncﬁadged
as the materfqi strain hardens.
7. A unique.generalized stress-strain curve g - ¢ exists
for the material. .
" The assumptiohs regarding the bulée.are;
8. The diaphraam is thin as compared with the\radius of
. .the ciamping die.
9. The edge effects at the clamping die are 1ocaii“?d/and
can be disregarded when considering the condition at
‘fhe pole. -

Calculation of Critical Subtangent Including
Back Pressure in the Analysis

If‘a circular sheet of isotropic material is clamped’
(Fig. 3. 1) around a circle of radfus ‘'a' and subjected on the
\inside face to a hydraulic pressure pg and a pressure Po oM the

outside face, (pi > po). Hi11 [16] proposed that the bulgad
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sheet at any iﬁétaﬁce was a spherica] cap except in the reéioﬁ
of the clamped edge. The radius of curvature'p of a meridian
cross section is therefore uniforﬁ and varies only with the
polar height h.b Hence from the geometry of the assumed deforma-

tion Hi1l derived the following relationship

2,,2
p = ¥R | (3.1)
2h i
and at the pole the principal strains were given by
R Wy _ ) 1 t :
€4 = 62"': in (1“'—-’:) = 13 |c3l = 1] ¥ ‘]n -t—l (3.2)
. . a .

For the equilibrium of a small cap 6f sphere at the pole of the

" bulge, we seé th;t

A 3
oy = op = (e 0vb | )
wheﬁe‘ l' |
- ! \
The representative stress o is foand_as‘J'
_a’,~(2%%ﬂg).p o (3.4)
and théd dev?aforic stresses as.

Ihe principal strain increments are related as -

1

a
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dt3 : _
dE] = df.?. = - T" (3-6)

and the representative strain fncrements are

, o | '
de = 2d€.‘} = 4‘d83 ) - \ I (3-7)

) ' poo .

fe has been found'from experiments that when the pressure reaches
its maximum. a secondary bulge begins to form over about the

top ha1f of the. diaphragm and this continues under a falling
pressure. The pressure maximum 1s regarded as the moment when

\

the process becomes unstab]e. At the point of instabil1ty

dp; = 0 and fﬁgm Equation (3.4) we get’ : ' - - {
ds .dp_ 4t - '
- L - 3 . o . (3.8)

Note: Inm the‘analysis without bhﬁk pressure. In Eeuation (3.4)

pa a 0 and we get

pD l H ’ :
- P :
-\ s * 7% . : o (3.9Y
)
Again, .at the point of 1nstab1]1ty dp1 = 0 and fron uatibn (3.9) p
we get_Equation (3.8).  From Equations (3.1) and (3 2) it is

easily verified that w

de d/‘/\

dp . . : 3 : — ' ) (3,io)- :
B Eakde | '
| Substituting Equations (3.10) into (3. 8) and usjng (3.7) we get '
| ;'.'.%r-‘z
3l -A‘.ﬁ-’ ’




qt"o.

t?dcgl-l v\/-/ 1

95-_+dz-§% de

at}—~

Assuming that the material has a representative stress-strain
N

curve\fitted by the relation o =1A(E)n. Then AN
d5 - - - :
4o 3.1 _ : (3.12)
U-dC . [ 3 .¢A

A

where eqs - .the through thickness strain is assuned positive.

From Equations (3.11) and (3 '12) we get

n L300 '

E3 2' TE‘& . ) . ‘ (3.]3)
Kow %;/js arfuncfion of €4 (from Equations (3.1) and (3.2))
and can be expanded in terms of eq. If this is done the R.H.S5,

of Equation .(3.13) is given (approximately) by

=,
k1

eyt yy (n+ V) o 3wy

1

Thus we see that ‘the remarkable feature of the baihnced biaxial

‘:tension test is that.no matter how heavily work hardened'the

paterial is 1n1t1a1ly. the strain at fracture is always greater

ihin K This fact makes the 'bﬁlge test™ a very suitablc method

= (3 -4 . S

N B .o |
‘ | .. .-V é\l ) '._ »

AN
~
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(
of obtaining the stress-strain characteristics in biaxial tension.

Going back to the critical subtangent analysis, v

substituting Equations (3.1) finto (3.11) and rearrangina we get

i

Qi f=—-

- 1o 2 - L
CERETE U AL | . (3.15)

[="
[y}

Thus from the above result we see that the subtangent is
independent of the back pressure. SimilarTy it can be shown that
the critical subtangent in tHe case of an anisotropic sheet can

he given by

11 1 a . N
z = B {1+ T (v - ;2‘ )1} | - (3.]6)
'where | = @
{ \ )4 ) 12 |
- F + + HY(F + G + 4H
8 { ( +GH -+HF) } L (3.17)

It is interesting to note that the thickness of the diaphragm

" was not neglected in derivinu Equation (3. 15). Usiag the

conventional thin membrane theory where the thickness is neglected

Rillier [10] 1nvestigated the effect of pressure on forming

™

processes for 1sotrop1c materials.- 1f the same theory ifs used -

in the gna]ysik for anisotropic materials, the expression for the

critical subtangent bécomes | -
‘ . - - | 2 !
Ve g s - B s -0 ae

8 o h
. _ )

* for 1§otrop1c sheets the above expresﬁion‘reduces'to
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2'1 = (1 -

Qo

' 2
) A+ -0 | © (3.19)

which is the same as -the result derived b& Hillier [10].
Equations (3.18) -and (3.19) are a consequence of

omittina the sheet thickness in the equilibrium equatioes and
predict the strong influence of pressure on'the oint of
instability. It was mentioned_earlier that the xﬁerimehta1~
work of Pugh :i1lustrated that many materials d{d show a brittle
to ductile transition with the appiifcation of a hydrostatic
pressure. Furthermore the magnitude of the hydrostatic pressure
was'relatively low for one or two matqr1a1s w1€\ hexagonal packed
structures. X

- It was because of this experimental evidence and the

fact that Equation (3.15) was estab11sbed independent of material

properties that motivated this present project.

Repregentative Stress Strain for Bu1ge Test-Anisotropic Sheet

!

Referring to Fig. 3. 1 and taking the axis of anisotropy
as Xp» Xp and Xy aS the reference axis, the pr1nc1pa1 stresses

at the pole are

4

-

. p0+p1 -
A P T < Tl L (3.20)

Here, the negative sign indicates compression.

The bulge being in the plastic state, the principal

- gtresses cJ and strain 1ncrements ch (] = 1 2,3) are related

Y’ to the generalized stress o and generalized strain 1ncrelent de

| S
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by the vield criterion as defined by Hill [19] and‘iiyen by
Equation {2.24) rewritten here af

‘ e
R _ ) 172
5 = i [F(ap*B)” + 6oy +)” + Hay-a2)"] (3.21)
t
N
.and the associated flow rule
de. = 3 (45) 5, (3 = 1.2,3) | (3.22)
J f E’ j » 4 .
where '
’2
1=F+6G+H
f ' - 3
B = ¥ [6(a ) + Hloyrop)]
1 - ,
Bz = T[F(02+p) + H(Uz'ol)] : (3-23)
/ B, = - L [Flo,*+p) + & (oy*P)]
3 Y Lriog™? 1

from the equation of 1ncohpressibility and Equations (3.22) and
(3.23) we have

-

“\\El_+ B2 + 83 0 )

The stress oy and 02 at the pole can be calculated in terms

of the bulge geometry by considering the equilibrium of forces

-‘;inorual to the bulged surface. Thus for a bulged diaphragm it
“""zily verified that

RO TS | (3.24)

de, or B = aé . S : , V_(s.zs)
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"from Equations (3.23), (3.24) and {3.25) we get the stresses as.

(F+2H)(Pi;90)'

oy T T(F+G+an)t -
(6+2H) (p;-p,) . _(3-?6)
92 ° TTF+G+AH)t L
03. = - l’_) . - ' ’ ‘:“

and from-Equations_(B.Zl) and (3.26) we get

1/2

- p;y-P :
s e SRR e (3.27)

1f the three direct strains are measured independently the

incompressibility condition
. —

ey *ep v eyt 0 . | (3.28)
.
may be used to check the accuracy of the measurements. If the
strain ratios during the testf/remain constant, the generalized

strain ¢ may bé calculated from Equht%oﬁ (2.25) rewritten here

in the-generalized strain form as

. . 172 ..
c® J% %2 [F[Gez-Hc3)2 £ G(Hs3-Fc1)2 + H(Ft1+6c2)2] _ (3.29)

2

where Q = FG + GH + HF.

However, 1f only the thickness strain é3 or tﬂ; other two strains .

aré measured, the generalized strain may be calculated from
) , .
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Equations-(S.ZB) and (3.29) which gives

“=1/2
- _ [S(FG+GH+HF) ]
TF+G+H) (F+G+4H)

€q . (3.30)

Thus the genera1ized stress—gtraiﬁ can be determined from the
bulge test data. These va]ues can be linearized and a least
square curve fitted to get the va1ues of A and n. )

If the material fis isotropic and for pulging without

back, pressure Equations (3.2%) and (3.30) reduce to the form
ke

s =0 - (3.31)
e= 2¢ | o (3.32)

where

o ® 0y = 05,03 " 0
2

€ = €1 = €2s €3 =gyt thickness strain.

3.3. The Hydrau:?é\pircuit o

-In this sectN\on 2 generai outline of the hydraulic

circuit, description of

e die and method of ‘preparing the
specimens for the bulge tesdare given.

a) The Hvdraulic Circuit
/

A schematic arrangemeny of the hydraulic circuit

-designed for a maximum presSur&o 10,500 psi. is as shown in

Fig. 3.2. High pressure autoclave fittings were used. This

-

-
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resulted in a leak free circuit in which parts could be easily
connected or disconnected. The pump was connected to point A
by a flexible hose. The points C and F were connected by two
flexible hoses to‘the top and bottom oq;leté of the die
respectively.

From the point A, the two sides of the circuit (i.e.,
the side ABC and the side‘AEF)'were made of equal -length, and
with the same number!of similar fittings.: This was dﬁne so that
a pressure pulse from A travelling along the paths ABC and AEF
would reach the specim%? at the same instant. ~For @ﬁe same
reason the transducer (as described tater) was 16cated at
equal distance from the two lines. To reduce the temﬁeratdre_
yariation at the transducer d1aphragm, the transducer’was piaced
awav from the lines, so that there was no flow of ‘otl past its
dtaphragm. : é

The oil sold under the trade name Enerpac HF-101, was
used as the Hydraulic Fluid. The tubing was designed to keep

/
the oil velocity low, in order to reduce the temperature rise

‘and pressare pulses. There was some unavoidable heating of thé

0il as 1t 'was released through the pressure relief valve Vz

at high p}eséure. The back pressdre P, WS controlled manually
Hith the help of the pressur& relief valve Vz, and the pressure
differential required to bulge the specimen was created by adjpst—'
ing the needle valve Vl. The pressure differential was measured
by the transducer. The Heise pressure gauge 61. reading up to

a maximum of 650 psi along with a dead ueight tester was used for

f . )
' .
: | “
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calibrating the transducer. The back pressure p, was measured'
by the Crossby AlH gauge G2 reading up to 15,000 psi meximum

with 50 psi divisions.

b) The Die

. The die base and cover were machined out of SPS-245
forged steel. The die is shown in the open pds1t10n in Fig. 3.3.
To prenent drawing in of the Specimen,twd clamping rings
made of hardened and ground steel were used. The specimen, held
between the rinas .by 16 - 65/16 diameter screws, Was clamped
independently of the cover. The clamping rings were serrated
nith grooves to prevent slipning of the specimen. In order to
nrevent fracture of the specimen at the rim, the {inner edée of
the lower ring was rounded off to 2 reasonab]e radius. The
concentricity of the centre of the clamping rings with that of.
the grid photographed on che specimen was achieved with the help

of the master-]ocating fixture.

by

c¢) The Transducer

The accuracy and reliability of the bulge test results-.
‘depended 1erge1y on the accuracy with which the pressure
differential required toﬁkurst the diaphragm at various hydrostatic
bdck pressures was measured. Thus making the transducer the
most vital part of the bulge test equipment. S

A ‘diaphragm ‘type transducer designed by Xular [6]
ﬂsee Figs. 3.4 and 3. 4(a)) was used in the: hydraulic circuit.
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"~
In this transducer the line pressure acts directly on four

strain gauges mounted on the same side of a steel diaphragm
enc1osed in a pressure chamber. The gauges -are connected to
form a Wheatstone Bridge c1rcuit. such that the temperature
and pressure effects are compensated, and the sensitivity is
increased 4-5 times that of a transducer using only one gauge
at the centre of the diaphragm. The electrical output ras

measured by.an E111s-Br1dge Amplifier and Meter model BAM-1.

Calibration -

Before the traﬁsduper can be used with 6onf1dence the

effect, of line preSSure on its calibration curve ;hould be

eciselv known and should be repeatable. Ideally the transducer
should be,ca11brated for each line pressure at which it is to be
used. A p§;§§b1e error could be due to the change in calibration
due to the effect of direct hydrostatic pressure on the gauge
factor on the strain gauges. tular [6] in his experiments on
the sensitivity of the transducer, verified that within the
pressure range and accuracy for our experim ', the gauge factor
is unaffected by hydrostatic pressure. In other words, the.
calibration curve obtained at zero line pressure is {ndependent
of the line pressure, noderate changes of temperature and low
fréquency changes of pressure differential.

The transducer was calibrated against a Helse pressure

\jgauge. which, in turn, was calibrated aqainst a portable dead

weight gauge tester. The sensitivity of the transducer was found

~ .
* o
x,
' .
- . .
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to be 1.64 microstrain per psi differential. The calibration
curve for our transducer is as shown in Fig. 3.5 and agrees

well with the curve obtained by Kular [6]

d) preparation of Bulge Specimen

For tests on the .two materials, the strain distribution
and bulge ﬁr0f11e were determined using the photogrid method.
It was necessary to align and centre the grid properly in.prepar-
ing the specimen. 8" x 8 blanks were cut from the original
cheet and locating holes were drilled along and transverse to
the direction of rolling. The holes for c]amping screws were
drilled mext, and finally, the square blanks were turned to 8"
diameter elanks ready for pheeogriding

The negative for the final photogriding on the specimen.
was‘a contact pr1nt of a plexiglass plate with “grids coneisting
of concentric circles 20 to an jnch and radial lines at 15°
intervals. The centre of the grid and the 0° - 180° (x]) and
90 - 270° (xz) axes were carefully located with the help of

master Iocat1ng‘f1xture?.

The photogriding of the specimen was carried out by a /;7‘%,

meihod deseribed by Baraya et al. [et1ls This method consists -
of applying 2 1ight sensitive solution onto 2 clamped speciaen. 2
exposing the specimen under ultra violet 1ight and then develop-
ing-the exposed specimen in 2 regu\ar photographic developing

procedure.

-—

)
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F16. 3.6. WYDRAULIC JACK UNDER
e TIRIUS OLSEN MACHNIRE.
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3.4 Experimental Arocedure for Bulge Test
without Back_ Pressure

The main objecttve of these exper1ments was to determine
the bulge profile, the radius of curvature and strain distr1bution
along the profile. It was also ?ntended to determine the
stress-strain characteristic at atmosphéric pressure. The
procedure was as follows: Ll

1. A ’Enerpac Hydrau11c jack with 10,000 pst maximum Qorke
ing pressure and 10 ton capacity was used as a source
of oil pressure. The jack was filled with oi]\&y means
of a Enerpac hand pump. The jack was then compressed
by means of a 300 k 1bs Tinius 0lsen Testing machine
[see Fig. 3. 6]. This machine was maintained at a
constant crosshead speed SO that a constant Pon pulsing
filovw of, oil was obtained. The capacity of the hydraulic
jack was enough to carry out one test in 2 single fil1ling.
2. 'A specimen with grids photographed on 1%, was placed
{n position and clamped in the die. Then the space
above the specimen was filled to the brim with oil and
the die covel 1ower in position. Some oilmo1ways
sp111éd out; expe111ng any air bubbles in the space between
the specimen and the die cover. The die cover was
tightened using 2 pneumatic torque wrench.
3. 1In this set of experiments the needle valve Vl (Fig 3.2)
was always closed and relief valve V, was fully opened

to ensure that there was no back pressure. The ossenbled

apparatus is as shown in Fig.'3.7. ‘ : | —

e ety b BT T
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After-the pressure measured by the Heise Gauge had

been raised by an amount estimated to give approximate]y
equal increments of polar ctrain between steps, the
specimen wgs'taken_out. and the polar thickness, its
height{*pol;; radius of curvature and current diameter .
of every third circle along X4 and X, (e = 0° and

900) direction was measured up to the fifteenth circle.

The thickness was measured by means of a dial gauge

“reading up to 0.0001 inches. The dial gaugé was mounted

as shown in Fig. 3.8. Special care was . taken to ensure
aligning of the lower tip of the dial gaugeuand the tip
of the rest arm below the dial gauge. The bulged - |
specimen was inserted bétwben the tips with extreme
caution. It was thenm rocked up and down (as shown by

the arrow in Fig. 3.B) while watching the needle on the

~dial gauge. lThe minimum reading indicated during the

swings was the thickness at the dome. With 2 Tittle:

b

experience, the minimum was quite easily {ndicated with

" a minimal of error.

The diameter of the circles sz measufed by means of a .
travelling microscobe reading up to 0.001 cent{metgrs.

The specimen was clamped to @ rigid angle block (Fig. 3.9)
such as to ensure ﬁeasuring of the circles along, the

verfical axis (e -‘ﬁ? and 906). The travelling microscope

was also placed on the sameé surface plate at an_appropriate .

\

distance from the specimen “and focused on the lines.

3




81

The crosswire was always focussed on the inner edge of
the circle. The microscope wWas always moved from right
to/left so as to avoid.back1ash error and care Wwas
also taken not to disturb the line of sight while taking
readings. h
6. The height'df the bulge was measured by means of a
height gauge reading up to 0.001 inches. A dial gauge
reading up to 0.0001 inches was extended from the tip
of the height gauge and lowered on to the specimen.
The dial gqauge showed a def]ectibn as soon as 1tsltip
touched the dome of the specimen.
7. The polar radius of curvature along & = 0° and 90° was

measured with 2 spherometer. -

Afte;‘a11 the readings were taken the procedure Wwas
repeated SO as tp'give about five rehsonably_spaced readings for
the stress-strain characteristics before the spe;imen fractured.
Two blanks were tested for each material without back pressure
and the appropriate curves approximated.

As a matter of cross check to see how the results got

by the above procedure fared with those got by the equipment

designed by Albtertin [2n], another set of experiments were o

carried out. A brief description of the equipment and que igental
procedure is as given below. The equipment set up is asféhown
fn Fig.. 3.10. '

The main components of the gggignent are:

‘ . 7 .
a) The bulging die . T “
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b) -~ The biaxial test unit (consisgi?g of the extensometer and
spherometer). )

In this die for the bulging of spherical diaphragms, the
clamping meéchanism is an integral part of the die. K specimen
i put in place and initially clamped by 2 die ring screwed into
the body of the die on top of the specimen. Further desirable
clamping of the specimen is achieved from the underside of the
specimen by a clamping ring actuated by hydrostatic pressure.

The biaxial test unit consists of the extensometer and
spherometer, Both being combined into one unit working in two
mutually perpendicu1ar planes. The extensometer measures thés
-extension and the_spherometer measures the curvature at the pole“
of the bulge. The unit is slipped on the top of the die and the
instrument probes rest on the surface of the specimen and follow
the path of the bulging specimen. The movement of these probes
is registered on the two outside dial gauges and the extension
{s derived from their sum. The stress-strain curve for the
diaphragm materjal is then computed from the extensometer and
spherometer readings. The hydrau]ic pressure is supplied by
means of a hand pump and readings are taken at fixed increments
of strain while noting the corresponding hydraulic pressure applied.

The results 2and conclusions of this test are presented
along with fhose for the previous test and the tests with back

pressure,




£
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procedure for Bulage Test with Back Pressure
This section is subdivided into two parts. In part "a"
the scheme of these tests is given and in-part "b" the proéedure

i< described.

a) Scheme of Experiments

The initial plan of the experiments was to perfbrm two
tests at each back pressure from 0 to 10 kpsi at an interval
of 2 kpsi. The rest of the specimens were to be used for initial .
trial and some vere %0 Be kept in case of further experimentation.
In order to have a preliminary idea of the results and also to
get some feel for the equipment, Ssome tests were carried out at
§ kpsi back pressure (this pressure being chosen because it fell
midway within the testing range). At this stage of testing it
was realized that the stress -strain characteristics were unaffected
by back pressure. This uas later confirmed by further tests at
6 kpsi. Thus it was decided to abandon the {dea of tests at
lower back pressures, and the remaining tests at higher back
pressures were carried out. |

Since the idea was to compare the stress-strain character-
istics of the two materials without back pressure, to those of
the mater1a1 with back pressure, the procedure of tesging was
exactly the same 2as that of the tests without back pressure.
‘ The bulge test was performed in steps with each back preésure.
At each. stage of bulging the specimen was taken out of the die

and its polar strain, polar radius of curvature, etc. was measured.
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In all a total of approximately 35 specimens of the

two materials were tested.

b

Procedure

1.

The source of hxgh pressure 0il was exactly the same
as described under the heading “Experimental procedure
for bulge test without back pressure”.

The strain gauge teads from the transducer were connected
to the Bridge Amplifier and Meter Model BAM-1. A
nFairchild" digital voltmeter wvas connected to the
bridge amplifier and was used for reading the pressure
differential. '
The cavity in the base of the die’ was Filled with oil
and the specimen was placed in position and clamped.
Then the space above the specimen was filled to the
brim with oil and the die cover lowered: and tightened.
A view of the whole apparatus s as shown in Fig. 3.7.
The valve V4 [Fia. 3.2] was fully 6pened and the Tinfus
O}sen machine started. The desired back pressure Pg
was controlled manually with the help of the pressure
relief va1veV2.

At pressures near 10 kpsi, 1t was not as easy to control
D, 35 at lower pressures (say 6 kpsi). This was due

to the fact that the pressure P, wWas dissipated 1n the
reiief va1ue V2‘ The rise in temperature and the cons-
equent change {n viscosity of an oil caused instability

in the ofl f]ou,,resu\ting {n a sudden change in P,




F16. 3.11. WOSY OF THE BULGED SPECINERS. .
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Fi6. 3.12.  SULGED SPECINENM M1TH GRID.
4
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Another source of pressure pulse was the occasional

cair: bubbies which crept 1nto the system in spiteng all

the precautions taken todkgep them out.

The above probiems were qvertome to a great extent

by Ietting the Qa1ye‘vé cool between eyery‘stage'qf the
experiment ;_. ..{ | o
When the pressure in the system had been raised-to Po>
the valve V1 was siowiy ciosed keeping p0 constant-as
far as possible. The, pressure;differenf?gi caused by
V] was supported by the ciamped specimen and was shown
by the neon numbers of the digital voitneter. The
increment in pressure: differentiai was soO adjusted +{:]
as to give 5-6 well spdced points on the stress-strain

curve, A picture of most of" the bulged specinens is as
1

: shd;n in Fig.73.11. A picture of one of the specineq;

near the instabiiity range is as shoun in Fig. 3 12.

The various readings of the bulged specinen were taken
in exactiy the same manner 2s described under the
heading "Experimental procedure for bulge test.without
back pressure”. ' )

The caiibration of the transducer was checknd in the
beginning, at the end and at varioqs stagggrof the test

series in a similar lannér’described under 'Thi'Trans-

ducer"” section. The calibration was found to be unchanged.f

thus indicating proper functioning of the transduc-r.

T




3.5, - Results of Bu1qe'-ré‘sté

G-

The resu1ts for the two materia]s tested are as~qresented )
in Figs 3 13 to 3. 25 and the values of the constants A and n
of Equation 2. 18, ‘as determined from the bulge test are as
given in Table 3. 1 . An ave?age of two tests at each back pressure
" werd used in the plotting\ef all the results and the results

L]

,are~discussed brdefly. ‘ T o L

a) Strain Distrjbution - . _ )J

The c1rcumferentie1 strain a]ong ‘the prof11e for the

two mater1a1s up to the fifteenth circle is’ shown 1n F1gs 3. 13
and,3.20. Both the plots are for the bu]éz test without back . f
preﬁgure Plots for tests with various bacb‘pressures were
~simitar and thus, have not been report It appears that the "
deqree of anisotropy atthough not very severe 1s apparent for .
strains along o = 0° and 90°%, The raglo of strains & and ¢,
in the plane of the’ bulge at the pole (measured along thy tirst.
circle) was found to be’ very close to unity withinm eccuracy of
the measurement. . _ ' | A

" Plots for polar radius of curvature fp' vs polar thibkneis ‘
strain (c3 = ¢ ) for the two materials are as shown 1n Figs. 3,15 L
and 3.22 also ‘plots. for polar height “h" vs polar thickness strlin L
‘are as shown in Figs. 3. 16 and“3.23. On superposing Fig. 3.15 '
on 3 22 and also on superposing Fig. 3.17 on 3.23, we see thlt

the- sim11ar plots are aimost identical within accuracy of the .

neasurements. {.e., DO difference 1n purfornancl was 051‘1“'4
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between the two materials. The pressure differential. vs the :
oolar thickness strain ﬁlots5atgras shown in Figs. 3.17 and Ny
: ‘ ' - | - . Iy oy
3.?4. PO X E

e - . BT . '\

b) Bulge Profile -

Tpe polar height vs polar radius of curvature plots
are- as- shown 1n Figs. 3.14 and- 3.21.  On superposing the two
plots we see that they are 1dent1ca1, thus verifying, ‘their
1ﬁdependence from the proberties of the metal. -To check if the
radius of curvature varies with 6, the radius.of curvature for
¢ = 0% and 90 was measured at the po]e ‘for each stage of the
bulging, It was observed that at the 1n1t1a1 stages of bulging,
p,wWas constant for the two directions but, at stages near_and’
beyond the point of 1nstab111tv. there was a’ varfation in the “
values of P, and P g4- This variation however was not consistent |
and was in the maximum range of about 5%. For calculation
purpOSes. the average values were used. and due to the'very small
variation 1t could be concluded that, the bulge “profile 1is
symmetrical.. Freq measurements it was also observed that the
average radius of curvature decrecses away from the pole fin the .

early*stages of deformation.- 1t becomes constant in the middle

stages and increases away from the pole at strains near the

fnstability point. Sinilar observations have been lade by other

¢ workers. @

If tha bulge obtained from the bulge test was a segment.
%: a sphere, then for a spherical bulga of hcight h,. the ;hickncss
s rain—ct ii,givln by Equation 3.2.

I s
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o : hé; B
ey = €3 " 2 1n (1 +-;?? | nf ) r

1

which can be written, as

H

.-

hy2 coEp Ll
(3} = LExP (%) - 1]

If the bulge 15 a gphere, “the exper1menta1\nuinfs of (g)?

[Exp. (1r) - 1] 9hou1d fa11dPn a straight Tine 1q§11ned-at‘95°.
The theoretical and experime{tal p10ts[ Kfor the two m&ter?ais
-are as shown-in Fig. 3. 19. The differencfs aré c]egr1y apparent
It may’pe copcluded that the bulge is 2 spherical seqment only

~ near the'pole.' '

-

c) Representative Stress-Strain Curve A

It ‘was mentioned i Chapter\}l, section 2. 6, that

‘the efféct of anisotropy on the represeg}ative stress and-strain
from the tensi]e test was less than fifteen percént and hence
the“caIcq]at1ons yer@,carried out according to Equations (2 15)
.and (2.16). Similarly the representative stress and strain ' .
values for the bulge test at various back pressures were .
_~ca1cu1ated according to Equations (3 31) and (3.32) and the plot
is as shown -in Figs. 3 18 and 3. 25. A least square curve was
fitted to the data obtainod. The values of A and n. thus obtained
are as shown in Table 5 1. !t ‘was observed that the vnlues of

A and n ware practically constlnt for all back prossurqa (1-0-.

- 0, 6,000, 8, 000 and 10, 000 psi) chco all tha points were

¢

v I
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Table 3.1
The Constants A and n for the Two Mater*fa]s
as Determined from the Bulge Test’
Material A kpsi n
, . .
Non-Heat-Treated 21 | 112
- Heﬁat-Treated . 15 .169
f\\l'
i . ,
. B ( .
] ]
) (
. .
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‘Table 3.2
I %
The Constants A and n for the Two-Materials as
Determinaed from the Bulge Test Using the Bi-
"~ axial Test Equipment {Fiqure 3.10).
. est £ ‘ - o
Material - A kpsi n w
Non-Heat-TreAated. . 21.78 .).'096
Heat-Treated ‘ " 14.75 .155 \
AR L I
hd N " 4
N r . -
0 - . ’
s
S - y
r
\
/ s
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pooled together and one average va1ue of K/hnd_n obtained fo :
the specific material under consideration The A and n ies '

as obtained by the b1ax1a1 test equipment (Fig. 3.10) using the

extensometer 1n conjunction with the spherometer are as s

_shown 1in Table 3.2 and are in fairly good agreement with the

values shown in Table 3. 1 Note, this equipment prbvides

~no back pressure-and thus merely provides a comparison for the

bulging behaviour in differeﬁt—diameter dies. -On.comp§r1ng,
the va1ue§ of A and n in Table 3.1 to those given in Table,
7.3 and Table 2.4 to check {f there is any differénce in the -
curves\obtained from the bulge test to that of the ténsion
test, it is ‘observed that: ' ' /
1) for the non-heat treated metal ‘the A value obtained
frﬁm the bu%ge-test_is significantly lower than all /
three‘va1ues’obta1ned from the tensile tests for the
.- .various directions of rolling. ‘Ajso that the n value
| from the bulge-test is significant]y higﬁér fhin those
obtained from the tension tests. " ' Kg

i{) for the heat-trgpted metal, the A ‘value obtuined Krom
. 5 /
the bu1ge-test agreas only with one A value of ‘the

P tension test for o = 0%, and ts ‘significantly different

to the other two tension test valuos. Also, that the .
o n\;ifue from the bulge tost is close to the.n value
© ;of the tension test for L ‘. 0° but 1s much higher thlp
‘5. the othe;“two'values of s of -the tcnsion test. Thus

we .mey cdncludc that the o - c curv. obt;inod frql the

A
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L\\ | | ..}
}

'tensile tests and the}bulge tests for the two

_materials are not unigue.

L

~

Errors _in Bursting Test - - . o .

A- few remarks are made here about the source of errors

in the' tests with back pressure. The only. major source of
_error ‘experienced was the measuring and recording of the
maximum pressbre differential during the tests. The pressure
differential had to be created by closing the valve. \i.l (Fin:
- 3.2) slowly, after having adjusted Vz to the required back
‘Apressuré The re]ief valve Vz not being too sensitive. ‘and due
to the heating of the oil whiie flowing past the relief valve, at

-

times a sudden excessive openitg of the relief va]ve was

experienced causing a sudden jump in the pressure differentiai.l
'thereby throwing off the readings. This error uas OVercome
© to 2 great degree by letting the oll cool doun betueen the e
stages of buiging and also repeating “the buige test _1in the
neighbourhood of the urong readings. A better way of reducing
_ this error and probien woui&>be the incorporation of a more

?

t sensitive pressure relief valve..

\ ' : ) -
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. ‘CHAPTER IV
CONCLUSIONS

-

An attempt has been m;§e to study the effects'of superimposed
hydrostatic pressures OR the stress -strain characteristics of zinc.
and zinc ailoy sheets via the circuiar bulge test. The original. -
theory’ of Kuler (6] has been simplified, and as presented in chapter
3.2.. predicts that a superimposed hydrostatic pressure does not
influence point of instability, whereas pugh [12] in his experimental
investiqations wi}h some hexagonal packed metals demonstrated an )
existance of a suﬁden pressure induced transition from brittle to

ductile behaviour. Hence the decision to run these experiments._

The main conclusions on tne'sheets tested were:

1. Superimposed pressures did not fnfluence pressure

. differential or strain at fnstability. t.e. no

{nfluence on the representative stress- -strain ‘

.- curve.over the pressure ranges investigeted
(10,000 psi maximum).
2. The difference in behevidﬁr-betueen the neteriels
tested were as follows: -
, (a) The zinc sheet in the preiieinery steges of
. : investigations turned out to be defective
' h .(loceii:ed grooves eﬂbeering across the bulged

| 'eﬁeet {n the direction of roiling very early

in- the procese) ‘Hence further tests on this

sheat were :abandoned.

4




(b)

~

Comparison between the non-heat treated end. heat
treated alley sheet 1n;1cated no great degree
of difference fn the bulging behaviour. (The
producer claimed that the heat treatment of the
alloy reduced the grain size thereby increasing
the strength and ductility of the sheet.

Since the results did not verify this, it was

decided to do some preliminary meta11ufgical

‘work described in Append1x 1. The tests did tend

to confirm that the heat treatment uas 1nconplete).

~The non-heat treated sheet {ndicated a siight

deéree of instability before fracturee while the

~ heat treated sheet fractured under increasing

load. But this again'ngs not very significlnt.
R moye tn-depth comparison is as provided in
Chapter 3. 5.‘ ] _
Tensile tests shaved sg* yalues less than 1,
fmplying a tow through thickness strength. Also

a great degree of variation of *p* value 1n the

‘plane of the sheat, indicating & high degree of

plamar & anisotropy. (The po\e figurcs Figs. 2,

| 3, and 4, Appandix 1 also tend to confirn plaalr_

varfations. Based on the work of Roh,rt and
Rogers [22]. assuming fdeal tc:turdi L very-simple

. ealeulltlpn 1s”gixcn 1; lapeadl;‘!. by ¥ hieh R

values cen be estimated for zinc. Nowever, 8




- much more comblicoted technique would be

‘1t {s possible to 1ntroduce the anisotropic

111

_ required in_the case of the sheets tested 1in

this project .since the textures were far from
perfect).

paraueters«(as measured) 1nto the bulgfng analysis.
Honerer} as mentioned ear11eri1n the text, this
complicated the algebra without radically

alterinq the stress«strain characteristics.

" The load extension curve af’bbtained from the

tensile test 1nd1cated a rather unusual behavioor.
f.e. & load naxfnum was attaine uithout any. -
observable neck developing, and from this point

the load extension curre was rather Yike super-

-plastic alloys with defor-ation under z falling

" 1p0ad. No pronounced necting was visib\e in this

region until Jost prior to fracture. The A end

n values were found ‘from the tensilo,cest data

and are-asjroported in Tables (2. 3) and'iZ;A)
rospectiroly. However, up to the po!nttof -axfnon
lold plastic trnins were rathor small and really
not very accurate for the A and n vnluo dotornind-
tion, to ‘extend 3 linoorlzod 113 boyond Iouilua '
load is~questionoblo (since constant volume.
assuaptlon s e-ployed) as wq are not sere of what
ts going on in the ln;orlnl. Hencorit would be '

".uortkuhilo stodying this |n~fnrthor dtpth |f sucn :




‘iinal Comments

(. 0 N2

materials are to be used commercially since it
.could have 1mpTicat1ons with regard to creepd
'res1stance. | "

6. The A and n values for the mater1als were also
computed from’ the bulge test data for tests with
and without back pressure and are as reported in

m ‘Table (3.1). The values thus obtained are more
reliable than those obtuined from_tensile tests
as_the .bulge tést is capable of 1hduc1ng much
higher plastit strains: w1thou£ 1nsteb111ty. ‘Fdr

| purpose of oomparison some tests ;ere a1so run on

 the biaxiel test eqd@pment as described earlier
in }he text. and| the A and n va!ues thus obtained
are reported in Table (3 2). s\gorreletion of the
values of Tables (3. 1) and (3.2) as obtained from
the two dies of differeng bulging dieneters and

"measuring technigques is wery close.

formability was not realised. (at lsast over the pressure range K\?

.1nv1stigeted - lo.uoq.pst)f

_ (maxinwm of 40-45 kpsi tensile streegtll ‘for zin

Use of superimposed flqid pressore to enhance the useful

There has been gr&.t thrust by producers of zinc and zinc

alloys to break more into the non-fdrrous market and to compete

~ with alustnium in sheet metal wort._ Present eateriels fora uell

enough end in this resp*ct would be conpereb!e nith alyntnium,

‘the price per pound 13 also-attractive: . (retio - approx. 1:1-1n

bulk qeeneity) but streugth rehelre!tnte fell~short of expeetet!en.
el leys n umred




p »
. | . 13
(I o |
to a maximum of 80-90 kpsi for aluminium alloys). The biggest
disidvanfage of zinc and zinc alloys being the Iack of joining
techniques. They can be rivited or soft so1dqred only whereas 'S
aluminium and its alloys can be readily ue]jjd without too many -

complications.

o

e
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APPENDIX I . o

As mentioned in the.previous chapters, 1t was decided to
test commercially pure zinc and two zinc alloys.. The prime

reason for the choice of zimc and its alloys as test metals

'wﬁs the fact that some hexagonal packed metals have exhibited

sensitivity towards pressure effects. Since zinc and the two

alloys fell in this class it was decided to test the same. -
The suppliers of the above mentioned metals in sheet form

were Matthiessen and Hegeler 7inc Company of La salle, 111inois.

Being a trade secret no 1nforhat10n was recefved from the supplier

as to the heat treating procedure of the Heat-Treated zinc alloy.

‘The only comments received were °“that the heat treatment made the

grain size smaller, thereby increasing the ductility of the

material as compared to the hon-Heat-Treatadlnaterial . On

carrying out ;ie1ininary tésts on the sheets received it vas found

out that: - '

| . The commercially pure zinc sheet was defegﬁivo,
and failcd'hrenaturely.‘ :

2. The Heat-Treated alloy was less di;tiln,fhanjthl.,

Non-Heat*Treatad alloy. ' -

 Thus 1t was decided to take 2 britf Iook.iato the -1crostructuro

of the ‘metals to see 13 thq discrcpqncics obsurvcd at the varions

stages of expgri-cntltlon could be accosnted for.
Textures in Zinc o - o .
It is uull kaoun that hoxagonal setals tn sheet fors exhibit

1 4
-~ . . @ -
N - - . §
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a.marked degree of plastic anisotropy. ~This follows from the

fact that/plastic anisdgropy 15 associated with'the disposition

of shear systems re1at1ve to the stress axes, and hexagonal |
metals have~ a smaller number of slip systems than cubic neta]s.

In zinc ‘the resolved-shear stress to effect s11p is the snal]est
on the (0001)° plane, the so called basal plane. Houever, 1f the
Basal plane 1; unfavourably or1entated with’respect to the applied
stress system. s11p can certainly occur on the Pr1smatic (1010)
plane and/}ha\Pyramidal (1011) piane. A feature- of many hexagonal
:‘metals is thd;_deformation can readily occur by tninntng. and in - N
zinc -this genera1ly occurs on the {1012} pianes. .(Note: exp1ana—

tion of the symbdls (o001}, {1012} ete, known as the ‘Miller {ndicies
“can be found in Physical Metallurgy text books sudh\as Reed-Hill

.[23). The twinning phenomenon complicates any crystalIographic

study since the crystal distributiqn fstontinuously'chlnging as
twinning takes p1ace. It is fair to say that there {s a great deal

of scope in improving the understanding of textureluechanical

'property relattonship tn hexagonal naterials. In uhat follows a

very simp1e treatment of relating laterial properties uith

texture is° discussed this {s based entirely on {deal orientations’

(or textures) without the conplictt{ng 1nflutnce of tuinuing.
Certainly no claim is -ldc that the ‘method could be applied to
couplicated texturQS'but. that such an approach light revesl

certain featnres abbut nechnnicaI hthavlour and uscd s

fndicator for -orl co-ptcx situations., lf tho natorial slippcd

only on (0001) (1011) or (1010)91110 in th. ad}jﬂa.dtgggﬁigﬁi
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there would be no thinning (or strain of any kind) pérpendiéu\ar
to the basal plane. ' s
For a rolled sheet of .zinc, an ideal rolling texture

would be where all the basal planes lfe in the rolling plane with
'[iOiO] in the ro])ing_direction. This would be knoun.as'a'(OOOI),
.[1010]'r0111ng texture. vaa pole figure was taken for this tdeal
Hlexture for the (0001) basal plane, only a black dot would show

up at the centre of the figure. Conducting ;ests in the rolling
direction or transve;scdiriition would give 1nf1n1tely high "R*®
values for -this type of texture, since no thinning would take

place in the thickness direction. .(This 15 quite contrary to the
values indicated by the experilents-k = .2 to .6). Furgpernore

in this case slip would not occur on the basai plane eveh\\hoﬁgh
it would normally be the easiest to slip on. Thts arises bgcause
of the unfavour&bIg oriéntation with respect to the ﬁulling‘direction

and is explained by Schmid law S

¢ 'rcos': cos A - L)
where | B ' : R .
T 1shthe'cr1t1cll resolved shear stress on- the given plane
o 1s the tensile stre3s
4 and 1 are resQ::tive\y the angles Bc}weaa:the siip

plane normal and tension axes. o | .

Thereforﬁ; for pulling in any directioﬁ in the plane of, rolling
¢ 1s always 90* (cos ¢ = 0) §f all the basal planes tie in gho

e

b ) . : '

rolling'pl;nc.

Thefafofa_-
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Hence basal slip fs unlikely and slip will occur on the pyramidal'

and prysmatic planes.
Since the jdeal (0001) [1010] r0111ng texture is rather
unreal, the basal p1anes are more 11ke1y to be tilted towards

'the rolling direction at some angle say a. Then- for tensile

*

test in the rolling direction
o | ‘ .
. - ' v
cOS ¢ COS X ‘

G ™

where ' -

-~

_cos ¢ = COS (90 - o) _ -
and for tensile test in the transverse direction |
" -’lcos'g = cos 90° ' |
i,e.rthe basal plane normal is perpendicularuio the transverse

direction. . o - L
Hence o + = - '

\ Therefore. slipping will take pIaco on other'plane: rather than ]
the basal plane and hence transverse yie!d strength will be’

higher. _

> The shear strain on the active s1ip system can be resolved |
fn any direction and it i3 possible to calculate “R° valua from
the formulae SRR ,
cos ¢, €O8 Ay
cos ¢y cos Ay

R=
~ where o _ | : ,
Wy and 01 are the nuglos bctwcou tho slip plane nornlt and

the uidth and’ thicknoss dircctions rcspectivoly. _

r
al
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Ay and Ay 23re the angles between the slip direétien and the
width and thickness directions respectively.
(The preceding approach has been used by Rogers and Robert§

[22] for a particuIar ideal textured zinc sheet with surprisingly

=
-

good results). .
A approximate calculation based on 1dea1texture§, {s performed
to provide a means of- theoretica11y computing the most favourable‘
oriengation of the basa] planes to mfnimize the applied tensile
stress. , _
‘C;t a be the angle of t1\t (Fig. 1. a) Assuming thif the
Erystal potatien {s as shown 1n Fig. 1. b., then considering

-

direction AB, we have

AB'-‘{12 + 17§—) + (tan u) ’2
. - ' /‘J -
. The ‘direction cosines are theq‘
1 1  tana — . (2)
3 s T

w

- v v N :
and the angle between AB and the rol!ing~direcg}pn is

§ - ' ) '

a6 GG G

where ; |
'noiling’ﬁifiction

. . s . : . . I .
C]. Cos and 'C, are the direction cosines‘of_;he
Cl . Cz , and C3 are the direction cosines of AB given bY
; ”Eqnation (2) B .
~ Then SR :
i

' ‘.l T—L—!-'r- _ - ’ . . .
co Ao Y (1t aetante) . |




The angle between the slip plane normal and the rolling direction

s cos (90 - a) = sin a. Therefore, from Eqn. (1)

. T
@ " Cos x stn a
i
, (3t tan? « )12
sin o -~ A
do . o 7z O 1/3+tan a) tana seczu
da ) sin a .
.- {1 1/3+tan u) ,,~ cos a

. . ' S‘ln2 c . 4 -~

-on simplifying S
oz 870 - 3
- Lo ¥ S

Hence'for a = 847°, o-should be ninimum. ' g
The other extreme orfentation cpuld be as shown in Fig. l.c..,

in which case ‘

o = (12 +'tan2 )2 et \<

and on following a 31-113r_|na1;§1s as in the'previods case, we

get . "

r . .
a 3 45° N , ' o (4)

-

Hence for ‘a = 45‘. o ihould be l!niuut,'

‘Pole Fiqures for the Three Nateri 1 e .d,

Basal p1nno (0001) pole figures were taken for the three

lateriqls in the 'as-rccdivcd condition and are shown in Figs.

2,3 nnd 4. The nunbcrs on the figures rcprosout the increasing

order-of 1ntcasity of thn hlsul pltuns 1... roprescnts the | ,

B
'.‘|

-
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'N- HEAT TREATED MATERSAL.
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highest - intensity area.

Note that the centre of these figures represents the normal
direction of the plane of the rolled sheet. The rolling direction
is indicated by R.D. and the transverse direction by T.D. Thus
moring out in a vertical direction._on the diagram, from the centre
to the extremity represents a rotation of 90‘ of the sample in the
rolling direction. Similarly moving out along a horizontal line
represents a 90° rotation in the transverse direction. The
. _maximum intensity of the basal planes spreads more in the transverse
direction than 'in the rolIing direction and consequent\y it can
be antfcipated that the material will exhibit different material
\properties -in .these diroctions. However, to prédict the difference
in mechanicqi properties is cemplex in this instance since the’
observed textures are far frdn ideal&

A possible anaiyticol technique for detereining lechenicel
properties. from textures:lies in first establishing a three
diueneionei orientation distribution function of the crystil!ites |
and this goes berond the‘scopi of this prasent work. . R

Hhut'can ee observed i% the- diagrams of the Ion-Heat-Treated '
and the Heat- Treeted alloys, Fige. 3 end 4 respirzdvoly. 1s thot
the heot treatment Ras only been 2 pertiol one. In ether_uords |
there has not been“t-uejer—elteretion in the texture threegh heat
troatment. (In the following section-a brief discussion i3

provided of the photomicrographs taken of these samples, and th"'
reveal. furtller inforuetion m-mu orm size atc:)
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One could .anticipate from the povle figure‘diagrans that the
variation in mechanical properties of each of the zinc alloys
would be similar in nature. For example, if the Non-ﬂeat-
Treated material showed a higher yield‘strength 1n the transverse
direction as compared to the rolling ddrection._then the Heat-
Treated naterial uould show a similar behariour: This was conrirned
by the mechanical tests "conducted on the materials-and reported inA
‘the main text\ The variatlon fn "R" values and yield strength ‘
with orientation fo]loued ‘the same trend for each of the zinc
“alloys. ‘ ‘ T -

Thefanpljsis of fhe preceding section based oﬁlideal teitures.‘
provided‘a means throuqhwuhich to compute the wost favourable |
orfentation d?u;he basal planes to mnininize the applied tensile
‘stress. While these resuits are not strdct!y applicable to the
present materfals, since the textures are not 1de|1. it might be
possible to use them in 2 qualitative manner to say something
‘about the behaviour of the existing -atériais.' Froi the pole
figures of the ziac alloys it can be seen that a high intensity
region of the basal planes does ocecur at approainatcly 45 '
orientation (in aN} dirtctioas) from the sheet aormal. [Im this
sense the basal planes would appear to be favoutably orf.ntottd' )
such that twinning would not be 3 major deformation mode.. THis .
_was confirsed from the photo-icrogrnphs shown 18 the mext section.

It was fouad 1-90331510 to ‘rovldc (] quuntitatiro dcscri!t‘Oﬂ_
of the -ochanicnl proaurtios ‘wsing thc silptified theory of the
preceding section. - As l1g¢l1! 1""“" it """" : “‘. mre
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soph1st1ceted analysis to'rqtiona1ize the corre1ation between
;non ideal textures and mechanical properties. "Such a study
would constitute ‘a thesis project 1n its own right. 4

. o

PHOTOHICROGRAPHS

1)

A brief study of the microstructure of the sheets tested
was undeotaken to see if the variation of the exper1oental results
obtained could be corre1eted from this study For exano1ef'iee
‘ if the defect in the zinc sheet could be ‘detected from such an
analysis and also at the. sa-e tine to see why: the results of the
) Heat-Treated Zinc alloy uere contradictory to the suppliers : a_

comments i.e. "the heat treatment should have reduced the grain ‘
size and thereby 1ncreased the ductility of ‘the sheet”.

Metallographic. specimens of the nateria!s were prepaired 1n
the as received condition i. e. sheets before testing, and-of the
sheets from the region of the pole of the bulge after feilure
in the bnloe test. Typicalfnicrogrinhs are as shown in Figs. 5;

6, and 7. T ’ - _ ,

Fig. 5 is a photoeicrogrlph of zinc-surface parallel to the
plane of the sheet-pole of the bulge-near premature fracturs avea.
foe std%y of this micrograph reveeled no apparent faults in the -
microstructure except for the black streaks ( lead striaqs) in

the direction of rolling which perheps conld heve been the source

of presature fellere {(the speci-en -during the course of testing

lluays fatled gre-nturely along the dlrectioa‘of rolliug at ebout
. T , . V.

s-15% streia)
Figs. ¢ and 7, arc photonicro1reehe ef tho Ion-ﬂoet-?reetod
of descriptien nlth co-yorioeas

',ind neet-!reeted :iee elleys. A bré
is as given \eleu.
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Comparing Figs 6{a) and 7(a), the dark streaks end petehes
are T{Zn1g which tends to 1imit the grain grouth to distances
between the steaks, and the rather grainy aroearance of the two
figures which is also revealed in Figs 6(b) and 7(b) is due to theh
Zn-Cu phase in the zinc matrix [24]. Either the heat treatnent
of the material has been incomplete or to much fopper is present._
The copper 1s supposed to be redissolved into the. solution on
heat treatment and this has not happened. (The siuilarity of N
the po!e fi:ures, Figs. 3 and 4, also “tend to confirm this partial
‘heat treatment). The grain size is better revealed in Figs. 6(b)
and 7(b). The grain size in Fig. 7{b) does seem tobeUSlaller' 5
than Fig. 6(b) although there is not a significant difference as
claimed by the producer. There is also 2 little evidence of
twins in Fig. 6(b) and 7{b) no doubt due to rolling, but this
again is not very significant. ' _ ) _

On the photouicrogrephs of the deformed material at the
pole of the bulge in Flgs 6(:) and G(d) it s rather difficult
to detect the grain size, because of the very grainy eppeerlnce._
but 1t is clearly evident that theve is a lot more undissolved ‘
copper in the Nun-ﬂeet-Treated material as eo-peeed-to the Heat-
Treated materdal. (Difference {s wmore pr?eeeecee in Figs,ﬁ(d)
and 7{d) as conpered ‘to Figs. ‘6(b) and 7(b). Thefgreia‘sige'is
clearly revealed in Figs 7(c) and 7(d)-and. the distencee betwesn ..
the black str.lksi{T‘!.‘s) !aé the lidth of Stftlls thllit1'.!
tend to be blgger in the ‘deformed asterial as compared to the
untested sheets. elthengh the geeere! shape gf the lfiil s -~
_expected to—be reteleed due to the bie:iel etretchiul- 3"“".
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\,effects of the T,z 15 are also revealed in Figs. 6(c) and 6{d)

_ "although there is lack(of c1arity in. thrs case due to the grainy
appearance. There is no sign1f1cant evidence of further twinning

“ 4n Figs. M{c) and 7(d) and due to lack of clarity nothing s

revealed in Figs. 6(c) and 6(d). The pole figures reveal the .

favourable orientation of the basa1 planes im the undeforned naterials

‘and although subsequent p1ast1c deformation will rvesult in sone

reorientation, it can be anticipated that twinninq may not be

significant.
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