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- ABSTRACT

~Supcrplc‘:sticily is'a hot-working phenomenon exhibited
by many metallic alloys and observed gbove o temperarum of about
40% of the absolute melting point. It is characterjzed by an ul tra-
fine grain microsrructure, an uvnusually high rote Aepmdence and
vﬁry low resistance to deformation at low strain rotes. |
: The pluxﬁcify theories aﬁd c'onsritutive equuticn; used
In the onolys:s of secondcry creep in structures are shown to be

formally applicable ro the study of superplcshc deformation. 'A

‘non-inear viscous model with certain hmlfohcns, is employed to 0y

A

cmalyza superplastic deforrnahon problems. T
~ This thesis presents thrqa separate and ‘independent pfeces of
work. These -problems namely; (a) Lcnalys‘is of posr-m.:cking geometry -
ip rg:nsiio'-ForminQ processes, .(b) creep rtosting of superplastic ma_fori_ol
in shoet form énd (c) reverse-extrusion of mte-dependent mu‘toriuls,
represent in the author's opinlon three most ampor.rmr problems -relating
X
to tho use oF superplosﬁc alloys in mdustry .
in tensile forming processes of -superplastic alloys the defmmfia;
Is un'sfable cﬁ&_ I; ’is':hown that geometric nmmi%!tiu develop h

continuously. The features of such deformation system are illustrated by

“the numerlcal analysls of initially non-uniform tensile bars' and thin-

walled tdbcs‘.cxpmdcd by intemal pressure. Exporimental results

obtained from testing zlnc-oluminumAulloy are c&mpared-w!ih the numerical

W




results and satisfactory cormrelation is observed.

-

A technique is presented .f.'or obkaining creep data for s_uper-:

~ plastic sheets using q test vinqiwhiéh a strip c.ar indeed tﬁe whole sheet

_. is arranged as a contiiever loaded by _it;{-_own w;eight'. Theory is give:
for acriving sfati_omry 'qmep\pommeMQ -FrOm_ measuted deﬂecticn‘ rates
cnd for de'rem\ihiﬁg a stress, s;min-rate C;JI'VO using the skeletal point
methed. Teﬁsile and bending‘cncep tests were performed on su;er—
plushc zinc-aluminum sheats at room temperature and the creep dota\

from both types of tests are compared. ; ‘ - ‘ ‘

tn bulk forming of mta—dopcndent marerm the load require-

-
i

mmts aro hughly dependent on the fonmng speed. ln the prqiant work
thu hudmonql anclyﬂcol ‘methed of shp-hne field: anqux{/hos been

gxrended to accommodate the cxtrqs:m of rate-sensitive matom.xls such -
as supcrp]o.s\ﬁc alioys. The volu@ of the dcfornwﬁbn zone dnd,rh‘a ,
effective mean ;tfoinqufo identified by t;w ;lip4ine Fié!d,solutién_s
.\.vom'lnct.xpomfed to define a gaomotrl? factor which pemmits ﬂ;a R
extrusion f:mssg)re to be dol‘erm‘lne'd for a non-inear viscous muterial..

Experimental resuls on reverse-extrusion of both as-cast and super-

plogtic zinc-gluminum agree well with theoretical analysis.
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SOMMA IRE '

La superplasticité est un phénoméne qui se manifeste lors

due fagonnage d chaud de nombreau alliages métalliques & une |
“ .,-c.':‘"’— [; -
température @ peu prés égale & la moitié de la température de fusion ¥
‘ Y,

- ) -’, ,i - - ;.
exprimée en degrés absolus. L'efat superplastique est caractérise par
RN P A .
une microstruture tres fine et une™tres grande sensibilité de la contrainte.

a la vitesse de déformaﬁon.

A

Les théories sur ¢ la plosticité et les equahons de ccmportement

utilisBes pour amlyser le fluuge secondaire sont cppllccbles a Ierude

. )
de Iu deformchon des materiaux superplcshqbes.

P

Ceﬂu these presenre trois problemgs mdepenflants - ' lq '

[ .
4 -~ -

a)

. Iomlysa de la géomaetrie d'ccknhllons superploshques lors des
procﬁdés de formage en ht:chon au-dela de la Ilmlta d'scoulement

~ - '

plastique uniforme;

'b)  des essqis de fludge de matériaux superplasticques .on forme de _ .
ploguettes; _ ‘ ' N '
c) dos essais de refoulage de matériaux caractérisés par une grande

PR .

~ sensibilité a la vitesse de déformatlon. Ces problémes sont du

| point de vue de]'outaur,Alo..‘.’ plus importants pour les.utiliw—ﬁons
lM!allds des matériaux wper_plast‘ique's. o . )
Au couts des pm‘céd&s“*de formage lorsque les contraintes sont

emnﬂolimnt en trocﬂon, I,'Gcéulemmt supori:lcsﬂque est toujours Insiublo

ot I'lmégularité Jes secti;ms croit contir;nllemeht. - Les coroctéristiques -

q Ld v ¥ '




.

de ce régime de déformation: sont illustrées par 'analyse numerlque

de deux exemples, Le premier est la déformation d' une eprouveh‘e
i

de traction” &yant une :rregulunte initiole de section. Le second est '
lexpansmn d'un tube a paro: mince, initialement non-umforme, au

N
moyen de lapplicuﬁon d'une préssion intérieure. Les résulfats .

expérimentaux obtenus relatifs I'allongement des €prouvettes d'une

N

alliage superplastique Zm-Al confirment d'une manidre satisfaisonte

les prévisions theoriques. © o : T
Une technique permettant d'obtenir aes informations sur le r

{ .

comportemenf en fluoge des matériaux superploshques en forme de
._ploque est decnte. Cette techmque_con;lste en la déFormaﬁon d'u‘ne-
ploque.encastree a un bogt soumise G son propre poids. Une th&orie
e;t 8laborée pémeﬂun’l de determiner Tes pararné;fres de comporfement
en fluage secondaire. Grace a lo méthade analytique dé "skeletal

- point®, it est de plus possible de de‘du'iro des essais de flexion, la .

courbe de contfrainte par rapport @ la vitesse de fluage: Des essais”
N . j . .
de fluage ‘en flexion et en traction ont até réalisés sur un allioge

! -

superplastique de Zn~Al & la tempércture ambiante. Les résultats

~oxpdrimentaux_dsmontrent qu'un essai de fluage en flexion peut Stre

.}

consld6ré comme un essal“de contrdle de qualits pour les matériaux
N \ . @
superplastiques. ; B

Lors du refouloge des matéricux superplastiques, on constate
L

que la charge est fonction de la vitesse de mise en forme. Av cours

, i | |

N



~

de notre travail, les méthodes analytiques traditionnelles tel que le /-

, shp-lme field" ont &te adoptées of étendues pour permetire d'analyser

'la defprmohon des mcxrermux superplastiques.  Le volume de la zone de

‘déformation et la moyenne effective'de. la vitesse de déf(xmution, défines

-
4 -

~ par la théorie du "slip-line fneld" ont &t6 utilisss pour identifier un

-

nouveay porcmetra geqretnque. Ce- poramehe pennet de calculer la

ression d' exh‘us:on d'un motencu a com rtement vi ueuci'\mon-Newtomen.
P po q

(Les résultats expérimentaux obtenus _lors d'essais d'extrusion & rebours

- - ) - . - -
confirment les analyses théoriques prpposées.
) " -

-

N
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CHAPTER |

THE PHENOMENON OF SUPERPLASTICITY

1.1 The Superplastic Behaviour

Superplasticity is the name given to the behaviour of some metals and
alloys which exhibit very low resistance to flow and extremely high ducfiliry
. when deformed at certain conditions of temperature and strain-rate Super—
ploshc deformation is characterized by an unusually hugh—rqte dependence

approaching that of viscous materials such as molten glass and heated thermo~

plastics.  Superplasticity is most dramatically displayed in a tensile test where

the material undergoes very large elongations, sometimesclose to 2000% with

o sutprisingly low flow stress.

1.2 - Historical Background - .

In 1920 an vnusual behaviour in the cold rolled Zn—Cu-Al
teﬂiory eutectold alloy was noticed by Resenhain [1.1] who observed- that rhu
alloy "behaved differently from ordinary crystalline materials such as oluminum
but very similarily to ...pikch, gless, efc™. Subsequently in 1934, Pearson
published a paper [1.2] showing-o photograph of a tensile specimen of‘o lbpd—
based alloy wmch hod been elongated by some 1900%. In his work, Pearson
related these enormous elongations to Ihe strain-rate sensitivity,, commonted on

the maintenance of the fine groin sltucture of these alloys and proposod

.I

deformation mechonlsm. However, at that time, this phenomenon u;erns to have

1
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been regarded as-a laboratory curiosity and was largely forgotten,

-_ lnfe:, the term superp!fxsﬁcity came into general use from 1945 onwards
originating in’ the work of Bochvar et al 1.3] as o de;cripti;:n of the
excéptiomlly ductile behaviour of vc;iws mnifeno;s eutec:ic and eutectoid
ollt;ys. Further work crppecred in the Russian literature between 1945 and 1960
[1.4] and [1.5]). Bochvar and Sviderskaia mtrohuced the eutectoid Zn-Al
alloy to the superplastic group and this has becorpe the most widely, used unt;l
studied of all the allays, |

A review by Underwood in 1962 [1.6] revived the i-nferest of Western
wotkers and by 1965 a series of pu;;ers by Backofen and his co-workers 0.7
to [1.91led to the formulation of basic rules for superplastic behavioir.

| During the last decade the number of published atticles on the sub|ect
Increcsed mpldly but, in the main, these have~been concerned wnth evolvmg a
theocehcol explonuhon for the mechanism of superplastic deformaﬂon.‘ Very

mcenﬂy, however, published c:rhcles have started to dl:cu:s the technological

implications of superplasticity but these only represent a small fraction of the

_published literature on superplasticity.

-

1.3 Types of Superplasticity u

Al ’ D ’ :
Superplastic behaviour can broadly be divided into two types:

. 1) Enviml;mntulx Supétplcstioity 01.102 and [l.il]

Environmental superplasticity occurs in certain alloys which are

thermally cycled obout a phase transformation tchperum; these materials oppear

‘*n

to becm"spoﬁﬁ:dom!y,plu_ﬂic' due to intergronular stresses.  Also, _the very large

l\.\.\"



.3
elongations obtained m&cr thé action of small stresses in the presence of cyclic
temperature c}nngr:s for themmally onisohop.ic alloys or some metals su‘biecred to
nautr'qti irradiation, is offen termed environmental superplasticity. It should be
noted that large tensile elongations are not, ‘b;w themsslves, -hdioa\tim‘s of éuper-
plasticity. I necking is suppressed urhﬁc&ally in a tensile test, elongahms of
seveyol hundred percent can be obtained in many aglloys even in mild steel at

room temperature [1.12].

i) ‘botherma| Superplasticity

This type’ of superplastic behavicur, known somehmes as
mlcnogrom superplasticity®, is osocnted with alloys in which a particular
ultra~fine grain structure ( < 10 rmcrons) can be induced and retojned in a
stable form at temperatures about half the absolute melting point,
Most mveshguhom of superplastic behaviour hove been concemed wuth
alloys that show isothermal superplashciry The reason is obvaom!y that i
wperplustlcny is to be opplied to commercial formlng of metuls, it would seem.
more feasible to have the equnpment omromg ot o smglo tempemtum than to
cycle it repeatedly over g mge of Inmpemtures. in YL& present work only
isothermal superplastic deformation is studied and the other phon.omenm of

envlronmentnl superploshc!ty is excluded.

h)

1.4 Requirements for lxothennal.SuperElasﬂcity . S
- Whilst the ﬁnqmticul explanations for I;olhomul superplasticity .
remain controversial, certain g'eneml'lzo_d rules appear to be necessary for a

metol, 1o exhibit thix phenomencn. These rules are discussed balow.

’ j
i
2
i




i) .Ultrafine. equiaxed grain structure

- Superplastic alicys all hovo an ultra-fine grain structure;
the groin diameter is always less than 10 microns 410 m) and generolly less
thon 2 microns. It may be seen from Table l-l [1.13] that superplastic

grain sizes are at least ‘an order of mogmtudo smaller than those | in convenhonol '

"fmo-gnom moteraols ~ Another unusual ospect of the microstructure in super-

Aplo;hc alloys is the morphology In normol alloys, individual groms are olongoted

hY

n the dlrechm of extension or, if the remporulure is h:gh enough, grmo growth

occurs. In soperplastic alloys, rhe grains usually do not elongora even though

the material may be extended many- hundred percent; during deformation the grains

very often become more equiaxed and develop a rounded appearance .
For superplastic alloys, at constont” strain—rate and tempercture, the stress

g ‘follows the relation b

¢ a L . ' ‘ - {1-h
where L is the grain size. The exponent b in equation (1-1) has

been reportedIn the literature as lying between 0.7 to 1.2 1. 14).  This
relation, equohon (1- I), is qunre different from that goveming ‘the deforrmﬁon

. of conventiongl meruls in cold working. Thoy follow the Holl“Poh:h relation

1 -

g a

o

1
/L R | )

which implies that plastic sh’ongih ls increased as groin size becomes -

smollor {1. 15] . o




TABLE 1:1  GRAIN SIZE CLASSIFICATION

, RANGE FOR
- GRAIN SIZE COMMERCIAL
CASTM NO. - MICRON STEELS
1 254 T
2 180 "
3 - 127 N
. L9
4
& IE
° “ g
6 45 w
F Z
- 7 n L.
8 22.5 5
9 16 | ‘
10 1
n o 7.9 |
2 ' 5.6
13 4 |
14 2.8 i SUPERPLASTIC
' | | ALLOYS

4

'
W K M
, .




@iy Tempemture obova 0.4 Tm

|

Supcrplcshc deformation occurs at temperatures above about
0.4 of the absolute melhng pomr ~ The flow stress would normally decrecse. |
with increasing temperature unless some phase trunsfomﬁrim occurs to inhibit,
wperplashcny The superplashc zin¢~aluminum eutectoid qllqy\For instance,
A

shows a marked decreass in flow stress as femperature rises. till about 250°C

after which it starts increasing as shown in Figure I.l {1.16].

LD Approprlotn stroin.rate

A typical stress, strain-rate charucteruhc of a superpiushc

™

alloy is shown in Flgum 1,2, 1t is seen that the strain-rate scnsahvury m (the

~ slope of the logarithmic stress, strain_rote curve) is hnghcst in the stroin-rate

-
-

range of 10 1 1072 per sec. * Full benoflt: of superplashc behaviour such
as high necking resutcmce, are obh:med at thesa strum rates. Table 1-1i
lndicates the compomhve position of superplos!ic forming - :h-am-rotas among

other strain-rates achieved in other forming proccsses (1.131.

(Sec next page for TABLE 1-1)

1.5 Production ond Retention of Ultra=Fine Grain Sfru'ciur‘er ‘
| The uqu/-ﬂne gmin structure required for superplo:ﬂc:ty can

be obluhed by a variety of mechonical and thermal treatments. -
Other merhods such as powder compoction, eleclm-depasullm or pock

rollnr@ of thin foils-have been studied in the loboratory . 17] and 0. 18]

Three different alloys, ﬁw zinc-oluminum eutectoid, the lead-tin eu!agﬁc

w

b}

N




FLOW STRESS, Ibf/in2 xI0~3

CONVENTIONAL
- Zn=-Al :

-

SUPERPLASTIC
Zn-Al

© 100 200 300
- TEMPERATURE, C

Fig. 1.1 Variation in flow stress with. tempeﬁ:tum for superplastic
eutectoid zinc-aluminum alloy ot.a strain rate of .0)
por second [Ref. 6.15}. A
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TABLE 1 - |JI; Strain-Rates in ‘Metalworking Processes

Nomal hoMork ing
processes

Machining (cuﬂing
spoed 80 ‘ft/sec.)
E)q:léslvo forming

Explosive welding

PROCESS STRAIN-RATE (per sec.)
Superplastic YT

~ deformation 10 to10 !
Cree;_: 10 -10 to 10 '5

1 010 2-'__

1010102

10
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ond the nickel —chromium=iren system are considered below to demonstrate the

various thermo-mechanical processes used. I 7 . ’

i) Zinc-aluminum eutectoid

|

h the Zn - 22 Al _eutectoid olloy, the uitra—Fine structure .- A
can be obtained directly by thermal freatment only. The phase dmgmm,
Figure 1.3 shows that when the eutectoid alloy is heated obove 275°C, the
invariant temperaturs, it is transformed from a two phase mb(ture to a single. :
solid phase. "If this heated alloy is suddenly cooled to 0°C it results in g
supercooled, unstable solid solution which, when brought. up to room temperature,
decomposes into the equilibrium two-phaso state with the required micro-duplex
structure, Figure 1.4(a). The same alloy, however, |f cooled slowly from above

the invariant temperature yields o typnoal 1cmellar eutectoid structure as shcmm in

Figure 1.4(b) [1.19].

i) Lead-tin eutectic

This alloy can be given o micro-duplex structure by drastic
mechanical workhg-such cs extrusion. As the grain is squeezed, irs- length is
initially increased to mainruifn constant volume. The energy put into the system
by extrusion is then d_i:ai{:afpd to o large extent by recrpstallization. Recrystallization
brecks vp the individual long, narrow ond heavily strained grains. into wveml’short ‘
strain~free ones. ‘ . : _ . . :

III) Nickel <chromium-iron system

Thess alloys fall in the closs where superplasticity iy produced
by techniques involving cppmpriat;: combinagtions of t;éclmlc:él working ond
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13 |
thermal treatment. The alloy is heated into the single phase region and then
hot worked by rolling or forging till the temparature of fhe work-pieﬁa decreases
well into the two phase region. During -deformation and cooling, there is
simultaneous occurrence of recrystallization and precipimgtion,

Most of the alloys that have been cbserved to behave superplastically
are two-phase alloys where the presence of o finely dispersed second phase
could inhibit the growth of grains in a major matrix phass. If the chemical
composition ‘of each phase’ is very different, grain growth.ccn enly occur By
massive diffusion of solute atoms and even in micron size grains this u a slow
- process [1.19). Thus it seems that o prerequisite to obtaining superploshcﬂy
is to successfully produce a micro~duplex structure.

Pure metols cannot be superplestic since, although a fine groin size con
be achiaved, it is unstable ot high temperatures and the groins grow rapidly

bafore superplastic deformation can be obkined. -

1.6  Commercial- Superplastic Alloyy

Various lists of superplastic alloys appear in the lierature and Toble l—lll
‘ B an emmpler [1.20]. Most of these materials have been made in the loboratory
mly, but o Fuw have been produced industrially.

1) | Eutectold zinc-oluminum

The eutectoid zinc-oluminum alloy is, “perhaps, the most
attractive wperplmnc olloy known mday. It is relatively easy to cast and
roll into sheat ond _simple heat treatment produces the required fine grain size

in o stable microstrucrure Its strain-rate wmlﬂvity is not greatly strain-rate -




TABLE 1-11l: ALLOYS IN WHICH lSOTHERMAL SUPERPLASTICITY 14
. HAS BEEN OBSERVED

Bae Matal . Alloy Temp. Grain size
wi% . = (miccons= 10" “m"
melres)
Akzainiym NCu -440-530 | . 12 0.9
1251 4 Cy 0- |- - 0.4
Codmivm 2 Zn 20 -2 05
-] Chromium 275C 1200 - - -
Cobalt 10 A!b 1200 04 '} 03
Coppor 10 Mg . 700 - N B i
10-12 Al 300 | - -
10 Al 4 Fe 800 10 0%
. ‘ 38-50 Zn 450-550 k] 0.5
ron 0.14C1.2Ma | 500 2 0.6
. 0.1v : .
034 C0.47Mn| $00 2 1 0.5
- 2.0A0 1 - . .
- 0.42C1.9Mn 730 : 1-2 0.6
28Cr6.5Ni) : o
3_0Cr 6D Ni ) 870~-920 2 0.5
leod 2 Sn ' 20 3 0.5
_ "5Cd 0 4 03
Mognesium 0.52r 500 20 0.3
62Zn0Lb Zr 270-310 | 0.5 0.5
- BN 50 . -
3o 450 - -
A 400 - -
Nickel nil _ _ 820 8 -
39Cr8Fe 2T | 980 2 0.5
Tin -3 ' 20 | 0.5
238 B 20 1-2 0.5
. ka Lol -20 12 0.5
Titenivn SAIL4V 900-960 6 0.9
5A12.55a .| 1000 18 0.7
Zine - | all 0-20 | 12 -
. 0.5 Al ~w | -
& SAl 200350 1-2 0.7
22 Al 200-250 1-2 0.5
4 Al 30 1-10 0.5
Zirconium - 00 12 0.9

-
~
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dependent and remoins at a reasonably high leve! to strain-rates vp to 0.1 - '

e PP

per sec., which are within o h:chnologicaliy useful range. Maximum, m, for
this material is observed in the range of 250°C - 270°C which is above nomal
sérvico temperatures and yet not high enough to pres?nt any difficulty in ac@l
forming.

The binary zinc—cluminum eutectoid alloy has low creep resistance at
room temperature; however, this problem has been successfully reduced,[1.16] ’
and [1.21], with small. additions of other metols .which reduce creep rates to -
acceptable levels without affecting the superplastic behaviour.

Its room temperature strength is compargble to that of 70/30 brass. The
alloy may be joined by soldering and spot welding, and its resistance. to “
corrosion under atmospheric conditions ond in steam is much better than that of
mild steel.

Consideroble academic ond industrial attention is focused on this alloy,
and it is the most common superplastic material available commercially. It |
presently sells for 75¢/1b in Nocth Americo in the superplastic star'e‘. In England,

\iirpori'd Smelting Corp. Ltd. and its associates have been producing commercial
alloys of this type for m;a years. | |

i) Aluminum-Bronzes

Some superplastic cluminum-bronzes have recently been placed -
. ’ . .
on the market. Two such alloys, CDA 619 ond CDA 638 have room temperature
yleld strength of 20-25 tons per squum inch After o slmgle heat treofmont, '

CDA 619 has a yield strength of 50 - 40 tons per aquora inch. Thelr corosion, -
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axidation and wear resistonce and electricql conductivity at room temperature
are very good,

i) High temperature allays ~

+. Micro-duplex, 26 Cr-6 Ni, skinless stael'ond wrought

Ti - 6Al - &V titonium. olloy show good superplastic properhes at about" IOOD°C

end have been used to produce commercial components . 22]

1.7 ndustrial Usuge of Supemlasticity

Recent lii;:mh:m contains mony examples of components formed
experimentally from superplastic alloys [1.22] ond U .231. !nduutnally, some
of the components today being monufactured from wperplcshc olloys include

|et engine turbine and ccmpmnor dncs, Concorde passenger amenities pcnels,

. air to air heat exchanger corey and pulleys ond gears used in electrenic equip- r

ment, Figures 1.5 ond 1.6.

" Because superplastic properties tend toward these of hegted fhennoplcstics—,
the indwtrial objective has frequently been to prod:.vce-su;;erpla:tic metal parts
wing the inherently cheaper and sunpler Fonnmg processes employed in the
ploshcs industry [].25] The advontoges clainied are:- lower cost of forming
equipment, greater umfonmly of thickness than in, cmvenhmol pmssmg “and

~

greater elmgohm o exponsion than would be passible with g conventional
metal . N ' . ‘

b certain structuml oompmen!: the superplostic part may be more
" economical thon o plastic port becauss of the better mep resistance and higher

strength of superplastic olloy: compared with plastics at room temperature.

'
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Moreover, in the aircraft industry and other advenced areas of r;nnufucfuring,
™

there & an increasing requirement for normally difficult to form metals. A
g‘ood emmp!e is {ho firunium alloys presently being introduced in supersonic .
agircraft,  For such projects, the slow forming rate of superplasticity is not a
“factor !irnitir\g its application iarovided it replaces otherw?se m@lu ond
expensive fobrication techniques. |
If the superplastic :tempemfure for an olloy-lis low ond sarvice tcmpertlatures
are Iik_ely to be high, a grain—~oarsening treohnmf may have to be applied
after processing to ensure ﬂnr superplasticity does not retum back during use. 3
This treatment could be one means of substantially im;;mving the creep resistance
of the materlal. However, in case of high melting point materials, the service
temperatures are Wall below the superplasticity range, ond the fine-graiﬁed '
structure can be retained to prov:do excellent mechenical pmperhcs in the:
finished product. The smoll gmin size is also advontageous in that it leads
to the production of very smooth surfoces,' ideal for polishing or plating.
The applicobiril"y of various forming processes to wéctplastic metals is /
briefly discussed below =~ - f
) | Rolling .. o ’ " Va
In rol_ling,' any reduction in the roll force would be advontogeous

S

ond in theory mperplasﬁciry wou!d cliow this if the stroln rate during rolling were

not too high. The rolling of uncommon, ond difficult to work alloys which ore L
_ fortultously superplastic under roll cond!ticns could be carried out to udvunlnge. o
The Ti/6Al /4V qlloy, commonly u;]-.d in the oircrufr mdusfry is such an mhtple )

It hos been suggested that reductions of 10:1 con be eﬂ’ecred in roII uporuhng
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forces during plastic deformation [1 .26]_:./.---\\

i) Forging o \

Low rflow stresses required for superplastic flow pennir
lower loads in press forging. This is portlculcrly beneficial in ports in
which - intricate detail and sharp comers must be obtained. b |hcsa parts

high forging loads are required with conventional materials to achjeve

- complete die _fillmg. With' supefplastic alloys the matorial will con tinuously

flow into the interstices under o modarotn lood applied for .a longer ;;.)erjod and
excellent detcnl is obtained. Soller ond Duncan [1.27]1 demonstrated this by
making an excellent Zn—Al stamping die using a coin as pattem. They then
used this dle at room tempercture to srr'ke an lmpresslcn on a copper slug,
Flgum 1.6{a) . The dyrm/mfi_g strengl¥| of Zn~Al at room fempcrurura is
_higher than that of cquer ond 'the die was found satisfactory for short
production runs. /;’ - L

The w;efplcsh copper alloy CDA 638 is being used on an experimenh:l

basis for computer mempry discs [1.28]. These con easily be forged from this
\\ -

muforial with litHe or no subsequenf g\ochmmg. '

iii) Drawing processes N : g

In conventional cold-wovklng.of sheet whero daep- d'nbed parts
are mqulmd, it is usual to stort with o sheet cmsiderably larger then the plan
area of the fmul part. The material is drawn info the die ond deep parts are '
produced wllhOut excessive, Ihlcknm voriation. . The rom presses on the ‘bottom
of tho cup and the forming force Is trapsmitted lhrough the cup wall in order

ro deform the Flange and drow It Imvurds It con be shown_ thut,tho stress
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: required to causs yielding in the flange is much less than rthreqmred in
the cup wall so that the flange can be deformed inwards while the cup wall
remains rigid. -1 But in superplastic alloys, dcfon'nohcn occurs under the action
of any stress and the cup wall deforms and progressively thins if drawing is
attempted [1.28]. "Al Naib c‘nd Duncon {1.23] have however, used a pressure -
'A'augr.nenfed deep dm.wing process to 't‘:lraw'- deep cups as shown in Figures |
1.5(b)and 1.7. o
'iv) - Extrusion .
Sln'ﬁo extrus‘ion is another compressive process, mast of the
discussion on mlling“cm'd forging would cplply here as well.

Furthermore, aHoys which are difficult to extrude in the normal coarse-

~ grained state may possibly become extrudable in the fine-grained superplostic .

-y

-condition.
P
v) " Die-less drawing and ‘roll-fess' rolling
The resistance to necking of superplas!ic: clloys has been used
to devisa o.mathod of die-léss drawing [1.25]. ) : o

i
On applying tenslon, size reduction may be achieved in a locally

hooted regnon (induction heating is used) which is ot the wporplnstic
temperaturs, Figure 1,8. A good degree of confomity to the original shape.
s powsible and reproducibility to within 0005 inch can sometimes be achieved.
Thero is obviously no die ‘wear or die lubrication. This method can also be
wod to produce controlled tapered or stepped lengths of complex shapes.

A process of ‘io!l4e:s rolling™ based on the same principle can be




Lot —L

Fig: 1.8 Diodess wire drawing process.

| ——aLank nothiaa |

Fig. 1.7 Pressure-augmented deep drawing °
equipment [Ref. 1,23].
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vi) Stretching processes . ’

Supexplcshc alloys in the fonn of sheet or Hnn-wolled tube

can be shetch—formed to produce useful components. Nomally this is achieved
by air or gas pressure applied to one.side ‘of the sheet! or tuba; In order to
complate the proc;r::ss in an acceptable time, say 10 to 30 saconds, the
pressures are usuall)'r' in the range of 50 to a few hundred pounds per s.quoro
. inch. This would be q high pressure compared with those used to stretch- ~forming of
plmhcs but is a !ow pressure for @ metal forming process, = - |

Tho British cor industry has investigoted the possibil ity of using Zn-Al
sheet for prodz;cing cutomobile body'punels. Normmally a large number of
different panells are individually pressed-many of them requiring complicated
sequences of operations - and then assembled together, Wiih zinc-gluminum,
quite complicated ponels con ba vacwm-formed in one operation. :
The a;vanmo cf superplastic ollo_ys in these processes is that much
) latgﬁr surface strains can be achievoid.ﬂbafora failure and also that, for a given
change in. shape, - the variation in thickness acrass the por't will be less for the
sperplastic alloy than for the conventional alloy [1.28). Employing super-
plc:stic:T qll‘oys in stratch forming ope.-mticm may result i r_idu_ctim of todling

- ond lobour costs and elimingtion of interstoge-dnneal ing .
S .
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CHAPTER |

-BEHAVIOUR OF SUPERPLASTIC ALLOYS

(4

2.1 Phenomenological classification

- Superplasticity is @ hot-working phenomenon chserved above a
temperature of cbout 40% of the absolute melting point. Themoar importont
aspect of superplcstiéity can be observed by comparing the_stress, shuinemta.
characteristic of an alloy in its normal “coarse™ groin state with that of the
same alloy in the ultra-fine grain, superplastic state, as in Figure 2.1. -At

conventional forming speeds, both materidls have a similar rate-sensitivity ond

flow stress. At very low deformation rates - creep forming - the rote-

.

sensitivities are similar but the flow stress of the s;:pei'plcstic ofloy is extremely
low. There exists o h'onsit-ion rcmée, often regord‘ed cs the “superplastic ronge®
where the strain rate sen;hivlly, for @ metal, is unusuclly high. Thi; ronge
rﬁay extend over two or three decodes of strain ‘rate. The index m, which s
the slope of this line in @ logarithmic diegrom qfq—é . Bs ﬁvqugnﬂy called

the st;'uh-mte sensitivity index and may be defined by

d (lng ) 2-1)

d (n€E)

br hot-working, conventional alloys have o definite yield point and

thelr flow stress is dependent on stroin as well as strain-rote.  Superplostic

clloys, on the other hand, have no identifioble yleld siress * ; thay deform .

]

* See section 2.3.5 2%
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under- any stress, however small, ond their properties are surprisingly
insensitive to sirain. Their micrastructure is virtually unchanged by large
deformations 'cmd' this,' in itself, 13 an unusuolr chamctefistic for polycrystalline
materials. | \

The classification of superplu.itic alloys presents some difficu!ties.
They could be considered os fluids ond, because their strain rate dependence
is n?:n-lineor with an index in the range 0.25<m < 0.8, they would be
classed as non-Newtonian fluids. Walhin this clcxs:nf'ootim the absence of
a meowmblo yield stress roqutred to initiate deformation, precludcd Ihclr
clossification as Bingham plastics. Within the superplastic range, they fit

the category of pseudo-pl;:sric flulds, but this does not fit their bei‘tovioyr

_ ot very low stroin.rates. In asmuchas these alloys have o basically crystalline

| structure and can be handled in on apparently s;':lid state, they are best
regaﬂed as iollds. The tarm “viscous solid® may be a good description even
_if, In o strict sense, tho words qre contrad!cfory 01.13].

A mora useful glasiﬂcaﬂm can be made by comporing superplamc
olloys with other muteriols which gre hot-worked Flguna 2.2 shows,
schemticolly, tho stress, stroin-rate charocteristic for steel during forgmg g

T md for a polymer in a thermoforming operation. The superplosﬂc olfoy is _.'\
typlcolly formed':ar o lower straln-rate thcn oither of the other two, but it
nﬁy be scen that the levol of stress and the strain-rate mltivl?om both
in botween those of the typical mernl ond the thermoplostic.

Superplasllclry is often regarded o« an- extuuim of nonnol croep

-

tour in metals, Then ore, I fact, mony offinities between creep
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and superplcstlclty, for mstmca, in bemg both rate- dependent phenomeng
pmvmlmg at elevoted tempcmmres Metal phymcuts also show similarity
between _the md\mm of superplastic deformation and that of creep

* particularly at low stain rates. Figure 2.5, however shov;f's that typical
deformation rates at %id wperpldsticity_occurs differ by many orders. of
magnitude than those of creep. -

in summary, the overull phenomenologloal behaviour of superplastic
alloys can be easlly described as follows. At low strain rates, superplastic
alloys deform under fhe action of small smd ~= a few hundred pounds per
tquare inch -~ compared with a few thousand pt_':‘u‘nds'in normal alloys. At
higher-strain rates, up to the lower limit of conventional hot-working speeds,
superplastic ollo;s have a high strain rate-sensitivity -- typically 0.5 compared
with 0.1 in most metals. This behaviour is sufficiently unusual and distinct,
but is probobly best regorded a3 cne region of the overall spectrum of the
behaviour orf deformable solids. Hence much of the theory used to describe
rate-dependent aefamatim can be applied to superplastic forming processes.

2.2  Mechonisms of Superplostic Dofc.n'.rmtion

Metal physitists tend to agree on the basic deformation processes a
. which could operate in supeiplastic flow, however they disogree on the
relative Importance of each process. The principal processes which hove.boen

ossumed to occur during the microscopic deformation of m-perplc:tic olloys are:

iy
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()  Diffusion creep
i) Grain-boundary sliding
(iid) WEC recovery

: (i‘f) Dislocation creep

Several proposed deformation mechanisms are based essentially on
one or other of the above mentioned processes. ' However, os conhover:y
' e.xis!: regarding these mechonisms, it is -only intended to give here q brief
account of ‘their fundamental ospects and to comment on the m?uence eqch
process moy have an medmml pmperhes. -

(l) Diffusion creep [1.8] and [2.1]

-

Figure 2.4(a) shows the mechgnism of vucancy—daffusim cmep
Under on cxpphed tensile stress, the upper and Iower gro:n boundary facets
experience a tensile stress which’aids formation of vucancies. Atoms may
therefore diffuse or migrate as a result of these vqounci;:s from regions of .
oa;m;cssivo stress in the grain to tensile regicns Vacancy ngru)ﬁon may be
oither through the body of the grain, NabamrH.erring' diffusion, or .cl_ong
the grain boundary as proposéd by Coble. The predicfad strain-rate for
NaWHen&g diffusion is,

'EHCI_':_E @)

where L is the average grain size and C ) is a constent and. for

Coble diffusion '. | o ..
| A A @3
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{a) VACANCY DIFFUSION
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Vacancy creep mcchmirn; have severol inadequacies as sufficient’
explenation for superplasticity :
- They predict a linear relation between stress and-strain rate
which is mrcly‘obsre:ved. | _
~ The predicted strain-rates are \;;enerclly mt..lch lower than those
observed cxéerimentully. | g
- Both mechanisms predict gruin elongation which is .rcm':ly observed
after extensive supelplu:.ﬂ'c deformation._ | ' . \
- The sfmm—ruha sensitivity mdex is not unity as predicted but tends

to bo about 0.3 or less at the low shum-mfcs at which diffusion mechanisms
—

might be expected to dominate. |
Ashby [2.2] has shown that grain boundaries act as perfect vacancy ‘
sources aﬁd sinks (as required f-ou.' N-H or Coble creep) mly if dislocotim;
like line defects in them are free to climb, If thesa bef:onm pinned bx;
pmc.Ipltn!es on ‘or near grain boundaries, -they can no longer be perfect
sources and sinks. This may support the Hwor‘y that there is o "threshold
stress™ 0 required to initiate climb and hence diffusion creep in super-
plastic materials. This has l;ecn suggested by some investigators (1.18 and
[2:\3]l to [‘2‘ 8]. Howaver, this urgumcnf appears to be contrived in order

" to pcnnit o low rute-sensmvaty index ot low stroin-rotes as experimentully

; observed. Further research into' the existence and nature lofo‘; is still necded.

P

~
;3

t1)) \ Grain-boundary sliding [1.9) ond [2.6] to [2.8)

Groin-boundary sliding Is the relative movement of adjacent
- P4

'\




grains by g shear translation olang‘ their cannadm interfoce, Figure 2.4(b).
The fact that the grains remain unchanged in shape after deformation in -
most superplastic materials has led o number of workers to suggest that
grainzboundary sliding ‘is the chief mechnnmn in superplastic flow, with
other accommodation processu A large amount of evidence hcs been
presented in favour of grain-bdundary shear. Alden [2.7] for instonce
in .h‘is experim‘ents‘ on Sn.-Bi euvtectic superplastic olldy, has shown that
scratches remaining from metallographic polishing are offsat ot grcir;_
boundaries and remgin rek;tively straight within each grain. A few per-
cent ;h'ain was found :enough to tronsform an initially poli;hed surface into’
Ione with an intense gronular appearance. Further, the grcins remained |
equioxed aofter daf;r;\alﬁon.

- Under conditions of pure gmi;o-bomdory sliding .in small grain |

size systems, the rate of stroining would be given by [2.13)

. @-4)
where C4 s a constont.  Such an ideal situation- is not possible
as sdidingeannot occur continvously on all boundaries without some
atcompaonying defom;oti&l within the grains themselves [2.10]. Without
th‘t';. added dcfonnqtion .:nc;dé the polycrystalline t;ggmgote os a whole oon.hot
be plastically deformed to any apprecicble degree without porasity, [2.6]

which was found genefully ebsent In superplastic elongation. However,
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Johnson [2.5] has suggested that the o&once of voids, ;ma_'y not be such
o scrious problem facing models ixxsed on bmmdory's!iding, as sintering
mechanisms are known to occur faster than was once Mht.
Gm.in-bomdary sliding itsalf would lead to a low strain-rate:
sensitivity because grain boundaries are not smooth, and ofter some shear,
sliding may bo obstructed where ledges and such ohstacles along the
boundary intedock. Thus for hlighly strain-rate scnsifivo-bamdory-shear‘
“to occur, resistonce to siding must be lowered by smoothing out the ledges

_ond meking the stress concentration triple junctions mobile.

oy - Dynomic recovery [2.51

' When shuin-free ;;rulns are produced by recrystallization
- all signs of prior lﬁrde;ihg are removed and ductility is restored. It would
-appeur reasonable, to invoke o continucus version of suchaprocess, i.e.
deformation with slgwiluncoqs annealing, to account for superplasﬂclry.‘
- This idea is somewhat controversial since it pre#:pposes that recrystallization
is the main wftening process during hot-snodcmg There is much ciiscussion
R.1MJ as to Who.f'l*.m.' mcfy:tullimﬂch does §ccur cmtinubt:sly on\d simul faneously
during hot-working cnd mgnﬁding the oltemative softening ;;rocesses which - |
. otherwlse has to operate. For”u)'ul:mple, it is contended that in some . v
materials conventional r‘ecry:rulilizutim occurs only ofter straining ceases. |
hvostigatio:;; which Indicate that superplcs!i.c deformation Involves processos
of continuous recovery have been mainly qualitative cmd rely chiefly on

matallographic ovidence, and much work Is still needed to understand the




role of dynamic recovery processes in superplastic deformation. "

(iv) Dislocation creep [2.12] ond [2.13

Under conditions of nommal high-temperature deformation
in ccnr:e-g:;m'iﬁéd materials, disioqutions_ usually become entangled‘fonning'
distocation cells within each'gmin: Each dislocation cell ccnsist; of a
region of almost perfect erystal bounded by a wall of fangled. distocations.
The size of the cellis is normally reciproFgally relatea to the applied stress.
Predictions of cell size in fine-grained materials suggested that even at
rather high stressés the disl'oca:ion cells shouI;i be larger than gmi;u
as small as those in superplostic';:ll,oys. On the .basis of these .
ohsen(atims, Hayden ot ol [2.12] ond [2.]‘3] have formulated certain
preconditions for any dislocation creep mechanism of supcrploshc:ty

- Creep would occur without the formation of a dlslocunm cell
structure.

~ Dislocations aqpe probably nucleated ot grain corners or grain-boundary
ledges. After traversing the grain, they are prdbqbly destroyed .at suitable

_ gmh-bam&ary locations. -

Yo

b

- Becnu:-e of the low stremses and the great mobullty of the grain .
bomdone: for sliding and m!gmtion It is Improbable |hut dislocation pile- L
ups would be formed. - . e -

Since dislocation calls end’ pllo—ups Inhibit creep their relative
absence facilitates it ond hence my provide an explcnaﬂon of suporplostichy
This model, howmr, hc: “fo ba investigatod Furﬂmr in order to account
mtisfuctorily and qumtimivoly for ‘the distinct stoges of the sigrnoidal shapo

of stress—strain rate curve as ;hown in Figure l 2. \ P
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Avery and Backofen [3.8] explain wperplcsticit_y in terms of Mo
competing processes. h accordance of this concept they developed an
cnalytical exprcs;im of Hn fom

Ag

£ =

5

where L is the grain size ond A,B and B8 are constents at o given
tomperuture. The first term in equation (2-5) is associcted with Nabarro-
Hcrriné diffusional creep ond the second term is attributed to dI'sIooﬁtion
climb. In such a cose vucmcr—rlx'igmtim creep dominates over dislocation
elimb at low rates of deformation and feads 1o @ shrain-rote sensthivity of
unity ot small stresses. 'Although this Is observed i_n'one or two isglated
@a, the more general cbservation is that ih’nin-mte sensiti\‘riry reaches a
mgximum of <1 a3 the :huin'*rate falls ond then decreases aguin: Packer

and Sherby [1.14] have modified equation (2-5) to

' ’ -2 ' PR
j | €= A]:; + Bofainh £Y0°°° (2-6)
| N

Tho fist term is an empirically modified expression for grain-boundary

vog:un.cy-migmtion creep t2_5§] ond the sacond is bosed on dislocation glide

ond was derived by Weertmon. The revised equation ogoin failed to predict’

tho decrease in shoin-rate sensitivity at very low stroin-rates.
)
‘A model for superplasticity in two phase materisls involving
crystallographic slip and’ cntinuous recbvety‘by grain boundary migration

or recrystallization has put forword by Johnson et of [2.14]

+BSinhBo-J' - 7 2-5) :

——_——
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Lc/e [2.6] has propased that at i-ow strain-rates ot least 50%
of the deformation ‘occurs by grt:h-boundary diding v;herecs‘ diffusion
;:reep could account for the rest. b the inter-mediuin strain-rate, where
.rhe strain-rate sensitivity is rnuximum!_ accommodation is qchieved by
,;;min deformation and recove.rjr.
This brief account of the propased mechcmsm for superplastic
~ deformation gives an idea of the existing controversy in the field. More _

work is required to gain coni-;lete understanding of what octually happens

on microscoplc scale dbring superplastic deformation.

2.3 Basic: Phenomenological Model

’

“In discussing mathematical models in general one con hardely improve on
‘Drucker's suggestion [2.15] that "The best model to use is the simplest one which
will exhibit the characteristics of greatest interest”. Fheso mathematical models

f

are usually abstracted from experimental results and the cons!pﬂive equation

most widely used to describe superplastic behaviow in o tens !d test Is _ |
» . . ’\
o € ,m
A | @

where ¢ and & are the stress ond st;uin—rcfa respectively and Uo-
“and m are material parameters. g, indicates -fhe strength of the maferial at
i cf particular g@n—rote, éo is a constant customarily token os'unlty-ond m
is frequently called tho\fruin-rm sensitivity index, In order to avoid the - S
risk of oversimplificotion, the Hmitations imposed on the use of this non-lineor

viscous model (such as stra}p, time, onisotropy, etc) are indicated ond discussed




below. T ‘ ) i

2.3.1  Strain_rate sensitivity

Over an extended range of strain-rates, theg/é curve in ¢

logarithmic diagram, such as Figure 1.2, is typlcally sigmoidal for a super-

plastic alloy. f m s assumed constant, equation (2-7)\will only fit this

curve over a limited ronge of stroin-rate. It is customary therefore to present

curves showing the variation of m with € . These are derived either by -

‘ ) )
differentiating o smooth curve drawn through 0., ¢ points calculated from many

tests, ar, alterr}ctiveiy from a single test in which a number of step changes are
made In the strain-rate, The latter method was first wggested by Backsfen
et al 11.71 and is afways referred to as “the velocity step-c}'.uange method”,
Figure 2.5 is a schematic diagram of the lood-time record of a tensile test
c&ering a c_i;ange of velocity at time t from vgto v;. The extropolation
of the lower‘. curve v_is carrled to eitcbl_ish o comrnon:l ls‘h't:::iﬂ for bothﬁ:eeds.

By ossuming only slow variation of ‘m with strain-rate over the experimental

range, an m value“eould then be calculated from ) S
. ' § . .

e

©

m=ln @ /By ) /1n (Y @-8)

. Backofen found the m value to be reptoduciBle (for zinc-aluminum eutectoid)
and independent of strain-history, being determined only by temperature and
- the particular strain-rates associated with a given velocity change. The

| advantage of the procedure of Backofen et al, besides the fact that it needs

only one test specimon, Is that the flow stresses are compared at constant | e
strain, however the extrapolation of a lood-time curve will introduce oma

error (2.16].




STRAIN-RATE SENSITIVITY, m

Fig. 2.5  Schematic dicgram showing the velocity nteg;d\ango mothod.:
_ PA ond Pp are tensile loods at the seme strain.
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Fig. 2.6 = Varlotion of stroin-rote sensitivity with stroln—ote o3

determined by two different methods for Cu ' 9.5%
Al - 4% Fe bronze [From Ref, 2.24). '
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In Figure 2.6, m versus & curves determined from the two merhods
namely;0/€ slope and velocity change are comﬁared and ‘in general the results
do not agree [2.17). The discrepancy in these cobves i; significant and may
be attributed mainly to grain-coarsening during superpldstic deformation and/or
uncertainties in bofh local true- straim-rate and stress state which arise as o

result of non-umfon‘n alongahon occurring beyond the plastic msfublhty limit

-

—;__;;

‘R.17]..

In technological superplastic processes, abrupt changes in strain-rate

.-
are unlikely and therefore the determination of m from the slope of the o-¢

curve Is the préferred method. In general, these processes will be carried

out at sminmreohﬂ and the error introduced by assuming

: -2 - -1
m to be constant in, for example, the range 10  <c<. 10 ' min  for th{

material in Figure 2.6 will not ba great. In certain very ‘stable alloys;
-this range could be extended to two or three (orders of magnitude,

2.3.2 “—Hardening‘ !

In o constant cross-heod speed tensiletest, ‘the stroin-rate

diminishes as the test-plece exfends. Assuming @ known, constant value of

-

m, a constant true strain-rote curve con be derived. Nichol:on (2.18] fitted _
N, ' L

e e T PRSI

an equation
St U=f(!-.:)”_sn. | ' (2-\9).,..\

to such a curve and obtained a volue of the strain-hardening index, n, of

N

o
[N
L.

- 0.05 for eutectoid zlnc-olm;:lnum.
o _ _ '
Baudelot [2.19] and Suéry investigated the superplastic deformation

of tho cutectic alloy of lead-tin ot various temperatures, and found that the
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" flow stress.is only a function of the true strain-rate, the tempercture and the .
initial size of the—clloy grain. In their careful experiments, large uniform

elongations were achieved and neither grain growth nor shain-hal.'dening -wer’e;

cbserved. On the other hand, Newbury and Joy [2.20] cbserved an apparent

stress increase with strain in testing the same Pb-Sn alioy, but this was shown

by Baudelet et al 2.193 to result from a systematic error dus to neglecrir@

the amount of deformation within the grips in calculating the s?réss-;itrain

diagram,

Watts ard Stowell 12.21] camried out constant true strain-rate tests on

~

copper-aluminum eutectic and found results to be well fitted by an equation 2\_‘
g . :
)

The degree of linear strain-hardening was cppreciable and was attributed to
- microstructural coarsening.  This grain coarsening cppeared in some of thair
tests to be Qwerned by time at temperature and not strain. They also observed
that @ change from a bcnded to a more equiaxed microstructure occurred during

superplasti¢ deformation.

-

Linear strain-hardening as given by equation (2-10a) was also .observed by
Teplin and Dunlop [2.17] in superplastic aluminum-brorze, even in th; absence
_ cfdppmcidhl& grain growth. Théy concluded that the apparent rise in flow
stross s pomnily due to stmm-lnducod hcrdcnirg sand also partially due to the
.dovolopmont of a triaxial stress state in the specimens following necking.

Tho doformation of as-extruded copper 7% phosphorus alloy was studied by

"Baudolot ot al 12.22] and the stress was rolated to straln by




e

0= o (E) +ne. (2-10b)

 whero n fs a éomﬁ:nt. Tﬁe true stmss—sfmin chur'acferistic.of unifor;r‘ify
elongated s'plyecimens showed a transition runge which is associated with the trans-
formation of the as-extruded ond;'hornogenized state to the superplastic state. In
the superplastic range the sirain-hardenmlg coefficient was neghgnbla and the =

stress increase during the defonnatlon was related to the increase of the phase _

size. This growth of grain size was found to be an lncrecsmg funchon of the

Ay
~

deformation in the superplqshc range.._‘ Scme results. were obh:lned by the some
authors in studying the dpformahon of 60/40 Brass. .

In all tests whereo hardening occurred, the undéformed material had ~ . (
marked directionality. Its microstructure showeci banding phu;es aloﬁg either
extrusion or rolling directions. Comequentjy, theso mo‘tel;iols do“'not immediately
" possess an equiaxed grain-structure, a cﬁc@;nf:ferisific ‘&_wperpiosﬁcity, and the
_ test rasul.ts showing on. increase in apparent stress with:deforrhaﬁon s!10§ld be
viewed bearing this in mind. ‘For materials of equiaxed grain-structure in its .
undeFor}hed state, gfain grow‘lh may fdce plcx:é o:;d this can’ inﬂuence fgl 3
proporﬂes as is evident from equaﬁons (2-2) to (2-6) but this cannot be shown
imonfroverﬂbly to be only strain dependent. [t may be time depem!enr as well. ‘ -
The difficulty of mh'oducing a ﬂm/eﬁwtﬁon is we" known in creep [2.23], L .
and In superplasticity until more data are availobla, o-simple model as indicated

by equa!i'on (2-7). oppcars justified.

!
'
j
!
I
-

2.3.3 Anisotropy

R&cently, fow workers [2.24 and 12..25] hav"e'sh;adied thé-‘ur!isorrogic ‘

%
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offects in superplastic material produced in sheet fo:mﬂby rolling. The
metallographic examination of these materials revealed ﬁ&ous microstructures ‘
and elongated grains parallel to the rotling direction in the undeformed cordition.
During uniaxial tests of specimns_cm from these rolled sheets, anIsoﬁ_opy has' :
been reported; this is manifested by unequal transverse s.irains and a dependence
of total elongation on the otfientation of the test-piece with direction of rolling.
The stress s;ruin-rr.rte curves obtained from tési-—pieces of different orientations

are shown in Figure 2.7. Similarily Figure 2.8 shows the variation of sfrqin;rate
sensir.iviry m in the planes of Hn; sheet ot different strair.'l-rores.‘ 'Pht;n.or;:enol-c;;;ically,
the level of the stress, strain-rate curves are very similar and in .c-ny analysis |
should not introduce serious emor., |

- \

\

The variation of flow stress with temperature in 'zinc-oluminum

2.3.4 Temperature

eutcctoid is shown in Figures 1.1 uncf2 9. The results of Naziri and Pearce
[2 251, Figure 2.9 were obtained from a number of isothermal tests ot constant
crass/ head speed The curve of Fields et al [2.26]is, from a smgle test in which the
temperqture was grodually mcrecsed und finally excee(ded the hansformahon
tempera e. The difference in the level of the two curves before transformation
may é due to a difference in rhe grom size of the materials tested.

'lhe dependence of the strain-rate sensitivity on tempemture is shown in
F:gurc 2 10 for the zinc-aluminum eutectold [l 71. It is ween thot m atteins
high values (0 45 - 0.55) which is typlccl for supcrplasﬂc behavicur in the

. temperature range of (475 - 550 Tm) °k
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Ea

\ 2.3.5 Creep yield stress

In an attempt to exp!cinl the low strain-rate sensitivity at low
strain-rates Johnson 2.5] ‘sugge.sted the presence of a boclc—sfréss or "creep
yield® stress. Quantitative investigations \;ghich measure the back-stress in
superplastic deformotfon are almost non-existent in literature. The only e)%ception
is tests formed by Buﬁon [2.4] on the lead-tin eutectic alloy at very low strain-
rates as shown in Figure 1.2. The lowest strain rate in these tests was in foct
the limiting sémiﬁvify of the creep apporatus. By plohing-the low stress results
on a linear sca.!e a c’;isﬁnct onset-stress for the deformation was obtained (= 25 psi)

This back stress is very low and it onlf represents 2% of a typical flow stress
for the lead-tin alloy. This may be not surprising since at elevated temperatures,
diffusion is ropid and only a very small stress is necessary to cause a metal

to creep by atomic diffusion at very small strain-rates [2.27].

2.4 Empirical Constitutive Equations

i
>

The power law given by equation é-n represents the stress,
struin—rafe characteristic of superplastic o"oy: over a limited ronge of strain-
rats, Figure 1.2.. Other consitutive }quutions could be used especially*whcre-.\
the logorithmic g /€ diogram is non-linear in the stain-rate mnge\ of interest.

Two examples of these constitutive equations are given below.

2.4.1 Power low with m §0_ as functions of &

At constant tempemtufe the stragin-rate sensitivity m depends on
the skrain-rate ¢ and grain size L of the superplastic elloy.! The power law given

by equatien (2-7) cen be '\hus modified to have the form

o= o(e,L) g Lol

@-11)




s gy

!

wi‘\aro 'Uo and m c-re functions of € and L. E.xplQions for the
dependence of g and m an strain-rate can be arbitrarily chosen usi‘ng
cmvmtionalrcurve fitﬁ_ng procedures applied to experiment;:! data.

Podmarhn'bhon and Davies [2.28] have presented a numerical mathod for
analyzing superplasticity data determined by conventional testing procedures.
They fitted equation (24} to experimenta! data obtained by Holt and Bockofen
[1.9] for superplastic aluminum-copper alloys of different grain sizes. |t was
assumed that thg actual values of m and 9 o could be r'epresented by

polynomials of the Form

T+ g = i ) r .
m= 7 a, (-loge) L
r,s =0 ‘ 10
e , (2-12)
U= rts= l' . « T [ -
c‘!O I bl'S (-' l% |0 EI) L
r,s =0 ‘

The numerical values of the coefficients a. ond brs were determined by
mul ti-dimensional regressional analysis. Table 2-1 gives the predicted values of
shressos using equation (2-11) at different strgin-rates and grain sizes. . - A

2.4.2  Hyperbolic-sine low

Another appropriate equation for the situation in which the \

stroin-rate sensitivity decreases with increasing strain-rote is _

e - —
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lattices in polycrystalline materials and responsible for the generally viscous
behdviour iarevé:lent in the dgtile metals at Bigh temperatures. Although, so.
for, no genemally satisfactory mechanism of superplasticity has bcenrproposcd,
a number of investigators tl.8] and [1.14] have expressed the. deformation
mechanism by o/ ¢ relationships similar to equation (2-13).

In order to account for the observed low strain-rate sensitivity, Johnson
[2.5] has suggested introducing a back-stress in the superplastic consitutive
equation. The existence and nature of this “threshold stress” has been discussed

i

in section 2.3.5. Assuming back stress 0;' » equation (2-13) becomes e

L]

o
. . go ‘ ‘
€ =€ _ sinh " (2-14a)
o .

or O =0, +0, sinh (—=) (2-14b) |
€ : ;
0 . !
In the above equation. éo’ o o and 9, ore.only functions of the grain size L . f

(measured in um). Further, from numerical analysis it was found that dependence

of ;:o on the groin size has the form

¢, = aht® e
where @ and 8 are constants . The constants in equations (2-14a),
2-14b) ond (2 H5) were found .usinganumerical optimization technique [2.300. The
predicted stresses using equations (2-14) are given in 'i'ab!o 2-1 for different
.shuin-ro!es ond groin sizes. For comparison, Table Z-1 shows also stresses

~ predicted by o power law of censtant m c.r;:d, O, fitted to the same experimental

dorq. Ny -




‘" TABLE 2 -I:_Fitting empirical laws fo superplastic’ data

L (um) |0 (observed) |o- (Davies |o(sinh-law) o- (power-law) | £ observed
. [Ref. 1.9] et al) } Ref. 1.9]
210 205 210 214 5105
510 507 541 528 2 x 104
7.7 1000 1051 1089 958 5x 1074
2100 1986 2100 1940 1.5 x 103
2%00 2379 2624 2733 2.5x 10~
3300 103 3116 712 \d x 10 -3
20 328 320 385 a.S'x 10~
. 810 714 710 728 165 x 104
5.5 1100 1144 1078 993 6 x 10-4
1750 2014 © 1750 1515 2'x 1073
2150 2483 2412 2185 |4 x 1072
3050 1636 3317 3545 1 x 1072
205 249 205 224 1 x 1074
405 414 49 388 2.3 x 1074
4.6 900 o 859 834 811 (7 x 104
2600 2583 2600 2568 4 x 103
3100 3041 3102 3357 6x 1073
4750 3977 - 3744 4706. 1 x 1072
200 71 200 203 1 x 1074
. 520 597 520 550 5 x 1074
1 38 905 903 888 844 1 x 103
: 2100 2013 2260 1988 4 x 1073
3100 3030 3122 3050 8 x 103
4200 5467 3927 4500 1.5x 102 |
105 156 105 110 6 x 1079
600 748 644 657 1 x 103
| 2.8 1000 895 911 849 1.5 x 1073
1500 1358 1777 1452 3.5 x 10~
4000 3603 3906 3650 1.5 x 10~
" 5100 6056 5100 . 5896 3.2 x 1072
110 16 110 118 2 x 1074
: 320 270 246 318 9 x 103
1.7 600 - 552 455 588 - | 2x 107
1020 1096 969 981 5% 10
2050 2460 2064 2015 1.5 x 1072
2900 2191 2900 3175 3 x 1072
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It is ceen that the hyf)erbolic-sino low provides a better agreement .
between the expe?imeniul and the predicted stresses then the other two empirical-
relations. The mean pell'c;cntog:erro; using the hyperbolic low is 6%
rising to 15% when Davies equations are employed. Davies numerical oniuysis:
although possessing generality, fails to predict the stresses at points in the
periphery of the strain-rate range. The forms of the expressions for m ond g o
given by equations (2-12) are cbviously not amenable to'an'alytical sol‘utions
of superplastic deformation problems Vanc‘! thus seem to be of little proctical value.

Hence it may be preferable to represent the superplastic data over o wide range

of strain rate by a simpler form such as the hyperbolic;-\sine: law..

2.5 Mathematical theory of Superplasticity

The deformation of superplastic material under o multiaxial stress system
is assumed to be govemed by the ‘same laws as those originally proposed for steady-
stote creep l;y. Odqyist and Bdii)_f [2.23]. Since the derivation of these lows has

been given many times in the literature it deserves only the barest outline in
o v

3

the present work.
Our fundamental assumption is that superplastic deformation tokes place

without volumetric deformation, i.0. in the wwal cartesion tensor nohation

-

¢ Kle i éu‘ * éu -t éu. =0 2-16)
According to experimental evidence the strain rato & i will aat bo .

influenced by impesing a hydreatatic pl.msuro upon the stress system 0. This,

i.
implies tho introduction of stress deviation tonsor

) 1 ' ' _
S'izcii _3_ 5ii akk an
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whare & ij the Kronecker's delta, is equal to unity when i = i and
to zero when iI# i- |
The rate of dissipation of energy per unit volums is

W=w,_ & = 5. &. 7
i i i

ond thus
i = W ow | (2-18)

If we nowvi-@_frod'uce the hypothesis that W be a flow potential which is dependent

on some scalar quantity of the stress system Oii, then

W=€(J,, Jy, 33) | (2-19)
D
Where JI R J2 and Jq uferiime stress invarionts of the stress deviation

tensor. They are given by

J2=¢ Sii Sii _ _. (2-20)
3‘3»% 5:; Sik  Ski
h pcrticulur\ if inco.mpmssibilit; is assumed and the influence of J 4 is considered
negligible [2.31] equation (2-19) reduces to

CWergy e

If wo limit this treatment to isotropic matericls we may introduce the

quantity g, s ) .
2 3 1 s
= . .y B ; 22
/co 5 SIl .Sli 3 J2 | | 2-22)
.The quontity g is knovn o3 the offective or equivalent s and token a3

tho positive :quarc root of 002 - -The numerical constonts in equation (2-22) are

chosen ¢o that 04 foduces to Oy in the special case of unioxial stress system.

J

-r

PSS WA

i
!
i
1




Thcr.efore‘ equqtlidj (2-21) becomes . . : b
W=f(,) | (2-23)
Carrying out the differentiation in equation (2-18) we Bﬁtuirl
E.= aW - W - ¥e _ 3 aw Sy 2-24)
i 3 S,ii . 30, asii 2 d o, Oy

Equation (2-24) shows that the tensors of strain-rate and stress gre coaxial .

b the special case of uniaxial creep we require that equation (2-24) reduces

to Norton's creep law

- g 1
) 11 ' 11
=2 = ) (2-25)

wr

whero A= _:n_ . Therefore

€ . A . o
=3 av 29./3 “i1 |

S I = (=) (2-26) b

€, dae o, o
and the body relations take the form

. 3. o, A1 S
fER T 78 Ue ) —ciL ‘
! 0 ° @-27)

If now, wo introduce the cffective creop strain-rate éo by mcans of
2 - - .
e? = 3 & (2-28)

cquation (2-26) yialds

oe ée' T ée i
% T

It should bo noted that the above analysls can bo applicd to other

2-29)

ompirical uniaxial stress, stroin-rato relations wweh @ equaotions C2.-l3) cnd

2-6). In theso casos tho generalized forms [2.32] are given by




€ = € sinh (5 | (2-30)
ce _ 3 AT 2.5
CS= 7 15 e 4B o smho Yy s; ()

Experiment- to verify the above theory of superplastic deformation under
mul ti-ccial stress systems has not been carried out. Perhops the reason for
this is the reliance of investigators on the experimental evidence existing ‘in
creep Iirerdh:fg. The only demonstration of the validity of eqt'nﬁon (2-29)
as applied to superplastic deFommrion: is due t;Duncan and Ghosh [2.33].
In their work they have tested superplastic lead-tin eutectic under tension,
compression and torsion and correlated the results using equation (2-29) as
shown - in Figure 2.11. It will be oppreciated’ that the correlation batween the
results is satisfactory. Further experimental work is still suggested fto verify
the applicability of mathematical creep theory to different superplastic materials

subjected to different stress systems.

2.6 Conclusions

Superplusﬂclity is the viscous behaviour of most alioys which.havo an
ultrofine grain sﬁvcrum when they are deformed slowly ot an elevated
temperature.  Their mechanical behaviour con be described simply ond with
reasonoble accuracy but the micro-mechonical mechanisms giving rise to this
behaviour are not entirely cloar. |

~ - Tha present theory used in analyzing superplostic processes owes o

considerable amount to existing mathemgtical theory of creep. In isothermal
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.

superplastic fomming processes in which there are. no abrupt changes in

’//

/}l

e

strain-rato ond where the total variation of strain-rate does not greatly

cxceed one order of magnitude, a generalized constitutive equation of

the form
/
e (Ue = ¢ e,

- T o K :
may be employed. The material parameters o, » €, ond m should be

. desivéd froma o /& curve obkined from steady-state uniaxial or torsion

-

S .
b

1

tests in the upf:mpriute strain-rate range. A \

[

d

)



CHAPTER |1

REVIEW OF PLASTIC INSTABILITY IN THE TENSILE TEST

3.1 Intreduction

L

Plastic instability is identified when o state of uniform plastic strain
gives way to one in which deformation is molm or Iess’lciéuliz-ed. Necking
in a tensile test bar is the most familiar and widely onolyzed emmpie.

By recdgnizhg that ‘t-he stress T is a functi(;n of many varigbles, *
‘iIlCIl;ding strain, € , shrain-rate., € , ond l’empemh:re,AT; Vthen

o =0 (e, &,T) | | (3-1)

Therefdre the net rate of the strain-induced hardening is

|da 30 3 déy. (3gy ¢dT ' " R
T30 &y G ey (-2

Any qne ferm on the right hand side could represent the source of instability
if it becomes suﬁlclenﬂy negative, Usuolly, however, only _3__ has the™
right sign For thu, which suggesfs immediately that the least fendency toward

cdiabatic deformahm confributes to unstable flow. ‘In case of isothermal test

equation (3-2) reduces to

T (& G SN

Tho condition for initiating unstoble flow after any._amount of prior
.streining 13 that, somewhere in the moterial, tho next increment of strain -
.ind;.Jced hardening bs cancolled aut by on accompanying strain-induced
coftening.  This struin-‘induced softcni:‘;g can ba duo to mgtarigl defect cnd'/f)f

trical perturbaticn. T ]
gccr:ta cal per on 57 :

I "

\

—— e
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3.2 Derivation of Instability Condition in Simple Tension

Thero s no cne single "criterion. of tensile instabil ity .

T
If the component is considered s a load camying structure the criterion
is generally @ maximum in the applied.load. This may coincide with a
change from a stote of uniform plastic straining in which smoli perturbations
in strain do not develop rapidly to ane in which stoining becomes
progressively more non-uniform. |
The onset of instability has been related, the.pmtioully, to the
mareriu! behﬁviour in a tensile test. |t is assumed that at the onset of
mstablllty the load carrymg capacity of the tmt-p:ece starts to decrease.
The load P during the uniform deformation region is given by
P=ocA | A (3-4)
Where A is the current cross sectional area of the tensile test
specimen. Thus at the onset of istability R . ~
d?=0=Ad0+o§!A | o N (3“?5
| but since - % = de R W;'\
therefore the condition |
do ' -

S = g | (3-6)
. ,

determines the onset of instability without any particular reference to the

material behaviour.

In o tensile test,for homogeneous deformation at constant volume

€= - fn (3-7)

A
e

=0

N
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Tho strain-rate in the bar is by definition,

. de 1 dA - _ A ‘ '
R e S 3-9).
Theref 2. GA_ A dA L
crofore —.a..g (HA_- T) = (dT +e) (3-9)

Substituting equatien (3-9) into equation (3-3) yields
}

—_— = +g)

do e + Tes (dA |
de e 3 dA (3-10)

’ A\
As proposed by Hart [3.1); .the deformation stays uniform if }‘]‘Ie
magnitude of any cross-section difference ‘along the test-piece does not
increase, i.c. dl.\/dA‘:O. Therefore, instability will start to occur when

(WdA) becomes zero and hance equation (3-10) reduces to

do _ 3o + € 3¢ (3-11)
- .de € T :

If we consider that tho material behaviour .con be represented for
isothormal process by { 7
L} N : N
o SN\g e" ™ R (3-12)
v\}hurooo is o strength constant, n is o stmin-l'mdening coefficient
ond m is the strain-rate sensitivity index, then from equation (3-12) .
20
E
end 2le ) =
T

- (3-13)

n

nla nda

Substituting equotions (3-13) into equation (3-11) yields the instobility

condition

m+nfe = ' (3-14)




For stm\ih hardening materials with negligible rate dependence,
P
cquation (3-14) clearly reverts to th.e Considére condition. For non-strain

hardening materials the deformation would be stable only for linear viscous

(Newtonion) materials in' which m = 1,

3.3 Post-necking Geometry of Tensile Test-pieces

In on attempt. to predict the past-necking geometry of a
tensile test-piece, different investigators have alwoys assumed tho.t the
undeformed profile of the specimen has some-kind of g;zometric perturbation.
The following séctions revié\ff the’ development of the geometry of tensile
tost-pieces for different classes of materigl behaviour.

-

3.3.1 Rigid, perfectly.plastic material (n=m=0)

A tensile bar of a rigid, perfectly-plastic material is
obviously a; the point of }i;;srubiliry as soon as plas'tic flow occurs. The
transformation from unifongﬁ tensile to Iocalfzed flow begins _immediafely at
the weakest cross—section of the bar.

Thomason [3.2] provided an. gnalysis bosed on the assumption that
the no&-uniform flow will cause the load carrying capacity of the specimen
to decrease at the maximum rate with continued extension. On this bas_is,»
the theoretical profiles for tensile :pcc:mcns were determined using an upper

bound s;:ﬁ’rfioh at the neck.

3.3.2 Strain-hardening material (m = 0, n30) ‘
The pcst-hsmbfl'iry‘daforrﬂiﬁbﬁ of tensilo cpocimens of
nhqh“fnr_dcning material does not lend Itself to simple analysis. With

o
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cantinuing plastic flow the strain hardening rate is gradually reduced to
the point where the mte of decrease in load due ‘to d‘ecredsing cross-
sectionol area, exceeds. the rate of increase in load due to strain-hardening.
At this point the moximum load is reached and the sub‘sequem flow ceon - =
become unstable with uniform plastic flow transforming to o localized - -
neck and the elastic pom of the spe.cimen und:argoing recovery under
decreosing load.

An experimental investigation was camied out by Lubahn [3.3]"--?0.
correlote IheJ occurrence of g maximum in the extemal load with o change
in. thg strain condition from a uniform to a local one. Tensile strips of
aluminum alloy were tested at very sn;";ll extension -rates. The grodual
change in shope of the strain ciish*ibuﬁqn along the specimen, as the tést‘
proceeded, showed that the strains were nearly constant with position olong
the length of the test-picce up to strain of cbout 8%. With further straén
increase, small non-uniformities appesred. Lubohn did not consider them as
local necks in the mm"of an instability effect because they did not

represent points where the strain continued to increase in the absence of

strain ot other points. There wos, however, a certuin moximum strain which

3

hos been denoted as the necking strain above which the strains continued to
increase in only one localized Ircgion. This necking stroin wos about 18.5%.
th the necked portion of a tengilé test bar, o trioxial state of stress
exists and the precise evoluation of stresses ond strains ond thus the profile
shape of the bar becomes complicated. Usoful oppr;:ximato calculations of

the stress distribution in the neck of o tensile test bar was given by Siebel and




Davidenkov at al [2.29]. Their analyses were based on the assumption
that the axtial strain across the narrowest section was uniform. Bridgman
£3.4] orppmimuted the contour of a tension specimen gt the neck by o
circular arc anq thus obtained @ set of semi-empirical formulas to determine
the stresses in the necked portion. These investigations invelve cerlgin
approximations’ and do not:'account for the various experimental shapes of
the profiles of the necked portions of tensile specimens tested ot different
conditions.

Recenﬂy, (-:hen.[3.5] has carried out @ theoretical investigation i
the probllem of necking of a bar made of isotropic, elastic-plastic and
strain-hardening material. The tension specimen considered in the anal ysis
was an imperfect bar of which the lateral surfaces deviate slightly from

the straight surfoces of the perfect bar. The initial radius R was given by

R=R, { 1- Bo "“2) ORI (3-15)
where R, is the enc_!’mdius, x is the axial co§rdinuh.a ond & and B
are constants. The consfirutive equation was Fo;rnuloted such that plastic -
unloading was token into account. The strain-rote weas assumed to depend
not anly on the current stress rote but also on the whole stress and
deformation histories.
- A numerical iterative technique was employed to solve the rather

complex, governing field equations. The displacements, the shains and the

stresses woro calculated in tho whole looding history. The predicted load~

displc':cemenf diogroms indicated that the maximum value of the total load of

on imperfect bar ogrécs well with that of the perfect bar. It wos also found

M U e Tl L
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that tha plastic unloading (which started gt the'lends of the bar) did |
begin slightly afre.r the tarul load starts to decrease. From knowledge

of the displacement, the shapes of the necked specimen at different stages
of deformation were calculated and presented. However no precise
comparison between theory and experiment was made in this analysis.

3.3.3 Linear viscous material (m = 1;r=0)

In the f::nolysis of predicting the subsequent profiles of
a bar during the la;t portion of a tension test, Nuda.i and Manjoine [3.6]
assumed the original shape of the bar such that the areas at the end are
. -only slightly bigger than the minimum area. The area along the bar was ' f

assumed to vary according to the relation

A=Ap (] -—E__, S (3-16)

1 + ax4

wherc’A] is the maximum area at the ends, x is the axicl
coordinate in the undeformed geometry and & & B are constants. The _ ; F

viscous material

profiles of the necked bars were predicted for linear

doforming according to the relation

- l _ 0=%é (3-17)

.
Ay

The analysis demonstrated that a bar of a linecr viscous material will be
pulled out quite gradually under tension forces until it becomes a fine

filament in the manner reminiscent of the pulling of glass bars in hot flame.

3.3.4 Bingham solid

- A Bingham solid is characterized by the constitutive

rolation . ‘ , -
‘ G = O 4+ OfF | (3-18)




|

Neodai. and Mgnio'ine [3.6] worked cut a one-dimensional :the,ory
of neck devclopment of @ bor made of ﬂ\is mdtérial. Evidently, till the
stress recchei G o in the nmimum sections, ;10 further deformation takes
place. according to the material law. The other sections of the bar where
the stress is higher than gg will start to contract first ot slow rate. After
o certain finit-e tima the pc‘nion near the minimum cross-section will
stort to controct rapidly ond the deformation will be localized.

[lyushin ond Ishl insky [3.71 by means of two-~dimensional iheory
of vasco-plashcny, studied the stability of tha flow in o thin strip made
of Bingham material under tension. They found the interesting result that
specimens having an undeformed profile with shallow waves may or may not

neck forther down in the narrowest sections. This wos found to depend on

the rates with which the specimens are stretched.

3.3.5 Non-lin?ar viscous material (m <1, n=0)

For o material with negligible ﬁtmin-hardening but rate -
dependence with m< i, ‘equation (3-14) indicates that the deformation is
immediately unstable. It is of Impénunce to dé&tcrmine how the initial
geomeiric inhomogeneities develop during the unstable flow.

A ﬁhysical picture can be obtained qualitatively if we consider
bars of two mutqriuls having @ different rate-sensitivity index, m, but at
zomo instan! the same non-uniformity in cross-sectionol area as shown in
Figuro 3.1(a). In the narrow portion l*he"?h*cs in ecach bor is incregsed

by the zame amount of GOIA but from Figure 3.1(b) it may be seen that

—i

wrmrwe Ty geenr



< % %+ doy S
& &+ d&
———-—‘—"—'—\

r n

2 701 - 0.5

— 10 - 1.0

——— 1r b = l II\

- dE dog - dEq do

B n ; -
/ "

L l [l l L ll'lll!llllll 19 L 1 I 1 l 1 lllllll_l.l_ll]l

E —p» ‘ E ——p

Fig. 3.1  Schematic diogram illustrating the dependenco of the rate of growth )
: of a geomotrical non-uniformity in o tensile test-picce on the strain-
rato sensitivity. ' ' '
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the difference in strain rate Gél»For the material with low m is much

66

greater.. Therefore the non-uniformity in this will grow at o foster rate.

The progress of necking for a non-linear viscous material (m=0.1)
was calculated by Hoff [3.8]. It was essumed that the cross-sectional area
of the bar was 1% greater at the two ends than in“the middle and the
areg varied a.long the bar according to o sine Ic.xw. A state of cne~
dimensional stress was assumed through the analysis. The thooretical
rupture times for intrinsic plastic failure were then calculated and found
to correlate with experimental results.

An appraximate relation describing the growth of a geometrical
inhomogeneity in a tensile test of o n§n4heqr viscous material was
developed by few investigators. In analysis given below refercice is
made to that given by Duncan et ol [1.23].

|

A tensile test strip of superplastic material is t:nx?idered to have
intially o uniform cross—sectional area, A, except for c; short length
in which the cross-section arca differs by o smoll positive quentity SA,.
It is ossumed that in the small inhomogenel‘i'ry tha material strains in
wniaxial tension, i.e. triaxialify of. stress is neglocted.

At any instant the stress and strain rate @ ond € raspectively in

the bar and (0 +80) and ( € + 8€) within the inhomogenoity and the

cross—sectional area is A end A + §A.

By definition: 1 dA
£ B o = o
' A gt
. . 1 d (A +68A).
cnd € +8e = - (A

— o r——
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From cquil ibrium

P= oA = (oc+ &) (A+54A) - (3<21)
The constitutive equation
0 = 00 émr -

cpplied at the cross-sectional crea (A + §A) yields

(o+60 ) =o_( +68) 3-22) -

Combining equations (3-19) to (3-22) and neglecting the higher orders

of §, we arrive at

d (5A) a - ! A dA
= - ) — _
dt m A dt
Integrating yields
A (-=) .
6A = (—) m 5A, (3-23)

Equation (3-23) states that the growth-of an origingl cross-section irregularity
at certain value of strain is very sensitive to the valuo of m. [fm = 1,
equation (3-23) tells that the cross-section irregularities or ‘incipientﬂhecks
are simply preserved during pulling and hence if there are no disturbances
there con be no necking.

Rocently valuable experimental observations have been made by Wray
[3.93 on the tensile plastic instability at en clevated temperature and its
dependence upon strain-rate. The tests were condicted on tensile specimens.
mode of indium-lead alloy at room temperature (0.49 Tm). This.alloy ot -~
| room fcmpérotum is strain-sensitive, non-strain hardening gnd exhibits

an almast viscous behaviour espocially ot moderate strain-rates. The

Y
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“between two types of plastic instability. The first type is the fonmhon

initial undeformed specimens had no significant devuahons from the
cylindrical shape. The change in specimen shape as tensile deformation
proceeds was determined experimentally and the general features of the
change of shape o.i-’.deformcd cylinders were as follows:
-~ the deformation becomes non-uniform eve:éat small strains,
-~ not only one, but several necks may form along the Ieng;h
of the specimen.

Tho necks present along the cylinder were separated into active

necks and dommant necks and accordingly, Wray was able to distinguish

of several active necks in a specimen previausly deforming in.aq umform .
manner. The second type involves the unstable situation that devclop: ' B

when a number of active necks are growing concurrently, olmost at the

o v . oaa

tame rate, and one neck bemmes more active at the expensa of the

others until oventually intrinsic plushc failure tokes pluce at this nock.

o




CHAPTER 1V

POST-INSTABILITY TENSILE DEFORMATION

OF SUPERPLASTIC ALLOYS

4.1 Introduction

In most tensile cold-working operations where the material is
regarded as strain-hardening but not time~dependent, the deformation process
is o stable one; the load generally rises continuously and initial non-uniformities
in the workpiece do not develop catastrophically. The onset of instability is
generally regarded as the end point o;F the process and this frequently coincides
with the cessation of stmin. in certain regions and the rapid concentration of
strain in an unstable or “necked" region.

Tensile superplastic forming operations on the other hand are unstable
throughout the process; the load contirually decreases and, of more importance,
initial non-uniformities develop confinuouslwarom the start. Useful products
can howover be formed in these unstable processﬁs [1.22] fo‘ [1.24] because
the rate of growth of non~uniformities is slow ond large deformations can be
achieved Before the thickness variation becomes technologically unuc;epfubfe.

A cappletdanl;_ﬁis of the unstable l;ohsile:f:loformation of superplastic
test-picces does not c;ﬁpear to have been pre.senfed in the lifercrturo.' In the
work presented in this chapter, tho material is assumed to follow the 'simplo | A
nom-lincar viscous model described by oquation (2-29) [4.11. Initial non- o

uniformities are assymed to bo wlely. geomotric In naturo.  Material parameters
-9 '
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are thoss for common superplastic alloys and the size of nonuniformities
are typical of those which would inevitably be present in commercially:

produced work-pieces, —

Geometrical changes in two simple components loaded in ‘tension
are theoretically analyzed. One part is a slightly tapered tensile test-piece

and the other is a non~uniform thin-walled tube expanded by internal B
. - _ w
pressurization.  Experimental evidence supporting the theory isalso given. . | 1
-

4.2 (/Theoreﬁcul Analysis

] . =
4.2.1 Uniaxial Tension of a. Perfectly- Uniform Te.st-Piece;

When a uniformly disjribh?ed terisile load is applied to the
ends of a perfectly cylindrical bor of homogencous materlal, the state. of -

stress is one~dimensional and the bar deforms uniformly. Consider a tensile '

test-piece made of superplastic material which has a cgmfibtive_equu}Ion in

the form
g, - £ T
\ % = o \
0 o - : “-1)
whero O, Is the representative stress . . -
» - . . - /
€q Is the representative strain-rote - ¢ C "

Eo Is @ constant taken customarily os unity -
-9, Is o materlal strength paramster

m is the shoin-rate sensitlvity Index which is an
Qﬂnerdlly a function of € \ L

&

~—

™
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If P is the applied ‘tensile load, which nigy very throughout the test, the

cquilibrium equation is. _ ) \
A : B L
1/-; : - B . !
- - = T 2 - (4"'2)
- ‘P = A 9% =T D Oa
where A and D _are the cument cross-sectional ares~and
current diameter of the specimen respectivély. ' ‘ ' '
- B * R i \'.
éffhe representative strain-rate, at any time t, Is )
1@ 2@ (“-3)
e " A JE D dt o .
Combining equations (4-1), (4~2) and 3(‘4)—3) yields .
' . . ) , ;,r" ——
E': i A ;”23_ ‘ (4"4)
&8, o 4&-m D m -‘
—t (= =0
- . - dt o, . -
‘\— - B . = N

. If instead of equation (4-1) the experigﬁenfal stress, straln-rate characteristic

of the material is fi_ﬂed by the hypeibolic-slne law , ’,
% e S )
o E;) - .

0

a similor analysis yields the following differential "equation

.dD Eo

®_ _yp=o
_tzao ~ (4'6)'

=

qNoithc{ cquationi (4-4) nor (4-6), in this general form, cre cmencble to

-~

analytical integration. However, for most wperplastic ulldy;, the values

R G n. T,
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of the material parameters m ‘and o are wsually constant- aver a limited rangn

B

of sha:n rate. Therefore, the equ:llbnum equctlon (4—4) can be miegrctcd

such that
i * - .
J o, 4 .m _a_.n
tO ( PR (TT o ‘.dt = "2'- D + C
where C is o constant of integration.
. " A . r -
(@) ' Case of constant load test . o (i/ :

.

Conside_ring tho case of o constant locd test, 'Fit) = Po R
the diameter ot any time t 'is determined by integrating

equation (4-6) which yields S -

2 gt e L
n 0 o I
. D [ch" --m—(_'{&'j ]

» (]

La
L

where Do is the initial diameter of the test-piece. Following

' Hoff's definition [3.8]; the rupture time “tp is the time mcac\d

to reach zero cross-section area and for the perfect bar this
. B |
correspords to infinite elongation. Hence from equation (4-7)
C wp? L ' -
@ 00, m
' T E TR @)

A plot of cxpréss!ori (4-7) is shown in Figure 4.1, for
cylindrical bars made of the some wperplashc motonal
(m= 0.5) but for dufferent initial diometen The absc‘sio

in thia Figuro repmscnts a non-dimemloml time which is

.0

@7,

e
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4.1

NONDIMENSIONAL TIME

Vartation of diameter with time for perfect rods of different Initicl
dl::motcn under tha ection of o constent lced. (P = 200 Ibf,
loooouaf/h‘ ed m = 0.5).
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bar of diameter Do = 1. inch. It is scen that a
difference of 5% in the initial diameter of'a-tesf-piece

would reduce its rupr‘urc time i:y about 20%.

o]

An interesting result pertains to the effect o;r' the strain-
rate sensitivity in a cc.msh_:nt load test.. Figur.e-‘4.2

shows the v;:riafion of diar;'leter with timé calevlated for
perfect bars each having different values of m. The load
on eucl; bar was different and so chosen that the "ruptgra
times” were all équul to, say, the rupture time of the
specimen’for which m = 0..5. Conventional alloys will
ho\‘ro o value ;:)f-m < 0.25 [1.13) ond Figure 4.2 indicates

that ropld acceleration of straining is to be expected in

_constant load tests after modest reductions of 10-20% in

digmeter. In supcrplasﬂc alloys however where 0.5 <

'm <1.0, much larger deformations are possible before tho
straln-rate acceléfates appreciobly and constant lood test

may therefore bo quite appropriate for testing these alloys.

" Controlled-rate tests

The ordinary engipecring tensile test Is vsually carried

out with constant cross-heod speed vg.  In this case

d!.v-gQ'D @a

(4-9)
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TESTPIECE

Lt -J,

0O 100 200 300 400 500 600 700 800

TIME, t-5ec.

Flg. 4.2 Variation of diameter with time for parfect rods of different stroin-roto
sensitivity, m, under the action of o constont lood,
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whare 2.0’ is the initial length of the sp;ecimen.‘

htegraﬁngﬂ(li-lO) yields an expressim for the diameter

<

{

v : ~

D, ot ﬁny time t, as
2 1

DD (2myd - = ° 410,
o 'BWE (4-10q)

N

Applying the equilibrium cordition, the load-time relation

is . ' m
.pﬁﬂoo I)o:‘_f?‘o Yo ‘
4 (& +v pitm - (4-10)
‘ 0 (8] . . o \
Similarily, @ constent strain-rate tensile test may be
/I - cmlyzed to arrive at the rc!ajtions
AR 7 4-11a)
‘D:: D, exp (- €e E/Z) g
ond - n gDz . o . .
- = € =@ let) / {4-11b)

- 4
where écis the constant strain-rate at which the test is
- B - -l - ) - Co . ""1
performed. For the same initial strain-rate o (€)y o, = ;001 sec
tho dicmeter-time curves of the three different coses of,

constent load, constant crosssae_od speed ond constent -

strain-rate tests are i!lus_hutéd in Figure 4.3

L 4

4.2.2  “Tensien of @ Non-uniform Test-piece
I

n ;he following section, the gmwrl; of g slight geometrical
non-(biformiry prosent in axially looded tensile test-pleces Is theorcﬂ&ally'
Investigated throughout the defomn.ticn process. The behaviour of the material
of the test-pieco Is ngd by cquatlc;n (4-1). _

fho undeformed test-piece is considered s a siaight-sided tapered bar

of circuler cross-—section, Figura 4.4(0). ,The toper Is amsumed to be ‘small ond

deformation to occur under q,unicx!al stress stote throughout. Neglecting the

\ )

N aa T
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triaxiality of stress during the progress of the deformation process hos been
This assumption "

assumed by several other irwesﬁgarom 3.13, 3.4 and 3. 8]
|ushf1cd since the experantn] results of superploshc rods tested in tension

N ’

S g
show no localized reduction in ares at cny point along the rod, even at very

large elcngations -
The bor is dlv:ded into | clements of equal mmol length M. Flgurg 4. 4(b)

which aFter the - oppl:oahcn of a load P for time At has deformed os shown
Asuming the volume of,coch cﬂement is constcnt; we obtum
) . -

in Figure R4.4(c:)i.

for the  i'M eflemcn't, at time t =1t |

(Dz b3 +- 1,07 Dit_o i+ 1;9) . ‘(4"1‘2");_ _

o ‘ "“i&“;,l ®i,1*P +1,1%P,1 1) |

The overall length is : | o .
= Foa, . - ‘(4-121:)

o
and the percentage elongation is

L -2
E = -2 1008
% -

(4-12¢)

(@) Constant load test
Tho equilibrium equation of the qth cro:s section of the bar

wnder load B, was gliven before a3
. . @

2 .
C(8-13)

°19
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' | o
[} rho case where the marenal pcrumlatcrs m  and d are

1

—fcs::umed constant the xntegmhon of equation (4-13) yields ..

far tha i™ diameter at time t, ,
. y
L ¢+ 4p L
om- B __0© "o . m . ms <14) -

\ o :
Both equations (4-12) ond (4-14) define the deformed geometry - -

of the bar at ady instant, i.é\«.‘" at any given total elongation
. \ - ) ‘ LI

E. - I the case where m and ‘og are not constant throughM

tha defarmtim process, equations (4-13) may be solved

numerically to obtain the deformed diometors. A computer

4 .
pr'ogrdm was written to handlé .the more general problem of

uqulal doformation of a nm-mlfor?ﬂtensule test-piece with
6

any form of initial geometrical @homOQenony and whoso

D ‘
material properties may be mpresentcd by’ comriruhvo equations

other than the power law given by cquaticn 4-1). This

-\progrum is given in Appendix A—l

Conrmlled-mro test ,

I pither constunt ¢ross-head speed or constont gveroge sholn- -

rato tosks, the specimen length £, Is a simple prescribed-
function of tima. Tho monner In which the spacimen doforms
may alto bo calculated from equation (4-13) axcept that for '

cach tims increment ‘the oppropriate value of P to give the

B
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-

prescribed iength increase must be’ found by on iterative *
mathod. N b
The effect of the strain-rate sensitivity index m on the development
of a nen-uniformity is shpw’rﬁ schematically in Figure 4.5. The undeformed
bar was 1 inch diameter by 5 inch long .with a difference in diometer of .01
inch. The difference in diameters for different m is shown for bars extended
to appraximately 500% elongation. (The width scale is exaggerated in this
Figure). For the linear viscous material, m=1, the qb&olut_e difference in
cross-section oreg_fx-*om\cne end to the other does not altor, and this agrees
with an earlier 'cmolytical ;'esulr [3.11, the proportional non-uniformity
8§ D/D max Wil however incmcse‘.os Dinax becomes smaller. Figure 4.6
also shows similar results over a wider range and indicates the very ropid
growth of a non-uniformity in non—superplastic materials i.0., for m < 0.25.
On the other hand the some Figure shows rh;:t lorge olom;\gutims ccﬁ borqcbiovod
with the least amount of non-uniformity If m is kept os high os passible i.e.,
m >0.6. Figuro 4.7 shows the strain.rate distribution along the langth of the
test-pioco for differont elongations. 1t is soen that the strain-rate at @ given
crr;::.-sccﬁon of tha bar, incregses continuously as tho deformation procecds.
This, of coursa, is due to tho viscous behoviour of tho material as degeribed by
cquation {4-1). It also axplains the large olongations usually achioved in
wwparplastic tensile processos, sinco at any stago of the process, cach part of tho
tost-picco contributes centinuously ond considerably to the final elongation. In

ncn~cuperplastic matorlals aftor cortoin point, tha deformation bacomes localized

in o small part, the neck, ond virtually ccases in the adjacent parts; thus
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Fig. 4.6 . Growth of nm-m!fmnliy, “Dmin) / D mox? with total tion
. for test-pioces having on hltmxnm-mlfomity of 1% and deformed

_ under constant lood.
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rupture occurs at low elongations. Tbe strain-rate dlstrlbuhon shown in Figure
4.7 demonstrates also the incorrectness of the statemeni that the increase in
the flow stress at an incipient neck in superplastic material will cquse the .
deformation to slow down in this region;

Tho rate ot which different nen-uniformities will develop as the bar
elongates is s.hown in Figuro 4.8 for o material having a skain rate sensitivity
index, m = 0.5. The rate at which small nm—miformities devanP‘ is ‘nof
large and it shouid be noted that tho smallest valie ihown, 0. 5%, is equivalent
to an initial dtscrepcncy of 1 thousondth of on inch in o bar of initial diameter |
of 0.2 inch. In gg’heml, the discrepancy in machined tesl-pieces would not
exceed this valuo cndma;often be much smaller. The averoge strain-rate ’
during the tensile defmpotion of a non-uniform test-piece is-plonod versus
olengation in Figure 4.9 for the h‘m;a types of tests. It is easily seen that
tho average stroin-rate in a constant load test increases by less then one order
of magnitude for large elangations (250%) which again suggests that constant |

load test may be sultable for testing these materials.

4.23  Free Exponsion of a Thin-Wolled Concentric Tube |

by Ihtemal Prusure

Consider a perfectly-thin walled concentric tube mode of
superplostic materlal which deforms according to the power law given by |
. quatien (4-1). Assuming that thin-shell theory holds, the equofions of B
cquilﬂitium;will wifice to determine the siate of stress in the tube due to

~ cn Intemal pressure p, as follows:~
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_tho heop stress resultant s, ’
Mg =pry - , | (4-150)
end the axial stress resultant s,
Ny =Py /2=Ng /2 N
1 LT . ) ’
vihera I is t_ha current mean radius of the tube. The '
. | ] ‘
ropresentative stress O is {hus, given by s b
U‘=ﬂ§3=ﬂmﬁ_ ' (4-16)
- e 2h 2h /

whore h s the current thickness of the twba. For o long tube,

the deformation is plone strain and the oxial strain-rate éa = 0.

\"herefor_a tho volume constancy condition is \ ,

Cg * & =0 T (4-17)
- ' . , e

‘ - {
¢ where * E':e‘ is the hooP strain rate and Eh is the fbickncs strain-rote. -

a

$ w2 ..2 L & -
e” "5 % VI B a (4-18)

" The representative ’"'39"""" £ 13

Substitution of equation (4-16) ond equation {4-18) into the

- constitutive equation (4-T) yields the differentlal equotion
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Using the incompressibility condition ™ .~

. b ' | o
"n '}1'0 R - " (4-20)

- . N

where Yoo is the undeformed mean rodius of the tube, equaticn i t
, ‘ ) , :

-

(4-19) tokes the form

-

: 1 - _
- I+~ vpr h

dh -, Y3 m~"mo oy m .
g St 20, h =.0 T (4-20)

=1 Ly

The solution of the above equation in cenjunction with equation
* ¢

(4-20) defines the doformed geometry '(ihe mean mdiu:.ond the
thickness) of the tuba at ony‘ timea t. For cases where m and =
g, are ccns?mls, the solution of:equotion (4-21) is oblained

analytically but otherwise a numericol technique must be employed.

() Case of constant pressure

\i-..

 For tho case of constant intemal pressure P = P, . the

/ : I "
solution of- equation (4-21), assyming constont m and Yy _

- 1
hnh‘[l‘-—'gﬁ _JBrmoP m]m/2
o™ = oo . 4-22)

is

-
The theoretical rupture time, assuming complete ductile : o 1

failure, ‘Is da:ermlnLd by setting h=) in equation (4-22) |
_ 2 h o . L : ;
LR N

L




Obviously tharupture time decreases as the shoin-

s:nsltiv:ily index m decréases.

®) | Case of constont strain-rate

; _ : An équivaler;t differential foﬁn of equation (4-18) is

s ' )
do
——n@-l-z

ce

"R

(4-24)

4

- If the tube expands ot constont stain-rate, 9 will remain
cm;tqfxt and thus do_= 0, Hence integration of

(4-24), making use of the initial condition, yields

m,0 h,?2 -

P Py (""—L"’; "PO(H)
o

m (4-25)

whare po is tho initial pressure. Substituting equation

(4-25) into equalidm'(4-21)J and infegmting gives

nenon LVE RO,
(4-26)

T
!

Figure 4.10 shows Ath'c varigtion éf the thickness with time

in the two ptx_)cmcslof constont load and constont strain-

rate: t.ucp'umlm of o tube of superplastic materigl of m = 0.5.

-

4.2.4 Free Exponsion of a Thin-Walled Eccanh*ic Tube

\_fl Intemal Pressure. o ;
A thin~-walled tube of o wperplasﬁc alloy con be exponded

by Intemal pressure to many times its initial diommr 0. 23] as :hown in

.
A

:
P
I
b
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Figurc 4.11. One type of nm-mifonnity is ovident in tha photograph,
namely the variation in diameter alang the length of the tube. A tube
of struh-—l’mrdmﬁwg material will, up to o ?oint, remain cylindricoi during
expansion whereos i the superplastic tube o section where the diametor
is slightly greater than elsewhere will expand foster and the bulbous shape
will grad;.Jully dqvolop. A second type of non-uniformity con be observed
on a nomal sc‘cﬁon of such a tube; regions'w‘hich are locally thin will o
strain faster ond non-uniformities in the wall thickness will develop arour.xd :
tho circumfcrellice. |
Extrema expansions as shown in Figure 4.1 aro not ottﬁmptt;a

industrially but diameter increases of 2-3 times may be required and the
variation of wall thickness ‘is a tec_lmblogi:ally importont consideration.

| The initiel geometry of the tube analyzed in this work Is shown
- schematically in Figure 4.12.  The mid wall line of the tuba section is
murr-red to be of-lﬁdim fm,0- The wall thickness at any point . ' » '
B casily calculated From the other éemhicul quontitles shown in Figure 4.12. 1
| b cddition to t'he assumptions mnﬂmed.ﬂu'oughwt tho analysis of the !f
cancentric tube, the 'followhg assumptions are made:- !
- the cross<section Is initially uniform axially :nd ‘

remains :6 during. exponsion .‘ . |
- the mid-wall line &, at any lmtont, a circle of rodius fp.
.Expcr!man'lul'evidence; indicates that this assumption i3

volid up to reasanably large diometra! exponsions. . -
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- Tha eccentricity is small with respect to the mean radius
to that bending and shear stresses are negligible [l .221.
Tho plasticity theories given in sac‘ion 2 4 cnd conshtunve equation
(4 I) are employed and a numeneal anclysns is- performed by censidering
the deformahon of a large- number of elements each subhfndmg an equal
Vcngle 48 initially. The initial Huckness of each element h . is readily
determined from the mihal geomerry, Figure 4,12, Assummg the volume
of each element remagins constant, we obtoin ot time h = tgh A, the

1s
i

condition, ' - v

B By (r | |
/ ‘h 2 m,o 1‘,0 (4-27)

thia 26
2 m,l' i, 1

With the above ussumphms, the clrcumferential and axiol stress

. rosullonts are

S

"6 " P a1 | - (4-28)

a ‘g2 . B - (4-29)

whora Ny h‘&\stmt around the circumference at any instont.
Tho cquilibrium equotion for the i™ thickness is
| ' 2

4

. L I3
- ¢h L, Fpdy g - ‘
ti:" =N (—5{;0——)’ hy 0 © . (4-=30)




_ 'ho)e-o
Flg. 4.12  Schematlc soction of the undeformed ncn-uniform tube.

f
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To wolvo cquations (4-27) end (4-30), in a general case, an
increaso in the meon radius is'os_sumed for @ given pressure p applied

for a timo At. Valuesofh -'°|"j+; l'andAB !-...Aej'l

aro obtained ond the soluhcn is considered correct if I Aei =7
i=1
If this condition is not safisfied tha comect volue for "m, 1 is found

by an iterative method. This method of solution is suitable in cases .
where tho pressure p is an unknown function of time or when the material’

parameters m and- O aro functions of the strain-rate. However in the

cuse of constant pressure expansion of a tube made of superplastic alloy
S

of constant material parameters, the current thickness | h; is simply given by

1/
73t ,/3m,oPo (M
hit:hi'ofl- = (” 237}

° 43y’
Tho result of a typical calculation is shown schematically in Figure

4.13. The wall thickness is shown to an exaggerated scale and the caso

| cnalyzed is @ tuba of 4 In. "diomeror"by 0.1 in \ﬁll thickness axp@dca‘ to

‘a fin;l diameter of 8 in. The thlckll'less\v\;-riotim is def‘med by

H. = (hmnx “min) /hav %

which in this example was initlullly 10%. The diametral expansion,

dofined by, Ry=(r otm o % was 100%. The pmcribcd process

L Tm,
in this cxamplo was ono of cmstcnt mean straln-rote; the vuluo of m for

tho material wes 0.5 and the initiol and final well thickness is shown for
various points around lhe tube. It will be obsarved that except for points

en tho axis of symmotry, the trajectory of a point has both @ rod!ul and

tzngential component.,
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In the examples considered the geometry of the tibe was not
dapcndent on the type of loading process chosen ‘and for cmvcnience
a consfant pressure loading process was chosen for subsequent exf:mples
rather than constant strain-rate or cmstmt—mte_of diametral expansion.
lh Figure 4.14., the wgll thickness variation is shown for ;Iifferenf values
of m. The initial thickness variation wos 10% ond this doubles after only
15% expansion for the nm-supérplnstic tubes, m<0.25. Fora super-
plostic tube, m = 0.8, an expaonsion of 70% can be achleved for the
tame increase in non-uniformity. The influence of initial thickness
variation In @ tube having m = 0.5 is shown in Figure 4.15. b
_ commercially pmdu;:ed tube, the initial thickness variation would probably
bo between 2 ond 5% ond the example shows that this would increase by
a factor of about three for an expansion of 100%. ‘

Similar to the results obtained in a tensile test of a. ron-uniform
test-plece, the thickness strain-rate becgmes higher at then thin points
of the tube than that ot the thick ones. Figure 4,16 iiluatrlute: the
thickness stral-rate variation around the tube for different diametral . -~
expansions. This justifies the stotement that, unlike conventional metals,
:trninlng does not become cmcentrahd in the inclplent neck; it meraly

ptoceeds at a higher rote and large deformnﬂm: occur In ol parts of

E‘ .
|
!

tho deforming body before ruptum takes placs.

<

Figure 4.17 shows the variation of the non-dimensional averoge

thickness strain-rate &, during @ constant pressure cxpumlm‘procecs.-_ It
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Fig. 4.14 Didgram showing the e!‘fe<':t. of strain-rate sensitivity, m, on the increase
of non-uniformity of wall thickness during expansions
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$l5; 4.17 Diogmm showing the effect %F strain -rote nmilivlfy, m, on the
increase of gveroge thickness strain-rate during the expon:ion '.
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I3 zcen that tho change in €, does not excsed one order of magnitude
up to diametral expansions of 75% for o typical superplastic alloy

(m = 0.5).

4.3 Expcnmenh:l Waork

4.3.1 Conﬂunt Cross Head Speed Teniile Tesix\:éf Uniform

Test-Pieces.

Thh section descnbes tha results of experaments performed
to determine tho behaviour of the Zinc-Aluminum eutecroid alloy. The
material parameters _and m in the power Iaw

! . m
(-f,‘—) = () : ,
o 0 _ . #-1)
were obtained from constont crms—hood'spéed tests. The determination
of theso muterlol porameters !: essenﬂol in immsiigotmg the te.nsilo

deformation of non-uniform tensile tur specimens.

(o) Material ond specimen preparation

The material tested was on qumcto‘id zinc-aluminum ollox
| (78%211 - 22% Ai). in order to produco the ulhu-ﬂné grain
structure rqé!red For superplosticity (4.2, cast slobu were
homogenlized at 3809C for o minimum of 8 houn They were
 then hot-rolled at a temperature above 280°C fo about 0%,
mdutﬂon The resulting theeis were soluticn-treated at 340°C

"y

el




&)

" 104

“for gbout 2 hours and quenched ‘for 3040 ssconds in ogi\tuted ica-

~ cold water, The sheets were then cold-rolled to the final

dimensions of 3 foof square by .085 inch thickness.
- Tensilo test specimens wera ‘uccumtel)},tmchined by
milli;lg from fhe wpcrplasti§ sheets. Smc;H cb'l: end cdequate
coolant were used in the milling pmce:s to ensure that the
material properties remained unalltt:red.‘ The dimensions of the
tgst specimens are shown in i-:igure 4.“18(a)_. The specimen wide
shoul‘d_ers were necessary ' to _minlrnlzo- the deformation within the
grips during the iv;ansile test. .Thten sty of Ispacimens were |
prepared and the ‘first set was tested in tho.cs-mcéived condition
while the sacond set ws annecled-ond the last sa.l quenched.
The onnecling process wos performed by kcepigé the specimens .iﬂ1
a heated fumace at 350°C for & hours and then allowing them to
cool down, in the fumace, to room temporoh}?o; The qqonching
process consisted of the same homogenizing prot':edure followed by
quenching In ogitated Ice-cold water for ubt‘:uf 30 seconds. The
microstructures of three material conditions are shown in F-igura 4.20.

A gauge length of 1.25 inch was scribed on gl the specimens ond

megsurements of the thickness and width were recorded .

Tost procadure >

ih ordor to determino the matericl parcmeters, comstont cross-heod ! !

specd tests were performed using an In:b'o_n machine. The ftesting
' \

o
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fig. 4.18(b) Tensile grips for superplastic moterk! tésting
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Fig. 4.19 Expcrl:mhiul amangement for constont cross-head
spacd test of Zn - Al eutectoid alloy.




(C)  ANNEALED .

FIG. 4.20~ MICROSTRUCTURE OF ZINC-ALUMINUM
EUTECTOID ALLOY (X 1600)
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arrengement is shown scﬁcmﬁca!ly. in Figure 4.19. < The
' tost spocimen was fixed in specially desiéned grips which provido ~.
both pasitive and frictional . gripping action, Figurq#'.la(b).
A compression <.:oiul spring; was used to com#cnsa!e for the loss
of the frictional gripping force due to ony thinning of the specimen
within tho shoulders. o v h |
‘f Most of the tensile tests were conducted otutémpemtum

of 200°C. 'i'ha cs-recaiveﬂ material was also tested at 150°C.
The media wed to p:ﬁ@g these high re-m‘pemtures was an ' o
ofectrically heated oil bath, The depth of the oii bath was
on_obgh to enclese the grirped spécifnen up to 400% elongation.

The tost slurt?d by immersing ltho gripped spoc;imer.\ in
the oil bath which was at obout.140°C. The oil was then heated
up to the required temporature. An intermittent stiring process -
kopt tho~oil temperature uqifq;'m. After opplying a very slight
tonslon on tho specimen, both the cxtensi&\ d_icis and the locd
cross-hcod‘ travel chart were sat to zero.

A preliminary tensilo 3&m was flrst conducted. Tho
tost was Interrupted at different sm;s qnd the cumrent distonce ' J
botween the gauge morks . was measured, thus providing the actual i;
oxtension of the gauge Icngr‘h.’ By knowing t}n—cfu;t speed the )

extension was also calculoted from the lood crots-heod travel , ’

chart. Comparison betwoen th two methods of estimating tho )
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cxfension showed a negligible differenca.  Consequently it

was decided to uso tho losd crass~head travel chart to colculate
tho cumrent fength of the specimen.

Tho tensile fests were performed at constant cross-

" heod speed within tho range of 0.002 - 2.0 inch/minute.

A typical load cr_uss-héod travel chart is shown in Figura 4.21.

Dotermination of material paramaters

.Sh'ass,‘Stmin-mlu characteristic
The intorpretation of the constunt cross-head spoed test rosults ’
chown typically by Figure 4.21, was based on the assumption that
tha cross—sactional area of the test q:eéimcn, remained uniform
during tho test., Thus the uniaxial stress ¢ , end the stroin-rate

€ wera calculated using the expressions,

[a)

g N 1
"R Aozd 4-32)
v

€=

“x)

wharo ‘v, s tho constont cross-head speed ot which the test

wes conducted.  For the purpase of calculating the o/¢ characteristic,

tho lcad P and tho length £ in oquations (4-32) and (4-33) aro
token to correspond toﬂmm!:mmloudpohtmﬂwloa&-cmf
heed trovol chort. memtd&mtmtspmforﬁwdm the a3~

E

[§1
LN
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" CROSS-HEAD DISPLACEMENT=inch.

Fig. 4.21 A typical load, cross-head trgvel dicgram cbtained from tosting
' swperplastic Zn - Al alloy of constant speed.
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recaived and quenched material, the maximum lood occurred
lot‘stmfm in t.he vicinity of .075. Table 4-1 shows a typical
sot of data for fests conducted at different speeds on the
quenched material . o |

1}

TABLE 4-1: Constant @ross-head speed test results k

Ag = .0294 inch® 2o = V.25 inch Material condition:quenched Testing Temp.

= 200°C —
Vo ) P A . e L
inch/min| inch Ibf inch per sec Ibf/inch
002 {1320 | 6.37 .0223 2.25 x 10 | 286
010 | 1335 | 82 | .02 | 125 x 0% | 406

o

f

050 l1s00 | 1217 0226 6.40 x 107 | s38
.100 1.325 { 13.77 0222 126 x 10° | &0
500 | ras | 202 [ o222 | 63 x 103 | 92

2.00 1.350 | 31.97 .0218 2.47 102 | 1465

The stress—stroin-rate characteristics of the as-received,
quendl;:d ond annealed materials are shown in Figures

v 4.22 ondd4.23. " A straight line fit of Idgcror versus loge
does not appear to be o good representation of the lmaiur!al
behaviour over the whole strain-rate range. Hence the two
po!nbéonn:_émdhg to the lower strgin-rates ‘were excluded
and the power law ’

&= (5" -
o, E,-p (e, = 1)
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vas fitted to tho rost of the O/époints. Tha lecst _zquare
ﬁthng mothod ‘was used to datermine the maréhcl paramaters
g and m as given in Table 4-il.

O

Strain-rate sensitivity index

Tho strain-rote scnsiliv“iry‘ index m af constont temperoture is
defined by m= (d i'.n a) / a (eng).. |
"It may be determined by twd different mathods. The first method
usas the stress-stmin roto dicgrom darived from ;utsild tests of
different specimens, eoéh pulled at different cross-head spce&.‘
Numerical diffcrentiation of tho logarithms of both the stross

and shuin-mm dotermines tho’ variation of m with tho strain—
rate. The second mothod invalves making sudden chenges in

tha crocs-hecd speed during the tensile test o’:‘ ana spemmcn
Accordmg to this mathod first suggahad by Bockofen [1.7],

tho valuo of . m at a given value of strain and temperoture is

- m=2n @, /P /i (VA (4-34) -
wharo PA ond VPB- are the steady-stote loods comespending to

‘tha different velocities, g mpectiv;ly (see Figura 2.5).

A typical 5,0f dato of. the volociry-dmgo method i éim
for tha queliched material in Tablo 4111, The variotion of
mvs.e csdotonnimdbyﬂn Iwomﬂndsisolsodtom En

| Figures 4.24(o0), (b) end (c) for tha thm differen? mtmial

condltions.

|
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TABLE 4-ll: - Material parameters for Zn - Al eutectoid

L‘\
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|Material Condition | Temperature ©C | m o_lbg/inch?
of testipg '
As-received 150 .280 8940
As-received 200 315 5230
. Quenched 200 .30 4080
Annealed ;] 200 — —

L)

TABLE * 4-lll: Dato obtained from ﬂ" velocity-step change method

!.o V=o I.25'_i:<:h/P “n::ferii’l condition:qu;nt::zed Test Tcm-;mmh:ro:ZOQOC
inch/min | A7'B " Inch soc ! m

002 | 0.625 - | 1.371 2.43° 10° 23 .,

005 0.855 1.376 6.05 107 183

01 0.850 1.413 l-.IB 107 236

.02 0.825 1.493 2.23 107 .212

.05 0.845 1.580 5.27 107 245 )
.10 0.815- 1.670 1.00 107 300

2 0.800 1.795 1.86 _'lO:a 347

5 L 0.775 1.940 428 107 367

- r——_
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" The discrepancy between the values of m obtgined from the
two methods has been observed' by other investigators [2.17].
It has been argued that the velocity step-change method is
not reliable since a true steody-state within the material
structure may not be always réached after changes of cross-

head speed. ,

Moterio]\ Bcndening

Tho load cross-head travel charts obtained from’ constant speed
tests were used to caleulate the o/é characteristics at different
values of strain. Equations (4-32) aond (4-33) were employed

to cbrain the stress, strain-rote curves represented by solid lines

in Figure 425 Each cirve is obtained from a single constant
éro#-hcod s'pee'd test and a point on the curve comesponds to

a particular value of strain. It may bevsecn, porﬂzl‘:ulurly for
the ds-rc;:eiveg:rrialnriul; that there Is on apparent increase of |
stross with decrease of stain-rote. (In a cmsru;t speed te;t

the strain-rate diminishes continuously with increasing elongation).
Tho dashed line in Figure 4.25, joins the stress,strain-rote polats
corresponding to the maximum load. A plot of o-¢ curves obtained
from o number of constant speed tensile tests for the os-mcoivéd

* material, i shown in Figure 4.26 for different volues of strain.

It i;. scen that the slope of o-€ curves remains almost the samo

although the stress lovel ot o given stroin-rote increases with

-

~

-

1
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Fig. 4.25 Stress, stroin-rate characteristic of Zn-Al eutectoid,

- derived from constont cross-head speed tensile tests
~ at 200°C (o} Quenched matericl, (b) as-recaived
* material. S -




121

2500 _
1000}
od
c-
\- i
o
| 500}
'(f)"- .
w
L | + € =075
- & 2504 -
= O € =182
A € =336
O € =470
100l | 1 — ] -
25 5 103 25 5 10-2

STRAIN RATE, €—sec”!

Fig. 4.26  Stress, straln-rate characteristic of os-received Zn-Al
cutectold ot different voluves of strain.




increase of strain. This material behaviour differsfr:)m the
sh'uin--lmrdening phen‘o‘m'ena observed in the deformation of
conventional olloys-in‘\'the following ospects: .

-- The increase of stress during _supérplastic"défbnnaﬁon occurs
.during the unstable flow régime;_ i.e. bcz-on'd the maximum
load pojnt. The state of deformation is then a non-umiform
ono, ° g

-- ‘In Q ccrx;.?aﬁt cr&&-héud speed ‘h:nsi!o test the stmin-mtﬁ
dinﬁn' es as the specimen elongates. For a rate-sensitive
material this means o decreaso in the rcsistur;lt:uo to flow ond
‘\this obviously introduces o difficulty fn interpreting the tcsf#

o results, '

-

< == The increase of stress- during superplastic d.eformc:tion could be
considered asafunction of the deformo-ﬂim time rather "than srmipa
" ond this obviously co"mplicut’us th? mathematical modelling of
the material behaviour [2.231.
-~ Ancther reoscn whizch may confribute to the incroase of stress
during superplastic deformation, l:'tﬁo grain coarsening [2.21]
= which may toke piacro during tho fost, This is however o

controversial ‘matter and concems the mochur‘\‘i:rn of superplastic

deformation, - J .

-
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- Tho isolation of each of the cbove factors and the assessment

of its influence on the apparent riss of stress with strgin is
necesary in understanding this material behaviour. This

Is obviéusly a difficult task. Soma work cnalyzing this
rnat.erial bcho\;iour has 'been veported in the [itercture, however
tho data available is not yet cmclusi\‘fd and use of @ modsl
"which neglects sfrain-hardening appears to be justified at.

tho presont timo.

Constent Loed Tests of Non-Uniform Specimens

()

Spacimen preparation

\5 . ,
Tho matorial tested wos in the os~received condition in tho

'bfdm of sheats 3 foot square by .095 inch thickness. The i
matjiod used fo produce the ultra-fina grain structure required,
for superplasticity was described in Section 4.3.1(c). Tho

test epocimens wero machined: from the wgc:rplnsﬁc theot , to

. . ."r"?
- tha dimensions shown in Figuro 4.27(0). Tho specimens had

-_t .
untform width of 0.400 %" inch ond thickness- of 0.095 inch

ovor @ gauge loength .of 2 inches. The gauge length was

ceribed In the control portion of tha si:ec!me @3 remotd a3
’ ¥

-
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possible from the specimen shq(:lders so that any constraining
offect on-the ‘aeforhnti;n within the gauge length waos avoided.
Tho specimens wemrdfvaed to three batches and each one
wos remachined to produce a specific nominal width-taper, s given
by w, W .
Aw"z(-“_;-;_)-tao w2>wl (4-35)
where w) and ‘”2 are the widths at the extremo marks of
tho gauge Ienglh,' ond w__ is the average width over the ‘gauge

length. The values of the initial toper wero chosen to be 2%,

4% and 7.5% over the gauge length. The 2 inch gauge length

was then scribed cross-wise ot oqual distances of 0.25 inch as
shown in Figure 4.27(0)- The thickness of the spacimen wos
measured ot different points and found to be uniform within

_ < L0005 inch. Using o tool moker's microscope with least
'~ reading of 0.0001 inch, width mecasurements at the different

marked stations of the gauge length were token and recorded.

‘Experimental equipment ond test procadure

Constent lood tests of tapered specimens were conducted in on

‘ oven with o loading arrangement es illustrated in Flgufn 4.27(b).

Tho oven wos fabricated from asbestos boards of 1/8 thickness and
1

had the Inside dimensions of 2 x 2 x 2 feet. Heat is generated
by three strip-heaters with fins each of copacity 15 kw. The

power supplied to the heaters .was contrelied by meons of threo
i

|
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. | ' , _. LOADING. FRAME
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| ¥ H ’
}): | | _HEAT CONTROL
I 1. . / ™
. (% Jl | VARIABLE sPEED
| v% | [L1” FaN ?
" | : g
HrEST LK) /| TEMPERATURE n
. SPECIMEN _ 1+ {ﬁ%- MEASURING k
; | K L - DEVISE
il }
U X ! I\l
i — o - — )
FTH - U |
= |
™ — S
)  “WEIGHT
_ P

TITT TIPS
/ ‘

Fig. 4.27(b) " Equipment for testing non-uniform tensile specimens
- under_the action of constant load at 200°C.
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multiple pasition swirch_es; Tho air circulation inside the
ovcn was assisted by fixing a 6 Inch‘variob-le speed fan ;:t
tha back penel as shown m Figure 4.27(b). The tensile
test specimen was verﬁc\ally h.eld in.sida the oven using self- )
cligning grips. Two thermo-couple wires, one cmnected' o’
the top grip ond the other to the bottom one were used to
 medsuro the tempert:h;ro along the sp;cimcn length.
Two non-uniform specimens wero mounted vertically in
tho oven and caro was token to obtain couxibliiy of loading.
The oven was hcote&mp to tho testing rompc‘}otqro 200°C.
Tho zpecimens wero then loeded by means of dead wc!gbt‘s
cnz the test continued until each spocimen had extended c\erfain
amount. |
' Tanpcmt:ims 'ut different points_olong the length of_thé
spocimen wera mecsured throughout the tost. Difﬂculti’os
wero mqmncncod in obtaining uniform tampern}ura dismbutlm
within-the oven and few preliminary mcperimt: wero conducted
‘tn order to galn ;xporie'nce in controlling the temperature
gradient. The use of a wide aluminum plate as a I;eol thield
bcwoo;\ the spocimeons ond the oven door improved H\e'."unifonnhy
of tho tomporature distribution. Also by proper adjustment of -
‘tho heot hput and tho spoed of tha fun, ths tampemturn R
vcr!oﬁm was brcmght to o minimum of = 2°C over Icngrh a of

cboyt 10 inches. s

1Y
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* Specimans were fested under caﬁfw_ﬂ load conditians.
Tho toads acting on the aéécimcns were so chosen to produce
strain-rates within the linear part of the g/¢ curve shown in
Figure 4.22, Elcngations ronging' from 30% to 200% wero

cbtained as shown in Figure 4.28.

Experimental results

Tests wero performed on superplastic tapered strips in the

as-racelyed condition, in order to study the growth of the .

goometrical non-uniformity during doformation. The itial

‘end current geometrical noﬁ-uzﬁfonnitics are defined in terms

of cross-sactional ‘arcas &

A Pmin

A8 ————— . 4-36
R (4-36)

Typlcal test rosults are given in Toble 4-IV. Appendix B

. includes all the experimental results of constant fogd tensilo

tosts perfmneld on non-wniform q:acin;eiu. n Table 4-1V,

tho undeformed ond deformed areds of the test specimen aro

. calculated ?m_m thickness and width_&mmb'or the  ~

marked stoticns alang the gouge length. The nomma! enisotrapy
coofficient

In (Wiw)
- R t§:goj.' :
wes olso calculated ond given in Toblo 4<V. Figures

(4=37)

g
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FIG. 4.28 ~ INITIALLY TAPERED YENSILE SPECIMENS OF
SUPERPLASTIC ZN=A1 ALLOY TESTED UNDER

CONSTANT LOAD CONDITION . 2z




130

TABLE 4.1V: EXPERIMENTAL.DATA OBTAINED FROM CONSTANT LOAD fEST_SOF
TAPERED TENSILE STRIPS OF AS-RECEIVED Zn-Al ALLOY AT

200°C
DIMENSIONS OF . DIMENSIONS OF
'UNDEFORMED  SPECIMEN DEFORMED . SPECIMEN
: Distance | _ | Distance
‘Width | Thickness] Area| between Width | Thickness| Area |between |2 nfw/vrg)
Wo So ‘ &) marked w | A marked 2""2/ )
stations | staticas |~ " V00
3899 | | 03665 3199|0701 |.0223 |~oemn o6 |
3869 103637 L3140 L0691 |.0216|.4100 | .6783 ;
3844 0361 3100 | .0687 1.0212 |.4150 | .6860 ;
3818 | oass - | 3080 .0680 |[.0209 |.4200 | .e635 i
3796 | .0940 [.0357 | .2500 1.3050 | L0674  |.0205 |.4250 | .6577
3770 |.0354 | 3097 | ..0670  ].0202 |.4300 | .6580 E,
3753 .0352 2989 | 0660  [.0197 [.435 | .6436 ‘
3740 0351 | - | .2913 | 0643 0187 {4400 | .c581
3716 a4 2852 | 0029 |.0V79 4742 | .e5e7
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- 4.29(a) to 4.29(g) show the deformed jareas of the |
tapered specimens plotted versus t'he measured current
Iength# between the marked stations along the gauge length,
The solid lines in ﬂ'aesc Figures represent the theoretical
profiles of the deformed specirﬁens as predicted by the
numerical solution, described in Section 4.2.2. - Both the
experimental and theorefical results correspond to the same
" amount of totgl elongation. The average strain—rates
determined theoretically are also indicated on these Figurés.
- The érowth of area non-uniformity versus total elongation
for the three différent initial topers 226, 4% ond 7.5%, is
demonstrated both theoretically and oxperimentoily in Figures

4.30{a) to 4.30(c).

4.4 Componsm Between Theory and Experlment

Figures 30(0), 30() and 30(c) show that the h‘leory tends to ovor-estimato ‘

the value of the cumrent non-uniformity at a given elongation, Nevertheless
tho experimental results generally féllow the trend predicted by ﬂm theory.
Discrepancies betwoen theory and experirmcnt om»gmaf?r at large elongations
for high initial goanah?cal non-—ﬁpiform!ty as seen from Figum 30(::).. The
discrepancies may be c;;fributcci to, fistly the lack of vulidit)f of the assumption
of negligible trioxial stresses for high dcgrot;s’ of taper and sacondly to the
material inhomogeniety. Neglect of any strain or ﬁmcl—hardcnlng in the

empirical law used to represent tho material proporties moy also affect tho
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the cormrelation of theory and experiment. Nevertheless the results demenstrato
that a h:chnologsccl theory,usmg o non-lmcm' viscous mutunal model, can be

applied to estimate the growth of the geomatrical non-uniformity in super-

plastic tensile forming processes.

4.5 Conclusions

Complete analytical .s.olution; were produced for ;iwa daformation of o
pcrf;:ct test-pisce or tube. Tho results were used as a guide in performing
the numarical analysis for the superplastic nen-uniform workpicce. Develop-
ment of éeomohical non -uniformities in axiully—loi:ded reds and thin-walled tubes
oxpanded by &nal presqu waro descnbed

A good correlation was found between theoratical and axperimental rcsul
of umaxlul tension of non-uniform :uporplosilc strips with slight initial toper.
A dotuiled comparison between theoreticol results presented hare and othor
‘oxporimcntal work in the hh::ratum is not possible bccuusa outhors have gcncmlly
failed to present quantitative information on Emtiol cmd final non-unifgrmitics
in tha tost-picca. It is roasonablo to awsumo howover that typical imperfections
in an undoformed li\i\axial ﬁ:st—picca wi‘ll bo < 1/2% cpd thae recults haro
indicata that the neoriy uniform elongation of such o specimen to 400% ot moro
is consistent with tho simple non-dincor viscous model of matorial behaviour for
values of matorial pamrnotarﬁ typically found in superplostic elloys. Further,
it Is shown that cuch vaoriations of cm::x-sc&l&ml creo whlch do dovolep will bo

gredually distributed cleng tho length of tha mpecimen.
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The theoretical resuhs‘ for the expansion of a non-uniform tube are in
qualitative agreement with eTperime;lfal observations [1.23]. Non-uniformity
in wall thickness will alwcys. be present in commercially produced tubes and . ) =
1he“ regulrs here indicate that for'similur materials, non-uniformities grow more
rapidly in expanding a tube than in drawing a rod. Within the limits of
realistic tolerances however, diametral exécx:;i;ns_of about 100% should be
readily achieved in superplastic alloys.

Results obtained show that extensive overall tensile deformation can be
achieved before initial inhomogenieties have developed to an unacceptable
limit. Furthermore, the onalgrsis presented here may be used to determine the

tolerance required for industrial forming processes and may assist in understanding

the behaviour of these alloys in the tension fest.




CHAPTER V

o . DETERMINATION OF CREEP PROPERTIES

———,

N SUPERPLASTIC SHEETS

5.1 "Introduction

Superplastic alloys are con;idered ultra-fine grain alloys of commen
n?’,etolﬁ which can be hot-worked using very small toads and forged into
intricote and decorative shapes. They also exhibit a high strain-rate
sensitivity and can be stretch formed in processes resembling blow moulding -
and vacuvum forming of thermoplastics [1.22 - ].24]..., However; if the fine-
gra‘n structure is retained after forming, these materials may suffer from poo‘r.
creep resistance ond although some infonnaﬁéﬁ relating to creep properties
in superplastic alloys is available, this is very limited {1.163 ond {5.2]. ‘ l
This chapter describes methods of obt;'ming creep data from a bcndirfg tost . |
“on superplastic sheet; the technique employs simple cq.uipment end appears
to be suitable for quality co?h:ol testing of commercial sheet. =

Creep bending tests have been used for many yeors, particulorl')\/ for
sheet plastics; the results are generally expressed in terms of bending
deflections in o stcmdaﬂizéd test without attempting to derive the dota in
a more generalized form. It may not be widely approci'c;fc;! tﬁut develop-
menfs in creep theofy permit tests under various strpss ‘sysrums to be corrclated.

Even if creep data is required in terms of parameters in a unioxial test, these

-144
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can still be derived from creep benc'iiné‘ teg&; this may be an ddvan}cge
if the latter is a more convenient way of performing ‘a test. Complex creep
theory employs ‘a number of assumpficr;s about material behaviour which may
not be true for -all classes of mf:teriol [2.23]. Experirﬁents must be perfonn;d
therefore to validate the theoryl‘for particular materials and in this work, the
room temperature creep of a superplastic alloy sheet in bending and in simple
tension is compared. The alloy, binary zinc‘-cluminum eutectoid, is known
to obey Norten's creep low quite closely and has a large secondary creep
ronge. | |

Creep data is required in many d:iffercnt forms. In some cases it is
considered sufficient to indicate the stress required to produce a fixed creep
strain in a specified time; this information is of limited value to the designer.
Altemuti\;ely data may be presented in terms of the constonts in an empirical
shcss,stroin—-rote relation; this is convenient analytically although the extcnt-
to which the materia! obeys ghe empirical law is not olways known. A more

complete representation of secondary creep behaviour can ‘be given by a curve

in a stress, strain-rate diagram; this is normally derived from measurement of
: N

=

secondary creep rates in a number 6f/qmsmt stress tests.

In this work o technique is presented for 6btoining’_ croep dato for thin

N
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Tensile and bending tests were performed on ‘superplastic eutectoid Zn-Al
sheat at room temperature and the creep information from both fypes. of tests

is compared.

5.2 Creep Bending Theory

Beams and wide plates subjected to time independent loading ond
undergoing creep deformation are analyzed using the elastic analogue. The
clastic malpgue hypothesis states that the solution of a problem of stationary
creep is obtained as soon as the solution of the corresponding problem of non-
linear clasticity is.found [5.31. : . \ ; - :

A wido strip arranged os a contilever looded with o uniformly distributed |
load, q per unit length, is shown in Figures 5.1(a) and ®b). The deflection of '
the neutral axis of thae beam is defined by v{x, 1) wharo the origin is at the moving |
end of the Bccm as shown in Figuro 5.1(c). ¥ tha b<_:6m rcaches a stato of ;

stotionary crecp, the rato of deflection of the moving end,

.
§m Bev 6,01 (5-1)
x=£
c
will become constant. Assuming that plene coctions remoin plene, tho strain-

rato at o height y from the neutral axis may bo cxpressed in terms of the rota of

chonge of curvaturc as follows:

3 - 5.2
(eb)yﬂ-y-a—t- (—=) = -yV° (5-2)

whera b denotes bending.
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Fig. 5.1  Cantilever beam, showing co-ordinate system,
loading and deflection.
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For @ wide strip, bc<hc,onticlastic curvature of the strip may be neglected

so that bending is assumed to occur under conditions of plane strain, i.e.

€ =~ % (5-3)
Thus the representative strain-rate is
2 . 2 . , :
e 3 fi374A % G=4)

_ 3 ’ . _/3
a —-ES S.. —-3-'-2—

. . o (5-5)
1] 1] ’

b ;

In secondary creep at constant temperature, many materials, including

U At S S R

superplastic alloys, agppraximately obey the constitutive equation:

£ o A : }‘
. e, _ e -5 . .
(T:o) = (—-—-)00 5-6)

where ée’ce and A are constonts; generally an arbitrary value is

i . _
prescribed for -,F:o 60 and X ore regarded os material paramoters. I \

LT

Subntituting cquations (5-4) and (5-5) into the censtitutive equation (5-6) we

obtain
‘ 1
A+l . :
. X :
" 2 A
(@) =-o, (5) (:E) . (-7)
®, "% V3 5 |

‘where c;bis the bending stress at a height y from the ncutral oxis.
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l‘

Combining equations (5-2) and (5-7) yields

- ~ l
‘ ML e, T S
- - 2, 5oy A (5-8)
(o) =-0, (7 A (=) _
Y ¢]
The equilibrium ‘equatien for the section shown in Figure 5.1() is
) . .o 1
wY b\ .
M= [ 0y Y da =-0, (Z:"—) 1y (5-9)
A ) 0
' which yields
Pl . l
hs vo=-¢ (2 X

0" (5-10) /
where I,\ is a property of the scc_ﬂon for o given valie of A. . ' : .
For a rectangular cross-section of breadth bccnd' dept}-\ hc_}

RS - A+l »
2 .1 DY
2. bch h X, 2, .
( (73)’

~

(5-11)

C C
R

(The resemblance between equations (5-10) and (5-11) and the well known

- bending equations ) ‘ i
3 :

cc 1
(-—5-)

vt o= aI!i:[:—-ﬁ—l_v

Bl=

for a lineor elastic wide sheet is obvious).
For a cantilever strip with a uniformly distributed load intensity q, the

bending moment at any section x, Figure 5-1(a) is

S (5-12)
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Substitution of equation (5-12) into (5-10) yilelds
Vo= g (T (5-13)
which upon integrating twice we obtain

P x2}\+2

VETg (%ql_) + G x+Cy

o"A  (2x1) (2a+2)

v

The boundary conditions v (0) =0 ad ax (R.C.) = 0 giva
by 23+1 '
— . _..____.2' = ‘
Cp = &y lggy) Sl 2d G =0 '
o A .
i
N\, ;
and therefore the deflection rate at the free end is -

y g 22 .
; . _ . _ . C : .
§(k) = vt = =€, (ﬁfi) 22y (5-14)

5.2.1 Determination of Creep Constants

If we consider two cantilevers of different lengths, L. then

from equation (5-14) we oblain

3 2 2X +2
=12 (5-15)
2 (),

where él and 52 aro the deflection rates which may bo mcasurcd
for the spans(2 ) and(2 ) respectively. Therofore, tho index A can bo obtaincd
1 2

from cquation (5-13) end o is then found from cquation (5-14).

N




Note that éo in equa.tion (5-14) is a constant which, by cenvention, is

. 9 -
chosen to have the value of 10 sec ! or 3.6 x 10—6 hr ]; following

this, 9, may be described as the stress which will cause a constont creep

rate of 1077 sec-l or about 3% strain in one year [5.3].

-

5.2.2 Determination of the Stress, Strain-Rato Curve.

If the material obays equation (5.6) 'he shape of the stress
distribution -and the form of the deflection curvo wi“ depend on the index A
kv simple structures however it is possible to find a point ot which the stress
and stain-rate ar-o relctivcly{,in_wnsvitivc'fo changes in A within a fairly wide
range. For examplo, in a roctangular beam, tho stress distribution for o
given bending moment for different vc;lucs of XA in the range of A> 1 is
shown in Figure 5-2; it is @ well known result that at o distonca y, = %9-
frem the noutral oxis tho stress is _vcry nzorly tho came for all valuos of 2
and can consequently be calculated using cr/rf value of A arbitrarily salected

%

}
within tho given range. Similarly thoro ‘é.’:zists somo plane clong tho beam

/-

ot ¢ distanco X whare tha rato of curvaturo, i.o.

B E&p -

for @ given cnd defloction rut.‘o is olmést independant of A w_irhﬁ a given
renge.  Tho strain-rato at @ point in this scctlcf; cen fhcml‘t.;ro ba daotermined
diroctly from tho_meazurcd end doflection rato without knowing ‘precizely the
valus of A, The point in this pleno = = »; at a hoight from the noutral

axis y =y, i3 knovn o3 tho adofotal point® 5.4 cnd [5.5]. With thess
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Fig. 5.2  Stress distribution for materials having different A values.

-~
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assumptions we may state that the skeletal point is the only point in they

e

-

beam where }the stress and*shuin-ruté; are krlown gxplicitly from the bec.zm
configuration, the Ioodiﬁg system and .the measured end de‘ﬂc.ction rate.,
In the literature, it is often. assumed thut’ the stress and strain-rote at
the skeletc:l"poim can also be determined in this \.A.IOY even if the rnotevrial
- does not cbey the power law form of - equation (5-6); This is @ hypothesis,

The method of finding the- skeletal poin"t_;;; g-iven below; it follows method,)
stated elsewhere. V y

‘From equations (5-8) and (5-10) we can _obtuin a non-dimensional

bending stress, numely

. _1__ :
o b h 2 -
1+2) .
(Mb) S =T @0 (5-16)
. ) ?a_x *

The L.H.S. of equohon (5- ]6) ;s plotted against (2y/h.)for different

vulues of A in Figure 5.3(0}. " By u_;spechon, we choose the value (2y/hc)=

o f . -

0.636 where the non-dimensional stress is almost independent of A, In Figure
5.3() the R.H.S. of equation (5-16). is plotted against A for (2y/h)= 0.636.
We find that. this quantity varies caly between 1.00465 and 1.00485 for
—-m‘ ] ‘
4¢ A ¢ 6, hence choosing a.mean value of 1.00475, we obtain
0475 M o
.0 -
. (gb)ys = _1___..5__ _ 617y
‘ - b /A | /
for y =Yy, = 0. 318hc

-

The stroin-rate at the fiber y, from the nouh-nl axis is
, € = = yv"
ond therefore it rc'r_nq':ins.,,to dotermine that volue of x for which v" is - {




(Oy/M)-(bh7 4)

(Oy/M)(byE/4)

1.005 -

1.0048| /’_\

10046l
4

.02

LOi|

(2y/ h2=.636

- Q99

(2y/h)
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Fig. 5.3b) Determination
of the non-dimensional co-
ordinate (2y, /he) of the
skoletal point.

.
s
.
—-
V -

Fig. 5.3(q9 Datormination
of the non-dimensional
paramater (Py/M).
bch2 /4) at the <elotal

point.
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qpproximately the same function of the measured & regardiess of the value
of X.
Following a similar method we can obtain from eguations (5-13)

and (5-14) @ non-dimensional rate of change of curvature, namely

. ' 2)

o = e @) (5-18)
6/2,0 c :

Plotting the L.H.S. of equati@ (5-18) versus (x/E.c) for different vc:lu_es.

of A,as shown in Figure 5.4{a)and choosing (x/2) = 0.918 we obtain f

from Figure 5.4(b) fhot the R.H.S. of equation {5-18) varies only betwecn

5.02 and 5.10 for 4 <2 <6 |
Therefore for (x/g;:)" = 0.918 or x, = 0.918 2 it is sufficieﬁtly

accurate to write

(v™) _ .07 6 (5-19)
X, v 12'2 7
c
Thus, combining equations (5-2) ond (5-19), the strain-rate at a
\/. -
distance y, from the neutral axis ot the section at x, is
(&) ey 2028 - _qe2E T 60
X .Y S 2.2 L .
s''s c c

Equations (5-17) and (5-20) thus permit the stress ond strain-rate at
a particular point to be determined explicitly from a cantilever test

variables, gcometry ond loading, provided tho index X for tﬁg Jmaterial is

PR

in the mange 4 <A ¢6.

AN
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sooll 0 o4y
) 4 5 6
' A

Fig. 5.4(b) Dererminaﬁqn of the non-dimensional
porameier (0"2c2 /8) at the skeletal
point. N

Fig. 5.4(0) Determination of the non-dimensicnal
" co-ordinara (x; /h) of the skelotal
point. .
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5.3  Creep Experiments

~
5.3.1 Material

The material used was 78%Zn -229%Al cutectoid alloy in
tha ultra-fine grain state, 14.21. It was pm:;uécd by homogen_izing cast
slabs at 360°C for ¢ minimum of 8 hours, hot rolling to 0% reduction
above 280°C, solution treoﬁﬁg at 340°C, quenching in cold water for 30
to 40 seconds ond fincllly cold rolting to 0.05 inches |hickness.l

5.3.2 Bending Test.

The "sheet was set up as shc;rym in Figure 5.5, so that two
different caontilever lengths were obtained. It was clamped horizantally
between straight pieces of timber(’to ensure a uniform grip ond to
prevent rotation at the point of support. The deflection wos megsured ot tho
cdéé of the sheet with a vernier height goug?ri: reading up 15 0.001 inch.
Three readings ac@ss the width of the sheet wera Kken cach time end
avoroged. The tests wére co.nd;:cred ét room tomperature (28.0, T 2o0).

Figure 5.6 shows deflection—time curves cbtained for different
~.
cantilover lengths. Defloctions were meagsured up to a total value of 20% -
of the span and the testing timo ranged from 6 to 220 hours. It was cheorved

that, ofter a fransient period, tho deflection rates become appraximately

constont. Theso constant defloction rates are prcsc}ltcd in Table5 1.
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TABLE 5.1 :  Constant Deflection Rates for Different Cantilever Lengths

Cantilever length % 9 . 10.5 11 12 14
inch

Deflection rate 6, 0.0011 0.0053 0.0091 0256 | 0.244
inch/hr

5.3.3 Tension Test .

Constant foad tests were also carried out at the same temperature .

Undeformed and tested specimens are shown' in Figure 5.7. A 4 inch gouge
Iength.was scribed on the 'test'pieCe' and current gavge lengths mccsu;cd during
the test using @ catheto.mater rcadin.g in divisions of 0.0005 inches.

Extension-time curves wer;a th_t_iined, as shown in Figure 5.8 for various
tensi.le specimens each subjected to a different constant load. A secondary
creep regi'on, identified by a constant extension rate, was observed for all the
tests. These rates are given in Table 5.1},

‘\

|

|
TABLE 51: Constant Creep Rates for Different Tensile Loads

Load, P lbs 25.30 27.80 33.03 42.85 62.94
Nominal Stress,

" ' 1274 1399 1662 2134 3150

o 1bf/in?

Creop rote A 3 .2

4.06 10

inch/hr 782 105 1 1.54 1074]1.47 1073 | 8.00 10




4 INCHES

Tensile superplastic Zn-Al spocimens
before and after creep testing
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The nominal stress varied from 1200 to 3200 1b{’/in2 and the total testing
time was between 30 to 600 hours respectively. Elongations up to 140%
were reached-before rupture as illustrated in Figure 5.7.

3

5.4 Calculation of Creep Data

Using the data in TableS.land equation (5-15) the creep constants

. were determined from two pairs of tests and are presented in Tables3.lIL

TABLES.IIl  Creep constants determined from two pairs of bending tests.

(£) / () (14/9) - (12/10.5)
1 C 2

A 5.11 4.89
o, IbF /i’ 543 576

Again using the data ir; Table5.1 and the skeletal point me?hcd
(equations (5-17) and (5-20), the stress ond strain-rate at the skeletal
point (x, y;) were calcqlahzd and plotted in Figure 5.9. (The load
intensity, q, in this evaluation is equal to the weight per unit length
of the strip.) A straight line was fitted by the mothod of least squares;
this gave values for the crecp constants of a, = 674 Ibf/inz, and A =5.08.

- From two tensile fosts at different loads, tha crecp constants con

be obtained using the equation,

P ," | 5-21)

1
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TableSlV gives the vaolues of A and 60 as determined for

arbitrarily chosen pairs of experiments.

T

TABLESIV: Creep constants determined from tWo pairs of tensile tests.

~

62,94 62.94
PI/P2 25.30° 33.03
A 6.94 5.13
o Ibf Jinch 2 1070 716

True stress and strain-rate at an arbitrarily selected value of
strain of &% were calculated from tensile extension-time curves shown in
Figure 5.8. The stress, strain-rate points are plotted in Figure 5.10 and
these points are fitted by a line which gives vah.Jés for the creep constants
of 0.=93 le/in2 and X = &b7. Figure 5.10 shows the stress ond strmin-
rate points calculated from' both the tensile and the bending tests. The
least square fitting method is used again to obtain the crec;p constants of
o, =702 Ibf/in? and A= 4.88.

TABLESY: Creep constants determined from stress, strain-rato points for
different types of tests.

Type of test : A ) -G,
Tensile Tests 6,67 953
Bending Tests ' 5.08 674

Tensile and Bending.
Tests Together _ 4.88 702
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‘5.5 Comparison of Bending and Tension Test Resuits ) B . ' .

o,

The vol-ues of the creep constant 9, ond 1 for the d:Ffefent tests’
in chlcsSlllundﬁ.IV show cons:derol;le dlscreponcy both between each type ,
of fest and\between pairs of tests of the same kind. It has been. observed '
elsewhere that there is generally some discreponc;‘bet;vgc‘m the results -of
different pairs of tests in the te.nsim :test. ' ‘ ‘, T .
Th(;! results in Figoaes 5.9 ond 5.10 are shown .tc')gélh_er il."l ll:.igure' 5.1,
Differences of the r'nognitudo.shown by this diogram are ;mt_' u'n.usuall‘wh‘en ,
tests conducted undel; aiﬁ'eren‘t' stress systems ur;a compared {2.33]. - _Thg . >
following factors muy'contribute to Ihe disc;eﬁancy;. A
(i) multioxial creep theory is employed to obtain ;:qui;'clent
stress and sfmm rate From the bendmg h;st, it is unhkely‘
\Iﬁut thls lhdory wall be obeyed exnctly by the matunol [2 '23,]
(i) theu_pniaxlal data refer to behaviour ot @ strain of 6% where-.
. ot the bending creep data indicates the beﬁc;viw( of material
\ | ot a considerably lower totol strains, probulbly {ess than 1%; ‘
(iid) the time ‘scolo of uniaxial and-bending tests was different
as may bé seen from Figure 5.6 and 5.8 ond ‘although there . &
is on overlap of stru.in-mtes‘.fro?l, the two tests, mast of 7tho
bending tests gave a ijasuit for o lower st'roin_-m‘m than in

the tensicn tests;

I MR e Do e,

(iv) olihough the. bending stress ond the oxial stress in the

" tension test were both oligned In the direction of rolling -
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of -the. sheet, c?ﬁsqtmpy and non—uniformil'y in the sheet

could both lead to different results in each test,

3

5.6 tmclu;ions - . ' : ‘ - ) e

For sheet material, creep data ccn‘.be obtained from a tef;t in. -
which a wide s;ri.;’: is rpodnred @ a horizontal cantilever loqded b); ..its s
own weight. Data .from. this .tcst con be expressed in’ the sgm-efd{n-‘g;as-
the resu'lfs of uniaxial ff;s.h. | N

. Creep data in the form of constonts in an empirical equation can

by

be obtoined from data from two bending tests  but this method does not \

cppcqr to glve rel lcbie results A stresy, strain-rote curve can be. obtcmed
from a number of bend:ng tests by ndcnhfymg “the skelo!ol -point for the

bcom . B - ) ' ' h ]

Comparison of the results of bending ond uniaxic! tests indicates a
. "

significant difference between the two. This may well be due to deficiengies

i

in the creep H;leory used to correlate the two results rather than uﬂrisutlng
the dascreponcy to defects in either test metj_(gd As creep dotu is us-ed
principally for design purpose and most design probloms involve a multi-
axial stress 'sysﬁn, compltlsx creep theoq‘ must be used inavnubly to
incorporate any test doto into a real analysis. The t_:rlterid therefore

for ony test should not be whether It gives data which ogrees well wllh
vnlaxial test doto but whothor the dalu leads to mlioble design pmdlqtions

Given the ur_\ccrl'ainﬂes which_cxlst,h the present creep theoﬂes, It ._i’ .

h ]
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- probable that the best test will be that in whicb the stress ’sy.stem _ -
rescmbles most closel‘y the stress system in the real prob‘len;.

The bending test can be performed’ in a short time“using ’sjrmple
measuring equipment. Also tHe results presented herq indi.cmqur it
is o valid and econom'\cal test for superplastic sheet m'oteriol..l it is-
likely'thc?t further experiméhis would validate the method for other
classes of material and the theory can readily" be extended to cover

tests in which higher stress levels are ‘obtained by odding a point load i
(o we'igh?) to the end of the conti_levér. Developments of this kind .

could lead to substantial reduction in the cost of performing routine

creep tests. .
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CHAPTER VI

REVERSE-EXTRUSION OF SUPERPLASTIC ALLOYS [

!

6.1 Introduction . ‘.

Bulk forming process such as extrusion, forging and hot’ folling u;re'
compressive in nature and lhelonulysis of for{'niné loads is of technological
Impc;i‘once. With rigid p!crstic materials, © Yulue ‘can, be obtained for the
forming load and thijs_caﬁ generally be expressed in ﬁ non'—dimensi‘c\nol‘ form
os o ratio between some applied pr‘ess;re and the flow stre.ss os\in'the exﬁusion
parameter F/Zk where k is.the yield shear stress.  With rate-dependent
materials however, such as supe;'plas‘tir_: alloys, there is no single forming.
load, but rather a relationship between chlied lood and forming speed, ‘Thus
one must énswc ?h_ut not only is the force ;opobiliﬁf the mochine sufficient
but also that the speed of the operation is appropriate.

Compcmti‘vely little oﬂe;’tﬁon has been gi\}en to the problem of - | . ,
_extrusion of rate~dependent materiols [6.1] to [6.4). Only a fgx/‘imostigators |
have considered the proBlem c;f forword extrusion of thess mcha/riuls, ond all
aimed at obmil:ling an cn.r_ér&ge or mean value of the stru-in-mte. As p?lnted
Ot:: by Jonas, “t;\e sﬁaimmw in an element of matericl passing through o
process could be averoged oither with respect to time and/or with respect to

some displacement parameter in the process; theso: crveruges could diffor by

as much os an order of mognitude. Differences of this mogmludo in sﬂhln-

~

in
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rate determination however -will not lead to such large differences in load if
the material has a rate-sensitivity index of 0.2 or less as in hot working of
metals.
: Jonas' analysis 16.3] of rate-dependent exirusion is based on homo~

gencous work hypothesis, i.e. neglecting the redundent work. This obviously

would result in an underestimation of the effective strain and. strdinrate within®

the deformation zone.

Other analyses [6.4] consider conical flow with an element consisting

i

of a spherical shell, veloci'ry discontinuities at each end of the zone being

neglected. Such onalyses fail to deat with the important features of industrial

. . . . .'_'.\P
extrusion processes where large reductions and square” dies are frequently employed.

¥

. Another a_pp;'ooqh to this kind of problem. has .apvelppcd frc’xr; visio-
plasﬁc;iry methods [6.2] rcnd [6.5] cn'_d émpldﬁ digital computers to
determine loads for ‘rcre-c-le;mndent-moteriul; as in the work of Shabaik and
Kobayashi [6.53. This approach however often fails to cdn\fe} a ge‘heralized _‘
physical concept of important aspects of the- process' and can bo e;(hemely
expensive4dn terms of cfé-\utuﬁ'onol costs. _ | 0 I N -

Perhops tha most useful onollyffcal tochnfq‘ucs for studying extrusion

hovc‘-l.)een. the slip-line field ond_ﬁuppcr'bound’ methods. These can only be
convenienfly opplied.ﬁ the analysis of plone strain rigid, perfecilf plciitic |

problems, but various techniques have been dweldpéd whereby solutions for

) ro
. general extruslon problems con be infered from plane’ strain solutions.  Techniques

have also been developed for occommodating strain-hardening behaviour,

s

1:6.6] and [bt?]. ,

3
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13

In the present work, the process considered is the reverse-extrusion ¢

-

of a cylindrical bill4t into o thin-walled cup as shown in Figure 6.1.

Geometrically this operation resembles piercing- or impact extrusion. Piercing
S . . ;

of rigid, perfectly plastic materials was dnalyzedsby Dipper [6.81} ‘usi_ng a method

— »

first suggested by Siebel; the billet was 'ussurﬁe;d': fo deform in two hombgenequs:
cylindrical zones and 'the" radial stress .wc;s eq-uqtea at the interface. Kudo
obtained an upper bound solution ho the same problem [6.9]1 assuming a central
homegeneous cylinde‘r and an outer ring in .which ton?entio! y‘eloc.ity-dis_-- \
cy(tinuitiés’existcd. Here, the effect of rate;fensifivity on the back-extrusion
précess is ‘s.fudied ;Hcorcricoily_follOwi'ng. the -earlier uppro/c;éhc.as and considering.
sepéroic; deformation, régimes;» p.lune strain sli;;:liln; field so‘Iuﬁons crét:mployed .

. . . . .
to determing the average strain and press;e near tbe corner of t}a’ punch. It
is shown that fc:r ‘a non—_linec:r;viscous material, a simple geometric factor, .
.der_ived. from the s!ip_-.line fleld, t_:'on ‘be' u;ed to comgrtl ‘the solution.fo'r-
perfectly plastic material to on§ fc;r a Arote‘-sensiﬁve' material. _'fhe method
appears to have a genera!{r; beyond the pm‘ti_t}:lor efcmplq of bo;:k-'-efhusivbn.
' Theoretical results are compdred with recently avui)/al(u,le experimental

data ,QT“ the bcck-exh'u_sion of both g}rcait and wperp!asﬂ_cuzim-alumlnum olloy. - N

L

¢
6.2 Theoretical Analysis of Reverse-Extrusion:

AY

For the purpose of analysis, it is considered that the:a are four distinct

I

régimes in tho extrusion process as shown-in the diagram in Figure 6.2. In zone

I d
¥

I the material is compressed in an oxisymmetric quwogér-s-ous process between

frictionless surfaces. The material leaves I with on Gppm’fiﬁ'ﬂhly U'I‘if°““ rodially

J

» " - /
i . L ___[,4__;
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oufwards-v'elocity; the deformation in 1l.is analyzed as a plane strain ugide—
extrusion” operation. The simplifying assumption.of plane strain in-this zone
is defensible as the deformation occurs in a narrow annular region ot the “outer

<1

& _ .
edga of the billet [6.10]. -The material exits up the cup wall, IV, which is

assumed rigid;  Under cgrtoin. conditions @ d@metﬁl zone, lll, is Eqnsidered

to exist at the corners of the container.

s

It has been d‘gmonshated’t_hcf the éeomeiry of_defc;rmatio.n in exirusion
processos is ram.ark.ably similar for- o wide ‘ror_xge of material Behg\}iwr, provided
the tooling geometry and .suffacc co"n_ditionis aro rnlainh:ined <:onst<:mf':E .21 a'r-rd
l'b_.lfﬂ; It isfrherefore assumed that the results of an analysis for a rigid,
perfectl;r plastic mv;'lteric[ can be employed to esfabli;h mean volJbs of strain-
rato in the different zones for the extrusion of rafe-dependent.mteria!s .11,

S‘uperplasfic ul!oys;'ovelr Q fewI decades of strain-rate have o norr-lihe;:r

viscous behaviour which may be fitted by a power law,

<

0,‘_ o,o E-:l!l . '_ . * (6"‘1) '

whpm the strain-rate somitivit;r index m moy have a valuve of o§out
0.5. In equittion (6-1), the mufer!qdl pommeter o, has tho dimensions [stress] .
,[ﬂmo]m' this may lock mathemgtical elegance but‘h sanctioned by custom.
' 'ﬂ\o power law offcrs good llmii!r:g pombllltles in fhmﬂcui analysis since
for m="'1, the laow describes Newtonlon behaviour whm the rlsid pufecﬂv

P'C“ﬂc material may be comsidered cs a special case for which m = 0. _

L}




6.2.1 __Rigid, Perfectly Plastic Analysis
The boundaries of the deformation zone H.in Figure 61.2, . N

o

are obtainedfrom a slip~line field as shown in Figure 6.3. This slip-line field

resombles the plane.strain fields obtained for side ‘extrusion [6.121. In the

- -

reverse extrusion process, however, the depth of the billet, b, eontinuously -

diminishes and this is equivalent to a reduction in the "side extrusion ratio”. .

The fields for ‘differequ'ul\lj?:s of b are readily obtaifed as shown in Figure 6.3,
. - . /—\

.- ‘R . . L ' . . .
and the mean radial pressure P, , can be derived, in the manner outlined in
~_ ] ; - o

Appendix C, for each value of b, Fig'ure 6.4' shows the gradual decrease of
the porameter (P /P.F:) as b becomes smaller. >The mean value of tool pressure
on the inclined pcrrt of the punch P, can also be defermlned from this field,

In Zone |, Figure 6.2, if the uniaxial flow stress is O the pressura .

required to .deform the material in the presonce of a surroGnding radial pressue
Pg, is " . : - ' p L

2N :ﬁ —_ ? + O : 3 . 6(6-2)

This is based on the ossumphon thot a hydrostcﬂc stress does not

affect yielding, even' for rate—senslhve materials [2. 23] cmd [4*}]

\ g :
If the back-extrusion pressure is deﬂnedr as " .
= o= Ju;nch forco  J _ . < -
P punch c.s, area . : - (6-3)
=. f_ ) ‘ . / o l . |
A2 . - ' i L-_ o T LJ

9]

then the equullbnum cquahon for the punch s~

P AZ—PA,+F cosa. A=A, . &Y




A

CONTAINER

"

A ..

=)
:

ANN AUNNNE AN

S AN NNN

’-E
H

N/, " {
TTI7777V7
BILLET _ | o B

~ Fig. 6.2 Schematic diogram of &xisymmetﬂc reverse -extrusion’
showing the different deformation regions.

—




178

i

| "2|Bub sojwoy> op B Bujaoy yound .o 0y || ouez ul uoljouLogap ouy Joj piayy ouly dig g9 "By

3NIVINOD °

‘LL

.

\\\_ N
| =

g«

13778

g \\\\\\\\\»\\&\\\\\\\\\\\\\,\\\\»\\\\\\\\

A
1




179

-jenojow onsojd Apoopod pibis Jog §ybiey yef(iq Yiim
(M2/d) 1o+swpipd vorsnXA |©y0) oy pud ‘(%7 / *d) Jojowoind uolENyXD QPIF Gy JO UOLIDIIDA  #7°Q 814

°q/q =——13AVHL HONOG

o 20 +0 90 . go. ol

I |

(M2/5d)

gee




180
- ™~ 4 . B
If a von Mises yield criterion is adopted, then the plane -strain
yield stress in zone Il is,
2k = -?- 02 = 2 . : ;
" 73 ~ r 69

.gs g =g for the perfectly plastic material. Eqiation (6~4) may then
1. 2 _ . : !

be written:— .
- A p oy s . (A,=-A) o -
Eo=Lus B 2o k)
2k 0 2 2% \ 2- 2k A]_ '
' N

The ya}:hﬁon of _(5/ 2k) with billet height, b, is indicated by _the

curve for m=0 in Figure 6.5. For convenience, fesults are given in relation

to an arbitrary initial billet height bo , which is chosen so that with the given .’
value of w_ a cup of height to diometer ratio, of about 2.5 is produced. The
gradual decrease in P as b becomes smaller may be ottributed Jo the decreasing

"side extrusion ratio®.
g

6.2,2 Rato-Dependenr Materiol 3

It is proposed here to use the shp-line ﬂeld analysis for a
rigid perfectly p'lushc material to establish mean values c!f thq strain- rate in the

deforming zone for- thc extrusion of rote-depcrdent‘immial This Follows an i |

T

earlier rechmqpe used to analyze forming processes for siruln-hadanlng mferiols.- |

This techmqua modifies the results obtoined from the slip-line ﬁeld soluﬂon,
-

wiih the aid of some assumptions concerning mean yicld ___s,iross of the _s!raln- ‘

hardening material 6.4 and $6.71

v

a

- . o R

. ‘1“‘ - . ) . ot

M RS - - ! \-‘\n‘
T w . ) .
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10 - 75 5 25 . 0

b/bg

Fig. 6.5 Variation of the rate dependent extrusion porometer,

P/o ve /o)7, versus billet helght for mhrich having
diffamnt!mh sammvliy, m. )
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: Hi!l £6.1.'3] first suggested ﬂ;ﬁs metheod for cpplication to sbéet dmwmg
in co'nnec:tion‘with slip—!im theory. ~ His sué,gesﬁon is a!so valid for extrusion
problems and is explained bri;fl);.; If we considér an extrusion process without
frictional boundaries rhe:n.the work done by the extrusion force is tonsumed
wlely as plastic work done on the mate‘r‘ic:l. it can be shown that the average
total plastic work which is ubso:bed by o material algmenf of ﬁnif volume "
p'as;ir:g through the deformation zone is_equal to F whers P danotes the mecn )
steady extrusion presw}e. Eoi'a rigid pe.rfeétly plastic ma;eriai, the work done
per ur;_i/t volume is also equal to Y /de o+ Where fde s the equivalent straln
ond Y t-hc flow siress; therefore we can define a mean equivalent \sirﬁin for the .
“extrusion prdcess as | |
s dE_e')m = 1 72 4 _ ' &7)

5]

~

It must be assumed that the mean value of the equivalent total sirain
of any rate-sensitive matericl does not differ from that of the rigid
| | . ) | o Y
porfactly plestic material.  Furthermore we suppcse that the extrusion is
being carried out under identical geometrical and frictonal conditions. = Therefore
- n the extruslon zane I, the effective straln may be expressed by
P | . (6+8)

-
U, 2

‘which Is obfuino& 'From the slip-line fleld. The mhéwhlch material
passos through this zore Is not easily ascertoinedas the volume of zone 11
 decreates continuously with b, I we' consider however that the contalner is

]

-




]83 .
fixed in spoce, then the volume of material in the cup wall, IV, which m@s .

a fixed point in the container in unit time is . T~

Y ' ~ : . é
‘ v _sze ) o ,. _ (6-9)

/

At any instant, the volume of the deformation zone 11, dencted by‘Vz, may

be cbtained from the slip-line field, 0 that the time taken for unit volume

- AN

to pass through zone I is ‘ N ) {
v, o L
te 2 - ' )
v . ' 610
The "mean effective strain-rate™ in |l is therefore, )
: _
. de P T
(Ee)z =(£——.—e_)-_2 . = -—s. ‘.L' - " . (6_] I)
. t 2k Vz - o .
From equation (6=1), the "mean affective flow stress” in Il is
- -‘ . m ) . 4
- B .V |
o, = g {— =1} , . !
2 ° (6-12) .!
[ . ’
Tho stralnrate in the homogeneous compression xone I Is | 3
LN . Y - - ) .
. - a ,
\‘.. €15 : :
20 that the uniaxial flow stress, from equation’ (6-1) Is,
(6=14)

. v o
dl - AOQ ‘-—a')b




(W
-~ The equilibrium equation (6-6) may now be re-written for the rate- »
dependent case, bearing in mind that the efféctive flow stresses in zones |

and Il are different; namely,

2

' Py B R,
PA, = A I {;ks-’- +-2i- cosa (—;l—)}/iczfcll (6-19)

It is convenient to.intreduce a foctor & defined as

) {(ee)2 m

m ' .

— = .._)_] L= ¢ : . (6..]6)

% €edy ° . _ .- ,
a ‘ -

it may be shown from equations (6-9), (6-12)-cmd (6-14) that

184

P . ‘
¢ = = AP (617
% v, _ ‘

!

S
|
/

“and this can be derermin?d‘ completely from the slip-line-field without

reference to material behaviour. It is thus o non-dimensional geometric -
. | _ L )
property of the particular extrusion process.

Using this factor,” equation (6-15) can be written as )

!

~

P B oo ow By B mfhl); ) (6-18I)
9, (v /Dim =X_2 {»’5'.¢ [K+§%.m‘\1_ +1

o

The tighf- hond side of equation .(6-18) depends only an tﬁe gequ-

of the cxmim'ﬁnd the mfe—sem!liv!? index, m. The variation of P/cv0
57 -

LY

(v, /bY with b for different volues of m s shown in Figure 8.

L'

.




: 185
: 1

The denominator on the left hand side. of equation (6—]8)'c|eur|y-i:onespg1ds ‘,xu-r

:5 the familiar 2k in rote-independent extrusion although it is only an

indirect indication of material strength. If at fome stain-rate other than
unity, ‘materials have the same flow stress but different rote-sensitivities,

m, then the volue of Gy will be different for each material; thus the: A

fact that the -I;yco(ve/b)m po‘rumeter in. Figure 6.5 is higher for materials

with higher I, does not mean that these materials will 1equire a higher {

/

L ;

extrusion pressuré p at all stroin-ré:tes.
The manner in w;m‘ich the obs§lum extrusion p;ressurc varies during

the process can be determined from a diogram suiz as Figure 6.6. If the

puch speed is constant, the denominator of the exrrﬁsim parameter F/UQ

(vé_/bo)m is cmsﬁnt; these curves apply to the particular case in which.

by, Aygis about 13.0. lt’moy be secen that while the extrusion pressure ¢

cantinually falls during the stroke for the perfectly plastic material,, m=0,

y - e
the effect is very different for viscous materials and for m=1, the pressure < ’
© ‘ ' .

rises rapidly as b becomes small.
~ The majority of indu‘\grial supe:;plq_stid all_,oy; will have a rate-
scnsit'is}rity in the rar:lgo 0.2 <m<0.5. I the middle section of the punch‘
travel, F,igurq' 6.6 indicates that the punch load would remain reasonably
constant for constant spo‘ed extrusion. This suggests a *steady-state” in the ‘ | i,
cxm’sioﬁ of these alloys, howev'e.n it will be appncialred that this s'taody-

state is more apparent than real. 1t results from the countervailing effects .

N
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of a reducticn in the P/2k ratio for perfectly plastic materials, m=0, and

an increuse\‘jn the quantity g, (ve/b)m fqr rate-dependent materials .us b’
decreases. Even though this is not o true “steady-state" we consider it as

such in investigating other variables in-the process such qs_.rool geomelry

and reduction. The subsequent analyses are therefore performed only for

values of b/bo= 0.f42.

v

(u)\ Effect of Punch Profile Ge;arnefry
" “Two further geometries were investigated. In one the

area A in Figure 6.2 was t"ne same but the chamfer angle,

: a, ix\c;reased to 45°. A sl ip-line-field was constructed
~ for b/ﬁo = 0.42 and this is shown in Figure 6.7. In the B

other case a flat bottomed punch. with a sharp corner was -
considered; the slip-line field for this is shown in Figure 6.8.
(For the sguare come;red punch, (Ag - Aj) is zero). The Lo
“extrusion parameter, ?/ ob(ve /bﬂl was colculoted for these - |

cases using equation (6-18)and the resvlts ore presented in

Figure 6.9. The actual punch shapes are shown .in Figure 6.10.

It is interesting to,o!;sarve From Figure 6.9 that while the ¢

corner go‘om'e'try mckes very little diffeﬁnée for parfectly “
plastic materials, m=0, it becomes increasingly more important
c_:s_fti‘iq mro-mmitivitincreosﬁ. From this limited investigation
\;chomar angle of between 30° qnd.45° would cpécgr to result
| in the lowest voluo:of required pressure. | | ' ?

o

A
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(b) Effect of Extrusion Ratio. -

The slip-line field shown in Figure 6.11 was constructed

for an extrusion ratio of 20 using a 45° punch corner

v

angle. “In this work, changes in extrusion ratic were
och‘ieved by changing the diameter of the container. The
“shape of the punch -wcs not altered. vThe extrusion éammefer,
'la/go (vofb)m, is compared in Figure 6.12 with that obtained
in the pre\;ious case, Figure 6.9. The inlcreose in extrusion

pressure is greater for rate-sensitive materials than for

perfectly plastic ones ond this is due to the increase in

- offective flow stress with increasing reduction.

—

6.3  Experimental Work on Reverse-Superplostic Extrusion

In"Tite experiments performed by Jain ond referred to in the introduction, -
zinc-ol;Jminu'm alloy wos backward-extruded at 250°C to form cups of cbout
2 inch diameter as shown in Figure 6.1. The extrusion billets were machined
from a continuously cast rod of eutectoid composiiit:n. The Tah:riol was tested ] :
in both the superplastic’ state ond the as-cast state. To cbkin a superp!‘ustic
microstructure the material was soui(o;d for 6 - 8 hours in o/fumuce heoted to
340°C and then quenched in ica-colé water for about 30 secmés_. This procedure
" of hcft treatment s found to yield the best superplastic nilcrastructure (6.15).
Figure 6.13 shows the microthures typical of both as-cast ond wperpl.aslic

specimens. -

e
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10 20
'EXTRUSON RATIO, 7 -
F-ig‘;.'él.l'Z :Qlélgrom showing the voriation of the extrusion parameter,

B/a_(v.. /b)™, with extrusion rotio for different valves of m.

" The%bifot height is the same as in Fig. 6.7, (&=
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(A) . SUPERPLASTIC |

(8)  AS-CAST

FIG. 6.13 - MICROSTRUCTURE OF ZINC-ALUMINUM
EUTECTOID ALLOY (X 1600)
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6.3.1 Determination of Material Parometers in Compression.

Compression tests were performed by the author to determine

the average properties of both the superplastic and the as-cast material .

_Compression specimens of 0.5 inch diameter and 0.75 inch height w;m

N

machined to a good surface finish. Six grooves, .01 inch deep were tumed
in Hw ends of the specimens to facilitate e retenticn of a Iubri.cont‘during
the test [6.14].- Both tha superplastic and the as-cast materials, were rcs;ted
at o fe.mperotu;e of 250°C. | .

| A. schematic diogram of the equipment used to conduct the compression

test is shown in Figure 6.14. It consists of a base which is heated by means

" of a disc heater, The test billet is placed between two platens of hardened

ground steel and the whole assembly is located inside-a hollow aluminum cylinder

L]

" to ensure a uniform temp-erurure cround the billet. Two insulaﬁng discs of

asbestos. were placed between the top platen and fhe ram oF the teshng .

Ta

rnoch:ne. The rig was wrapped with asbestos cloth to reduce heat loss.

- (a) Compression test procedure

The cquipment was assembled without the rcst specimen and
'Md between the cross-heads of an lnstron machine.

The equipment was then heated vp to about 220°C and the

test specimen, cleanad ond coated wlth lubticcm,/ wos ploced
.berween Iho plalcm. A slight load was opplied to squem

out wperflucm Iubrlcant. The lood wes then removed ond

the temperature increased to 230 °c. leng tho test, 3*"

ltomporoturo wos kopr at 250° % 3.0‘ C.
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INSTRON MACHINE RAM

-1 1/2" DIA > ’ \
ASBESTOS S  PLATTEN .
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XXX X
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Fig. 6.14 Dicgram of the equipment used to conduct
_compression tests on Zn-Al eutectold ailoy

at 250°C..
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The test was a;:rried out at a -constant cross-head
speed and- the specimen -wos compressed to 95% of its
original height. The test was then interrupted to measure
- b
the diameter and height ‘of the specimen. It was found
that no signiﬁ;:oht borre'llihg Ead occurre‘d ot ti’xis stage.
The specimen was then replaced botween the platens and
c.ompressed, at the sd_riie ‘previ'ous speed and t‘emperuture,
to 70% of its original heigﬁt.- The test was riﬁt continued
beyond this point because of the increased barrelling of the
specimen. Both the os—cast and superplastic alloys were
tested ut-'vor-ious» cross head speeds in the range of 0.005 -

~

2.0 mch per. mmute ' - |
ComPress\cn test results 4 S ( .

* The stress-strain rate choracteristics of the superplastic and

o

as-cast materials are prosentqd in Figure 6. 15 The -solid
“lines correspond to the averoge shus-sh'oln ate prope{hes
of the two materials ot a strain volue of about 0 05 while ’
: the dotted line corresponds to strain vulue of about 0.35. ' ]
" The tue stress-trua strain prcpcfties of both mater;oh
gre given in Figure 6.15. . For the wperplost!c material,
Figure 6 16(a), the flow stress remams constant with .-
increasing strain -and hence the moterial cou!d be considered

as non-strain hardening [2.19) ond [4.11. However, " the

e
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stress-strain behc:.;iour of the as-cost m&/tericl as shown

in Figure 6.6(b), indicétes that strain-softening occuyrs
dt':rin.g. the early stages of the compression test. This has
been c;bserved by other investigators and rnuy be attributed
k; changes in the ;ﬁicmstrpch:re during ;iefbnﬁation. For
ﬂu; ‘zi.no-aluminum alloy &msidered in these tests, it was
found that the grain sizg‘becomeﬁ finer after deformotion
6.151. Forf;xnately_, the flow. stress of the testo:-cus;
_material reaches a steady value at strains of about £ =0.35.
Consequently, the dotted line in Figura 6.15 repnémqts the

steady stote stress, strain-tote characteristics of the as-cast

b
vt

material. Subsequently this o/€ chomcte;fsﬁc is used in -

1
\

interpreting the experiménful extrusion data of the m;ﬂ '
Wial. | |

Inthe, stralmrate range, 5.0 1074<&<1.5 107!
per second, it was found thot the m;lficol relaton, -oquoﬁon '
(.6-1) fits the material behaviour reaxonably well. The volues
of the material parameters obloined by tha loatt squars fitting

method are given in Table &1

.~
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TABLE 6-l: Material Porameters |
b . 9, , . m
Material C—ondifion . Ibf inch 2, sec
As—cast € = =35 13,550 | 6.s4
Superplastic € = =05 13,580 . 0.3

Inverse-Extrusion Experiments
The experiments described in this section were performed

6.3.2

by K.K. Jain and described in extenso in his thesis, Ref. [6.15]. The

author assisted Mr. Jain in some of these experiments and the technique

is briefly -recopirulcré'd here.
" Extrusion eauipmen'tbcnd test procedure

{0)

Inverse-extrusion experiments were performed on zinc-

aluminum eutecloid alioy in both the as-cast state and

superplastic state.
- The extrusion rig assembly shown in Figure 6.17

consists issenﬂqllf of a four plece-split dla and a die
bottom resting in @ cavity in the die holder. The guide I
) | which is bolted down on the die holder, sorves the dual
" purpose of guiding the punch ond locating the &io. The
die wus baafed‘l:_ry means of four cylindrical ooﬁﬂdge
heaters Inserted in equally spaced holes dritled in the die
holder, A detailed description of the various ports of the

rig may be found in Referencs {6.151.
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~ The extrusion test was started by assembling.the rig
. ' <

without the hnt specimcn; and heating it to about 2200(:.

The gunde und ihe ram were then remoqu cmd the die, die

L o]

bottom ond ram were thoroughly lubrucared with heavy duty

Ar

gear bax oil. A lubricoted specimen was placed in the die

and the guide was positioned ond bolted down to the die

AV

holder. The temperature waos increased and during the test

the heat was regulated so that the die temberature, as
measured by. inserted thenno-co:uple;, remained constant

o. + % B :
at 250 C - 2.0. The rom trave! during. the extrusion
test was recorded by means of a dial indicator ot equal
intervals of time.

Experimental results

rThe extrusion experiments were carried out under constant

lood condition within the range 15,000 - 100,000 Fby.

1

A typical displacement-time diogram is shown in Figure

6.18. The extrusion process proceeded in three distinct
stoges. The first stage js a non-steody stote during which
the blliet‘ s covnptessaé to ﬂlil out the die until ﬂowh
induced. Once flow is established, extrusion proceeds !

an almost steady rate.ond, hence ccmtq;n pressure. This -

'6pp;:ient steady-state reglon wds observed in most experiments;

tho punch velocity wos determined from the grodients of
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these curves as shown in Figure 6.18.
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Near the end of

the extrusion p‘rocess the speed falls rapidly as the compression

effects become more predominant.

_ Table 6.11 summarizes the load-velocity characteristics of

the extrusion experiments conducted on the as—ast and

superplastic material ot an extrusion ratio of 8.3. It should

be noted that the extrusion of the as—cast alloy was practically |

impossible at foads fess than 30,000 Ibf. Also extrusion

kS

experiments at loads higher than 100,000 Ibf occurred at

speed too high to record with sufficient accurucy and are

consequently not listed in Table 6.1k, Table 6.1l gives the

results of extrusion experiments for two .different extrusion

ratios; namely 8.3 and 20 with a ram chamfer angle of 45°%.

Load Steady~State Ram Velocity v inch per min
F, Ibf | 90° RAM 45° RAM .| 30° RAM :
As-Cost |Superplastic | As-Cast  [Superplastic As-Cast |Superplastic

15,000 .0145 019 |
20,000 019 - .D285
30,000 .042 018 | .180

40, 000 .285
50,000 .070 0.800 | .00 | .55
&0, 000 063 2 1.280 063

70,000 110 .320 185

90,000 | .210 -490

100,000 - .900 ,

TABLE 6.11:

Extrusion speeds ond levels, (qéru:lon

rom Etoﬁlas

Ve

™
ratio 8.3) for dlﬂ’e;tint a

EN
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TABLE 6.H1: Extrusion speeds and loads for different extrusion matios
) (45° Ram proF:le)

Load F, ibf \ Steady-State Ram Velocity Ve inch/min.
r=8.3 - ¢ =20
\_‘:*) As-Cost | Superplastic |- As—Cast | Superplastic

30,000 o8| .80 |
50,000, _ .070 800 . 2100
60,000 112 1.280.

70,000 . |- - .320 o e | 240
90,000 - ) .700

. -

100, 000 : . 900 — 110 .
125,000 . .500

6.4 léompcrison between Theoretical and Experimental Resulfs

Equohcn (6-18) indicates thot the punch force F for a given extrusion .

=|\ould increase with Ve where v is the extrusion velocity. The ' theorstical

curve of F versus Ve in a logarithmic dtog{r{um should therefore be a srm:ghl

line of slope m. Tho theomhcal and expenmenhl resulb for as—cast and
\ISUperplastic billets for rho two different ram prof’les are plo!fe_d_?n this |

manner in Figures 6.19(0) and (). For the two different extrusion ratios, T

Figures 6'.‘20 @ ond' (b) show the load-\{elfocl‘ty logarithmic plots for a 45°

am prof'le. 7 ) ll'

At muy be seen fnom 1hese Figures that |ho Iheory tends fo over-

¥ X
estimate. the load at -the low extrusion ratio and mder-csﬁrm!q_ it ot the ;
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higher ratio; in ol! cases, however, t:he pressure increases with punch speed
~
in approximately the manner predicted.

, Tbeoretioal curves similar to those in Figure 6.9 were col-culated
for the particular values of m in the experiments. These are presented in
F-igures 6.'21(0) and 6'.21Cb) toget}_ier with the experimen‘tul res:ilts. The
e.xpenmen&:ﬂlppomts for a particular vulue o m Figure 6.271 are » derived

~ from a number of tests at dlfferent speeds as in Figure 6.21. These results

are for the 8.3:1 extrusion ratio and expenmentul pressures are generally

less than predicted.

6.5 Discussion 4

onblems of the kin.d described can be solved numerically wvsing @
finite element approack and with this method of sohIﬁon, mre-depeﬁden‘t
material behaviour can be accommodated. These solutions however are
frequently bo.v..ed on an ;xperimenmlly detennined velocity field [6.5] ond
[6.16] ond'_it. is becoming hcre&séngly wm@t that the real cost of

numerical sofutions of this kind is high [6.16]. On the other hand,

e
——

velocity disconﬁm:ity md‘ slip-line field methods have been a_:ccc.ssﬁ;l
in providing Ti.nsight' into o wide range of extrusion problems ond the
extension of.thesg techniques to deal with stroin-hardening materials has
been_entirely satisfactory in a practical sanse sven if it Is an essential
pmgmal.ic rather thon ¥ rigorous opproach [6.17]. .
The object in this work has been to exploce the thim of ' ]

treditional analytical me% to accommodate hlgh_lyhh—mil\ive materials

‘-
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such os superplastic alloys. It has been shown here that a geomelric factor

" can be derived} from the si-ip—line field solution which permits sBlutions to

be obtdined for materials having a non-linear viscous behaviour. The

method is not rigorous in that velocity disco'ntinuities ortlz allowed, while

intuitively one reclizes these could not occut- with rate-sensitive materials. 7 "
The theoretical pressurc;s are in mony\ cases slightly obove the experimental
one.s in spite. of the fact that the process was assumed to-be frictionless.
. This-: ‘rncy 'be explained by the',Fccr that all the propose:l:l’sllip-liﬁe solutions
shown in Figures 6.3, 6.7, ‘6.8 and tS.l'iT do ;wt inc-lude an extension of
the stress field .into all the non-deformin‘g ;egions and therefore they are
incomplete.. Consequently t-he loads determined llJSEDQ these fields re;;msént ‘
an upper bound solution [6.18] und_[é_.]?]'.

| In correlating the extrusion experimertal results with theory, one

usuolly refers to the rnatenol ﬁ’ehuvnour as datermmed from compression

tests. The dtfflcul\m conducting ccmpresqon tests_especially-at elevated
_temperatures are known [6.17]. Consequently, the inevitable expenmentul

. . _— “r
_elrrors in the compression test result contribute to the discrepancies observed
between the the.oreti;:ul angd. expe,\r\i;}crilal results . |
;—iowaver, in the particular type of back extrusion process, this '

-anclysis has provided aln explonation for the unexpected "stecdy-state™
which‘ was obsenged in extrusion of highly rote-sensitive materials; it
has also shown that the rate-sensitivity of the extrusion process should be

- . \ .
the same.as that of the moterial. In other work, o similar conclusion

is suggosted for general deformation processes where the material behaviour
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is controlled by a thermally octivated process [6.20]. The work here
indicates-that extrusion pressure is much more affected by punch geometry

in rate-sensitive materials than in perfectly plastic ones. The fairly

close agreement observed may well be fortuitous and applications of the
method to more problems is required before it can be fuIl.y justified.

>

The theoretical anaclysis of the effect of tooling geofnetry is in good

agreement with the experimental results and it\is anricipated that the

- o

analytical methed presented can be usefully employed in the optimization

of ‘extrusion equipment design.
\

L




CHAPTER VH

CONCLUSIONS

Superplasticity is the v';s;:ous behovio(.ur. of many alloys which
have an ultra-fine grain stmcturé‘when they oré deformed slowly at
an elevated temperature. This behaviour is most dramatically displayed
in a tensile test where the sdpefplcslic metal undergoes I—arglc elongations,
sometimes greater than 1000%.

The overall physical manifestations of superia?usticity c:re'-ecsily
described ond they‘ are predictable. However, the microscopic deformation
mechanism giving rise to this behaviour is not yet entirely clear. In this
work the superplastic behaviour i3~vidwed os one region of the overall
spectrum of rate~dependent defor.motim of solids.
| - Phenomenologically it is shown that a non-inear viscous model,

| .
with certain limitations, mgy be employed to analyze superplastic

.
deformu.tion problems. It is concluded that the _fnoteriol purum.eters .
should ‘.be derived from d steady-state bbsei'\;utims in uniaxial tests. The
_:r\cthcmSticcftheory of secondary creep may ‘be then ‘used to derive o
generalized non-lincar viscous constitutive equation applicable to super=
plostic deformation ur;de’r multi-qﬂal/stafés ofr stress. |

This thesis presents analysis for fhrea,mpordtp problems of super-
’ F;lastic c.iefmmuticn nomel.y;‘ {o) post-nacking geme@-in tensile-forming

. : i
processes, (b) crecp festing of superplostic material in sheot fclanm ond

() reveme-oxtrusion of rate-dependent materials.




‘In tcnsilc-forrﬁing processes of superplaslastic maharials-t’ne -
dafommation is unstable and it is shown that geometric non-uniformities
davelop cmtinuqusly. The features of such deformation system qre
illustrated b;( the numerical anal).fsis of in-i.ticlly-nm-mifonn tensile
bars und‘ihin-wulled tubes expended by intemal pres’s;)m.l The material
paramaters used in the theoretical analysis are those for con‘1mon super-
plastic alloys and .the size of non-uniformities cre f)‘rpicnlﬂof those whic;h
would inevitcbly be present in test-pieces &td—cmmiallykproduccd'
tubes. The results of the onalyses ;emmsmred ;he f::llowing:

- tc;';;ile deformation of g topered l;ar ond thin wa!loq-tube
expanded by intemal pressure, the nm-u:eifonnily in section
is shown to increase with increasing initial non-uniformity
Y, ond decreming stmn-mtn sensitivity. I | j
{ ,: Such nmqniformlhes of cross-—nctloml areqas will develop
| cantinuously and be distributed glmg'tbe length of the work-
élei:e. Tl‘\erafo?a useful products can be formed in this
" unstable tensilo deformation régime since Ilmuo'mmll shape
chonges con bo achieved before the vurioﬂon in ' i
thickness bacomes technologically u.m:.pmble. | |
- A good cmlnﬂm was found hthncn theoretical ond
expﬂlmmhl resuits of unhxlcl hmkn of non-uniform super-

plcnﬂc zinc-aluminum sttips wilh dlght initial 1oper. . o
It s fhnlly concluded that @ non-lhoof viscous mawerial model

can bo opplied to danmlno the fdumm required for hduminl mllo- |
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- forming processes of superplastic alloys.

In creep testing of superplastic material in sheet form, it is
shown that creep data con be obtained using a test. in. which a strip
or indeed the- whole sheet is .61\'mr-19ed as a cantilever loaded by its

. ! [}
own weight. The results of the investigation are ;unvmrized as
follows: - |
- The experimentol results obtuined -frc;m bending t;ests of super-
p!u:'.ﬁc .zinc-dluminurh-shc-ets- at room temperature indicate that

‘a state oﬁodhy--_stu}e creep is achieved after o modest . _ K

deflecti{:;n and that this deﬂecﬁpn rate can be easily and

acéirately measured using simple equi.pmcnt.' :

o -/{)ofa from bending tests can be expressed in t"!:’e same form Gs

\

the results of unioxial tests. Creep data in the form of . \/
" constonts ianonon's creep low can be obtained from data of

two bendiny tests but this method does not appear to give L
 religble results. < | - 3
~ A stress, ;t'r::in-mtu curve con be obtoined from @ number of

beq_di-ng te;sti b-y‘ identifying the skeletol point for the beom.

(Tho skelgtal point ks ldeﬁned s the- only point in the structure
. where the stress ond- the strain-rate con be oblained e:qﬂllcllﬁy. ' ~

from the beam configuration, looding system and measured end

deflection rate \_ltil!tot;t knowing the exoct volues of the <

moterial paromaters in creep).
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-

- (i;)mpcrison of the stress, strain-rate creep curves obtained
from \bending and tensile creep tests at room temperature
inﬂ_icates a sign.ificulnt difference befween the two. This
may be due to difficiencies in the complex 'cre;:p theory
used to correlate the two results rther than aothributing
the discrepancy entirely to defects in.eilher test method.

- The bending test can be performed in short time using simple
hmeusu‘ring eqﬁiprr;cnt. The results indicate that it is a valid

and economical test for superplastic sheet material and it

appears that o test of this type may be' suitable for quality

PN

-

-control creep testing. ‘

-It.is fikely that further experiments would validate ‘fhe method
for other classes of material and the Iheory con readily be extended to
cover tests in which hlé;her stress levels are obralned by adding oxfemal

loading. Developments of this kmd could lecd to substontial reduction

)’vglhe coat of perfmﬁhg routina creep tests.
” : .

- I bulk forming of superplosﬁc majerial the load nequiremenh

{
!
H
i

are highly dependent on the forming speed. UOM process of this cla_9
ks Iho reverse-extrusion of superploshc material used to mnufactufe thin-

walled cups. In the ptesant wock the “raditional analytical methods wch
as the slipine field soluiims have been extended tt;}ccommodah rute-
sensitive rrnh:nals. It is shown that: -

/ ) . ‘ ~
\__ ' Y - The deformation Volume ond lhe offective stroin-rate identified
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by the sl'ip-iinc field soluﬁons,‘ developed for the defon-ation
at the edge of a cylindrical billet, were incorporated to
define a geometric foc‘tor which permits the extrusion pressure -
to be deten;iined for @ non-{inear viscous material .

- In the portiéulqr type of reverse-extrusion process, the unalysis
provided on exp'lcnaticn for the unexpected “steady-—stote™
which was observed in extrusic;n of rate-dependent material .

- 1t is fownd that the extrusion lood increases with punch speed
with rate sensitivity opproximately equal to that of the material
when tested in compression.

- The averoge rovarse—extrusion pressure was much more
affected by punch geometry in rate-sensitive materiols than in
perfectly plastic ones; The theoretical analysis of tooling is
in good agreement with the experimental results. | -
The method of analysis appears to have generality bayond the

particulo( process considered and may be used 1o optimize extrusion

‘cquipment design. , i ‘ i
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WRITE (6920)

) /
] APPENDIX A-1

STUDY OF POST-INSTABILITY YENSILE JEFORMATION OF

A SLIGTHLY TAPERED T ST—PIECE OF RECTANRGUEAR CRUSGS—
SECTION UNUER CCNSTANT LuUADe THE mATERIAL PakamiTtils
ARE TYPICAL OF SUPERPLASTIC ZN-AL ALLQOY.

WOswWw UNDEFORMED AND DEFORMED WIDTH RESPECTIVELY
BOsB8 UNDEFORMED 4ND BEFORMED THICKNESS REsPECTIVELY
LOsL UNDEFORMED AND DEFORMED LENGTH RESPZCTIVELY
_AO+AA UNDEFDRMED AND DEFORMED ARcA RESPECTIVELY

K sM SUPERPLASYTIC MATERIAL PARAMETERS

T TIME .

0BT TIME INCREMENT

E ELONGATION

STR STRAIN RATE  °

P1 LOAD

DIMENSION AO(9)s A(Q)s AALG)s WO(O)s W(D)s WSLG)s WWIG)

]80(9)vB(Q)568(9}sBS(G)oAU(?)sAXU(9)1AXT(9)'
ZAXTR(QI9STR(9)vSTRR(Q)’DIFD(9)’DIFDA191

REAL MaMl 2 sM3sKsLsLOPLS

CONSTANTS
Picte®ATANMIT W)
K‘;Q]UUQ
M=e315
Ml=le/M
Pl=23.
P5=P1/X

INITIAL GEOMETRY OF TAPERD TESI PIECE
AX=+25 ) 7
LO=1.25 N
READ (5327} {wO{I1)eI=196)

1D=6 - , -
ID1=1D-1 -
N1=1 ;

CN2=1D

11=0
IK=1

WRITE (6+21) IK-
DO 1 N=N1sNZ
THICK= 090U
BO{N-11)=THICK
WIN-11)=wO(N})

. 228
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Y ~d

ALN~T1)=WOINIZBO(H~11) :
AOIN-T1)=A(N=17) ' : )
WSIN=T11)=WO(N)

BSIN-11)=BO(N=-11)

CONTIMNUE

N1=N2+1

N2=N2+1D o : -

‘11=11+1D

FK=IM+1 : . :
T‘-:.U " ‘ -
DDT=20, '

CALCULATION OF UEFCRIEG AREAS ‘
DO 16 1J=112 . ’
T=T+0DT 7

DO 4 U4=1-1D .
IF {1J.EQel) GO TO 3
ALJI=AACY)  »® .
AACII=(AOTS) #RM]=THM]# (PS )R] ) #4M
CONT INUE
CALCULAJION OF DEFPR!ED LENGTH
—'-00 . .
STRT=.0
DO 7 I=1,1D1
AMzALT)+ALI+11+50RTIACTI*A(TI+1)) -
AF=AALT)I+AALTI+1)14+SQRTIAALTI#AA(]+1) )
IF (1J.EQ.1) GO 1O 5
AULTI=(AM/AF =14 ) BAXULT)
AXULTI=aXULTI)I+AULT)
GO 10 &
AULT Y 2(AM/AF=-1.)#AX
AXULT)=AX+AUL])
srg(:)—tAu(:;/AkU(I::/DDT
U=u+al{ 1.

 STRT=STRIFSTRI) .
STrRRITI=STRITI/STRI)

CONTINUE

™

IF (1J.EQ.1) GO To 8

L=L+U

GO 10 ¢

L=L0+U : o n
E=((L~ LO)*IOO.)/LO

"STL=ALOGIL/LO)

ASR=GTRT/FLOAT{IDI)

CALCULATION OF DEFQRHEDL arorn AND THICKNESS
WaA= U : ’
Ano Uo

DO 10 J=1,10
ﬂu!Jl-hSlU)*EXP(-.S*ALOG(AO(JI/AAIJ)31

\

-
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BB(J)=BS{J)*EXP (-~ 5*¥ALOG(AO(UI/AALINY)

AAS=AAS+AALD)

Wi A=W A+ww (J)
CONTIMNUE
W'-‘-r;\\/zW".‘.'AfFLOAT (ID}
AASAV=AAS/FLOATUID)
AXT(1)=40

DO 11 1=2.1D . ) A -
AXR(I):AXT{I—1)+AXU(I-1) .

AXTRETy=AXT(I)/L

CONTINUE

IF (1J.EQs1Y GO TO 12 -

Go 1o 13

WRITE (6+24)

WRITE (6+18)° [wi{N)YIN=1+1D)

11=1 )

ENDEX=FLOAT(I1)

IF (E«GE.9C«) .GO TO 14 |

TIcT-4.9999%ENDEX '
IF (T1aCGEsUs) GO TO 14 -
GO TO 15 _

WRITE (64170 T , - '

11=11+1 | ‘ ' . ‘ .

WRIT 229 ) '

WRITE/fgfg?} ' ) - -

WRITE (6+18) (AAIN)IN=1+1D1

WRITE (6318) (WhiN)sN=1+1D}

WRITE {(&y918] (BB{N)IN=1+ID?

WRITE (6s31)

“WRITE {6+18) tAxrtlfi;=2-lo)

WRITE (6+18) (AXTR{I)sI=2+1D)

CALCULATION OF NON UNIFORMITY PARAMETEKS S ;
OIFD(11=1A85((hW(l)—Wh(ﬁ)lkﬁwAV)‘*IUO-
DiFni;;:(aab((ﬁw(ﬂ)_wn(511/3:AV))¢103-
. DIFDAI1)=(ABSIAAILI=AALGII/AASAVIF ]V,
olFoA(2):(A55(AA(3)-AAr5);/AASAvqsluc.
WRITE (6525) (DIFD{I)sI=192]

WRITE (6926) (DIFDAUL)s1=192)

CALCULATION OF DEFORMED uNIFCRM TEST~PIECE
AAS=AA(]) : £
STSéIA(])-AA(])!/(DDTiAA(ll)
LS=BS{1)!WS(1)*L0/AA5 )
ES=(100.#(LS=-L01)/L0

WRITE (6+19) UsLsE _
WRITE $6923) STLYASR .




15

16

17
18
19

20
21
72

73

24

25
26
27
2B
2t
U

31

T
e}

' Fs

' ¥

23]

WRITE (64+28) "

WRITFE {(69+34) wwWl1)sLSeESHSTS

WEITE (6+18) (STRR(IJsI=1+1ID1)

IF (EeGTa20UANDeN2.EQa12) STCP .
IF (E«GEabYas) DDT=5,

lF [E.GECTU.) DDT:ZOS

CONT INUE '

IF (T.LT.600U) GO TO 2

STOP

FORMAT (//7/7/76UXs*¥TIME=®+F 9439 #¥SECCND*///)

FORMAT (/SX98F12.57)

FORMAT (//2Xs%STAGE EXTENSION=%9FB,624X»#T0TAL LENGTH=
1 *sF1UHI4XsH#ELONGATION PERCENTAGES®sF U6/

FORMAT {1H1) ' ' B

FORMAT (50X #SPECIMEN NUMBER¥®»12///) .
FORYAT (/5Xs# WIDTHESsTHICK. -AND AREAS OF THE LOADED ;
1 SPECIMEN AT.25 INCH#/) ] _ . '
FORMAT (2X+*LOGARITHMIC STRAINS*2FBe635X 1 *#AVERAGE

ISTRAIN RATE=%3F8,6//) : .

FORMAT (/5Xs% WIDTHES OF THE UNLOADED SPECIMEN ATe25

1 INCH STEP%/) ' _

FORMAT (/1UX3»#NON=UNIFORMITY=%sF8es 95X #*NON-UNJFORHITY=*

1 +FBa4/) ' . !
FORMAT (/1UX+#AREA NON-UNIF=#sF8s4+10Xs*AREA NON-UNIF=# )
I’FSOIF/} ) 4 - |
FORMAT (F5.4) ' - o
FORMAT (/2Xy#STRAIGHT SPECIMEN #)
FORMAT (7X+#TAPERED SPECIMEN #/}
FORMAT (//72Xs#9]DTH =%9+F12,1095Xs#TOTAL LENGTH=#+F10460
1#ELONGATICN - PERCENTAGE=#3F120613Xs¥STRAIN RATE=¥1FBe6/)
FORMAT {(/1uXs%DEFDRMED LENGTH OF ELZMENTESH/) :
END :
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APPENDIX A=2

SINFLATICN OF A THIMN FCCFRTRIC TURE MADE OF SUPERPLASTIC
MATERTAL wWilt CONSTANT INTERNAL PRE soulkt

NOMENCLATURE ;

Kt SUPERPLASTIC MATERIAL PARAMETERS .

TH ANGULAR DISPLASEHENT ' :

UNIF NONUNIFORYITY PARAMETER OF AREA

PO INTERNAL PRESSURE

RI UNDEFORMED INSIDE RADIUS R

RMGsRM UNDEFCRMED AND DEFORMED RADII ReSPRCTIVELY
DsDU UNDEFORMEU AND DEFORMED THICKNESS REPECTIVELY
ST STRAIN RATE :

UNIFe THICKNESS NONUNIFORMITY PARAMETER

TIME ‘ - ' )
REAL KsMaM1aVI2)1aRDTHI1B12195T(19)+5TRI19) -
DIMENSION RM(292)s DU1992)s DDE1942) s DIHC(1892)s OTH(1892)

CONSTANTS \
PI=4.*ATAN(1.)

'K:IUUJU.

M=-5 . f

Ml=]a /" . ' e
EPS=euwCUl - ‘ 1 : : ‘ !
RMO=2. - i ) _ . ‘ i
EC=.005 - i
Rlaﬂogb ] f

'T=¢0 . R ?

vVO=PI

" ERRCR=00U5 ' .

DT=25, : /
P0=25. . /

CALCULATION OF DEFORMED THICKNESS (USING A RUNGE KUTEA

NUMERCIAL SOLUTION)
DO 1 1=1.18
DTHO(I+1)=P1/18.
CONTINUE
Do 17 JJ=1s2
T=T+DT
3 JK=1s2 '
?? }IKIEO.I! S{IK el J1 R4 a2
JK=1 ¢ ' . - -] .
DO 7 J=1.19 CoL e '
THETA=J=1 : -

232
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THETA=THETA*PI/18. 233

IF (IK.EOtZ-f\ND-JKoEOo]._) RECTIKTJ)=REO+a00
1F (ToEQ.ZS--AND-JK.GT.L) GD TC 6
1F (TQGT-25--AND-IJ-EQ011-GO TC 4
IF (T-GT.ZS--AND.IJ.EO.ZI GO 10 5

C?=ﬁ;*(RMC*EC*COS}THETA)+RMO**?+(EC**244.)”RI*¥
D(JslJ)=(—Cl—5ORT(Cl**z-n-*CZ)JIZ- ~
GO TO 6 ' :
4 D(J»1J)=DD(J»ETI+1) ]}
GO TO 6
g DUIsT12y=DDtIs»TI=11)
[ DDT-‘—-—DT*SQRT‘BQ’IZQ
PS=PO¥RMIINI 1IN/ 2.7/K
RK1=DDT={PS/D(Js 1) #*1eD s 1))
£51=DJ»10)1+RK1 ’ ‘ T
: RK2=DDT*#{PS/051)#*%1¢DS1
DS2=D(Js1JI+RK?
RK3=DDT*(PS/DSZ)**M1*DSZ
DS3=D(2s1J1+RK1/2.
RK4=DDT2(PS/DS3) 2 uM1=DS2
RK5z {RK1+RK31/2.
- RK=RK&4+ (RK5—RK&)/3e
DD(J’IJ)=D(JOIJ)+RKl ) )
CONTINUE : ' "

1=t e ¥RIPO=2 « ¥ECH{COSLTHETA)) - 7/
21

e

&

CALCULATION OF DEFORMED HFAN RADIUS\
'Tﬁ?.u‘ : S
‘DO 12 I=1+18 |

1F (TeECe25e) RMS=2e ) '

IF (T.EQa25+) GO TO B8 .

IF (IKeEQelsANDeIJeEC2]) RMS=Rm( (1K+1) 2L TI=1)

IF (1KeEQeleANDoIJeEQe2! RMS=RM(LTE+1 ) e (TU=11))

1F (12 EGe2pANDelJeEGe2]), s zRAl I TI-100

IF (1KeEQe IAND.]J.EQO].) HM5=R1"“_IK,(IJ+1))

IF'(T.GT.25..AND.IJ.EQ.21'Go 10 9

IF (TeGTe25esANDe1JsEQel) Gc 10 10

HS*DTHotIvIJillDDII-lJJ

I A TA TRV

A DTH(1.1J3=tot1.iJ:+ptt1+1:'1J11-R
]+DD((I-&-l)!IJ‘i/R”(IK’IJ)

GO T0 11 . oy
DTH(I-IJ)=iD(1-([J—1l)+Dlll+1l'l!J-I)l)*RMS*DTHllvilJ 1H)

Q 1/tooll,t1J—11)+DDttl+1)-(iJ-1)ll/RHllﬂ-1J*

10 11 . )
14 g(T)H(I,}J,.:{U([,([J+1)l+DI (I+1]'v‘ lJ:')(,l‘}:‘Rjn;.S*DIHiIO(I_JJ'lI
1((00(1.t1J+1):+DDtt:+1a,l14+1lli/RJ i€

11 TH;DTHII,ZJ)+TH .
RDTH(I’IJ)=TH*18U./PI

12 . CONTINUE

VIIK)=TH

-...._____.“
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IF (IK«EGel) GG TO 13 ‘ 4 : -
RM(l&sIJ):RHLE,IJI—{RM(2sIJ)-RA{191J))*(Vtz)—VO)f(vtzl—Vlllf
RMO=RM(UIKTJ) . '
D]FV:AHS‘( IVIIKI=VOIY/V0)
JEK=JK+1
IF (DIFV.GT.ERROR) GO TO 3

3 CCONTINUE

« CALCULATION OF NONUNIFORMIJY.PARAMETER AnD
AVERAGE - STRAIN RATE ’

DDA=U

STh=aU

00 14 1=1519 o
STUI1={D{Is1J1-DDIIs] ) )/DT/DD{T T}

STA=STEII4STA oy ‘

STR(T1=STLII/STI1) :

. DDA=DD( I+ 1J)+BDA : N
164 . CONTIRUE

ODAV=DDAZ194

STAV=STA/19. |

UN1F=t(06(1,1J:-DD(19-13¥1/DDAvs*1ab.

Y Y e

C . _ .
IF (TeENe25e) GO TO 15 >
15/,//Sg:¥g‘T67§§)
WRITE (63211 (DI(NsIJ)sN=1116]}
16 WRITE (6918} T .
WRITE (64231 —
WRITE (6+19) (ODINsTJ)9N=1919)
WRITE (6927) RM(291J)9STAVSUNTF -
WRITE 16422} ‘
WRITE (6s2u) (RDTHUEsTO)s1=1+18) .
~-WRITE £6426) . .
WRITE (@+24) (STR(I}s1=1+19)
17 CONTINUE ‘ :
C
17=T . \ |
IF (1T.CEe18U) DT=10a . _;
IF (TelTebtuel) GC 10 2 . ' . i
STOP . A !
?a FORMAT (//lﬁuXciTIME:*oFQ.Bv*SECOND'/)
10 FORMAT (10X+6F18410) \
20 FORMAT (10Xs6F18e4) '
1 FORMAT (1uX96F18410)
;? FORMAT (//5X+#RELATIVE ANGULAR DISPLACEMENT_QifFHE"
1#DEFORMED TUBE #/) - oo
23 FORMAT (/5Xs#THICKNESS OF THE LOADED TUBE®#/)
o4 FORMAT {)uUXs6F18410) ) )
i : . THE UNLOADED Tunts/d
FORMAT (/5Xs#THICKNESS OF > oM teers

et

’ 1 (/75X»#RELATIVE THICKe OFR e,
;g// EggﬁgT.(il3x:*-DEFORFED nADlU;:b.F?.s'zﬁ.-Q\LR;rnggf "y
' 1#STRAIN RAIE=*»F7.3o3xaanox-un1F.pERCEN AGE=#+F6e3/

END
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APPENDIX B

This appendix contuins the experimental data obtained
from testing fapered tensile-strips under constant load. The. material of
the test-pieces was superplastic in as—rccé't_ved condition [4.2]. All

AN

tests'were conducted at a temperature of 200°C.
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DIMENSIONS OF | "DIMENSIONS OF
UNDEFORMED  SPECIMEN DEFORMED  SPECIMEN
1 '.Distc:nceu”' o Distance
Width | Thickness| Area between Width Tl_*nickness Areq |between n(w/w )| .
o | o T e | | s | A |mked | By
Test-Piece No.1
13946 0371 . | .3346 | 0733 0245 | —mne | eee
( ) .
3906 - |.o37 | | -3228 | .0710 | .0229] .3600 | .6785
3867 0363 | . | L3160 | 0704 | .0222| 4000 | 6984 !
.3825 : 0360 | © -+ | .3086 0689 0212|4000 | 6912
3795 | L0940 10356 | 2500 3021 | .0679 | .0205| .4400 | .7012
a3 | Jloasz | 2510 | 0671 | 0197| 4600 ﬁ42 S
13738 0351 | | 2903 | 0ss3 | o192 4500 (7241 |
3716 | .0349 2883 0663 | .0191] .4500 |..7270
3706 [V |.osag| o . el B f
ThatPioca No.2 |
L4011 .0377 3099 | L0628 0194 ~-——- | 6379
3988 | ,0575 3054 .0624 -.0130 4900 |, .6496
3970 0375 | - 3017 | 0619 | .o18e]: 4500 | 554
3946 | .0371 2948 | 0603 | .0177| 5000 | .6552 ;I
.3932 1 L0941 |.0370 | .2500 2898 | 0595 | .0172] .s200 |. .e856 * P
3911 | 363/#/ 2859 0592 | .o16s| 5500 | 6761
3904 | 0 Flossr | 2837 .0584 0165 .5500 | 6693
3899 .0366 | 2800 | 0589 | .0067| | 704
3894 | | .osse o ases | s | owe9f ~— -6t

3
Dimensions in inches
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DIMENSIONS  OF . DIMENSIONS OF
UNDEFORMED  SPECIMEN 1 . DEFORMED SPECIMEN
Distance ‘ Distance ‘
| Widsh | Thickness | Area | Between | wigih ' | Thickness | Area | between |2 n/w/wo)
WO'X So . Ag mﬁf"fed‘ w s A marked |2 n(s/sq}
3 \ staticns h stations
| Test-Piece No.3
13996 0378 3461 | o761 | .0765| —---- e L
3936 |\ 0372 . .3395 | .0762 | .0258).3500 | .6801 -
3895 - |.0368 322 | 0754 | .0250|.3400 | ,6982
.3850 ~ |.o364 | .3261 | .0742 . | .0241].3600 | .6806
.3809 { .0947 |.0360 | .2500 3196 | .0731 | .0233|.4000 { .6775
3768 0356 . 3131 | *.0724 | .0226] .3000 | .6898 ‘
.3737 .0353 a084 | o7 | .01 | 350" | L6936
.3708 .0351 .3031 | .0703 | .0213|.4000 | .6765
3676 .0348 : 2991 | .06% " | .2063
Test-Piece No.4
a2 |- |oses | 3492 | .0812 | .0283-—-- | .7056
.31'341‘ < |.0361 ; 3470 | .0812 -| .0281[.3200 | .6938
.38;22 .035? & | 3w oen <0279 | 3200 | .7056 -
3798 | . .0357 | s (0276 | 3220 | 7004
780 | 0940 |.03s5 | 2500 -+ | .340 o2r .2 | .60
3765 0354 a3 | o269 .3200 | .6927
3750 | 0352 | | | 670
3740 lozsi | ka7 .0264|. 3270 | .67l
P | ana| o | o] .30 | 6750

Dimensions in inches
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DIMENSIONS " OF

DIMENSIONS OF

UNDEFORMED  SPECIMEN - DEFORMED  SPECIMEN
Distance , Distance
Width [Thickness | Areq | between Width |Thickness |Area | betheen |2 n(w/wo)
Yo "o fo ?Q?f::s v s | A | Teed 1en(og)
| Jest-Piece No.5
L3892 0363 3342 | o750 | .0250] ——-- 6944
3864 .0360 .3285 | .0737 | .0242| .3600 | .6852
13840 0358 3225 | 0725 | .0233{ .3770 | .6890
3815 0356 3182 | .0718 | .0228| .3820 | .6898
{3795 | .0934 [l0354 | .2500° 3139°| .0704- | .0221| 30 | .en3
3777 .0352 3084 | 0698 " | .0215| 4000 | .6959
3750 - .0350 .3035 0689 | .0209] 420 | .6953
.3731 .0348 v | 2984 | 0676, | .0201] .4209 6910
L3710 0346 2972 | 0673 | .0200{ 4345 | L6767
Test-Piece No.6 T
4020 ,0380 3176 | L0897 | .0221] —=--- 7716
3951 0373 3091 | -.0c84” | .02n] .ds00 | .7570
3916 1.0370 .3{)31‘ 0672 | .0203] 4400 | .7450
3873 |+ |.0366 . o047 | .0656 | .0193] .4700 | .7966
3839- | .0946 |.0362 | .2500 2835 0634 |.0179| .5200 | .75
5793 0356 | 2755 | 0620 |.0V70 5250 | .7580
.3754 0355, 2647 | -.0586 | 0155} .5600 [ .7250
3716 0351 2547 | L0575 | .0146] 5950 | .75%
3670 | 0347 2487 | 0559 | .0138] == | 7549

Dimensions in fnghes
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DIMENSIONS CF DIMENSIONS OF
UNDEFORMED  SPECIMEN DEFORMED  SPECIMEN
Distance | Distance
Width Thickness| Area | between Width | Thickness| Area!| between n{w/wo ) |
o So Ay | marked W s A | marked
stations stations | *" (s/_so ),
TestPiece No.7
.3954 .0370 3247 |.0712 |.0231} ---—- 7203
.3914 .0366 3151|0691 .0217) .3%00 | .7143
.3876 .0363 3058 |.0672° |.o20s| 4350 | 7151
3839 .0360 2971 |.0651  |.0193] .4500 | .7059
.3799 |.0936 |.0355 | .2500 2887 |.0632 |.0182] 4800 6990
13768 .0352 2809 |.0611 |.0171] .5200 | .68%0
3744 > |oaso | 2760 .0598  1.0145| .5200 :.6808
.3722 % .0348 2733 |.0591  |.o161| 5350 | .6714
.3689 : .0345 N -1 - ———--
Te\s\il—Piece No.8

4013 .0380 3510 ].0793  [.0278| —--—- | .7546
.3969 .0375 3437 |ozrr |.o267| 3400 | .7284
.3903 .0369 3340 |.0763  {.0255] .3500 | .7210
.3850 | 1.0364 .3240 |.0751 .6243 3600 7438
3794 |.0947 [0359 |.2500 .3143 |.0732 - [.0230| .3800 }.7310
.3737 .0353 .3052 |.0714  |.0218} 4100 .7170
.3684 .0348 '\ 2956 |.0703  |.0208| .4150 | .7387
3632 0343 2878 |.0681  |.0195| .4300 |.7057
.3581 .0339/ 2825 l.0670  [.0189| .4400 | .6353

Dimensions in inches

B .
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DIMENSIONS OF : DIMENSIONS OF‘

UNDEFORMED SPECIMEN DEFORMED  SPECIMEN
Width Thickness| Area E;TLTZT Width Thidgé Area E;Bt::;f % nlw/wy )
Wo 5 Ao | matked | w s | A | maked |
tions 4 | stations |*7 (+/30) |
_ ]’est-Piecé No.? . ]
982 0373 | ., | 3077 | .0645 |.0198) - .| 6899
.3960 0371 Sl a034 |osss |1 .60 | 6828
393 | oses 2873 | 0624  |.0185| 4808 | .6865
.3909  Lo3ss 2887 | .0c04 |.0174] 492 | .e885
.3887 |.0938 [0364 | .2500 270 | 0572 |.oss| 5533 | es49
.3862  loss2 H 2649 |.0541  |.0143| .5946 | .6850
.3846 0360 | 2550 |.0514 - |.0131].6510 | .7160
.8828 0359 2394 | .0480 .01'15. 7186 | .7006
| | | 0355 2227 | o435 |.009s] 8500 | .7958
- -. Test-Piece No. 10
s, 0380 3343 | 0726|0242 |--—= | 6874
3969 10375 1 ass ona oz |.4w0 | 6989
.3903 oo 3144 | .0694 |.0218].4300 | .6957 |
s | losss | | .m0 |.0em  |o215|.4e00 52557
.3794 |.0947 |0359 |.2500 2903 |.0644 . |.0186].5100 " | .6941 |
3737 { oasa | 270 |.0618 K,}om 530 | 6%
3484 0348 2640 |.0588 . 0155 1.5400 | .6952
362 - fosse | 20 3590/ 0141 | 5700 | 6957
.3581 {0339 | . 2456 |.0543 | O133) 6400, 4780
' poCLh

Dimensions in inches
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DIMENSIONS OF DIMENSIONS OF
UNDEFORMED  SPECIMEN DEFORMED  SPECIMEN
[ Distance Distance
Width | Thickness|] Area | between Width | Thickness| Area | between {2 n{w/wy)
Wo So Ay | marked w s A | marked
o ' ' stations ) stations 2.“](5/50)
Test-Piece No. 11 |
3899 03665 3199 {.0701  |.0223] - 6746
3869 03637 3140 |.0691 |.0216] .4100 | .6783
..3844 0361 .3100 |.0687 | .02121 .4150 .6860
.3818 .0358 3080 |.0680 |.0209] .4200 * | .6635
3796 |.0940 0357 }.2500 .3050 |.0674 | .0205| .4250 | .4577
770 .0354 3017 |.0670 | .0202| .4300 | .6580
.3753 .0352 299 |00 | .0197 .435 6436
.3740 1.0351 2913 |.0643 | .0187] .4400 | .6581
3716 0349 2852 |.0629 |.0179| 4742 | L6587
Test-Piece No. 12
3982 .0373 U1 3450 |.0774 | .0267---- 7462
.3960 .0371 3424 |.0769 |.0263 250 | L7320
.3933 .0369 3390 |.0764 |.0259].3515 | 7240
.3909 |.0366 3341|0753 |.0250 359 7147
3881 | .0938 |.0364 | .2500 285 |.0738  [.0242|.3707 7017
.3862 .0362 .18 |.0724 |:0233[.3750 | .7044
3846 0380 3169|0713 |.0226|.3%0 | .7059
.3828 .0359 .3107  |.0697 0216 | 4005 | 7027
3791 . |.oas5 .3030 |.0681  |.0206 {.4230 | -6997

Dimensions in inches




242

DIMENSIONS OF DIMENSIONS OF
UNDEFORMED  SPECIMEN DEFORMED SPECIMEN
. : Distance ' Distance ‘
Width | Thickness| Area | between | Width |Thickness| Area |between [tn (w/w_)
o - %o Ao marked v s A marked P.n_(s_/;—;)—
stations . stations o
Test-Piece No. 13
3982 0373 | . 3022 |.0629 |.0190 | -——- | .6%03
3960 03714 2977 | .0617  |.0183|.5000 | .6811
.3933 .369 2913 | .0601  |.0175] .5100 | .6744
.3909 .0366 .2789 |.0574 |.0160|.5400 | .6873
3887 | .0938 [.0364 | .2500 2650 |.0531 {.0140].6000 | .673%2
3862 " 10362 | 2500 |.0489 |.0122|.6700 | .6676
.3846 .0360 2360 |.0456 |.0107|.7650 | .6771
.3828 -0359 .2140 | .0400 .0085 | .9000 | .6182
3791 .0355 R T e B Bt
Test-Piece No. 14
L4019 .0380 65 |.0714 |.0233] - 7384
.3957 .0374 ..3182 | .0699 |.0223|.4150 | .7203
.3902 .0369 3066 | .0679 . |.0208|.4300 | .7270
3845 .0363 2951 |.0s54 | .0198].4600 | .7168
.37% | .0946 |.0358 | .2500 2844 | .0633 | .0180 [ .4600 .71(
.3725 .0352 2709 | .0604 | .0164 \5400 7698
3674 0347 2500 |.0574 |.0148|.5800. | .7075
3623 2 2451 |.054 |.0133] 5800 | .706%2
3565 7 / 2314 |.0504 | .0116].6500 .6863
Dimensions in inches £




APPENDIX C

In plane strain deformation of an isotropic rigid perfectly plastic

material, the stresses are given by the well known Hencky relations [6.191,

P+2ky C

1
P -2k ¢

1

) . (C-1)
.\ .

These equéfions are equivalent to the equilibrium equations for o material
obeying Von-Mises yield criterion. The solurlion of the problem as given by
equations (C-1) and the boundary i:onditions are often represenfed by a neh-:rork
of orthogonal lines known és a and B slip-fines, Figure C-1 shows the
stresses on a small curvilinear element bounded by slip-lines. It is essential

to distinguish between the fwo for-nilics of slip-lines, and the convention odopted
here is that when the a - and B~lines form a righl?-honl_:ied co-ordinate system

of axes, then the line of action of the algebraically grgaresr principo} stress,
lies in‘ the first and third quadrants. The anti-clockwise rotation, ¥ , of the

. a =line from the chosen x-direction is taken as positive.

In some problems there will be sufficient boundary conditions involving -
onlf the stresses, to give a solution. ' Such problems are known os "statically
determinate” and the velocities can bo calculated ofterwards. In other problems
the bounc-iciry conditions will involve both stresses and velocities ond a solution
can be only obtained by considering the stress end the vglocify equations

(Geiringer equations 6.191), together.
| - 243

——— o —



244

X
Fig2 C.1  Stresses on o small curvilineor..elemcn't
of a slip-line field. ’ -
. L
| | PUNCH
N 0 ‘ I
N ! 3 J '
. b B
| | 2 T l
Nt P4“{“ 3s M l BILLET
N |
' | CONTAINER |

k-

Fig. C.2  Schemotic dlcgram for the calculation of
the averoge pressure acting on @ slip-line. -
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In the present analysis, the problem is statically deferminate and the

slip-line field solutions are obtained and shown in Figures.

A schematic diagram of a slip-line field solution is shown in Figure C- 2.

The average non-dimensional lateral Vpressure f’s/Zk which acts on the slip-line
3-5 is obtained as follows..
Let 6 be an elemental length of the slip-line 3-5; the stresses

on &_are shown in Figure C-2. The horizontal force on 6 is

§F = (k sin U+ Py cos V) (C-2)
and thus F=k SJsinvds + P4f cos ¥ ds - {C-3)
or : F=k fdx + [ P4 dy ‘over the @-line 3-5.
.o — ! ' . C-4
Now Py = Py +.21< v ‘ B .( )
where ¥ is the magnitude of the rotation /ﬁom 3 to 4 and hence
F = kx + 2k (_Pfi) fody +2k fydy (C-5)
' o 2k -
therefore . | E . _(_F_/_h_.)_ L @1 4x) S+ (P3 /%) - (C-6)
2k 2k - ‘ .
whsre I;= Ly by which can be evaluated using Figure

C-2. The dimensions x and h can be measured directly” from thé slip~line.

field solution. .

In order to calculate the pressure Py in equation {C~6), Hencky equation

(C-'l)-ore employed, Since the total force on tho extruded material above the

a- slip line 0-1 Is zero, it can be shown that - PO-I k. In movipg from

\

pomt 1 to point 2 on B slip line, o posuhva rofgtion of angle; say __4,_

descnbcd hence from equchon (C-1)

7
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- ’\ R “
Therefore the pressure at poinf 3 is given by
P3 o )
= 1 + 7
= 1.2 -
oK ( ) 85 (C-7)

T T : ,
| A z '

The mean vertical pressxjre acting on the punch noze 0-3 is easily

calculated from the equilibrium of the metal triangle 0~2-3. _




