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l!EVIEW OF EXPERIMENTAL TECHNIQUES

Uniaxial tension is restricted to small strains by plastic

instability (n~cking). Frw metals can stretch more than 50%

before necking. Early attempts to remachine specimens to remove

the neck have not become popular. With the advent of closed

loop testing machines it has become me-e popular to use a dia-

metral extensometer at the neck to control the tensile test with

djametral strain. Area and triaxial stress cor rrtior.. are then
5,4

used to reconstruct a uniaxial tensile curve. This method

involvos a nllmbcr of assumptions and has yet to be proven. Uni-

ax~al compression is limite4 by barreling and end effects from
the platen. To achieve n true uniaxial stress state excellent

lubrication and a length/diameter ratio of -1.6 are required.

Large changes in geometry require remachining, which has been

practiced much more extcnsi”Jely in compression than in tension.

It obvfouRly requires etart+ng with a very lnrge specimen. We

will present some data of ~ntcrrupted compression tests to
Rtrnin lcvela of 4.
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cliff r t methods of ,.nalysi~ employed.

et nl,~~

Most recently, Canova

have develop. technique using several specimens of

slightly different diam~ rs to establish an accurate stress-

strain curve. The torqu, mgle conversion to stress-strain 16

simpler for thin-wnlled tuL OS, but torsional buckling limits the

strain levels attainable. ‘pparently some large St~~in tests

have been conducted successt Illy on very short tubes without

adverse end effects.

Most of the large-strnjn information av~ilahle in the

literature was obtained by indirect tcsta. These tests are

conducted by ~mpnrting large prestrains in a deformation mode

relatively insensitive to p].astic instability (such as Wire

drawing or sheet rolling) and then testing the prcstrnincd

snmplcs in tension. Tl?nsile tc~ts define a stress-strnfn curve

as shown for our rolling + tcnslon cxpcrimcnts on IIGU nlurnj.num

in Fig. 1. Because sheet rolling npproximatcs n SLfIte of plnnc

strain it iti ncccssnry to adjust Lhe rolling prcfitrnin to nn

effective fitrnin. We used the vcnlMfscs cffcctlve ~trnin crltc-

rion which giv(?s the correction of E = 1.155 x E ,

vhcre c IH the thickness Htrnln d[lr~;~ rolling. Simll;r

rurvcg cntn hc constr(ictcd for wjrc nnd :;trip ~rnkifng. For the

rn~c of wlrc drilwlng tllc rrductlon in {)rca cqunls the rffcrtive

~trnIn. Althnllgh very lnrgr atrnfns have hccn nrhl~~vcd by tll(’nc

~l*chnfq~l@a(up [-0 7 In rnlllnR + tnl~slon nnr! :0 In Wlru (lrfIWlnR

+ trnslon), lll(?~(~ t(~(”llnjqllcvllInvr ~t]mc OI)VIOIIG(Ir;lwbc(.kn. me

lt’HtH nre 11(1~ (!~r(~rt: duformut I(JII ‘IN [Ilrllrrrd 1111(1(’r OIIL* RI I’f”llfl

II f(lti’ nnd t110 !_low Mlru~;l;mrn~~lrud ~ln(lrr~lllolhor. ‘]”(*Hi’4 ill-it

Ill no llltl”l’1’lll)tCd /11)(1, ~11 ❑llll)f CV!{(’HO ~C’([UfrC 1“1’lllll~hlllfll~ t)f

l;pf’rimL’llH . All rf Irrf IV(S !;trnlll(trll(’rlonm~l~t br II:i:iIImLS(l for

proprr (:( WlpJl 1“[ 11011 /111(1, In flomc (.iI:if *f;, t llf’ (Irf 01 Ill/If I[)li X1111(’

fiv[)mvtry mily rliOI)gr (lIIrlI)~ tlIr vrry lnr~c \lrrFitrillnH. Tllr

lnrur dr! 01 niflt.10n lllH() #lfft’ct#l t III* [Irvrlopmrlll {II cry-

IIf Ill lIIp,I”JIIIIIl(. t[~xturr. N{’vorthrl[lnt;ptlI(”:Irt(~ntr;lI:Ivr11(~(~11III:rd

rktrllrl IVvl y t [) II I”(IV l(lt~ {I lhf~;lflllrr I)f lIIIr(li~ II III}{ III 1IIr~I~ f:l rn lnH.
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However, no tors$on data for Zhfs lot of material are available

for comparison.

LeFevre and coworkerE
18,19

measured the flow behavior of a

variety of aluminums of different purities using the technique

of wire drawing + tension (WD+T). Some of these resul \fi are

illustrated in Fig. 3 along with results of Luthy et al. for

very high purity aluminium tested in torsion at -20°C. The

results clearly show the strong influence of purity on hardening

rates and flow stress levels. High purity leads to saturation,

regardless of deformatio.1 mode. We believe that the major role

of impurities at large strains is to impede the dynamic recovery

process. Without impurities dislocation annihilation occurs

readily and balances dislocation multiplication to produce a

steady state saturation flow stress.

Alloylng c% produce a variety of behavior. The results of

Lloyd and Kenny on Al-6% lii exhibit saturation at relatively

small strains (Fig. 4). The addition of nickel results in a
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Fig. 3. Stress-strain curves

ties. (R+T) denotes rolling +
+ tens<on. (References 16-20.)

very fine d~spcrsion of AlaNi

for aluminum of different puri-

tension and (WD+T), wire drawing

which restricts the grain size

during annealing. Thi~ find ciisperslon of precipitates causes

very rapid initial hardening fallowed by saturation and work

sn:tcning. The role of these precipitates at lnrge strains is

not clear. They appear to iestrict substructural refinement and

result in very clean aubgrain boundary formation. Ffgure 4

illustrnte~ that both torsion and wire drawing dcformntion modes

CilllSe snturfition. The flow stress in torsion is consistently

Icfisthnn thnt in WD+T.

The results of Nourb..khsh nnd Nutting
22

on Al-4% Cu (Fig.

4) dcmonRtrnte the importance of heaz Lrcntment nnd micro-

structlirt?. Allnyn of AI-4% CU were hcnt treated to three dif-

fcrrnt mtrrofitructure~: t.o produce 1) n ~upcr~;ltllrntcd solid

solution of CU in Al (Curve 1), 2) CP zoncH (Curve 2), and 3) 0’

proclpitntes (Curve 3). The hnrdcnlng of the ~upcrsnturnted
flo~id ~olllt][]nCOIIrlIIIICSnt nll ~tr.;in lcvelfi, slmllnr to AI-5X

Mg . ‘~)len]]oy wit!) Gp Z(Jl)C?~ xl)owcd Inlfinl l);lrdrnfng to n much
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higher flow stress because of the GP zones contribution. How-

ever, at larger strains the GP zones were disrupted anti the

extra hardening increment lost. Hence, the flow stress actually

leveled off and approached that of the supersaturated alloy at

strains of G.3. However, at this stress level the dislocations

cut through the 0’ precipitates and the flow stress decreases.

Work softening stops at a strain of ~1, where most 8’ preci-

pitates are cut tci result in a fine dispersion, at which point

hardening resumes at a rate similar to the supersaturated alloy.

24
Lloyd has also determine~ the effect of different ini-

tial grain sizes orl the same Al-6% Ni alloy, Fig. 5. The in-

fluence of the initial grain size remains even to large strains.

This Indicaten that Initial grain size contributes to plastic

behavior not only at small strains (Hall-Petch) but that it must

also Influence dislocation SUbStrUCtUr(2 development.

Cop~e~

The large-strain flow behavior of copper for a variety of

purities and a number of deformation mocl~’sis shown in Fig. 6.
Again a tendency towards saturation for high-purity copper is

evident. Only the low-purity ETP copper and phosphorus-

deoxidlzed copper exhibit distinct,
continued ‘a59ening” ‘he

two curves plotted for the data of Cairns et al. represent

their and our interpretation of their data.
15

e highest purity

(99.999% Cu) copper of Truckner and Mikkola saturates at a

very low stress level at a low strain.

The effect of deformation mode on the stress–:;train be-

havior of cop~;cr is shown in

from different material heats

for torsional deformation.

strain deformation there is a

Ni.kel.—.

Fig. 7. A1.thbugh these data :lre

they indicate a lower flow stress

For both axisymmetric and plane

tendency towardG saturation.

21,30
Two large-Htrnin flow curves for 200 nickel nre plot-

ted in Fig. 8. lloth curvcm nrc for R+T experiments. They show

a plntenu in flow strcs~ between strains of 3.0 i]nd4.5. After

a Rtrain of 4.5 hnrdcnlng coritlnues with no tulldcncy towards

~lnl-~lvn~lon.Tllcrc is nn nh~ence of h~gh purity nfckcl d:lta,

thuc we do not know ff nll.k~l d[splnys the :;:lLICImpurity C!ffccts

LIH tlinse fLIIIIId 111 allmilllllm nnd col]per, wllerc ct]mm{’rcinllypure
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material continues to harden while the high purity ❑aterial

shovs a saturation.

We postulate that the return of hardening at E = 4.5 might

result from a initial grain size effect as pictured schema-

tically in Fig. 9. At mo(’crate strain levels the formation of

cells and subgrains limits the dislocation mean free path. It

is well established experimentally that these substructural

dimensions decrease much less rapidly than the im,~osed grain

size chavge. Hence, it is conceivable that grains become the

limiting eleinent again at very large strains (particularly in

rolling where the imposed shape change on the through-thickness

grain dimension is very rapid). The behavior of nickel in Fig.

8 may repr”sent such a case. To date though no one has pre-

sented convhclng microscopic evidence for such a Transition.

70-30 Brass

Experimentally the forming limit diagram of 70-30 brass has

less biaxial and p ne str
* Ghosh~{n “’ctility

than is predicte~ by a

Marciniak analysis. explafned this in terms of a lower

work hardening exponent for plane strain deformation. The plane

strain work hardening exponent was determined from plane strain

punch stretching and plan
52

strain tensile data shown in Fig.

10. Most recently Wagoner has found similar effects. Wc h: n

conducted internal pressure-tension and torsion experiments with

70-30 brass tubes to investigate the stress-strain behavior in a

variety of stress states. The results are plotted in terms of

von Yfses stress and strain in Fig. 11.

The strain levels for tension-in

limited by early plastic instability.

ffrnal pressure tests were

The flow stress levels

for uniaxial and biaxial tension are similar, although the

hardening rate in biaxial tension is slightly lower. Flow

stress levels are lowest for hoop tension. Plane srr:lin tension

(both hoop and axial plane strain) is identical to torsion; the
flow stress levels are intermediate between uniaxial and hoop

tension, and the hardening rate is the lowest. We have made

preliminary attempts to relate the flow curves to texture and

microstructure. To date we have not found substantial sub-

structural differences. For example, at an ef’t’ective stratn

level of 0.4 both unlaxial and plnne strnin tension deformation

exhibit --1.5percent volume fraction of twins. However, pole

figure measurements indicate that the flow curves are qualita-

tively consistent with the initial texturca.
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Fig. 13. Young et al.
33

demonstrated the remarkable difference

in hardening behavior of titanium-gettercd iron (Fe-O.17Z Ti)

tested in torsion compared to WD+T. Hardening in torsion (solid

rod data con7Jerted ~Jn the basis of the von Mises criterion)

saturates, whereas hardening in WD+T is linear ( U= Kt )
~t

large strains. More recent studie6 by Rnzavi and Langford

confirm the importance of deformation mode. As shown in Fig.
1/4, the hardening curve for strip drawfng followed by tension

(SD+T) appears at higher flow stress levels than WD+T, but

starts to saturate at a strain similar to the torsion results.

These result are similar to t~~,~,reportcd for cutectoid steels

by Aernoudt and Gll Sevillano.

The explanation for this mode sensitive Lehavior is still

being contested. Several investigators have attributed the

difference to texture development. Gil Sevillano and Aernoudt

claim that most deformation modes lead to hardening and that

torsion represents the unusual case. They maintain that because

of the texture developed in torsion the ~lip distance remains

unchanged at moderate strains and at large strafns dynamic

‘ccovery34
actually Increases the slip distal~ce. Razavi and

Langford relnte the continued hardening during wtre drawing to

redundant fitrain (curling of grains) ncccssary to mafnta~n gra~ri

continuity. Tn fitrip drawing and torsion, drform{ltion may be

accommodated by coopc~ative rcarr.lngcmerits such as ~:hc~r band-

ing, ICilding to n lower hardening rnte. They su~gcst that the

decline in hardening in strip-drawn iron is a result of nchi-

~“~n~h~~~~~f~]~ ‘lnd ‘n~cr~structurnl stability. Young, Anderson,
expl~in the difference in h~rdcning bc~wccn wjre

dr:lwing nnd torsion on the hnsls of suh::tr~Jcturc. in wire

drawing tllc cells nnd sub~rilins cl)ntin(lcd to he rcflncd nnd the

perfection of the wnlle incrcascd, whereas in to[sion the~r ~ize

saturatem. They were nhlc to corrc]ilte the flow sLrcna in both

crises with the Rtlbgrnin ~lze rind, Ilrnce, suExcKt that trxture

plnys only n sccond{lry rr)lc. Howt’vrr, Kuhslrllrturn] dcvrlopment

mny WCI1 clcpcnd on textllrnl evolution iind, h[:ncc, t(?xture dcvcl-

opm(?nt mny Htlll hold the kcy to the dramnr~c dfffrrrnccm in

rcHponne hctwccn fcc und bcc mcrnls and nllnyEI to dlffrrunt

modc~ of drrornmtlon.

14(1
Krrrtmnn und Ilrrkrr Iill};}:[”!ltrd tllilt tllc flow !;1 rcs~

l:lr~c H[rillllfi IK ~ov(’rn(*d hy the cllarar:er of il[Sl(lrillll)iiS.

l.or~lon moHt of t,lIc Hlfp orcurH On Hyst41mH with n ro!l)mon” sl{p

II t

In
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direction and, hence, the probability of arrnihilntion of di~;-

locntions of opposite ~ign in cell or subgrain boundaries is

large. This results in a 1- flow stress and the tendency for

saturation. In ~xisymmctric dcfn~mation the numker of different

slip systems is nlwnys nt least four find, hcncc, the probability

nf nnnlhilntion lCSS.

The rcspnnsc of mllltfpho-c mn
1

‘erlnls to large dcformntion

was also rcvjcwcd by GVA.

results of Aghnn
~t~in~58~9@’ ‘“nt to add the recent

iitld on high-sulfur and

lend-benring steels rolled mt room t.crnperaturc. The flow curves

showm in Fig. 15 show n drnmaric fncrcnse nt very lnrge sitrnins.

In the case of thr high-sulfur steel the MnS inclusions nre more

pl.lltlticthun the mntrix and, at 1nrge strnins, a fiber

reinforcing effect incr~nsca the flow stress nhove that of

plain cnrbon strel. In the lend-bcnrlm~ steel, lend cuuses the

MnS particlea to fragment and lCSS rc{.nforcfng effect is rea-

Iizcd. We use these rxnmplca to d[~monstrntc Lhe importnnt role

thnt second-phn~c particlc~ can llUVC 011 the flow strcns at lnrge

.4. . . . . . . .,

1 AG)IAN C NUITING (R*T> Hi F ❑ 1.b15SC SII:EL
2 ““ ““
3“””

,, (R-T) U. 12C !.lI:EL
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D1SCUSS1ON

The results prcs~!n cd here and those rcvicwcd by GVA1
$

and

Hecker, Stout, nnd Ensh lndic.ite that snturntinn (steady stnte

bchnvlor) of the flow stress in fcc matcrinls jR not univcrsnl.

Stcndy stntn bchnvior should bc expcctcd if the cvolutfcnl of

s~lbslructure is controlled only by undititurbcd

interaction. However,
“s’octi%!

ns pointed out by Flecking nnd Grinbcr~;,

mmny pntcntin] dlst(lrhlng influences may nppcnr at 1 ilrge

strnins. These incl~,dc 1.) grnin sfzc effects, ji) dcl”tlrmntion

bnnd~, ifl) HU1-filCC CffeCtR, Iv) strain-induced :ransfnrmntions

(twinning or mnrtcnsite) v) Cllilngillg (I(?formntion mode, vi)

deformntionnl instnl>iliti~!s silch ns shcat’ hnnds, vii) texture

development, and viii) sccmd-phnsc p:lt-t~clcs. As n rr~ult of

these di~turbing inf]~lrnccs wc find tll,lt continued hnrlluning iR

g~ncrnlly obscr-.lcd. !Iigh purity und torsI(lnrl dcformntion modes

favor stendy tirnte nnd qnturntion.

‘t’wtlllllll~, IIi’t Ill 111:111(}11 Il:llldfi, ;11)(1 f.ll( ’111” I):lllllrl J! I I Ililv(’ 1){’1’1’,

~1111(1II*{I 11111.l!)!hf ’(lilll” Jll Iy. “1.llr I“lllt* t 11(11 I 111’!ll! 111(’(’1l;llll :.111:: pl,ty [11



.“

hiirdi?n~ng lla~ nt]t been cstnblishcd quantitatively. Second phase

particles can play nn important role in hardening. In Al-Fe or

A1-NI alloys they stnbilize tlie size of the substructure. In

steels crintnlnfng hfgh sulfur or Icad additions they can produce

a fiber rcfnforcjng effect at vl:ry liIrgc rlcformations.

SU:fMARY

Strnin hnrdcning at Inrgc plnstic strnins cannot be infer-

red from smn]l-strnjn tunsflc tests. Most mct,zls and nlloys at

room temperature do not r~ilch Stciidy state snturntion. nt strain

lcvelr3 of 3 to 5. Typirnlly, some disturbing fnflucncc offsets

the bnlnncc between dfslncntion p,cncration nnd nnnihllatlon.

The most prominent of thc~e app>r.rs to be texture formation.

Nrwcvcr, gr;lin Nizc, second-phnsc particles, t+nd rlcformntion on

shcnr bnnds nrc nl.so importnnt. The cffoct orI h~lrrlrnlng of most

of thcsr fentures dcprnds on geometry (or dcformntion mode) rind,

huncc, no f;lIIElc In[rlnslc hnrdening c~lrvr cnn be r~xpected at

I;lrRc ~trninH. It should hc noted th;lt li[gh mntcrfnl pur.lty nnd

n torHt~~l~;ll (l(’folmnt ion mode fnvor srnt~lr:~tion.
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