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MATERIALS RE3SPONSE TO 1.ARGE PLASTIC DEFORMATION

M. G. Stout and S. S. Hecker

Materials Science and Technology Division
Los Alamos National Laboratory
Los Alamos, N.M, 87545

INTRODUCT 10N

Many fmportant practical applications of mectals require a
knowledge of the plastie response a® large deformations and at
hiph strafin rater. For example, motal forming processes and
fmpact or penetration problems combine the effecta of large
sirnin, high rate and tempernture.  Accurate modeling of such
processen requires a o good conatiturlve deseription of material
behavior,  However, controlled Yaboratory experiments at large
stralne are dfffcult  because most  Involve large  peometry
changen accompanled by eifther deformtion gradients (such an
barreling  In o conpresslon) or plastic  lostabllity  (iueh  an
necking fn tenston), High rate deformatiom adds the compllicat fon
of an um-nuj rnllrjl temprrature ride. In the strafn rate repime
of 1 to 107 wee , deformation may be nelther completely (so-
thermal nov adfabat{e, but a combinnt fon.

Becanune of thege experimental complicat foos fow pood Tabor-
ntory experimentn have been conducted at high raten to larvge
plantfe ntraine, Lindhola  dencriber nome hipgh rate tornfon
tenultn In thin volume. In thia paper, we concentrats on lnrge
ntrafn behavior without the Fiku;")ﬂ‘i‘_u*i for of high raten.,  Gil
Sevillano, van Houtte  and Acinoudt have recently publinhed o
vomprehenstve peview ot Targe stialn delormation.  We arve adding,
nome of our recent experfmental results to oa oreview we prencinted

at a recent work:shop.,
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REVIEW OF EXPERTMENTAL TECHNIQUES

Uniaxial tension 1s restricted to small strains by plastic
instability (necking). Few metals can stretch more than 50%
before necking. FEarly attempts to remachine specimens to remove
the neck have not become popular. With the advent of closed
loop testing machines it has become mo-e popular to use a dia-
metral extensometer at the neck to control the tensile test with
diametral strain. Area and triaxial stress corsoition. are then
used to reconstruct a uniaxial tensile curve.”’ This method
involves a number of assumptions and has yet to be proven. Uni-
axfal compression is limited by barreling and end effects from
the platen. To achieve a true uniaxial stress state excellent
lubrication and a length/diameter ratio of ~l1.6 are required.
Large changes 1in geometry require remachining, which has been
practiced much more extensively in compression than in tension.
It obviously requires starting with a very large specimen. We
will present some data of interrupted compression tests to
strain lecvels of 4.

Biaxial tension experiments on sheet material are able to
produce effective stiain levels approximately twice those at-
tainable fn uniaxial tensfon. The added ::tnb‘llitysl_ludur biax1ial
tensfon has been discussed by a number of authors. Hyarautic
bulging offers the best experimental technique for stress-strain
measurements of sheet specfmens.  Unfortunately, there 18 con-
siderable controversy over the potential errors introduced by
small bulge diametern, biaxial cextensometern, and varying strain
intes during bulging.”’ A much more accurate and vernatile
technique for biaxial tensfon s the axial loading/internal
preanurfzetion of thin-walled tubes. lNHowever, geometric Innta-
bilftien 1imit the ntraln Imn'lht'n valuen even lower than those
attafnable in unfaxial tonufon,

Tornfonal deformatfon offere the bhest hope for Tmipge-nutrain
experiments boecause {t In accompanied by very umell geometry
changen.  Howiver, tornion aluwo suffers from neveral lmportant
reatrictiona.  Experimentally, wpecimens olongate during tornfon
nad cnre muat be exercined not to rentrain thefr length, Tor-
nion of nolid rodn alnko produces an  Inherently non-unifora
Htrean ntate, vmylng from zero at the axin to a maximum at vhe
rurfaco.  Theve han been connbderable dincunnion ever the years
nbout how to properly convert a meanured Ini‘}uﬁ--_’nnp,ln curve Lo
an eoffective utrenn effective utrabn cmve. "7 Much of the
tornfonal datan In the 1terature In fnconnfntent beeouae of the



diff rept methods of ..nalysis employed. Most recently, Canova
et al, have develop. technique using several specimens of
slightly different diam« re to establish an accurate stresg-
strain curve. The torqu. wngle conversion to stress-strain 1s
simpler for thin-walled tul 's, but torsional buckling limits the
strain levels attainable. ‘pparently some large strain tests
have been conducted successfilly on very short tubes without
adverse end effects.

Most of the large-strain information available 1in the
literature was obtained by indirect tests. These tests are
conducted by imparting large prestrains in a deformation mode
relatively insensitive to plastic 1instability (such as wire
drawving or sheet rolling) and then testing the prestrained
samples in tension. Tensile tests define a stress-strain curve
as shown for our rolling + tension experiments on 110U aluminum
in Fig. 1. Because sheet rolling approximates a state of plane
strain it 1is nccessary to adjust the rolling prestrain to an
effective strain. We used the von Mises effectlve strain crite-
rion which gives the correction of € . = 1.155 x €
where € is the thickness strain durfng rolling. Similar
curves can be constructed for wire and strip drawing. For the
case of wire drawing the reduction in arca equals the effective
strafn. Although very large strains have been achleved by these
techniques (up to 7 in rolling + tensfon and 10 In wire drawing
+ tenslon), these techniques have some obvious drawbsckn.  The
tedts are not direct; deformation 18 Incurred under one streuws
atate and the flow stress measured under another.  Tesra are
also Intervupted and, 1in wany coses, require remachining  of
specimens. An effectlve strafn crfterion must he assumed for
proper comparlnon and, {n nome canes, the deformat fon zone
peometry may change during the very large prestrafne. The
Inrge deformatlon  also  affectn the development of  cry-
ntallographic texture. Neverthelens, these testes have heen uned
extennlvely to provide o meanure of hardening nt large strains.

We will focun on low natratn rate data obtalned by methods
dincontied above.  From thene data we hope to dhow trendn which
are alno lmportant for larpe ntrain, high strafn tate predic-
tionw.  Specifically, we will addrean the influoence  of  de-
format fon mode, cryrtnl ntiueture, materfial purity, and alloylng
on ntress-ntealn hehavior.,
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Fig. 1. Construction of a flow stress curve from rolling pre-
strain fcllowed by unfaxinl tension (R+T). The thickness reduc-
tion 18 converted to o von Miges effective strain.

RESULTS
Aluminum and Aluminum Alloys

dur large strain deformat l(w) |l‘(inu lta for commercinlly pure
alumfoum are shown in Flg., 2. ' Testa were performed by
tennlon, rolling + tennfon (R4T), and incremental comnressfon.
HNardening cont inues to very large ntrafna with no evidence of
naturat lon. The flow curve for R+T {& (lvm‘l'Ilu'(l,l/u'('nrnlnly by
the parabolfce hardening expresnsion e = 155 ¢ ' {MPa). The
hindenfng vate In comprennion appearn pomewh At Tower at large
ntraina, but thene data showed connlderable ncatter, Hence,
there appearn to be very it tle dependence on deformatfon mode.



However, no torsion data for this lot of material are available
for comparison,

LeFevre and coworkers mcasured the flow behavior of a
variety of aluminums of different purities using the technique
of wire drawing + tension (WD+T). Some of these resul are
illustrated in Fig. 3 along with results of Luthy et %}. 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 deformatioa mode. We believe that the major role
of impurities at large strains 1s 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 ¢ produce a variety of behavior. The resuits of

Lloyd and Kenny on Al-6Z Ri exhibit saturation at relatively
small strains (Fig. 4). The addition of nickel results in a
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Fig. 2. Comparinon of ntress-strain curves an detormired by

tensfon, 1olling + tenston, and compression of 1100 aluminum.
(Reeferencen 16 and 17,)
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Fig. 3. Stress-strain curves for aluminum of different puri-
ties. (R+T) denotes rolling + tension and (WD+T), wire drawing
+ tension. (References 16-20.)

very fine dispersion of A1l N1 which restricts the grain size
during annealing. This fine dispersion of precipitates causes
very rapld inlcial bhardening followed by saturation and work
soltening. The role of these precipitates at large strains is
not clear. They appear to westyxict substructural refinement and
result in very clean subgrain boundary formation. Figure 4
illustrates that both torsion and wire drawing deformation modes
cause saturation. The flow stress in torsion is consistently
less than that in WD+T,

The results of Nourb.khsh aand Nutcing?z on Al-4Z Cu (Fig.
4) dcmonstrate the importance of heat treatment and micro-
structure. Alloys of A1-4Z Cu were heat treated to three dif-
ferent microstructuree: to produce 1) a supersaturated solid
solution of Cu in Al (Curve 1), 2) GP zones (Curve 2), and 3) @'
precipitates (Curve 3). The hardening of the supersaturated
#olid rolution continues nt all str.oia levels, simflar to Al-5%
Mg. The nlloy with GP zones showed {nitial hardening to a much



higher flow stress because of the GP zones contribution. How-
ever, at larger strains the GP zones were disrupted and the
extra hardening increment lost. Hence, the flow stress actually
leveled off and approached that of the supersaturated alloy at
strains of 0.3. However, at this stress level the dislocations
cut through the #' precipitates and the flow stress decreases.
Work softening stops at a strain of ~1, where most #' preci-
pitates are cut tc result In a fine dispersion, at which point
hardening resumes at a rate similar to the supersaturated alloy.

Lloyd24 has also determined the effect of different ini-
tial grain sizes on the same Al-6X Ni alloy, Fig. 5. The in-
fluence of the initial grainm size remains even to large strains.
This indicates that 1initial grain size contributes to plastic
behavior not only at small strains (Hall-Petch) but that it must
also influence dislocation substructure development.

Copper

The large-strain flow behavior of copper for a variety of
purities and a number of deformation modes is shown in Fig. 6.
Again a tendency towards saturation for high-purity copper 1is
evident. Only the 1low-purity ETP copper and phosphorus-
deoxidized copper exhibit distinect, continued haE ening. The
two curves plotted for the data of Cairns et al, represent
their and our interpretation of their data. 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 copjer is shown in Fig. 7. Althcugh these data are
from different material heats they indicate a lower flow stress
for torsional deformation. For both axisymmetric and plane
strain deformation there is a tendency towards saturation.

Ni kel
21,30
Two large-strain flow curves for 200 nickel are plot-
tel in Fig. 8. Both curves are for R+T cxperiments. They show
a plateau In flow stress between strains of 3.0 and 4.5. After
a strain of 4.5 hardening continues with no tendency towards
saturation. Therc 18 an absence of high purity nickel data,
thus we do not know {f nickel displays the saue fmpurity effects
as those found In aluminum and copper, where commercialiy pure
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Fig. 4. Stress-strain curves for various aluminum alloys.
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Fig. 6. Stress-strain curves for copper of different purities.
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Fig. 7. Strcss-strain curves for copper comparing compression
versus torsion stress—-strain curves. (References 25, 26, 29.)



material continves to harden while the high purity material
shows a saturation.

We postulate that the return of hardening at € = 4.5 might
result from a initial grain size effect as pictured schema-
tically in Fig. 9. At mocerate strain levels the formation of
cells and subgrains limits the dislccation mean free path. It
is well established experimentally that these substructural
dimensions decrease much less rapidly than the imposed grain
size chanrge. Hence, 1t is conceivable that grains become the
limiting element 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 convincing microscopic evidence for such a iransition.

70-30 Brass

Experimentally the forming limit diagram of 70-30 brass has
less biaxial and p%ﬁne strain ductility than is predicted by a
Marciniak analysis. Ghosh™ explained 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 plane, strain tensile data shown 1in Fig.
10. Most recently Wagoner  has found similar effects. We h:s -~
conducted internal pressure-tension and torslon experiments with
70-30 brass tubes to investigate the stress-strain behavior in a
varlety of stress states. The results are plotted in terms of
von Miges stress and strain in Fig. 11l.

The strain levels for tension-inffrnal pressure tests were
limited by early plartic instability. The flow stress levels
for uniaxial and biaxial tension are similar, although the
hardening rate in biaxial tension 1s slightly lower. Flow
stress levels are lowest for hoop tension. Plane strain 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 eftective strain
level of 0.4 both uniaxial and plane strain tension deformation
exhibit ~15 percent voluuwe fraction of twins. However, pole
figure measurements indicate that the flow curves are qualita-
tively consistent with the initial textures.

10
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Fig. 10. Axial stress-strain data points from two biaxial tests

on brass: (1) plane strain tension (€. /e, ~0), indicated by
open circles, and (i1) punch stretch test (F.,/F.l ~0.1), indi-
cated by solid cireles. The cffective stress-strain curves
drawn from these data exhibit substantinl difference in the rate
of hardening from that of uniaxiul tension. (Reference 31.)

We cextended the flow curves to large strafne In two dif-
ferent deformation modes; torefon of short pape mection thin-
wnlled tubes and unfaxial compression performed incrementally
with periodic remachining. The results are shown In Fig. 12 and
compared to unfaxial tenslon, The difference between axinym—
meeric, unfaxial tension (compre sulon) nnd plane strain (tor-
kion) continues to large atraina. We are currently Tooking for
n microstructural or textural explanation for this diiference,

RCC Tron aed Tron Alloys
Most of the avallable literature on bee metaln and alloys

with summar fzed by GVA. We will present only the highlightn
here. Perhapn the mont dramat e of the bee results me vhown In

12
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Fig. 13. Young et a1.33 demonstrated the remarkable difference
in hardening behavior of titanium-gettered iron (Fe-0.172 Ti)
tested in torsion compared to WD+T. Hardening in torsion (solid
rod data converted on the basis of the von Mises criterion)
saturates, whereas hardening in WD+T is linear (o= KEg)
large strains. More recent studies by Razavi and Langford
confirm the importance of deformation mode. As shown in Fig.
14, the hardening curve for strip drawing 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@ﬂf%Greported for eutectoid steels
by Aernoudt and Gil Sevillamo. ~’

The explanation for this mode sensitive tehavior 1s still
being contested. Several 1investigators have attributed the
difference to texture development. Gil Sevillano and Aernoudt
claim that most deformatiom modes lcad to hardening and that
torsion represents the unusual case. They maintain that because
of the texture developed im torsion the slip distance remains
unchanged at moderate strains and at large strains dynamic
recovery,_,actually increases the slip distauce. Razavi and
Langford relate the continued hardening during wire drawing to
redundant strain (curling of grains) necessary to maintain grain
continuity. In strip drawing and torsion, deformation may be
accommodated by coopecrative reacrangements such as shear band-
ing, leading to a lower hardening rate., They suggest that the
decline in hardening in strip-drawn iron 1s a result of achi-
eving texty§n37nnd microstructural stability. Young, Anderson,
and Sherby ™’ explain the difference in hardening between wire
drawing and torsion on the basis of substructure. In wire
drawing the cells and subgrains continued to be refined and the
pe-fection of the walls increased, whercas in torsion their size
saturates. They were nble to correlate the flow stress in both
cares with the subpgrain size and, hence, supgest that texture
plays only a secondary role. However, substructural development
may well depend on textural evolution and, hence, texture devel-
opirent may still hold the key to the dramatic differences 1in
responfe bhetween fec and beec metals and alloyas to different
modes of deformation.

40
Weertman and  lecker sugpested that the flow stress ot
large stralns {6 governed by the character of dislocatlons. 1In
torsion most of the slip occurs on systems with a common slip

14
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direction and, hence, the probability of annihilation of diu-
locations of opposite sign in cell or subgrain boundaries 1is
large. This results in a low flow stress and the tendency for
saturaticn. In axisymmetrie deformation the numter of different
slip systems 1s always at least four and, hence, the probability
of annihilation less.

The response of multipha-e ma-erials to large deformation
was also rcvicwed by GVA. Here wseogby want to add the recent
results of Aghan and Rutting™ ' on high-sulfur and
lcad-bearing steels rolled at room temperature. The flow curves
shown in Fig. 15 show a dramaric increase at very large strains.
In the case of the high-sulfur steel the MnS inclusions are more
plastic than the matrix and, at 1large strains, a fiber
reinforcing effect 1increases the flow stress above that of
plain carbon steel. In the lead-bearing steel, lead ciruses the
vnS particles to fragment and less reinforcing effect 18 rea-
lized. We use these cxamples to demonstrate ihe {mportant role
that second~phnse particles can have on the flow stress at large
strains without having much influence at small strain.

2408 . . - . . . , . . e - . <
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Fig. 15. Strenn-straln curven for Tow-carbon steel (#2), high-
nulfur steel (#1), and high gulfur, leaded steel (#3). (Refeor-
«ncen 38, 39.)
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D1SCUSSION

The results presented here and those revicwed by GVA1 and
Hecker, Stout, and Fash 1indicate that saturation (stcady state
behavior) of the flow stress in fcc materials is not universal.
Steady state behavior should be cexpected 1f the evolution of
substructure 1is controlled only by undisturbed dislocutdi
interaction, However, as pointed out by Mecking and Grinberg,
many potential disturbing influences may appear at large
strains. These include 1) grain size effects, i1) deformntion
bands, 111) surface effectn, 1v) strain-induced :transformations
(twinning or martensite) v) changing deformation mode, vi)
deformnt{onal 1instabilities such as shear bands, vii) texture
development, and vifii) sccond-phase particles. As a result of
these disturbing influences we find that continued hardening 1is
generally observed. High purity and torsionel deformation modes
favor steady state and saturation.

The effects of material purity 14 demonstrated convincingly
above. As cexplnined, solute atoms retard the recovery proccern,
shifting the balance between dislocation generatlon and anni-
hilation to larger strains. Alloying can have slmilar ceffects
or introduce much greater complexitices by the Interaction of
dinlocations with complex mfcrostractures such as those demon-
strated for Al-42Z Cu alloys (Fig. 4). The tnfluence of prain
alze remalng much stronger at large stralns than expected (Fig.
5). Also, as indicated tn FIg. 9 grain boundarics may agnin
become Important structural elements at very large sutralneg and,
perhapa, explalu the pecultar hardentng behavior of nickel (Fig.
8).

The evolution of texture mont lilkely plays a afgnificant
role in controlling the flow hehavior, Our experiments on bhrarn
Indfeate that the difference between axisymnetric and tornfonal
defo.matton at ¢ = 0.4 can he explained qualitatively on the
bialn of lc-xlurv"(lvvvlupuu-nl. A quantitative comparison awnitn
the type of riporoun n)\flyulu of texture predietfon bhefng con-
ducted by Jonan et nt.” Resultn for bee mater{nls aluo Indi-
cnve potential textural effectw. 1 texture playa o major role
in hardening, then the Hkelthood of finding o wingle, Intrinsic
hamdenlng corve for polycryutalline materialn fu zmall because
deformat lon peometry will [nfluence the renunltn,

Twinning, deformat ton bands, and shear bandn all have bheen
atudled mbcroseopteally.  The role that theae mechanioas play In
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hardening has nuot been established quantitatively. Second phase
particles can play an important role in hardening. In Al-Fe or
Al-Ni alloys they stabilize tlhe size of the substructure. In
stcels containing high sulfur or lead additions they can produce
a fiber reinforcing effect at very large deformations.

SUMMARY

Strain hardening at large plastic strains cannot be infer-
red from small-strain tensile tests. Most metals and alloys at
room temperature do not reach stecady state saturation at strain
levels of 3 to 5. Typically, some disturbing influence offsets
the balance between dislocation generation and annihilation.
The most prominent of these appeonrs to be texture formation.
Hevever, grain size, sccond-phase particles, and deformation on
shear bands are also important. The ceffect on hardening of most
of these features depends on geometry (or deformation mode) and,
henece, no siugle intrinsic hardening curve can be expected at
large etraing, It should be noted that high materfal purfty and
a torsfonal deformatfon mode favor saturation.
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