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ABSTRACT

The multiaxial yield and flow behavior of metals has been of interest for
many years. KRecently, the experimentsl work of Phillips and Lee [1979],
Shiratory et al. [1979] and Ohashi {1982] has been quite notable in this field.
These authors have concentrated their efforts in measuring yield loci after
small to moderate prestrains (: 0.06). 1In this paper we discuss small strain
yield loci we have measured after prestrains between 0.03 and 0.05 in toreion.
These experiments o 1100 aluminum are in general agreement with the litera-
ture. They shor a translation, distortion and expansion of the yield loci. A
rounded nose form3 in the direction of prestrain with the yield locus flat-
tening oppoaite the prestrain, We observed that the distortions change to
m~tch the etrain direction after very small reversals in prestrain.

The subsequant yield locus has allgbboon measured after a large torsional
prastrain of v = 0.5, Using a 5 x 10 ~ offset criterjon for yielding, the
shape, distortion and translation of the yield locus was very similar to that
found after the smaller prestrains. In addition a lsrge-strain yield locus,
using a back extrapolation techniquu, was determined for the same sample. This
yield locus exhibited close to von Mises isotropic expansion. The observed
deviatinne, while elight are extremely important. Thoy match those predicted
by & volycrystal si{y model, Thus, the small-strain yield locus, after a large



prestrain, appears to be determined largely Irom dislocation considerstions
only, vhere as the large-strain yield locus is determined by the developing
tagsui!‘zinllly. aluminum sheet vas deformed by rolling to larger prestrains
¢ » 0.5, 1.0, 1.5, 2.0 and 2.5 and subsequently tested in plane strain
compresgion. Two types of compression experiments were dcne, ons such that
there vas no deformetion mode change from rolling, the other rotating the
direction of gero strain by 90° producing s stress path change. The large
strain yield and flow behavior of these experiments was again predicted using
the relaxed constraint polycrystal model of Kocks and Canova [1981). For these
very large prestrains the experiments and texture theoxry differ.
Microstructural observations have shown the presence of micro-shear bands which
resulted from the rolling prestrain. We speculate that these features sre
responsible for the deviation from crystal plasticity theory.

We believe that this work points to . several operative mechanisms of
deformation. Small-strain yielding (5 x 10 ) appears to be controlled »uraly
by dislocation mechanisms and interactions even after relatively large pre-
strcins. Large-strain yiélding, on the other hand, is controlled by taxture
after moderate prestrains (at least to y = 0.5). After larger prestrains,
obtained by rolling, the experiments deviate from texture based predictions.
This is possibly the result of microstructural deformation mechanisms, for
example micro-shear bands, playing a role in the deformation process.

INTRODUCTION

Investigations of the yield and flow behavior of metals have been typi-
cally made over very small ranges of prastrain by indivicual researchers. Most
yield locus measurements are from annealed muterial or material which has been
subject to only small prestrain, tvpically < 0.10. Stress state effects on
flow behavior have been investigatoed by many authors from yield until sample
instability, generally at strains < 0.40, aud other scientists have studied the
behavior of materials to very large strains. Generaily, in these canses, the
initial yield behavior 41s not of concern. The intent of tnis paper was to
select one material, 1100 aluminum, and systematicolly study its behavior from
yield to large straina, > 1.0. The developm~nt of microstructure and texture
and their effects on yield and flow behavior were of particular interest.

Researchers in the field of metal plasticity have concentrated on tne
yield and flow behavior of metals for many years. Interestiangly, difficultiaes
in definition, for example the definition of the yield point, which were
important in the past, are of current concern as weil,. Some of the
experimental papers to dete have defined yielding by a particular offset from
proportional behavior and have concentrated on measuring very snall offsat
yield loci e.g., Williams and Svensson [1970], Shiratori, Ikegami, Yoshida,
Kaneko, and Koike [1976]), Shiratori, Ikegami and Yoshida ([2.979] and Ohashi
[1982]). Phillips and his coworkers have chosen to use the "first deviation
from proportional behavior" for their definition of yielding: Phillips, Liu,
and Justusson [1972), Phillips and Tang [(1972]), Phillips, Tang, Ricciuti
[1974), and Phillips and Leea [1979). There 1s a closs relationship between the
results from thess methods as long as a very emall offset definition of
yielding 1s used, typically ¢ < 20 x 10 ". If a largur offset strain is used
the variance of the results generated from thessa two techniques can be
substantial,



The effects of a proportional prestressing on the subsequent yield locus
has been investigated quite thoroughly by th% authors cited. They have found
that a cmall-strain yield locus (€ < 20 < 10 °) translates in the direction of
the prestress, often to the extent that the origin no longer lies within the
seasured locus. 1In addition tc the translation there is also an expansion and
distortion. A rounded nose forms in the direction of the prestress while
opposite the prestress the locus flattena. The generally observed distort./on
(change in shape) of the yeld locus cannot be described only by the conven-
tional concepts of isotropic and kinematic hardening.

These investigations have been conducted at prestresses vhich results in
strains generally less than 0.06. How might larger prestrains, ones which
develop a preferred texture, affect subsequent yield behavior? And, would
there be a large difference between a z&eld locus dafined by a small offset
from proportionali}x. (say ¢ < 20 x 10 ) end that defined by a large offset
(say € ~ 2000 x 10 ". Althoff and Wincierz [1972] have measurec the yield loci
cf heavily textured aluminun_end copper Egbu using a large offset strain
definition of yield (500 x 16 ~, 1000 x 10 =~ and 2000 x 10 "). They compared
these measurements to predictions made assuming an ideal texture usirng
crystallographic considerations of both Schmid, and Bishop and Hill and found
good agreement. Those experiments were largely with annealed sauples, ones
which did not have a strongly developed dislocation substructure along with the
preferred texture. The effects of dislocation substructure on the yield
behavior of textured materials will be considered in the following.

After very large amounts of plane strain deformation aluminum develops
snall, oriented shear bands within individual grains, in addition to dislo-
cation substructures. Hatherly [1983], Malin and Hatherly ([1979], Lloyd,
Butryn, and Ryvola [(1982]), Brown ([1972) and Rohr and Hecker [198la] among
others have observed these features for a variety of metale including aluminum
and aluminum alloys. The most common manner of producing shear bands 1is to
roll sheet. The shear bande are planar {features which contain to the axie of
zero strain and lie at an angle of 25° to 35° to the plane of the rolled sheet.
For a high stacking-fault PCC material Juch 2s sluminum the shear bands begin
to appear at a von Mises equivalent strain of approximately 0.6. While micro-
structural features such as shear bands have been observed and studied using
metallographic and electron microscopy techniques and thair origins considered
theoretically in a recent collection of papers by Hutchinson [1984], little has
been done to quantify their possible effects on yield and flow behavior of
naterials. This will be the final point we will consider.

EXPERIMENTAL PLOCEDURES
A. Yield Locus Measurements

The experimental material used in this investigation was 1100 (commercial
purity) alumimum which had been annealed at 343°C for 1 hr, Yield locus
svaluation was done using tubing precision drawn to 13.4]1 sm O0.D., 10.85 mwm
1.D.. A reduced section, 6.35 mm long was ground into the tubing giving it a
final 0.D. in the test section of 12.11 mm and a wall thickness of 1,27 mm.
The tubes were tested in combinations of tension and toreion using a MIS
servo-controlled hydraulic machine described previously, (8tout, Hecker, and
Bourcier [1983]). To prevent buckling in torsion a molybdenum disulfide
lubricated mandrel was inserted in the tubing. The mandrel was undercut in the



region of the reduced section leaving this region free of constreint. Two
levels of torsional prastrain were used y = 0.02 and ¢ =~ 0.50. We selected to
use a small von Mises equivalent strain (5 x 10 °) offset definition of
yialding to evaluate the yield locus of the starting material and the material
after omall prestrains. With this definition it was possible to use a single
eample for our locgg determination. In any single probe we did not excee! an
offeet of 20 x 10 ', In the case of the large prestrain we found it n;a!e
poseible to use a single ssmple. First a yileld locus defined by the 5 x 10
offset was measured and then one vas determined by a back extrapolation
technique. To obtain sufficient linearity in the stress-strain bchavior_so
back extrapolate it was necesaary to reach offset strains of about 5 x 10 ~,
This yield locus is essentially a large offset ltggin locus consistent with the
engineering definition of yielding (¢ = 2000 x 10 )

B. Flow Behavior After Large Plane-Strain Prestrains

Samples of 1100 aluminum sheet were annealed at 343° for 1 hr. and subse-
quently rtolled to von Mises equivalent strains of 0.5, 1.0, 1.5, and 2.0,
Following rolling they were teated in plane-strain compression using the knife
edge technique of Watts and PFord [1955). The knife edge compression was
conducted two ways: the first such that the strain state remained the same as
during rolling, (transverse) and the second with the direction of gero strain
rotated 90°(longitudinal). The latter produces a path change experiment
analogous to cross rolling. A molybdenum disulfide 1lubricant was used for
these experiments which employed a standard screw driven Instron testing
nachine, compression load cell and utilized a strain gage extensometer between
the knife edges to measure strains.

EXPERIMENTAL RESULTS
A. Yield Loci After Small Prestrains

The initial yield loci and those we have measure. after small tonui%c and
torsional prestrains are shown in Figura 1. These are based on a 5 x 10
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Fig. (1) - Measured yield loci: A. Initial yield locus.
B. Yie'd locus after a tensile prestrain of ¢ = 0.02,
C. Yield locus after torsion prestrain of y « 0,02,



von Mises equivalent offset criterion and are consistent with previous experi-
mental resulte. After a prestrain the subsequent yield locus distorts, trenc-
lates and expands. A rounded nose forms in the direction of the prestress
while in the opposite direction the locus flattens. The locus translstes in
the direction of the prestress and for 1100 aluminue after torsion does not
enconpass the origin. Finally, there is ¢ general expansion. It can be seen
that neither classic kinematic or isotropic hardening adquately describe our
observations.

Figure 2 chows tvo yield loci which were obtained after a torsion and
reverse torsion preloading. Locus B follows a complete load reversal. It is,
to within experimental error, equivalent to the locus following a simple
torsional prestiain.
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Fig. (2) - Measured yield loci showing the effecta of torsion +
reverse torsion. A. yield locus after a torsion pre-
strain of vy = 0.02. B. yield locus after a complete
torsion load revarsal.

Figure 2 is for a complete load reversal. In addition we have done a partial
torsional load reverssl, one which produced only a slight plastic strain
reversal after the initial torsional preload. For the atress path and result-
ing strain path shown in Pigure 3 an ealmost elliptical yield locus results.
What is especially interesting is how qnickly the yimld locus changes shape
with very little plastic strain. After an inicial prestrain of vy = 0,.03] a
raverse plastic estrain of only Y = 0,005 hac completely eliminated the rounded
nosa proiucad by the first prestress ley and is beginning vo "round out" the
locus in the direction of current streseing.

TEM observations of Rohr and Hecker [1981b] and (1984) from 1100 saluminum
annealed at 343°C for 1 hr. and strained in Lension to ¢ = 0,05 show regions
having s vell developed cell structure. In addition, thece are areas wvhich are
practically dislocation freu. In all cases vhare dislocations exist they are
arranged in cells, the cel) walle are diffuse anéd individual dieslocations can
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Fig. (3)- A comparison of the yield locus after a torsional
prestress A. With that resulting from a slight reverse
torsion prestress B,

often be resolved. Figure 4a and 4b are typical micrographs of the developiug
cell structure (4a) and dislocation free zones (4b). We feel that these
micrographs accurately represent the structures which produce the small
prestrain yield loci discussed abova.

(a) (b)

Fig. (4)- TEM micrographs of 1100 aluminum annealed at 343°C for |
hr. and subsequently strained to ¢ = 0,05; (a) bright
field of developing cell structure (b) bright field of a
structure free region.



B. Yield Loci After Large Prestrains

Both the small offset and back extrapolc.ed yield ‘oci, after a torsional
prestrain of y = 0.50, are shown in Figure 5. Aleso drawn is the

AT (Mrg)
120 BACK EXTRAPOLATED
TORSION PRELOAD YIELD POINTS
AT
A [»] L
A
; VI ° o

tga 158 oFFsET
YIELD LOCUS

p

20

=120 &0
O (MPo)
VON MISES (=]
YIELD FUNCTION ——-

=120

Fig. (5) - The small offset and back extrapolated yield loci after
a torsional prestrain to y = 0.5. The von Mises yield
function is drawn for comparison.

von Miscs yield locus to reference the back extrapolated yield points. We
observe a continued expansion and translatior of the small offset yield locus

/3T (MPa)
BACK EXTRAPOLATED
YIELO POINTS

TORSION PRELOAD

4 ar
q "

| O (MPq)
/
VON MISES A
YIELD FUNCTION-'( /,/ PoLYCRYSTAL

7" = 8LIP THEORY

<120

Pig. (6) -~ A comparsion of the yield locus, based on crystallography,
after a torsional strain of y = 0.5 compared to the
von Mises yield function. The squares locate experimental
mesurements.



and the distortion is of the same type as that after very small strains. Again
a rounded nose forms in the direction of the prestress while in the opposite
direction the surface fiasttens. The back extrapolated 1locus (large offset
strains) is quite different and approximates the von Mises yield function.
However it too is slightly distorted. A slight Bauschinger effect is observed,
but more importantly the yield points have expanded outward in the direction of
axial stress, past that predicted by von Mises.

Figure 6 shows the theorctical polycrystal slip yield 1locus for a
torsional prestrain of y = 0.5. The calculations assume a random initial
texture and use a sampling of 300 grains. The grains a_ e permitted to deform
in the relaxed constraints wmanner of Kocks and Canova [1981) producing a
slightly preferred orientation. The subsequent yield locus is determined from
this calculated texture. It can be seen that the back extrapolation
experimental points closely match the predictions of the texture model.

At larger prestrains the microstructure has continued tc develop. The
cell wells have sharpened and a slight misorientation of A 2° axists between
individual cells. Although dynamic recovery processes have begun the cells
have not yet become subgrains in the classic sense aas there i1s still
appreciable thickness to the cell walls. A typical microstructure, after a
uniaxial tensile strain of 0.31 is shown in Figure 7. On the basis of von
Miges effective strain this corresponds closely to y = 0.5.

Fig. (7) - Dislocation substructure after a uniaxial tensile strain
of 0.31.

C. Flov Behaviuor of Rolled Sheet

Figure 8 contains the results of the plane-strain compression on rolled
sheet, The data was reduced in terms of Taylor factors calculated from the
relaxed constraints crystallographic analysis for tension, rolling, and rolling
folloved by cross-rolling. We assumed a  ,unique microscopic hardening law
independent of stress state, represanted by 1 and ', which can be averaged over
all grains. T and T defined by the following relationships:



and
T=Mde = Edyé

vhere: The bar denotes an average over all grains, M 1s the Taylor factor for
a particular grain, g, M 1s the average Taylor faéior. 1® 1s the critical
resolved shear stress for slip and y_ 1s the accummulated sfiear strain on each
activated slip system. The axial stress and strain are related to the
microscopic law through the average Tayior factor for uniaxial tension:

o= MY
end
de = 1/M)dT
Similerly, for plane-strain compression (psc)

1 = Ay
OP - HPBC T

pscC - o -
dc (1lupsc)drp

combining the equations in terms of T and T we can write the following ex-
pressions for crystallographic (cry) stress and strain:

Cry _ (e sc
o (M/Hpu)oP

cry

o (3 /eva PBC
de (HPBC/H)de .

As seen in Figure 8 a wide spread exists between the data from the knife edge
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Fig. (8)- Knife edge compression on rolled 1100 aluminum sheet.
Data is normalized to uniaxial teneion using Taylor
factora calculated by relaxed constraints.



compression experiuents with the same strain state as the rolling prestrain
{transverse) and those with a path cthange ie. cross-rolling (longitudinal).
This difference increases with initial rolling prestrain.Interestingly when the
daia 1s compared wusing the von Mises yield function as an effective
ntress-strain criterion, Figure $, agreement 4is much better. This is exactly
the opposite of what we found after a suzller prestrain in torsion of y = 0.5.

At von Miges equivalent strains above 0.5 aluminum shows many interesting
microstructural features after rolling. On a microscopic scale grains become
elongated ind flattened. Vhen a longitudinal section (the normal to this plane
is 2ligned with the rolls) is viewed the grains develop "waves" around in-
clusions. Figure 10a an optical micrograph of sheet rolled t> a von Miges
strain of 1.5 i1llustrates this. Upon examination near these wavet by TEM one
observes ehear bands running across the individual grains, Figure 10b. The
evidence of shear bands initially takes the form of subgrains inclined to the
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Fig. (9)- Knife edge compression on rolled 1100 aluminum sheet.
Data is reduced using the von Mises yield function as an
effective stress—strain criterion.
rolling direction. They do not extend heyond\ningle grains, and do not become
catastrophic; this was also observed by Rohr and Hecker [198la].

DISCUSSION OF RESULTS
A. Effect of Presfrressing Direction

The effect of the stress probe diraction on the small offset yield locus
is profound. There is a £lattening of the "back" of the locus and the
formation of a rourded nose in the direction of the prestressing. In addition
the entire locus translates in tne direction of the prestressing. The observed
dislocation cell structure is consistent with these effects. Due to the
diffuse structure of the all boundary the material has a knowledge of the
direction its past history. Ceontinued deformation in a forward direction vy
forces dislocations into the cell walls, while in the reverse direction



dislocations move easly into the open areas. Thus plastic deformation in the
reverse direction is quite easy. This results in the yi 1d locus distortion
and tvanslation. From the reverse torsion experiments we found that the
distoicion of the yield 1locus changes very quickly with small apounts of
reverce plastic strain. The cell structure in this case muet be very quickly
alterad to match the sign of deformation. It appears that the shape and
poeition of the small offset strain yleld locus is a function principally of
dislocation substructure,

Prestressing direction has almost no effect on the back extropalated
yield locus. Large-offset yielding shows a very slight Bauschinger effect but
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Pig. (10)- (a) optical and (h) TEM micrographs of 1100 aluminum sheet
rolled to a von Misaes strain of 1,0, Figure 10b illustrates
the presence of microscopic shear bands.

for all practical purposes the yieid locus does not exhibit any translation.
Rather, this locus simply sexpands with prestressing and distorts from von Mises
behavior in accordance with the developing texture. The effect of prestressing
direction is thus only in terms the preferred orientation of grains which it
develops, ie. different states of prestressing produce different texturee.

B. Effect of the Magnitude of Prestrain

While the direction of prestressing had a very large effect on the small
offeet yield locus the magnitude of the prestrain had 1little effaect.
Qualitatively the distortion and translation of tiie yield locus wers the same
for both prestrains, y = 0.02 and y = 0.50. There war simply a scaling
differenca. In other words, the entire picture aenlarged with greater
prestrain., This yield behavinr correlates to our microstructural observations.
At the large torsional prestrain, y = 0.5, dynamic recovery has not progreseed
to the point that the cells have completely become subgrains., There 1s still a
finite thickness to ths cell boundaries which enables the substructure to
recognise the direction of deformation. Although an increased misorientation



of v 2° exists between the cells/subgrains this has not changed the yield
bahavior.

We have found that the back extrapolated yield behavior is strongly
influenced by the amount of prestrain. 7Tnis is the direct effect of texture.
As th: magnitude of prestrain increases the material cCevelops a continuously
sharpening texture which results in dcviations of the lavge offset yield locus
from purely isctropic behavior. The influence of texture is always present.
However, it does not tell the entire story. After von Mises equivzlent pre-
strcins at and above 0.%, in rolling, we found a discrepancy between experimen-
tal plane-~strain compresaion data and polycrystal slip theory. If the theory
vere accurate the longitudinal ani transverse plane-strain compression would
have fallen on single curve. We attribute this discrepency to the formation of
micro shear-bands in rolling, speculating that the shear bands account for a
substantial amount of plastic strain, The shear bands form with a specific
orientation favorable to continued plane-straiu deformation in the same mode as
the rolling prestrain. They are totally inactive for a "cross-rolling” plane
strain making deformation difficult and producing a higher yield stress than
predicted crystallographically. We believe thal the success of the von Mises
model to describe the data is furtuitous. The effects of texture and micro-
structure (shear bands), neither or which is accounted for, appear to cancel
one another evenly.

SUMMARY

We have found that thers are several regimes of yield and flow behavior
for 1100 aluminum. At strain levels below tnose 3@1ch form gshear bands, small-
scale yield behavior, as reflected by a 5 x 10 offset yield criterion, is
governed by the developing dislocacion cell substructure. The yield locus is
distorted and translated in the direction of the applied stress. This 1is
because the cell structure "knows" the directional history cf deformation. If a
‘arge offset yield criterion is used to evalusce behavior the yield locus is
quite different. It is distorted very little and essentially does not trans-
late. What distortions occur match those predicted by a texrture based
polycrystal plasticity theory. 1In short, large scale yielding ‘s only a
function of texture not microstructure.

After grain scale shear bands form, (at s von Mises effective strain of
A~ 0.5 for aluminum in rolling), texture alone no longer controls large ~ffset
strain yielding. These shear bands, which possibly form due to the develop.ng
texture and relaxed constraints on deformation, have a specific orientation,
which produces anisotropies in plastic flow independe:rt of texture.
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