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Some aspectes of anisotropic plasticity in sheet metals
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SUMMARY
The prediction of the yielding and flow behaviour of materiagls under
complex gtress systems from tensile test or other easily determined data
hag been the aim of engineers for many years. The yield criteria of Tresca
and then Mises for isotropic metals are useful, but the realisation that
anisotropy is the rule rather than the exception, especially in sheet metals

led to the examination of Hill's anisotropic theory by variocus workers. In
the present paper the stress-sgtrain curves of various sheet metals are
determined in uniaxial and balanced biaxial tension. Ag far as yielding

behaviour 1s concerned it is concluded that the theory is reasonably satis-
factory for materials where anisotropy is described wikh r > 1, with certain
anomalies for materials with ¥ < 1. As far as flow behaviour is concerned,
the theory only applies for materials for r > 1. Crossing of the uniaxial
and biaxlal curves is observed for certain metals at low strains and this

ig not predicted by the theory. More work is necessary on low-r materials
to resolve these matters.
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Introduction

The mechanical properties of cheet metal can vary with the direction
of testing, not least in the through-thickness direction. Anigtropy can
be due to mechanical fibering- inclusions, porosity - but, this is not the
concern of this paper. Plastic anisotropy - flow stress, work-hardening
behaviour - which recul*s from crystallographic preferred orientation,
giving the metal a 'texture', can be varied in a sheet metal by altering
the sequence and nature of the thermal and mechanical treatments which are
used in ites manufacture. In fact when it is realised that in rolling a
coil from an ingot, the dispostion of the metal to the processing machinery
ig gernerally unchanged throughout the deformation and this consiste of
reducing the metal thickness by a Tactor of ~ 500 it is nobt surprising that
anisotropy is the rule rather than the exception.

Conventional tensile tes sting will not reveal plastic anisotropy as
defined above. However, measurenents of the changes in width strain and
thicknese strain during uniaxial plastic deformation will indicate aniso-
tropy, and their ratio;

M

P o= i
T e
t

is called the strain ratio, or commonly the r value. If this value is unity
the material is isotropic and deviation is reccgnlccd ag anisotropy.
Variation in r with direction of teqtlng in the sheet plane is termed plamar
anisotropy (Ar) and manifests itself as "earing' in a drawn axisymmetrical
cup. '

In metals with r > 1 an increased resistance to yielding in biaxial
tension is found and the converse for r < 1 materials. Hosford and Backofent
have coined the phrases 'texture hardening' and Ytexture softening to describe

these phenomens. Clearly, the number of slip systems which can operate will
affect the value of the strain ratio attainable. A material with an infinity
of systems will be inevitably isotropic, while a metal with one slip direction,
in one glip plane, and this, say, alignsd parallel to the plane of the sheet
will show v = ®, Additionally, this metal would give r = o for a specimen
cut normal to the sheet surface. Face-centred cubic metals deform plastically
on 12 equivalent systems, and in commercial polycrystalline sheet, Toax = 1

can be obtained®. Generally, the strain ratio value is around 0.67.

In body-centred cubic metals, four slip directions can ' choose'! from a packet
of slip planes, all of similar type. Although more slip systems can be
written down for b.c.c. deformation, the modes are in fact more restrictive
than in f.c.c. metals, and consequently higher and lower strain ratios can
be obtained. Values from 0.3 to 2.2 have been measured for extra-deep-
drawving steels®. In close~packed hexagonal metals a single slip direction
ie normally operative in one of three planes, and so, depending on the angle
between the slip direction and the sheet plane, very high or very low strain-
ratios will be observed. Values of 0.12 have been reported in zinc®, wkile
in zirconium values as high as 9.0 have been quo tedS.



Texture hardening is a useful phenomenon. A recent gtudy conducted
by an aircraft company and reported by Babel and Corn’ showed that a 14.7%
weight saving could be achieved by a redesign involving a change from an
aluminium alloy to a titanium one. However, by taking into account the
biaxisl properties of titanium in addition, this saving could be increased
to 21.0%.

The purpose of the present work is to investigate the behaviour of a
number of metals exhibiting a wide range of strain ratioe in uniaxial and
wiaxial tension to test present anisotropic plasticity theory, and to show
the advantages and disadvantages of this phenomenon in engineering applications.

+

'he Mises criterion states:

(61 - 02)% + (0g = 05)% + (05 - 01)% = Ecyg (1)

where 01, 0o and os are the stresses along orthogonal axes as
Figure la and Ty ig the yield stress in uniaxial tension. For shee
loading (o3 = 0) this reduces to:

- 0.0z + U2 = cy2 (2)

Q
I

Hill's yield criteria for anisotropic materials (again 03 = 0) can be
written:

.

2 /or . . .
gy + 05 - 010 é) = c?, where r is the strain ratio previously

oy

discussed. This equation assumes planar isotropy, i.e. Ar = 0 which is not
true for many metals. The problem of a value for r in a biaxial situation
then must be solved, and at present the most satisfactory solution is to
define it as:

I‘O + 2ryus + Trso

- W

1
It

or some variant on this theme depending on the number of directionsg in which
tests are made. Figure 1b shows plane-stress yield loci for various values
of g@ﬁr = 0) and the texture hardening in the tension-tension quadrant and
texture softening in the tension-compression guadrant should be noted.

The effect of r on yield and flow in uniaxial and balanced biaxial
tension ig the subject of the present investigation, and for a strese ratio
Oo

5‘ of unity, it can be shown that:

1
% (5)
O’ N’\\/ 2
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It should be remembered that yield criteria are Fformulated Tor ideal
elastic/plastic materials; the practical determination of 0., and Oy -
especially the fommer - are virtually impossible; however, it is poseible
to take values of stress at low strains and measure tle ratio of proof
strengths at a specified strain.

With regard to the post-yicld part of the stress-strain curves, Mellor
and Bramley®have sugzested the prediction of the balanced biaxial curve from
the uniaxial data using the follcowing expressions:

1+ 71
\/~ 2 = av (6)

/~,§*~
€% = | l+.§ .eav (7)

O,y 18 the average true stress at strain €,.,

the averages being determined from the uniaxial data and 'weighted' according
to an analogous formula to that for r.

0

?

the average true strain,

Experimental

The uniaxial tensile tests were carried out on an Instron machine at
a crosshead speed of 0.2 in/min. Specimens were machined according to BSE1
and a load-extension curve wag drawn, using a 2 gauge-length strain-gauge
extensome ter on the gpecimen up to fracture. o was calculated from the
relationship: ' :

o = = (1te)

o
where P is the instantaneous load, A, the original cross-sectlonal area and
e the engineering strain, and € from:-
€ = 1n (1+e)
The biaxial curves were determined using a Mand Precision Engineering
Co. Ltd., test extensometer, developed by Johnson and Duncan®where 0 is
s ) I N

computed from:

Pp

g = =T
2t

where p 1g the radius of curvature and t the current thickness, and € from:

£ 2

a
€ = §:-
in d!)

vhere do and d; are the initial and current diameters of a reference circle.



Results

The results are shown in Figures 2, 3, 4, 5, 6, 7, 8,59 and 10.
Tt will be seen (Figure 2) that the relationship between -2 and r

g
J ; .

(at a strain of 0.0l) is similar in shape to the predicted one, but displaced
t0 a higher stress level. The exceptions here are the two samples of
cormercial-purity aluminium tested, one soft and one hard-rolled.

In Figures 3 through 10 the experimental and predicted curves are
dravn. For materials with r > 1 the predicted curves are quite good
approximations to the determined ones, especially titanium and zirconium.
For r < 1 the discrepancies are very marked. In no cases are the biaxial
curves below the uniaxial, as predicted, but in some cases the biaxial
curves start lower and then cross. In the cage of commercigl-purity zinc,
the uniaxial curves themselves are so widely spaced that the use of an
averaging procedure ls a doubtful operation.

Conclusgicns

—ar e - . o - -

Present anisotropic plasticity theory falls down for materials exhibiting
r < 1 ard even for materials of r ™ 1; the superposition of uniaxial and
biaxial curves is not good. In general, the flow curve in blaxial tension
falls above the uniaxial one regardless of the state of anisotropy. However,
at the low -~ strain end of the curves there ie a tendency for the curveg to
cross, CSUCLl&lly the curves for the low-r materials. Explanations for this
must be microstructural rather than phenomenological and the following
tentative oua”ltatlva picture is offered. It is permissible to equate
belanced biaxial tension with through-thickness compression plus a hydrostatic
tension which does not affect yielding. In & low~§ metal the operative slip-
syetems will tend to be aligned to cause strain in the thickness direction
and go under this stress sytem slip will occur readily on many planes, many
dlszlocations will move and entangle and a high initial rate of work-hardening
will result ’

It is not possible to allow for this sort of behaviour in plasticity

theory. In the case of zinc, it will be observed that the 0, €, curve
falls at high strains. This is due to the Tormation of voids during
straining (Fig. 11) and the consequent violation of the volume-constancy

axionm.

Again, during deformation - particularly of face~centred cubic metals,
grain rotation occurs, end r may alter during deformation. This is another
uncharted variable.

A limitation of these experiments is the inability to measure biaxial
stregs-gtrain at very low sirains, due to the uncertainty of radius of

curvature neasurements at low bulging pressures.

On the credit side, it is certainly possible to say that increasing r



raisge tl
g in th
‘o 63 and

-

e blaxial flow curve, and in practical engineering applications
direction that the benefit lies; approximste calculations of

would be in order. An additional bencfit is that Ub is,

in general, most likely to be gre“ker than o for all metals, but here o
mugt be mzasured experimenta . However, “the bulge teszt procedurse uséd
in this work ieg not tedious and tends to be quite reproducible.

Fe
[N
5]
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Some of those interested in sheet metal formability and particularly
fd

the formability of sheet steel regard n, the exponent in the expression

U = Ken, as a useful parameter. This can be obtained quite easgily from the
imxiel curves (those vwhich conform to this reiationship) and in general
agpeafs to be of similar value to that obtained in uniaxial tension.
<imum gtraing obtained in this work accord approximately with Hill's
rediction for a circular diaphragm and are given in Table 1. The good
cement of the mild steels in particular should be noted.

More work is needed part iculam ith metals of r £ 1. Bott and Pearce”
showed that, with commercial-pur yaMMJngouﬁel&ﬂecmmwsinswmﬁ
could be afieﬂtcd by cold rolling, without significant changes in r. It ie
with material of this sort that further work will be carried out.
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Predicted and measured effective strains at instability in a circular diaphragm.

Materials (all in-the
annealed conditions).

70/30 Brass

Cu-containing steel

' Tiocontaining‘ steel
Rimming steel |
Commercial-purity aluminium

Commercial-purity zinc

o
i
my

0.43
0;2&
0.18
0.26

0.35
0.36

€
meas

bvalanced .

bilaxial
"tension

0.73
-0.59
0.50
0.51
0.5k
0.57

~ L
€ = ll(2n + 1)

0.68
0.54
0.49
0.55
0.62

0.63
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