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High strength to weight ratio materials are becom-
ing of increasing importance in the automotive industry.
Some aluminum alloys offer strength equivalent to low
carbon sheet steel at one third its weight. However, for
these alloys no production experience exists. The present
work involves the study of formability of three important
grades of formable aluminum alloys. train distributions
have been examined for the materials deformed under differ-
ent conditions of biaxial straining. In particular the
maximum useful strains (limit strains) have been obtained
as well as the fracture strains.

A detailed description of fundamental property

tests and simulative tests have been provided in this thesis.
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Computer programs developed by the author to compute
plastic properties of the materials from thé test data
are also provided.

Some instability analyses have been examined with
particular reference to their ability to assess the
influence of material properties and the loading system

on the useful forming limits.
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CHAPTER T

INTRODUCTION

Formability is one of the most important proper-
ties of metals. Generally it is regarded as that property
of a material which permits plastic deformation to proceed
without failure by fracture, buckling, wrinkling, necking,
etc,

| Formability is an eluéive quality to measure since
there is no single index that will enable the formability of
a specific material to be reliably predicted for all pro-
duction conditions. Both material parameters and process
parameters influence the final behaviour of the material.

Over the last five decades, low carbon sheet steel
has been the most dominant material in consumer industries
because it can be stamped into inexpensive, complex com-
ponents at very high production rates. Recently, however
more attention is being paid, particularly in the automotive
industry, to materials offering greater strength to weight
ratios. Mainly two classes of materials viz; High Strength
Low Alloy Steels (HSLA steels) and High Strength Aluminum
Alloys fall under this category. The purpose of this pro-
ject is to investigate material parameters and assess form-
ability of some aluminum alloys, of interest to the autc-

motive industry.



Some aluminum alloy sheets offer strength equiv-
alent to low carbon sheet steel but at one third of the
weight. Apart from low density, aluminum differs from steel
in many other properties.. It has a lower melting point and
poor resistance to creep at elevated temperatures. On the
other hand( at low temperatures where steel becomes brittle,
aluminum alloys may actually increase in ductility. In
most situations aluminum alloys exhibit greater corrosion
resistance than steel due to the formation of a protective
oxide layer on the surface. In addition aluminum has high
thermal and electrical conductivity and is non-magnetic.

The modulus of elasticity of aluminum is three
times less than that of steel. This can lead to higher
spring back in forming, higher stored strain energy (at the
same stress level), which may influence fracture propagation
and lower resistance to deflection and buckling, other things
being equal.

From a microstructural point of view aluminum has a
face-centred cubic crystal structure (f.c.c.) and steel at
room temperature has a body-centred cubic crystal structure
(b.c.c.). The f.c.c. structure has more available slip
systems and is therefore intrinsically more isotropic than
Do Cules

In conventional steels the important strengthening

mechanisms are strain hardening, grain refinement and the



presence of interstitials like carbon and nitrogen.

Pure aluminum is soft and ductile, the higher
strength is principally obtained by addition of alloying
elements. Further strengthening is possible by various
degrees of cold working in non-heat treatable alloys,
whereas for heat treatable alloys additional strengthening
is possible by solution heat treatment and precipitation
hardening.

A wide variety of aluminum both in non-heat treat-
able and heat treatable alloys are available. For aluminum
to replace low carbon steel, these alloys are required to
have good strength and good formability characteristics, so
that they are suitable for use in automotive industry, which
is certainly one of the largest consumers of sheet metal.

The forming characteristics of the group of alloys
selected is of interest to Alcan, General Motors and Chrysler
and some work is being undertaken within these companies.
Hopefuily, all of these investigations will lead to a more
meaningful comparison between the performance of individual
alloys as well as that of mild steel. 7The behaviour of
these alloys vis a vis that of mild steel is of interest
since dies, tooling etc. and the whole sequencing of the
processing operations has been designed around steel. No
doubt certain features of existing tooling and production
lines will have to be modified if aluminum replaces mild

steel.



Formability has been extensively studied for low
carbon steels. A Forming Limit Diagram (FLD), originally
developed by S.P. Keelar [1,2] and then extended by Good-
win [3], was proposed to understand steel behaviour in sheet
forming prccess. The FLD has taken on some significance as
a diagnostic tool.

Much work has been done to correlate basic material
parameters to its behaviour in drawing and/or stretching,
both empirically [4-7] and theoretically [8-12].

In recent years the FLD together with material
parameters have been utilized to assess the formabiliity of
, newly developed aluminum alloys. lecker [13,14] and others
[15] have compared the formability of different aluminum
alloys both with that of steel and among themselves. It has
generally been concluded that the aluminums have poorer
forming capabilities than mild steel and the FLD is quite
different for different alloys.

Some aluminum alloys have been tested previously at
McMaster and a comparative performance of these alloys and
Aluminum Killed Drawing Quality (AKDQ) steel during deep
drawing of square cups has been assessed [16]. It was shown
that the performance of aluminum alloys can not be predicted
from normal tensile data. However, ductile fracture proper-
ties in high strength aluminum alloys appears to influence

the behaviour in the cup drawing prccess.



With the present work it is proposed to look into
the behaviour of aluminum alloys both in fundamental
material property tests e.g. the tensile test and certain
simulative tests. These latter tests rarely duplicate the
real forming operation (this only occurs in the actual press
trials) but are simulations carried out under controlled
labeoratory conditions involving certain stretching and draw-
ing operations. The tests performed are described in greater
detail in Chapters 2 and 4. Ié is the aim of~the work to
reveal data about the useful forming limits (prior to failure)

as well as the fracture characteristics of the individual

‘alloys as a function of the straining path.



CHAPTER II

DESCRIPTION OF TESTS

In the study of formability of sheet metal both
fundamental material tests and simulative tests are required
to be performed. This chapter defines the most important
material parameters and techniques of determining them from
fundamental material tests like the Tensile Test, Bulge Test
and In-Plane Torsion Test.

Simulative tests which aid to assess the material
behaviour in a particular sheet metal forming operatioh undexr
simulated processing conditions are discussed later in this
chapter.

241 Fundamental Material Property Test

2.1.1 Tensile Test

The tensile test is perhaps the most widely emploved
test for the determination of mechanical property data. The
test is so well known that a little space need be devoted here
to its descripticn.

While the test is often used to evaluate the elastic
constants of a material, these are not the most pertinent
parameters in assessing material formability. The para-
meters significant to formability are: yield stress, ultimate

tensile strength, work hardening indey, strain rate sensi-
g



tivity index, plastic strain ratio, limit strain, total
elongation and fracture strain. These quantities are
described in greater detail in Section 2.1.2.

Computer programs Eave been developed by the author
(discussed in the Art.4.8 &9 of Chapter IV) which are designed
to compute true stress and true strain from load-extension
data obtainéd from a tensile test. These true stress and
true strain values-are then used to compute the constitutive

equation of the form
*
o = K(e + ej)n

2.1.2 Definition of Some Important Material Para -

meters Which Can be Determined From the Tensile Test

(i) Yield Stress is the stress required to induce

plastic flow in the material.

a) Some materials exhibit clearly the yield
point on a load vs. extension plot. Thus, yield stress is
numerically equal to

Yield Point Load

ig = Original Cross Section Area (2. 3.)

Some materials exhibit an upper and lower yield point stress,
for this kind of material the extension is associated with

discontinuous yielding which occurs at approximately constant
load following the onset of plastic flow. Such an elongation

# For symbols refer to nomenclature given at the
beginning of this thesis.



is called "yield point elongation" and is associated with
the propagation of Luder's lines or bands.
b) Some materials do not exhibit a clear yield

point. In such a case so called 0.2% Yield Stress is a

measure of the stress required to cause plastic deformation.
The load used to calculate it is determined as shown in

Fig. 1. The required load (Py) is found at the intersection
of the line drawn on the load-extension graph parallel to
the initial slope but offset from it by an extension of 0.2%
with the load-extension curve. Thus, 0.2% Yield Stress is

numerically equal to

P
Y

Original Cross Section Area (2.2)

0.2% YS =

(ii) Ultimate Tensile Strength

The ultimate tensile strength is the indication of
the maximum strength of a material. This parameter is,
according to Fig. 1, determined as follows

Maximum Load ’
uTS = M)

Original Cross Section Area

The ultimate strength, because it is based on the original
cross sectional area of the test piece, is not always a goocd
indicator of the material plastic behaviour. This objection
can be overcome by calculating the true stress at the point
of maximum load, obtained by dividing the maximum Jload by the

current cross sectional area just prior to the onset of

»
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diffuse necking. >

(iii) Work Hardening Index

Most materials exhibit an increase in strength and
hardness during the plastic deformation process. The
common measure of work hardening ability is the strain
hardening index or n-value obtained by fitting the true
stress-natural strain data with the generalized material

behaviour law

o =k (eo + €) & (2.4)
where € — strain rate

o - flow stress of material

€ - logarithmic strain

k - strength constant
n - work hardening index
m - strain rate sensitivity factor

€5 initial strain

This equation was chosen for its mathematical convenience,
it is easy to handle in theoretical analyses and it is able
to fit many monotonically increasing curves guite reasonably.
It was found that in certain cases the n-value re-
mains essentially constant for different orientation with
respect to the rolling direction of sheet metal. For
materials in which n-value alters as a function of orienta-
tion it has become customary to designate the direction in

which "n" was determined.
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In many cases the strain rate sensitivity of the
material may be neglected so that the equation 2.4 takes

form "

6=k (e, + €) (2.5)

(iv) Strain Rate Sensitivity Factor

Strain rate sensitivity factor or m-value is a
measure of the degree to which plastic flow of the material
is affected by changes in deformation rate. It may be

expressed numerically by the equation

Q

in "1
o
- " 2 (2.6)
in 1
Gy
where o, él, 02, é2 stresses and corresponding strain rates

at the same level of strain in tensile test.

It has been found that in most cases the m-value
remains essentially constant for the range of plastic strains
up to the point of instability, and for the range of strain
rates encountered in industrial practice. The m-value may
alter as a function of the direction in the plane of the
sheet. In this case it is necessary to designate the
direction, with respect to that of rolling, in which "m" was
determined.

(v) Plastic Strain Ratio (r value)

Invariably all metal working processes introduce

some directionality (or preferred orientation) to the crystal
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structure. It is now recognized that crystallographic
texture is the primary source of anisotropic behaviour of
the material.

Starting with two (or more) different pole figures,
techniques are now available to provide a mathematical
description of the texture existing in a given cubic metal
[17]. However, these methods are reasonably complex and it
has become customary to obtain a mechanical index of the
degree of plastic anisotropy through the "r" value. This
quantity is defined as the ratio of true width strain to
true thickness strain determined from tests on tensile speci-
mens cut from different orientations in the plane of a sheet
material.

Numerically "r" is given by

w/

w
w_1in o (2.7)
€ In t/

€ tO

€

where "w" and "t" represents the width and thickness
respectively and the subkscript "o" represents the original
dimension.

It has been found that in certain cases the ratio
remains essentially constant for the range of plastic
strains up to the point of instability in the tensile test.

For materials in which "r" alters as a function of

strain, it has become customary to use a superscript to
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designate the strain level at which "r" is determined.

Thus, 1f the strain level of 20 per cent was employed
then this would appear as r20.

In addition to the possibility that "r" can vary
with strain, it can (and invariably does) vary with the
orientation within the plane of the sheet. Again, it has
become customary to refer all orientations with respect to
the rolling direction and to use a subscript to define the
etc. Thus

orientation such as v _, r ¥

o) 457 790’

20
r
o

would define the "r" value determined at 20 per cent strain
for a specimen orientated along the rolling direction.
If all "r" values are constant within the plane of

the sheet the material is said to possess Planar Isotropyv.

This does not imply that the material as a whole is isotropic;
this would only arise when "r" was equal to unity. A material
exhibiting planar isotropy but with "r" greater than unity
shows improved thickness strength and better deep drawing
characteristics vis a vis the isotropic material. The

reverse is true when r < 1.

"

As already mentioned more often than not "r" does

vary with the orientation. However, recourse is often made

to some averaging technique based on the variation in "r
with orientaticn in order to specify an average value for

the material and this is usually designated, r. See section
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2,3.2(x%). -

Depending upon the magnitude of r so determined,
the thickness strength and deep drawability characteristics
are interpreted in the same way as if the material did
possess planar isotropy.

(vi) Limit Strain

Limit strain is defined as the maximum uniform
strain measured as close as possible to the necked zone.
The value of limit strain depends upon both the properties
of the deformed material and mode of locading.

(vii) Total Elongation

Total elongation is a parameter measured in a ten-

sile test used as a measure of ductilitv and is defined as

gt(%)= final gauge length - original gauge length x 100 (2.8)

original gauge length

The magnitude of total elongation is influenced very strongly
by the gauge length, so that it is necessary to designate
the original gauge length used.

It has become customary to use a 2" gauge length.

(viii) Fracture Stress

Fracture stress is the true stress at fracture
which is the load for fracture divided by final cross section
area.

(ix) Fracture Strain

Fracture strain is the natural strain at fracture

defined by the relationship,
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initial cross section area)

= ln : -
( final cross section area

€ (2:9)

or alternately and the more commonly used (for rectangular

specimens) thickness strain

(initial thickness)

. = 1n final thickness

JE

(2.10)

It is worthwhile emphasizing that it has not been clearly
established how the fracture strain alters as a function of
the loading condition for a wide class of materials. There
is apparently a great deal of attention being paid to this
question but as yet very few results have found their way
.into the technical literature.

(x) Weighted Average

The average values of the parameters is obtained
through a weighted average if x is the parameter reported

then
Xx + 2 x + X
" _ o 45 90 (2.11)

4

Where suffix 0, 45 and 90 are angles in degrees at
which the specimen was cut with respect to the rolling
direction.

Other variations on the above averaging technigues
are available depending upon the number of directions in
which the tensile tests are made. It is to be noted, the

values are not weighted in any true statistical sense.
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FIGURE 2 SCHEMATIC DIAGRAM OF BULGE TEST
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2:1:3 Bulge Test

The maximum uniform strain of the specimen
stretched uniaxially in tensile test is limited by the
onset of diffuse necking. For most materials the uniform
strain achieved is of the order of work hardening index.
This limitation can, however, be overcome by testing the
material in balanced biaxial tension using a hydrostatic
bulge test [8].

In this test a sheet clamped at the circumference
is bulged by o0il pressure applied to one side of the speci-
men (see Fig. 2). Stress - strain data up to the point of
fracture is obtained by using a pressure gauge and a
mechanical spherowneter and extensometer which sits at the
top of the specimen [18]. For an isotropic material a plot
of membrane stress versus thickness strain should be
egquivalent to the stress strain curve for uniaxial test.

The bulge test enables the range of the true stress-
strain curve to be extended beyond that obtainable from the
uniaxial tensile test. This is particularly noticeable for
material having a low strain hardening index. For example,
3003-H14 aiuminum exhibited a maximum uniferm strain of
0.02 in uniaxial tension and a uniform strain of 0.54 in the
bulge test. Clearly this material has ccnsiderabkle ductility
which is not apparent from the tensile test.

2.1,4 In-Plane Torsion Test

n

The determination of the "n" wvalue on the basis of
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the tensile or bulge test is easy and accurate but can be
time consuming. However, the evaluation of fracture strain
from these two tests causes more serious difficulties for
the following reasons.

i) direct measurements of sheet metal thickness at
the failure site is troublesome and the results obtained
are subject to great errors particularly when thin sheets
are to be measured.

ii) the stress state in the groove, which preceeds
fracture is nct constant but is subject to change during
the deformation process.

A test designed to overcome the above mentioned
difficulties is described in reference [19] and is termed
the "In-Plane Torsion Test". A pair of opposed annular
clamps grip a coupon of the test material. Within the
annular clamps, and concentric with them, a pair of
opposed anvils grip the sheet and twist it until fracture
occurs. The fracture strain as well as the work hardening
index can be readily evaluated from the test as described
in reference [9]. Fig. 3 illustrates the essential features
of the equipment.

It is worthwhile repeating a comment made in
Chapter I, namely that very little data exists regarding the
influence of the straining procéss on the fracture strain.

A comparison of the fracture strains ensuing from the various

tests described here will therefore be of interest and is one
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of the objectives of this thesis.

2.2 Simulative Tests

The tests described so far can be considered as a
fundamental property test. These tests are distinct from
the so called simulative tests which purport to simulate
some aspect of the actual processing condition.

In all practical sheet metal forming operations, the
material experiences some degree of stretching and/or draw-
ing. Simulative tests are designed therefore to induce a
certain amount of stretch and/or draw to the material and
to monitor the material response toc these tests under con-
trolled laboratory conditions.

2.2.1 Swift Cupping Test

This test simulates a 100% drawing operation and is
often considered to be most useful in distinguishing the
drawing properties of sheet metal. The parameter most often
referred to in the context of the Swift Cup Test is the
"Limiting Drawing Ratio" (LDR). A circular specimen is
drawn through a circular die by a circular flat bottomed
punch of 2" diameter, See Fig. 4. A series of blanks,
increasing in diameter by small increments are drawn, until
a specimen fails. The maximum size of the blank that was
drawn successfully is the limiting blank size and the LDR

is given as follows,

Limiting Blank Diameter

LDR Punch Diameter




2]

Specimen

Die Plate

Pressu re Plate\

\ Punch

2

FIGURE 4 SCHEMATIC DIAGRAM FOR SWIFT
CUP ___ TEST
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The results of this -test have been found to be
highly dependent upon the lubrication of the specimen and
blank holder pressure.

It was shown by Whitely [6] and others EZOj that
there is a good correlation between LDR and the "r" value.
LDR increases for a material with a higher‘“r" value.

2.2.2 Stretch Bend Test

In the stretch bend test a specimen in the form of
a strip is rigidly clamped at each end, as shown schema-
tically in Fig. 5, and bent at the centre using a radiused
punch until transverse cracking of the specimen occurs. The
process variables are the punch radius, r, specimen thick-
ness t, and the unsupported length, 1, of the specimen.
All these parameters influence the ensuing strain distri-
bution in the specimen and the depth of punch penetration
before fracture occurs. This test simulates the bending and
stretching of the material over a die radius. Further
details of the test can be found in reference 21.

2.2.3 Fukui Test

In this test, a circular specimen of given diameter
(for a particular thickness range) is drawn through a coni-
cal die. The test involves drawing and stretching and the
test value is given by the following,

Average diameter of the’'test piece a:

FUKUI VALUE = 3
Blank diameter
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Due to earing the periphery of the test piece is
non circular. The diameter across the ears and in the
hollows are measured and then the average diameter is com-
puted. The process is shown schematically in Fig. 6.

2.2.4 Erichsen and Olsen Tests

The Erichsen test is commonly used in Europe. A
steel ball of 20 mm diameter is pushed through a die until
the specimen fractures. The test piece, which is generally
a strip specimen is clamped (1000 kg load) to prevent draw-
ing-in,refer to Fig. 7. The depth of indentation is
measured in mm. This test has commercial significancé in
Ehat it is widely used as a quality control procedure.

The Olsen test is an American version of the
Erichsen test and uses a 7/8" ball. In this case the mea-
surement made is that between the bottom surface of the
specimen and the top of the bulge. It therefore takes thin-
ning into account.

These tests are usually regarded as 100% stretch
tests. However, there has been some claim that the
Erichsen and Olsen tests are not able to give good correla-
tion with actual production stampings because of the follow-
ing reasons.

(a) insufficient size of the penetrator

(b) inability to prevent inadvertent

drawing-in of the flange

and (c) inconsistent lubrication.
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2.32.5 Hecker Cup Test -

Because the Erichsen and Olsen tests have not been
entirely satisfactory in their ability to assess stretch-
akility another cup method was developed by Hecker [22]
which is a scaled up version of the Erichsen and Olsen tests.
It uses a 4" hemispherical punch and a very positive clamp-
ing arfangemenﬁ‘to prevent drawing—in*. For steel éheet
Hecker showed that the cup height could be successfully
éorrelated to the "n" value. For other materials such as
brass, aluminum and zinc however, total elongation in uni-
axial tension correlated well with cup height.

2.2.6 Plane Strain Test

The test developed by Marciniak et al [12] consists
of in-plane stretching of the sheet metal. The method
adopted in this test consists of applying to a plane piece
of‘sheet biaxial tension in such a manner that the value of
the ratio of the principal strains is essentially constant,

€

(a = = ) rover a finite region in the plane of a sheet. The

1
test is shown schematically in Fig. 9. 1In order to facili-

tate proportional straining in the plane of the test piece
a secondary piéce cf sheet material is employed. This
auxiliary sheet has a hole cut in its centre which approxi-
mates to the shape of the punch. The two pieces of sheet
material are clamped together around their periphery and

penetrated by the punch. The punch is in contact with the

* Fig. 8 shows the schematic diagram of the test
set up.
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secondary sheet which, because of the presence of the hole,
wants to stretch at a faster rate than the actual specimen.
This tendency facilitates the deformation of the actual test
piece; note that this is aghieved by the frictional forces
between the auxiliary sheet and test piece over the region
where the two are in contact.

By altering the shape of the punch and die and the
hole in the secondary test piece different degrees of pro-
portional straining can be achieved in the test piece.

In the present case to achieve a condition of plane
strain (a = o) a rectangular punch whose sides were in the
ratio, zl/lz = 4.6, was employed. This equipment is shown
in Fig. 10.

2:3 Forming Limit Diagram

The Forming Limit Diagraﬁ depicts the extent of the
maximum useful straining (i.e. prior to visible necking,
wrinkling, fracture, etc.) that a material can exhibit. The
FLD is invariably presented as a curve employing the princi-

pal surface strains (El and ¢ as co-ordinate axis &as shown

o)
schematically in Figure 11. As illustrated in Figure 11

the curve represents a Fail-Safe envelope of surface strains.
Obviously no material behaves in such a way that a single
line can represent the region between safety and failure.
Consequently, in reality a transition zone (which might be

represented by a band on Figure 11) exists. The width of

this "uncertainty band” could be taken to represent the
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variability of the behaviour-of the material. It 1is to be
noted that the overall shape of the FLD is also important
both in the level of strains that can be achieved and the
manner in which it changes for different materials.

Hence the essential features of the test to
determine the FLD should be

(a) The test should be capable of producing a
strain ratio "a" covering a wide range i.e. - % <a< l.

(b) There should be an easy method for deter-~
mination of surface strain in and around the zone of
failure.

(c) The strain path should be close to propor-
tional loading and should be monotonically increasing.

(d) The lubrication conditions and deformation
mode of the test piece should simulate the actual production
conditions. (This is rarely achieved in the laboratory).

One such test is developed by Hecker [13]; and
discussed in aetail belowr is a modification of the stretch
test described in section 2.3.5.

2.3.1 A Test to Determine a FLD

The cup test developed by Hecker, described in
Section 2. 2.5, can form the basic equipment for the determin-
ation of a FLD.. As in the cup test sheet specimens are
securely clamped at their periphery and stretched to failure
over a hemispherical punch. By altering the width of the

test pieces and the lubrication conditions a range of strain
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ratios (a = E2/31) can be achieved at which failure takes
place. This is illustrated schematically in Fig. 12.

All the specimens are gridded using either an
electro-etching or photo-resist technique. Invariably,
circular grid patterns are employed which are transformed
into elliptical shapes as the specimen deforms. Measure-
ment of the major and minor diameters of the resulting

llipse enables the principal surface strains at that point
to be evaluated.

There is still a degree of uncertainty as to the

actual value taken for the limit strain and plotted as part

of the FLD. It is generally accepted that the limit strain
is taken close to but not actually within a necked and
fractured zone. Hence, the degree of uncertainty since it
depends upon the experimentors judgement as to what con-
stitutes "close". The severity of the strain gradient in
the fractured region can also influence the final value re-
corded. The more painstaking investigations follow the
technique of Hecker [22] and plot the FLD as shown in Fig.
15

The open circles represent a strain state for grid
circles that are close to but not within a necked or fracture
affected zone. The half solid symbols represent grids in a
necked or fracture affected zones and the solid symbols
represent a fractured grid.

The FLD is drawn above the acceptable (open) data
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points and below the necked or fracture affected (half
solid) data points as shown in Fig. 13. This definition
of a FLD is consistent with the press shop definition of

maximum useful deformation.
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INSTABILITY

CHAPTER IIX

3.1 Introduction

In sheet metal forming operations where the princi-

ral surface strains are positive, one has to be careful to

avoid visible necking and/or fracture of the sheet metal.

In other words the strains developed in the workpiece at

any point should

be within the safe levels or below the FLD.

As already mentioned in Chapter 2,the material

properties and process conditions like lubrication and load-

ing path influenc

2 the shape and position of FLD.

Ideally one would like to predict the Forming Limits

theoretically by
into account all
formability plus

a task is not an

using a mathematical model which would take
pertinent material parameters that influence
the induced straining path. Obviously, such

easy one, since even in the simplest case

of uniaxial stretching one could encounter three types of

failure (or instability leading to fracture) modes depanding

upon the material characteristics.

1) Abrupt failure with no significant necking of

material, a type

of brittle fracture.

2) The classical, so called diffuse neck, in

which the material is straining at a faster rate than in
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other regions but this zone of thinning is spread over
finite region.

3) Localized necking is which a very definite con-
centration of straining takes place. This observation is
usually associated with rectangular specimens whose width
is wide compared with its thickness.

These different modes of failure in uniaxial stretch-
ing are depicted schematically in Figure 14. Figure l4a
shows that the material has failed abruptly after suffering
some plastic strains. Such a failure is called catastrophic
shear failure. This may have been caused by the presence of

second phase particles or heavy prestraining of material [23].

Figure 14b shows a material instability due to the
formation of a diffuse neck. Diffuse necking is common for
most ductile materials, although the actual shape of the
neck is strongly influenced by the material parameters.

Once a diffuse neck begins to form the stress state within
the neck is no longer simple uniaxial tension but in general
(particularly for round specimens) a triaxial stress system
is developed. This stress state can also influence the
developing shape of the neck and the point of fracture.

With rectangular specimens.it can sometimes be observed that
a local neck or region of high strain concentration develops

within a zone of diffuse necking. It is considered that this
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is often the case in general press forming operations,
although the onset of diffuse necking is not usually
apparent in complex pressings. However, once the local-
ized neck appears fracture is imminent.

In Figure 1l4c the deformation of the localized
neck tends to be a feature of the specimen geometry. The
large width of the specimen tends to restrict any trans-
verse drawing—-in locally. In fact, the material necks or
thins throuch the thickness along a direction in the plane
of the specimen that is currently undergoing no straining.

From this brief discussion of the uniaxial tensile
test notwithstanding the rheological behaviour of the
material arising through structural irregularities, the
material properties, stress state and specimen geometry
(which in turn influences the stress state) all control the
mode of deformation.

342 Instability in Uniaxial Tension

One of the first attempts to analyse the extent of
useful straining of a bar in uniaxial tension is due to
Considere in 1885 [24]. He identified the limit of uniform
straining with the attainment of the maximum load i.e. just
prior to the development of a diffuse neck (as shown in
Fig. 14b). The instant at which the neck appears is referred
to as the point of instability and marks the beginning of
non-uniform straining of the material. Material strains

faster in the necked zone than its neighbouring zones after
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the neck appears.
Obviously, the failure mode shown in Figure l4a
would not be obtained at a maximum load but would generally
take place under a rising load.
In a similar manner failure mode shown in Figure
l4c would show a load maximum corresponding to formation of
the local neck.

3.2.1 Diffuse Instability

As already stated, Considere is generally accepted
as the first person to analyse the onset of diffuse necking.

Following Considere, it can be shown that at maximum
load

1 _
. = 1 (3.1)

&
|

for material having constitutive equation of the form

o =k (e +e)" (3.2)
o
- then
1 do _ 'n
o dE = &+e (3.3)
(o)
'from 3.1 and 3.3
* - -
ed N el = n-e_ (3.4)

Empirical constitutive equations can be formed for

the rate sensitive materials often having the following form

m

o = k(eo+e)n 2 (3.5)
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The rather remarkable extensible behaviour of the
so called "superplastic alloys" obeying a constitutive

equation of the form
o=k ¢ (3.6)

has been attributed to having a large value of the strain
rate sensitive index m (= 0.5) [25].

However, the same influence has not been found with
equations of type (3.5) if it is postulated that insta-
bility is the attainment of a point of load maximum.

3.2.2 Localized Instability

Hill [28] was apparently the first person to analyse
the formation of a localized neck in uniaxial tension for
thin sheet. He reasoned for a local neck to develop,

(a) the principal strains are of opposite sign

(b) the neck is formed in a direction in the plane
of sheet where the current strain increment is equal to
zexro.

Instability was again based on surface traction
achieving a maximum value in the direction perpendicular to
the groove or neck.

For a material having constitutive equation of the

form .
o=k g

the uniform limit strain was given by

€, = E. = 2n (3:7)
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In comparing the two stability modes, it is seen
that critical strains for the localized necking are twice
as much as that in the diffuse neck, thus a localized neck
may occur in a region where a diffuse neck has already
developed. Note the comment to this effect made earlier
in this chapter.

3.3 Instability in Biaxial Loading

In his original article Hill [26] analyzed the case
of biaxial loading i.e. the plane stress case, where the
sheet is loaded in its plane and the principal stress nor-
mal to the sheet is zero (o3=o). Altering the degree of
biaxiality of the loading altered thg orientation of neck

9 ¢
o

1 2

point there was no direction within the sheet at which zero

up to a limiting value of Eg < or Beyond this
o

1 1.
2 2
strain increment was taking place, as can be verified in
its simplest terms by constructing Mohr's (incremental)
strain circle, see Fig. 15.

About the same time as Hill published his paper
Swift [27],in an independent investigation,had extended the
original hypothesis of Considere to cover the biaxial stress-—
ing condition for the onset of diffuse necking.

It is to be remembered that all of these analyses are
based on the attainment of a load maximum. Other proposals
have been made, generally based on energy considerations

[28]. "These are more complex mathematically and in general
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have not produced results that are of more practical use
than the simpler analytical models.

There is no need to develop in fuli the analysis
of Hill and Swift here since the original papers can be
consulted. The resulting expressions for the instability
strains for both isotropic and anisotropic materials is
given in the Art. 3.5 of this chapter. It will be seen
that the expressions can be used to plot a Forming Limit
Diagram. The results are not entirely satisfactory
particularly in the stretch-stretch quadrant of the FLD
where the Swift analysis tends to be very conservative
particularly in the region of balanced biaxial tension.

The original theories of Hill and Swift do not take
into account the geometry of workpiece and implicity the
problem was treated as if all the deformation was taking
place in the plane of the sheet (biaxial loading).

A classical illustration of the effect that the
geometry of deformation can have on the useful surface strains
is that of the hydrostatic bulge test. The test has already
been referred to in Chapter II (Article 2.1.3) and some of
the analytical results are given below.

3.3.1 Bulge Test

A circular metal diaphragm clamped at the circumfer-
ence ics subjected to hydraulic pressure on one side. At the
pole of the bulged dome the straining process is one of

balanced biaxial tension, but since the specimen deforms as



NN

o= h(2R-h)

FIGURE-16 GEOMETRY OF BULGED
SPECIMEN (Ref. 29)
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a dome, there exists a strain gradient from the clamped
edge to the pole of the dome.

The process analysed by Hill [29] assumed that
instability occurred when the pressure achieved a maximum.
However, one crucial consi&eration was that Hill attempted
to take into account the geometry of deformation of the
dome. He assumed that the current dome was part of a
large spherical shélland thus the radius of curvature
decreasad as dome height increased, refer to Figure 16.

It was on this basis that Hill predicted the limit
surface strains at the pole. A treatment of Hill's original
work can also be found in Johnson and Mellor [30], who
demonstrated that for a material with a constitutive

ecquation 5
o = ke ,

the limit strain at the pole in the thickness direction is

given by

*

* 4 a
€y = €3 = 7 (2n 1) . (3.8)

This is rather a remarkable result since it predicts
that material with a low "n" value still show appreciable
straining in the hydrostatic bulge test. It has been
observed for aluminum 3003-H14 with n value of 0.06 showed

1

he 1imit strain of 0.54 in Bulge Test. This has only been

+

og

6]
6]

ible because of the geometry of deformation.

ge)

As demonstrated above, the instability in the

material certainly depends on tha geometry of deformation.
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Most of the theories of instability do not take this effect
into account and as a result we expect the limit strains to
be different under different conditions of material process-
ing.

Likewise it is to be noted that no theories exist
which predict the behaviour of the material from the initial
region of say uniform straining, to then determine the onset
of a bifurcation of the deformation field and to continue
to predict the ensuing deformation mode for the whole speci-
men. In other words to predict when a neck would develop
in say,a uniaxial test and to describe the continuing sharpe
changes.
| It is worthwhile reiterating that the aforementioned
theories of Considere, Hill and Swift predict a load in-
stability; the formation of a neck or some eguivalent change
in the deformation field is invariably associated with this
point of instabilityv. None of the theories proport to
predict the ensuing deformation mode and the point of
fracture.

An alternative approach, developed by Marciniak [31],
is that some surface irregularity (geometric irregularity)
or zone of weakness is postulated to exist in material right
from the very onset. An analysis has been developed to look

into stresses and strains in this zone of weakness righ

¢t

from the béginning to the fracture. The Marciniak analysis
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can be used to predict a FLD as described by Sowerby and
Duncan [32]-

3.4 Marciniak Theoretical Analysis of FLD

The basis of the Marciniak analysis is a pre-
existing material inhomogeneity. This inhomogeneity has
been pictorially represented as a pre-existing groove, in
the surface of material that under continued deformation
becomes a site for strain concentration and fracture. This

inhomogeneity could be an inclusion, void or any material

imperfection.

Marciniak's theoretical FLD analysis is presented

in reference [11,12]. Essentially the theory is composed of
six basic axioms. The three generally accepted axioms
obtained from anisotropic plasticity theory are:

i) The anisotropic yield function due to Hill [33] (which
reduces to the Von Mises criterion for isotropic materizls),

11) an associated flow rule:
iii) representative strain for the anisotropic model.

iv) The degree of biaxiality based on the strain ratio
a = dez/del;‘for proportional straining a = dez/del = ez/el =
constant.

v) The constitutive equation used to describe the material
properties is of the form that the flow stress is a function

of both strain and strain rate,

n.nmm
o = k(so+e) €
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vi) The definition of the coefficient of inhomogeneity,

refer to Fig. (17).

Yo Xp
g= B (3.9)
oA *a

Subscript B refers to a section of material in the
realm of the inhomogeneity (in the groove), and the sub-
script A refers to a section of material outside the realm of
the inhomogeneity(outside the groove).

Employing a force balance between section A and B
establishes the initial expression upon which the forming
model is constructed. After substitution of the six axioms
into the force balance and subsequent algebric manipulation
a:éystem of two differential egquations is obtained that

requires the following material parameters viz. n, m, r,

€or €3f and f. |
The assumption stated by Marciniak in this analysis
are: -

(1) The thickness strain at fracture, €37 is

independent cf degree of biaxiality "a” and

{2) the strain in the groove ¢ and outside the

2B

groove, parallel to the groove direction are equal.

€2n’
A numerical solution to the Marciniak equations can
be obtained by employing the Runge-Kutta Method. Marciniak's
analysis can be used to plot a FLD as demonstrated by

Sowerby and Duncan [32]. 1iIn reference [12] a number of FLD's

are provided with different material parameters. Some of
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these effects are discussed below and a number of diagrams
taken from reference [25] are provided to illustrate the
point.

3.4.1 Influence of Material Properties on Limit

Strain and Shape of Forming Limit Diagram

The limit strain depends both on the strain ratio "a

and material properties such as:

1. strain hardening index, n;
2. strain rate sensitivity, m;
3 inhomogeneity, f';

4, anisotropy, r;

5. ductility, €3f-
The influence of a particular material parameter on the 1imi£
strain can be investigated by keeping all other parameters
constant and choosing a value for a (say a = 1).

The material inhomogeneity £ is the one which exerts
the greatest influence on the limit strain e*, this is shown
in Figure 18. The value of the limit strain increases very
rapidly as the material inhomogeneity diminishes i.e. as f
increases.

Figure 19 shows that an increase in n causes an
increase in limit strain.

The influence of strain rate sensitivity on the

deformation process is shown in Figure 20. It is seen that

with an increasing value of m the process of localized strain
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concentration becomes slower and larger limit strains are
achieved. According to Marciniak's theoretical predictions Hﬁ
is capable of altering both the shape and level of the FLD

as illustrated in Figure 21. Unfortunately, there appears

to be no commercial materigls that fit the postulated
empirical constitutive equations (for high m values) in order
to check out the theoretical predictions. Note also that the
results in Figure 21 are normalised and thus the effect of
increasing limit strains with increasing m is masked.

The influence of the fracture thickness strain, €3f'
is illustrated in Figure 22. Here again these curves are
normalised but the effect of decreasing €3¢ is to lower the
useful straining limits, as one would expect.

Increasing the n value increases the level of the
FLD and this would appear to be in keeping with all the
current experimental data.

In summary the various material parameters and the
loading path can have a marked effect upon the shape and
level of the FLD. It is not claimed that.the Marciniak
analysis 1s capable of describing the behaviour of all
materials, at best it predicts some of the observed trends.
Undoubtedly there is scope for further theoretical develop-
ment in order to provide mcre accurate descriptions of mater-

ial behaviour.
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3.5 Theoretical Prediction of FLD using
Instability Criterion

In this appendix the expressions for instability
stfain given by the Hill and Swift models for localized
and diffuse necking are provided.

The original analysis was for isotropic materials
but can be extended to cover the case of anisotropic
materials.

Case I

ISOTROPIC MATERIALS

(i) Expressions for equivalent stress and strain can be

witten for a plane stress case 03=0, for isotropic material

0= (0;° - 0,0, + 0 (A.1)

= L
ag /% (delz + de.? + @e.?)* (A.2)

li

(ii) The principal strains €1 and €, can then be calcu-

lated assuming proportional loading and using the Levy-Mises

flow rule.

(2~a) €
B, = AOSS. (A.3)
1 2 (1-a+a2)™
e, = (20-1)e (A.4)

L.
2(l—a+a2)2

Q

where o = Ol
2
(1ii) The constitutive equation of the material is taken

is the principal stress ratio.



to be

g=%k (¢ + )% (0 (A.5)

Localized Necking

Using Hill's Model for localized necking and equa-
tions (A.l) and (A.5a), the equivalent strain for local-
ized neck can be calculated as

= _ 2n (1-a+a®)
(1+o)

(A.6)

The principal strains €19, and €50 for localized

neck can then be obtained by substituting the value cof
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equivalent strain in equations (4.3) and (A.4). The results

obtained are

n (2-a)
€ = — (a)
1% (1+a)
(A.7)
N _ _nh (20-1) (b)
2% (1+a)

Hill's model is strictly applicable to cases when
principal surface strains are of opposite signs and thus is
appropriate to predicting the left hand side of the FLD.
These results are plotted in Figure 23 using equation (A.7)
for o< a <.

Diffuse Necking

Using Swift's model for instability the equivalent

strain €4 for diffuse necking can be predicted using
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equations (A.l) and (A.Sa).r

_4n (l—o¢-i~on2)3/2
By = 3 5 (A.8)
40" -30"-30+4

The principal strains €14 and €54 for diffuse
necking can be obtained by substituting the value of
equivalent strain in corresponding equations (A.3) and

(A.4). The results obtained are

2n (2—3a+3a2~a3)
(4a3-302-30+4)

1d

(A.9)

3 2
& = 2n (207 =-30“+4+3a~-1) (b)

2d (403-3a2-30 + 4)

Swift's model, based on diffuse necking, can cover
the full range of FLD but generally tends to be con-
servative since it predicts the onset of diffuse necking
and £his does not necessarily mark the end of useful strain-
ing of the material. This appears to be particularly true
on the right hand side of the FLD (the stretch-stretch mode).
The results using equation A.9 for o<a<l are shown in
Figure 23.

Case II1

ANISOTROPIC MATERIAL

(i) Expressions for equivalent stress and equival-

ent strain can be written down for anisotropic materials
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from the theory proposed by Hill [28] as follows:-

5 =’{%—(ﬁa¢ﬁ [F(oy—oz)2 +G (oz-ox)2 +H (ox—oy)2 +
2L szz + 2M Tzzx + 2N szyj};i (A.10)
at = [2 (r+c+n) 12/3 ([F (G, - Hde )? + G(F de -Hde )>
+H(Fd€x-Gdey)2] -+ 2d¥{zz + Zd;>zx2+ ZdYnyz} # (A.11)

where F,G,H,L,M and N are parameters of anisotropy.
(ii) The principal strains €y and €, can be calcu-
lated assuming proportional deformation and using Levy-Mises

flow rule

el (€ + 1) a-1]

€, = H . (A.12)

1 2 ,F G G 2 F %
-- F
el (= + 1) -a]

€, .=

2 2 F . G G 5 _ B % (A.13)
{§ (ﬁ + 5 + 1) [(ﬁ + 1) o 20 +(H +1)

Localized Neck

Venter and deMalherbe [34] have extended the insta-
bility analysis of Hill [26] to include the anisotropy of the
material. Using the equation for equivalent stress (A.10)

and power hardening law described in equation (A.5a) the
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representative strain for diffuse necking has been obtained

and is of the following form

2 F , G G 2 F L
. = = Sl = = e
B . n {3 Frg+ D [(H Do 2a +(7 + 1)1} (A.14)
G F
H* ' ®
The expressions for principal strains €1g and €52
and €,y Can be obtained by substituting equation A.14 in A.12

and A.1l3 respectively.

Diffuse Necking

Moore and Wallace [9] and Venter and deMalherbe
[34] have extended the instability analysis of Swift [27]
to include the anisotropy of the material. Proceeding in
similar manner as for isotropic material, the expression for

equivalent strain in diffuse necking Ed is obtained as

follows

_ - y Lsde? - 20+ (14 1377

Ta” n[§(ﬁ+ﬁ MR G2 a3—(l+£§)a2 - (l—gg)a 4 (l+E) (B 33)
(l+ﬁ- H H H

Which can then be substituted in equations (A.12)

and (A.13) to calculated ¢ and € respectively.

1d 2d
From the preceding analysis it is clear that the
level of the theoretical limit strain increases with the n

value as shown in Figure 24. The influence of normal aniso-

tropy (r) on the limit strain is shown in Figure 25. It
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would appear that r exerts a stronger influence on the
limit strain for diffuse necking in the tension-compression
(left hand side) region of the FLD..

Hasak [35] has developed a set of coﬁputer programs
based on the preceding analyses whereby the infldence of the
various material parameters on the limit strains can be

readily determined.



CHAPTER IV

EXPERIMENTS AND EXPERIMENTAL RESULTS

4.1 Materials

-

Six different materials were chosen for testing.

All samples were commercially produced cold rolled

sheet received in an essentially stable condition ready for

forming.
0.032 1o

ARKDQ -

3003=0 =

3003-H14

on
}=
o
[\®)
I
o0

2036-T4

The thickness of all sheets was in the range of

0.036 inches.

An aluminum killed drawing quality mild steel,
annealed and skin rolled, this material is free
from strain aging and has the best forming
behéviour of the commonly used steels.

An aluminum-manganese alloy fully annealed and
specially processed to give good forming charac-
teristics.

An alloy of the same nominal composition as
3003-0 hardened by cold work. The particular
sample was of commercial quality, not intended
for deep drawing.

An aluminum-magnesium alloy of drawing quality and
in the fully annealed state.

An aluminum-copper-magnesium alloy of drawing
guality. Solution treated and aged at room tem-

perature.
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TABLE I

Cr $ Cu % Mn $ Si g P 2 S 3 C $ AL |% Fe | % Mg
AKDD - 0.33 0.010 0.005 ! 0.019 | 0.054| 0.035 |Re- -
mainder
3003-0] 1.02} 0.11 1.08 0.24 - - = lnagesedes | 0.63 | 0.035
5182-0 0.45 Remainder 4.0
2036-T4 2.70 0.26 0.26 - - .- Femainder 0.28 | 0.40

oL
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4.2 Tensile Test

All the tensile tests were performed on a Model TTS
INSTRON Universal Testing Machine. Instron wedge action
grips, type 10F, were used throughout. Using the facility
of the servo-controlled chart activated by a type F-51-15A
strain gauge extensometer attached to the specimen, an
autographic load vs extension curve was produced for each
test.

4.2.1 Specimens

General requirements

i) The specimens are to be sheared individually
from the sheet in different directions with respect to
rolling direction (as shown in Fig. 26} and then machined
in packs to remove cold worked edges due to shearing.

ii) The specimen should include the full thickness
of the sheet.

iii) Within the gauge length parallelism must be
maintained so that no two width measurement differ by more
than 0.1% of the measured width.

The shape, dimensions and gauge length section are shown in
Fig. 27 in accordance with ASTM specifications.

4.2.2 Measuring Devices

The measurement of the specimens before the after
deformation were performed cn a tool makers microscope which
had a least count of 0.0001 in. The load-extension record

was read using a digitizer having a least count of 0.0001 in.
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EIGURE 26 TENSILE SPECIMEN IN THREE DIFFERENT

DIRECTIOCNS WITH RESPECT TO ROLLING
DIRECTION OF THE SHEET METAL TGO
DETERMINE ANISQOTROPY




73

NIWIO3dS  1S3L  3JUSN3L L 3uN9ld

- -O.w \« -

. ..O.N < :mN. ....r.,\ - ZO.N\A‘.II-'..
=l 17—
»/ | .

m.o«

_
_ d L [
:m.\‘.ou . L0 L 4,50
..o

7 —




74

4,2.3 Test Procedure

The specimens were pulled to fracture, and on tﬁe
basis of the autographic chart the yield stress and ulti-
mate tensile strength were determined; the chart was read
using the digitizer. The ;omputer program EVAL (given in
Art.4.8 was designed to coﬁvert load-extension data to true

stress—natural strain and to fit these data with the

equation

o=k (e  + gy | ' (4.1)

This curve fitting was made by the method of least sguares
given in Article 4.9. The same test pieces were used to
determine limit strain (uniform elongation), total elonga-
ticn and fracture strain. Uniform elongation, €nr Was
defined as 1

€y = 1n T (4.2)

o

Note in this case the gauge section is chosen well removed
from the diffuse necked zone.

The total elongation was determined from equation
(2.8) where the final gauge length was measured after plac-
ing the two halves of the fractured specimen together.

The fracture strain was determined from equation (2.11).
Measurements of the final thickness were taken using a tool-
makers microscope. The thickness was measured at a number of
points at the fractured edge and an average value was taken.

The degree of anisotropy was determined by calculat-

ing the r value from equation (2.7). Tensile specimens were



TABLE IT TENSILE TEST RESULTS

 MATERIAL TEST ¥ K n m i Eu
DIRECTIONS ksi ksi
0 7.35 29.6 . 2434 .6745 . 269 1.502
3003-0 45 6.74 7.3 .2348 .006 .7769 .229 1.34¢9
| 90 6.30 30.4 .2481 . 4020 .270 1.614
: av 20.7 . 240 .658 . 249 1.453
0 17.9 28.7 .0382 0.020 1.1901
3003-114 45 18.2 28.8 .0414 .007 0.011 1.1423
90 18.6 32.1 . 0620 0.020 1.1959
av 18.2 29.5 . 046 0.016 1.168
0 22.9 93.9 .3323 ~-.0105 .6299 .1861 2
5182-0 45 22,2 89.7 L3315 -.0073 1.0648 .218 43¢
90 22.8 91.5 .3416 -.0152 .8068 . 202 23.
av 22.5 91.2 .334 -.0101 .892 . 206 23.
0 20.9 82.9 .2735 -.0100 .6764 .2110 23,
5182~H111 A5 19.7 82.1 . 2813 -.0100 1.0040 . 2014 27.
20 20.3 85.1 .2999 -0.0102 .7020 .2090 21.
av 20.1 83.1 .284 -.010 .847 .206 24
—— 0 31.9 102.8 .2930 .6464 .215 22.1
S 45 30.5 99.1 . 2969 -.0032 .0170 .2381 26.0
90 30.2 103.2 .3218 .7076 .209 22.0
av 30.8 101.1 .302 .747 .225 24.0
a1 no" 5
i ] 3 .91
£XDD av 25 205 1.918

*  Results are taken fram Reference 16
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cut from the sheet, at 0, 45 and 90 degrees with respect

to the direction of rolling, as shown in Fig. 26. Each
specimen was deformed to about 15 per cent plastic strain,
but never exceeding the uniform strain, and removed from
the testing machine for measuring. The longitudinal strain
was determined by measuring the final dimension of a 2 in.
gauge length using a tool makers microscope. The change in
width of the specimen was measured at three points over the
gauge section and an average value computed. The thickness
strain was then computed on the basis of constant volume of
material within the gauge section and the "r" value finally
determined from equation (2.7).

4.2.4 Tensile Test Results

Tensile test results are presented in Table II. The
stress strain curves computed from load-extension auto-
graph up to a maximum load are plotted in Figure 28.

All materials show a good strain hardening capabil-
ity and uniform strain except the cold worked 3003-H14 alloy.
The 3003-0 is ciearly very soft compared with other materials,
while 2036-T4 alloys appears to be the strongest among the
materials tested.

The strain hardening index, n, and the, r, wvalue
could not be determined with any accuracy for the 3003-H14
material since the uniform elongation was only 2 per cent.
With the stronger alloys 5182 and 2036 it was noticeable

that the uniform strain, Eu’ was consistently lower than the
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n value. Note this is in contradiction to the simple in-
stability theory which predicts €,°N-

The r values for the aluminum alloys are all less
than unity. The variation of r with orientation of the test
piece provides some information about the existence of planar
anisotropy.

The only material showing a significant yield point
elongation or Luders strain was the 5182-0 and both this and
the 5182-Hill shows appreciable serrated yield throughout
the tensile test, a manifestation of the Portevin-Le Chatelier
(P-L) effect.

The measured fracture strains are the largest with
the lower strength alloys and decrease as the strength of the
alloy decrsases. Previous investigations, as well as work
conducted here at McMaster, indicate that these higher strength
alloys exhibit a slight negative strain rate sensitivity
index, m; while m appears to be positive for the softer
materials. t is not clearly established how strain rate
sensitivity affects the magnitude of the fracture strain in
these particular alloys.

It is generally felt that a positive strain rate
sensitivity index is beneficial in prolonging the extent of
the deformation but this conclusion is kased generally on the
forming characterisiics of the so called "superplastic" alloys.
As stated above the degree of correlation between m and the

level of formability and fracture strain has not been veri-
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fied for common engineering materials.

4.3 Bulge Test

The bulge testing machine developedbat McMaster
University and described in reference [18], was employed.

The equipment includes a mechanical spherometer
and extensometer which determine the radius of curvature
and the strain over the pole of the dome [18]. Refer also
to Figure 29. ‘

4.3.1 Specimens

The specimen need not be cut to an exact circular
shape, a typical blank is shown in Figure 30.

The grids were photographically printed on the
specimen using the Kodak Photoresist method [36]. Grids cf
this type can be applied with great precision and do not
affect the deformation or fracture behaviour of the specimens.

4.3.2 Test Procedure

The thickness of the specimen was measured before it
was loaded into the die. After sufficient clamping was
achizved the biaxial test unit (with dial gauges set to zero)
was placed into the locating ring, the pressure was supplied
and the readings of pressure, spherometer and extensometer
gauges were taken at regular intervals. Bulging process was
performed up to the fracture of the specimen. The readings of

pressure, spherometer and extensometer gauges were converted

¢

into true stresses and natural strains using computer program

EVAL (App-B) and the data was fitted to an equation of the
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FIGURE 30 SPECIMEN FOR BULGE TEST
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TABLE III BULGE TEST

MAT n €4 ]m’; E; E* F’L £4f
3C03-0 . « 2095 + 010 25.33 . 457 .449 .906 2.09
3003-H14 . 0494 « 020 2575 270 +270 .54% 1.44
-5182~O . 2575 .000 82.96 +250 +230 .480 .86
~;182—Hlll »2386 .000 74.35 _ -1905 = 1905 « 381 <83

2036T4 3029 0.010 99.6 -l292_... - 232 « 532 « Fk1
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form, "
g = k(e+€o)

The limit strains were determined by measuring
the grid circle close to bhe necked zone. Figs. 31 & 32
show details of a fractured bulge specimen and the re-~
tention of the photo-grid. The fracture thickness strain
is determined by measuring the thickness at several points
along the fractured edge using a toolmakers microscope and '
averaging the results. In order to perform these measure-
ments invariably a piece of material has to be cut from the

specimen to provide access to the fractured edge.

4.3.3 Bulge Test Results

In an isotropic material a plot of membrane stress
versus thickness strain should be equivalent to tensile
stress strain curve and the data plotted on this basis are
presented in Figure 33. As this test is not limited by
diffuse necking, a longer stress strain curve is generally
obtained particularly in materials having a low strain harden-
ing index. This is particularly apparent with 3003-H14 which
has a maximum uniform strain of 0.02 in uniaxial tension and
0.54 in the bulge test.

The bulge test data is summarized in Table III.The

limit thickness strain is defined as €, and this is calculated

*
: ol
from the sum of the two limit surface strains El and e

1 and €5 should be equal and this

is verified by the results of TableIII. The thickness fracture

Ideally for the bulge test €
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strain €3¢ (measured at the point of fracture) is also given

in the table.

4.4 Torsion Test

The apparatus available in the metalworking labor-
atory at McMaster is an instrument that has been developed
and designed at the Technical University of Warsaw [19] and
shown in Figure 34 The line diagram of the instrument is
shown in Figure 3.

’4.4.1 Specimens
The specimen had a shape of a rectangle 50 x 75 mm

cut from the sheet metal.

4.4.2 Test Procedure

The specimen was rigidly clamped in the machine and
twisted in its plane until fracture occurred at the edge of
the inner clamps. Two measuring drums enable the permanent
reading of angles eB and GD during the deformation process
to be taken.

On the basis of GD and GB values the fracture strain
and work hardening exponent were determined.

In order to avoid computations, tables can be pro-
vided to give the desired parameters for a measured 6D and GBP

4.4.3 Torsion Test Results

Table IV shows the results obtained from torsion test.
The work hardening index shows a good agreement for 3003
alloys, whereas for high strength alloys the value of n

from torsion tests is lower than that obtained from tensile
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FIGURE 34 MARCINIAK TORSION TESTING MACHINE




TABLE IV TORSION TEST RESULTS

MATERIAL 3003-0 3003-H14 5182=0 5182-H11l 2036-T4
n ¢ B35 «135 . 200 » e «181
€3¢ .30 1.84 «82 «99 « 33

68
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tests. This might be attributed to strain rate-sensitivity
effect. The high strength aluminum alloys show significantly
lower fracture strains than the 3003 alloy.

4.5 Hecker Test for Determination of FLD

The test to determine FLD has been discussed earlier
in article 2.4.1 of Chapter II.

The testing was performed on a Hille 20 ton universal
sheet metal testing machine. Since the blank diameter which
can be accommodated on a Hille press was 6.5 inches; the
tooling and the specimen size had to be modified as follows.

(i) The diameter of the hemispherical punch was
chosen to be 3" instead of 4" as suggested by Hecker [13].

( (ii) The clamping of the specimen was obtained by
providing serrated matching faces of the die, as shown in
Figure 35.

(iii) The maximum size of the specimen used was 6"
square. The other specimen were made 6" long and the width
varied from 6" down to 1" in steps of 1".

(iv) All specimen were gridded photographically
using a Kodak Photo-resist Method [36]. The diameter of the
grid circle for this series of tests was 0.0285".

4.5.1 Test Procedure

Each specimen was securely clamped at the periphery
(clamping pressure 10 tons) and stretched to failure without
load interruption. The average speed of the punch was 1.2"/

min.
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To determine the FLD, failures were generated to
cover the entire range of strain ratios ie -% < a < 1 by
altering either the lubrication conditions or width of the
specimen. -

The surface strains €1 and €, and the FLD was

obtained as described in article 2.4.1.

4.5.2 Test Results

Figures 36 to 38 show the FLD's for aluminum alloys
2036-T4, 5182-0 and 3003-0 respectively.

The FLD's for stronger alloys are flatter and do
not show an appreciable increase in major strain as the pro-
cess goes from plane strain to balanced biaxial. straining.

The limit strain for plane strain condition is higher
than "n" value for soft and ductile aluminum alloy 3003-0 but
for stronger alloys 5182-0C and 2036-T4 the strain is lower
than "n" value.

4.6 Plane Strain Test

The detailed description of this test is given in
article 2.3.6 of Chapter II. This test was also carried out
on the 20T Hille Press.

Figure 9 shows a schematic diagram of the tooling
designed for this test. The surface area of the rectangular
punch was chosen +to be equal to the surface area of a 2"
diameter flat bottom punch.

All specimens were 6%" % 4%" and cut from the plane

O
L
ch
‘1\
n

sheet, they were gridded with 0.0285" diameter circular
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TABLE V PLANE STRAIN TEST

MATERIAL €y By € a €q¢
3003-0 .299 .025 .3435 .084 1.47
3003-H14 .098 .011 .1217 .113 1.498

>5182—O .2386 .0210 .2735 .088 .757
2036 221 .0175 .2498 .08 0.38

L6



grid.

An auxiliary sheet of soft aluminum (6%" x 4%")

1
6

promote plane strain failure in the specimen under investi-

with a slit (3" x ") along the centre line was used to
gation.
Figure 39 shows the specimen and auxiliary sheet.

4.6.1 Test Procedure

The test procedure is exactly the same as described

for the Hecker Test (article 4.5.1).°
4.6.2 Results

The limit strains obtained by this test are shown in
Table V, they are generally lower than the values obtained
in the Hecker Test. Such a descrepancy is normally‘expected
because the geometry of deformation in the two kinds of tests
is different. This is supported by Ghosh and Hecker [37] who
show a higher value of limit strain for out of piane stretch-
ing over in plane stretching, under identical degrees of
biaxiality.

4.7 Measurement of Strains at Fracture Site

The principal strains are measured for specimens
failed under different conditions of biaxial loading. The
purpose here is to investigate the influence of loading path
on the strains at fracture.

The fracture thickness strain, can be obtain-

©3f7
ed by measuring the thickness of the specimen at fracture

site. The surface strains ¢ parallel to fracture can be

2f
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TABLE VI - Principal Surface Strain at the Fracture Site

and the Limit Strain (FLD) for 3003-0
Aluminum Alloy

Specimen €; EZ a=§g €1f €21 €3f

No. £

1 .427 -~y 213 =5 1.94 w22 =172
2 .430 ~.189 ~.44 1.81 e 23 =158
3 «390 ~ o 123 .32 1.76 =y 13 =1.863
'4 «359 =xd 1l =430 1.78 ~412 =~L1.66
5 3711 4—.032 -« 087 1.76 w028 ~=1.+735
6 «378 . 041 -108 L= 70 .03 ~1:73
7 « 547 .439 .80 1.45 .44 =1.89
8 .415 + 38 «92 1.54 «33 =187
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TABLE VII - Principal Surface Strains at the Fracture
Site and the Limit Strains (FLD) for
5182-0 Aluminum Alloy

100

Sg?cimen EI s; a €1 €of €3¢
1 .311 -.095 -.305 .79 -.11 -.68
2 .3365 -.065 -.19 .86 -.10 ~76
3 .25 -.05 -.2 .83 -.10 -.73
4 .285 -.007 -.0245 .72 -.03 -.69
5 258 .027  .105 .69 .02 - 71
6 .277 .045 .162 .65 .04 -.69
7 .334 266 .72 .56 .24 ~.80
8 .264 | .191 .79 .53 .18 .71
9 .336 <32 .96 .54 .25 .79




TABLE VIII - Principal Surface Strains at the Fracture
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Site and the Limit Strains (FLD) for
2036-T4 Aluminum Alloy
Specimen EI e; a=§3 € ¢ €of €3¢
No. 1
1 « 271 ~0.100 i 3 .407 =0.077 =033
2 o - -0.100 =230 .574 -0.107 -0.467
3 +296 -0.058 =5 195 .496 =0, 073 ~s 423
4 «321 0.139 .043 .498 0.000 .498
5 -309 0.045 .144 .426 0.055 .481
6 0.309 0.048 » 185 .464 0.017 -.481
7 .247 .147 s 595 .564 0.116 -.68
8 o A3 <1586 « 817 « 503 .128 =a B3 1
9 .298 .194 « 65 .499 «185 -.684
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obtained by measuring the grid diameter at the fracture site.
Since the strain gradient is very high near the fracture

site,e can not be computed by measuring the deformed grid

1f

at the fracture site. Howéber, € can be computed by

iz

assuming volume consistancy ie,

€ + € + € = 0

1f 2fF ¥ Fas

ox

€ = - (g + €

1f 2f 3f)

Tables VI,VII & VIII show the principal surface strainsat
the fracture site and the surface limit strains (FLD) compiled
from all the tests conducted on materials 3003-0, 5182-0 and
2036-T4.

Figures 40 to 42 show the plot of fracture strain, E3gr
versus the strain ratio, a, for the same three materials,
which Figures 43 to 45 show the variation of the fracture sur-
for the materials.

face strains, and ¢

€1f 2f7

To analyse the failure mode and strain gradients
existing at the fracture site a number of specimens,failed
under different conditions of loading, were chosen. Each
specimen was cut perpendicular to the plane of the sheet
and to the fracture line. These specimens were then mounted
for examination under the optical microscope.

Figures 46 to 50 show a series of photographs taken
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FIGURE 47
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Thickness Profile at Fracture Site for
Material 3003 H14 Aluminum Alloy, 66X



TENSILE TEST SPECIMEN

a=.,5

PLANE STRAIN TEST
SPECIMEN

«

a= .08

HECKER TEST SPECIMEN

a= .12

FIGURE 48 Thickness Profile at Fracture Site for
5182-0 Aluminum Alloy, 66X



FIGURE 49

TENSILE TEST
SPECIMEN

BULGE TEST
”  SPECIMEN

a=1

- Thickness Profile at Fracture Site for
5182-H111 Aluminum Alloy, 66X.



PLANE STRAIN TEST
SPECIMEN

a= .08

BULGE TEST SPECIMEN

a=1

HECKER TEST SPECIMEN

a=.155

PIGURE 50 = Thickness Profile at Fr

: act i
Aluminum Alloy, 66X ure Site for 2036-T4



114

from optical microscope with a magnification bf 66. It
can be seen from Figures 46 and 47 that alloys 3003-0
and 3003-H14 show a steep strain gradient and pronounced
localized neck at the fracture site. The fracture appears
to have all the characteristics of a ductile failure mode.
Figures 48, 49 and 50 show the thickness profiles
at fracture site for 5182-0, 5182-H111 and 2036-T4 alum-
inum alloys. Even with different loading conditions
these alloys do not show much strain gradient at the
fracture site and the fracture mode appears to be of a
shear type. Certainly, these materials do not show the
same propensity to develop high strain gradients at

fracture as the 3003 alloys.



4.9

4.8 Computer Program for Predicting True stress -

True Strain

»

The program EVAL is designed to convert either load
and percent elongation in a Tension Test or pressure,
extensometer readings and spherometer readings from a Bulge

Test, to True Stress and True Strain.
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PROGRAM EVALCINPUT,OUTPUT,TAPES=2INPUT,TAPE630UTPUT,TAPEL0)
€ EVALUATION OF WORK=HARDENING EXPONENT #N%,INITIAL STRAIN
=t ERBR A AND—STRENGTH-CONSTANT—*E+~FREN-BUEGE-TEST ORMAND———m——m—————— s
€ TENSILE TEST BY METHOD OF LEAST SQUARES

VARIABLES LIST

NTYR =NUMBER OF TRIALS FOR WHICH RESULTS ARE TO BE CALCULATED

b N wNUMBER-OF- 0BSERVATIONS- IN THISSTRIAL- m e
C IFLAGwPARAMETER INDICATING KIND OF TEST,IT TAKES VALUE -%0% FOR

— G TENSHLETES T AND—ANY—INTEGER—NUHBERFOR—BULEE—TEET—
¢ At =INITIAL THICKNESS OF SPECIMEN (IN,)
C - A2~ mINITIAL-WIDTH-OF :SPECIMEN(IN,) FOR TENSILE TEST ,FOR BULGE"A2:30,
C P  =READING OF PRESSURE GAUGE (PSI)
E—— REG———~READING—BF—LEFT—EXTENSBUEFER—B AL GAUSELINT)

RRG  =READING OF RICHT EXTENSOMETER DIAL GAUGE (IN,}

- H - ~wREADING-0F-SPHEROMETER-DIAL- GAUGE (IN,) T R —

DO  =INITIAL GAP OF EXTENSOMETER '

Do 0o0n

a0 n o000

DIMENSION X(50),Y(50),TITLE(4)

R 1L ARCALE - a
READ (5,103 NYR . .

-READES,90)TITLE AL, A2 - R A SRR L
M1=0 |

MDDy
LN “Radi*d

DO=1,193
DO 200 TII=1,NTR
READ (5,11) N,IFLAG
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IF (IFLAG,EQ,0) GOTO 51
TO=Al

PR S L
WRITE (6,20) M1
WRITE(6,99)TITLE,AL A2

GOTO 40

NN=20
Ny san. 1o~ ¢ At
L7 A A L AR e i O A |
READ(S,12) P,RLG,RRG,H
A R RS A:RLG"PRRG"M"‘" s A R (AT, R S
C: " F
-C——— REJELT—BATA—F SIS — W T H—STRA TNV AL HES— L B S 5—THAN—3—PEREENT——
C:
-IF—(A,LE,0,0054) GOTO 55
D=D0+3, 125*A
e
C° PRESSURE GAUGE CALIBERATION
IF(P,GE,300,0)PTa(P=0,3)/0,994
Y W o= ) PR~ ke I I WY X S e Ve Lo B
-~ -9 ® TN Tkl g e A7 Vg 777
IsL=NN
c.: S R R R i R SRR, R :
C: CALCULATE REPRESENTATIVE STRESS AND STRAIN
VAL L TL I I FT. 91.V.C1
R8=(1,056+H%H)/(2,0%H)
TSTC#(DO/DY)*#3,0 — -
YCI)=(PT#RS)/(2,0xT)
WRITEL6,F6 144 1)
C VY{I) AND X(I) ARE REPRESENTATIVE STRESS AND STRAIN RESPECTIVELY
c
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55 NNz3NN¢i
40 CONTINUE

Nt

C PERFORM LEAST SGARES FIT OF RESULTS TO SIGMA= C*(EPSO+EPSILON)**N
-CALL STATS (X,Y,N)
GOTO 200

VRS )
WRITE (6,27) M2
~WRITE(6,99)TITLE,AL, A2 do e L e a——
ATSA1#AR ' |

€ Y{I),X(I) » LOAD (LBS) AND EXTENSION (PER CENT) READ
C- -FROM-INSTRON- TESTING- MACHINE-PLOT = Corar i s
CREAD (5,14) (X(I),I=1,N)

———READ— S O R BN
DO 60 I=i,N

C- - CALCULATE REPRESENTATIVE- STRESS AND STRAIN
XC1)=ALOG(1,0#X(1)/100,0)

——_—\Lf‘l’)"ileﬂ-.m'\htballn
WRITE(6,96)X(L), Y
96-~FORMAT(F12,6,4X, FI‘Z 6) - G b S © e : 2 5 g T P
Y(I) AND X(I) ARE REPRESENTATIVE STRESS AND STRAIN RESPECTIV:LY

o)

£0 CONTINUE : ‘
' FSRFORH“LEAST'SGARES“FIT‘OF:RESULTS TO SIGMA=C*(EPSO+EPSILON) xaN -
CALL STATS(X,Y,N)--

C)

~2 09— CONTINGE
10 FORMAT (I4)
11 FORMAT (214)
12 FORMAT(F6,2,4X,3F10,8)
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13 FORMAT (2F8,5,F5,3)

14 FORMAT (5F12,6)

+5—FERMAT—F8:;5)

20 FORMAT (1H1,* BULGE TEST RESULTS  #,% TRIAL NO, *,I4/)
21 FORMAT(* INITIAL THICKNESS OF SPECIMEN= %,F7,5,% INs%,/)
27 FORMAT (1H1,* TENSILE TEST RESULTS. #%,% TRIAL NO, #»,14/)

oSN COQMAT S NAL A DT

{58

[ WY
VT HIVITAT VARV LI S U gwy)y

99 FORMAT(1H1,4A10,F10,4,1H»,F10,4//)

.STOP._ R RS NRIT SN WY SR WY

END
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4.9 Computer Program for Curve Fitting

and Plotting the true stress - strain data

The relationship bgtween true stress and natural
strain data obtained from ténsile or bulge test is expected
to be linear when plotted logarithmically.

With data that can be correlated by a straight line,
there is one straight line for which the sum of squares of
deviations of one of the variables is a minimum. Such a
straight line will be a least squares line, reference [38].

If the pairs of the variables associated with each
data point are designated as X5 and Yir with y designated
as the independent variable, a straight line through the data

is expressed as

y = a +bx (1)
where y - estimated value of y for aﬁ
observed value of x
a — intercept, giving estimated
value of y at x = 0
b - slope of line of regression

coefficient.
The values of a and b corresponding to the line with minimum-

squared deviation of y from y have been well established.



These are

a = § - b x {C2)
N
L (x-%) (y-9)
p o A=i . (c3)
N - 2
b (X—X)
A==
where N
% = 1 2 _s
N .
1=1
N
§=% £
d=d

N - number of data points
As a measure of goodness of the correlation, a correlation

coefficient R has been taken as

N - 2
5 (xi X)
i=i
R=hb (el
N i 2
y ¥ - ¥)
j=i

The correlation coefficient ranges from 1.0 to 0.0
depending on the goodness of the fit of the line.

The correlation coefficien£ R of 1.0 indicates a
perfect association between the variables, the correlation
coefficient R of 0.0 indicates a completely random relation.

In our case equation (Cl) takes the form

log ¢ = log k, + n log (e +e) (C5)

1
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where

according to the generalized material behaviour law,

n m

o=k (so + g) & . (Cé6)

In order to fit the experimental data to eguation (5) a
computer program is provided.

The experimental data (load and extension) are
first transformed into true stresses and natural strains by
program EVAL (App. Bl). For the bulge test data points for
€ < 0.03 are removed due to the large scatter wifhin that
range.

The least squares fit is performed then by subroutine
STATS in two stages:

1. Computation of n, kl, and R, according to
equations (2), (3), (4), (5) for €5 = 0.0. At this stage the
data points deviating by + 3% from the least squares line are
removed. |

2. Successive computation of n, k and R for B
increased in steps of 0.00l1. The execution of the program
is stopped when R reaches a maximum magnitude, the values of

n, k ¢ for maximum value of

and R for eo = 0.0 and n, kl’ )

1’
R are then printed out.

The additional subrcutine PLOT is provided to plot
the experimental data points and the theoretical curve

g = kl(eO + e)n, with true stress and natural strain as co-

ordinate axes.
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It has to be pointed out that the least squares
line corresponding to equation (5) minimizes the squares of
deviations of log ¢ from log o and not the deviations of o

from 0. This modification is, however, not of significance.
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SUBROUTINE STATS (X,Y,N)
C THIS SUBROUTINE PERFORMS A LEAST SQARES FIT S=Cw(EPSO+E)x»N

~C——VALUES—OF—ERBO—ARE—SUGSESTED—IN-—THE-STERS—OF 05 00+———
c o ‘

C AS A-CRITERION OF BEST FIT HAS BEEN TAKEN COEFFICIENT

C OF LINEAR CORRELATION ACCORDING TO *APPLIED STATISTICS

G FOR—ENGINEERS+—BY—HILLTAN—VOLK
G Y(I)-AND-X(1) ARE- REPRESENTATIVE STRESS AND STRAIN RESPECTIVELY
c S

————OIMENSTONXES 03 S0 25 E RS RE25 1 ERSBR5)—
$ TITLE(4),RX(25),RY(25) :

e~ COMMON- AL g A2, TITLE,EXPON,  STR,STCOF
WRITE (6,238) '

= 1o ‘L% :_Le_
107 8Y=0,0
B P SSY = 0]. T

DO 70 I=1,N

(o3 Wl 2 B AL Ay s A SN AP AN

OO AT OGO YT
FILOGSALOGIO(X(I))

e D 2 D s R
SSY=88Y+3L0G*3LAG

F— (M B+ 0—68T0-—70
MRITE (6,23) Y(I),X(I),SLOG,FILOG
SRS, T s 1 T g5 1

RE8SY=83Y=(3Y*3Y])/N

REE)»050—
EPS0(1)=0,0
~Jd=0-
DD 35 K=2,22
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3X=0,0
SSX=0,0

PV
DO 45 I=i,N
FILOG=ALOGLO0(X(I)+EPSO(K=1))
SLOG=ALOG1O0CY (1)) |

LAV KR N~ & I o ¥ ad

RO TN U

SSX3SSX+FILOGAFILOG
45 -SXYISXY+SLOGAF ILOG - — o
RS3X283%= (SX*8X) /N

[ B AVAYRT N RVAV IR < LV S W RVEY X\

I A T TTAT TIART 71

XN(K)=R3IXY/R33X |
e CCR)SEONMLSY INSANCKI AN AN oo oo
IF (M,EQ,1) GOTO 105
— . NNag

DO 90 L=1,N

SPYRCERINR L FHRUN LR Y —ssomsnsins = smsos s 5 - B Sl | 1 SRS Sive S

ASABSCYYeY(L))w,038YY

TE LAY
L Yl

4N AA=S 100
-t 4TAY [

LR AR K= Ar

102 NN3NN»i

DATA POINTS REJECTED BY CURVE FITTING AS THEY LIE 3 PCNT OUTSIDE

o O O

1JJ=JJ+1
- RXCIIY=X(L)-
RY(JJ)I=Y(L] —

oOoTo Oon

101 I=L=NN
YCI)=aY(L) -
X(I)=X(L}
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-----

90 CONTINUE
N=1
Mot
GOTO 107
R{K)SXN(K)*SBRT(RISX/RSSY)

105

IF(R(K)=R(K~1)) 100,110,110

39— ERBG L) S ERS Okt 345004

35. CONTINUE
100-WRITE (6,243 -~ -
WRITE (6,25)
HALTE {6y 2632, BRI TR RER)
WRITE (6,26) XN(K=1),EPSO(K=2),C(K=1),R(K»1)
- ~---8TRIEPSO(K=w2) -~ - -
EXPON=2XN (K=1)
-STEOR G (Kt
23 FORMAT (F15,4/F13,0,F15,4,F13,4/) _ .
s Bl FORAME s § PHE e« mermrasnsimsns s ormess e - o
25 FORMAT (9% 5 2HXN, 8X , BHEFSO, 7X, SHCONST, TX, 1HR/) '
2o FORMAT —EF AR Uy B 4y T2 .3 R 1050 :
28 FORMAT (6X,12HSTRESS(PSI ),2X,11HTRUE STRAIN,3X,11KLOG(STRESS), 2X,
MUY T, YT 5 10, U M—— e g - P T r———
. | :
G B AL T NE—PLOT T ING—SUBROUTFINE
C

CALL- PLOTSG(X,Y,N,RX,RY,JJ})-

RETURN

EMND
it




SUBROUTINE PLOTSG(X,Y,N,RX,RY,JJ)
THIS SUBROUTINE USES A PLOTING AREA 6IN BY 6IN

DIMENSION X(50),Y(50),RX(25),RY(25),TITLE(4)
COMMON A1,A2,TITLE,EXPON, STR,STCOF

SEARCHING FOR MAX VALUE 8 OF X AND Y

XMAX=0,0
YMAX=0,0
DO 51 I=1,N
IF (XCI).GT.XMAX) XMAX=X(I)
IF (Y(I),GT,YMAX) YMAX=Y(I)
5{ CONTINUE
' DO 5.2 I=1,10
IF (YMAX ,LT, 10000,0%FLOAT(I)) GO TO 53
52 CONTINUE
53  YMAX=10000,0%FLOAT(I)
D0 54 J=1,15
IF (XMAX,LT. 0,05%FLOAT(J)) GO TO S5
54 CONTINUE
55 XMAX=0,0S5*FLOAT(J)

CHOOSING SCALES

XSCALE=6,0/XMAX

YSCALE=6,06/YHAX

CALL PLOT(0,0,0,0,3)

CALL LETTER(5,043,90,0,340,4,0,6HSAREEN )

127
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CALL PLOT(4,0,0,5,=3)
CALL LETTER(40,0,1,90,0,0,2,0,5,TITLE)
ENCODE(20,96,A3) A1,A2
96 FORMAT(2F10,6)
~ CALL LETTER (20,0,1,90,0,0,2,5,0,A3)
CALL LETTER (6,04,2,0,0,5,0,0,0,6HSTRAIN)
c CHOOSING NEW ORIGEN
CALL PLOT(3,0,1,5,=3)
C PLOTTING THE AXIS
CALL PLOT(0,0,6,0,3)
CALL PLOT(0,0,0,0,2)
‘CALL PLOT (6,0,0,0,2)
C CALIBERATING THE AXIS
D0 S6 I=1,10
Q= (YMAX%*FLOAT(1I))/10,0
YS=Q%YSCALE
" ENCODE(8,57,A0DE) Q
57 FORMAT(FB,1)
CALL LETTER(8,0,1,0,0,-1,0,YS,AGDE)
56 CONTINUE
DO 58 J=1,10
P=(XMAXXFLOAT(J)) /10,0
X8=PxsXSCALE
ENCODE(6,59,3T) P
59 FORMAT(Fb,3) |
58 CALL LETTER(6,0,1,90,0,;X5,=1,0,ST)
C PLOTTING DATA POINTS USED IN CURVE FITTING
DO 61 I={,N
XS=X(I)*xXSCALE"
YS=Y(I)xYSCALE
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61 CALL MATH(XS,YS,0,1,0,0,5HPOINT)
CALL PLOT(0,0,0,0,3) ‘
PLOTTING DATA POINTS REJECTED BY CURVE FITTING
IF(JJLER,0)GO TO 79
. DO 62 I= 1,4
XS=RX(I)*XSCALE
YS=RY(I)*YSCALE
62 CALL MATH(XS,YS,0,1,0,0,5HDELTA)
CALL PLOT(0,0,0,0,3)
79 DX=XMAX#0,05
WRITE(6,211) EXPON,STR,STCOF
211 FORMAT(UX,F12,6,4%,F12,6,4X,F12,4)
DO 63 1=1,20 P
XB=DX* (FLOAT(I))
YB=STCOF*((XB+  STRI»*EXPON)
XS=XB¥XSCALE
YS=YB*YSCALE
63 CALL PLOT(X5,YS,2)
WRITING THE EQUATION OF THE CURVE FITTED
"ENCODE(10,64,KAPA) STCOF
64 FORMAT(F10,3)
ENCODE(6,65,E0) STR
65 FORMAT(F6,4)
ENCODE(6,56,C0F) EXPON
66 FORMAT(Fb6,4)
CALL GREEK(7.,0,0,0,0,1,90,0,5HSIGMA )
CALL MATH(7,0,0,5,0,1,90,0,SHEQUAL)
CALL LETTER(10,0,1,90,0,7¢0,1,0,KAPA)
CALL MATH (7,0,2,24042+9C,0,5HLPAREN)
CALL GREEK (7,0,2,5,0,1,90,0,6HEPSLON )



CALL
CALL
‘CALL
CALL
C CLOSING
CALL
CALL

MATH(7,0,2,8,0,1,90,0,8HPLUS)
LETTER(6,0,1,90,0,7,0,3,0,E0)
MATH (7,0,3,7,0,2;,90,0,6HRPAREN )
LETTER(6,0,1,90,0,6,8,4,0,C0F)
THE TAPE

PLOT(14,0,%2,0,3)
PLOT(0,0,0,0,999)

RETURN

END

cOTOT 99

130



CHAPTER 5

Discussions and Conclusions

The tensile data for the aluminum alloys illustrate
that 3003-0 Al-Mn alloy is soft and ductile. The increase
in strength énd attendant decrease in ductility through
cold working is clearly demonstrated by the 3003-H14 mater-
ial. The strength of the 5182 Al-Mg ailoy is about the same
as that of AKDQ steel, while the 2036-T4 Al-Mg-Cu alloy is
somewhat stronger. The degree of uniform straining (i.e.
strain prior to necking) was about the same for the higher
strength alloys and was comparable to that of mild steel.
Thus on the basis of the tensile data it would appear that
the objective of developing formable alloys with strength
levels similar to that of AKDQ steel can be achieved.

With the higher strength alloys there was a ten-
dency to show a slight yield point elongation. However,
this was not manifest by unsightly Luders band markings on
the specimen during the early stage of the tensile test
for 2036-T4 alloy. The 5182 aluminum alloy shows both
yield point elongation and serrated yielding and hence
shows both Type A and Type B band marks. Stretch formed
components with this material are likely to show band marks,

inclined at 45 degrees to the rolling direction, in the
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lower strained regions.

It has become customary to attempt to fit tensile
data with empirical power hardening laws and suppliers of
the sheet metal to quote a strain hardening index ('n'
value) for the material. The curve fitting programmes
have been developed in this thesis, specifically for the
ease of extracting this sort of information.

As described in the thesis, simple instability
analysis will predict that the uniform strain is equal to
'n' value. Howevexr, all the higher strength aluminum
alloys showed a uniform strain smaller than the predicted
'n' value, even though excellent correlation was obtained
between the actual data and the fitted curves. This
author acknowledges that the discrepancy could be credited
to the empiricism in the‘curve fitting techniques. Never-
theless it illustrates a deviation from the practise that
has been established for mild steels.

In attempting to explain this discrepancy, values
of fracture strain were obtained for these higher strength
alloys. The reasoning being that if low fracture strains
are exhibited then there will be attendant decrease in the
level of uniform strain. Certainly, the fracture strains

were lower for the 5182 and 2036-T4 alloys as given in

Table IT and the mode of fracture is different for the alloys



as seen by comparing Figures 46 to 50. This difference in
fracture behaviour was also demonstrated in the Load
vVersus Extension Curve, since the post necking domain
(region beyond the maximum load point) was virtually non-
existent with the higher sézength alloys. However, a
maximum load point was always obtained and the materials
did not fracture under a rising load. It is to be noted
that none of these observations in themselves predict the
level of uniform strain.

Some investigators have postulated that the
discrepancy may be associated with the strain rate sensi-
tivity characteristics of the material. Attempts have been
made to ascertain the strain rate sensitivity factor 'm'
through "change speed" tests on a tensile testing machine.
This technique was also performed in this present work and
it was found that for the 5182 and 2036-T4 alloys, the 'm'
value was slightly negative (in the order of .003 to .01),
while for the other material 'm' appeared to be positive.
Whatever the influence 'm' exerts on the useful levels of
formability, it is the opinion of this author that the
answer will not be found by conducting instability analysis
(based on a maximum load criterion) using an empirical con-

stitutive law of the type
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The 'm' value always appears to be too small, vis a vis
the 'n' value, to exert a strong influence.

'n' was also obtained

The strain hardening index
from the "In-plane" torsion test and bulge test( see
?ables IIT and IV. These 'n' values are somewhat lower
than those obtained from the tensile test data. The bulge
and torsion test may be interpreted as giving an average
‘'n' value, since they reflect the behaviour of the whole
sheet and not a specified orientation as in the tensile
test. Differences in stress-strain behaviour of a mater-
ial as observed from different test methods is usually
attributed to the anisotropy of the material, and in turn

this is reflected by variations in 'n'. However, the differ-

ences in 'n' as observed in these current experiments are
somewhat larger than anticipated. The bulge test extends
the stress-strain data beyond that obtainable with the ten-
sile test and it was noticed that over the latter portion of
the curve a change in gradient was observed. This suggests
that 'n' walue is not constant over the entire range as
obtained by fitting a power hardening law to the data. 1In
fact the correlation of the fitted curve was not as good

in the case 0of the bulge test. Some authors have suggested

taking two values of 'n' for the bulge test data, one for

the initial portion of the curve and a second value for the
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final region. In the opinion of -this present author, this
might be a pragmatic approach but begs the question as to
what is the cause of such behaviour.

The materials were anisotropic as illustrated in
fable II. Variations in 'r' within the plane of the sheet
. will generally be reflected by 'earing' in the drawing test.
The fact that 'r' is lower than unity for all orientations
indicates that these materials will have inferior drawa-
bility to AKDQ steel. Varification of these statements are
ﬁo be found in the deep drawing tests conducted by Cloke
[16]. '

As explained in this thesis much higher limitv
strains are generally obtained in the bulge test vis é vis
the tensile test. In this present work it was found that
the surface limit strains were marginally bigger (and ébout
the same for 5182 H11ll) for the higher strength allovs. It
appears that lower thickness fracture strains 'e3f' for
these alloys limits the uniform straining that can be
obtained.

From a theoretical point of view localized necks
(as they are generally understood) would not occur in the
bulge test. However, a pronounced local neck is observed
with the 3003 alloys as illustrated in Figures 46 and 47,

the effect of strain localization at fracture is less appar-

ent with the higher strength alloys as illustrated in Figures
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48 to 50.

The forming Limit Curves for the higher strength
alloys, as determined from the Hecker test (see Figures 36
and 37) ,are all lower than that of AKDQ steel for —%<a<l.
In the stretch-stretch mode (o<a<l) the curvés for the high
strength alloys are rather flat indicating little change in
formability with the strain path. However, the apparent
formability is a function of the deformation geometry and
loading conditions as is evident from the following con-
siderations.

i) A condition of plane strain was obtained by the
Hécﬁér test (stretching over a hemispherical punch) and from
the Marciniak test (stretchiﬁg the material in its plane).
Lower values of limit strain are always obtained from the
Marciniak test. )

ii) Balanced biaxial tension was achie%ed by three

methods: a) The Hecker Test

b) The Marciniak Stretch Test
c) The Bulge Test.
Lower values of limit strains were always obtained
with tests b) and c).
It is the opinion of this author that although diff-
erences in deformation geometry play a rolé, a significant

factor in the improved formability with the Hecker test is
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the interfacial punch pressure. In other words the punch
exerts a high compressive stress on the material over its
region of contact. Evidence exists which illustrates that
even small compressive stresses superimposed on a tensile
loading system enhances the uniform straining in a tensile
specimen [39,40]. In a recent paper, Pearce and Ganguli
[41] have presented data which also confirms the improved
level of FLD obtained with the Punch Test over that
achieved when bulging (with o0il pressure) elliptical dia-
phragms of different aspect ratio.

This investigation has provided results of the
fracture strains under different loading conditions, which
has hitherto been unreported. The thickness fracture strain
'€3f' for the 3003 alloys are the highest and this value
remains relatively constant over the whole range of loading
conditions as shown in Figure 40. At the point of fracture
severe strain gradients are present with this material and
the failure mode appears to be ductile.

For the higher strength alloys the thickness

fracture strain ' is much smaller. These alloys do not

€3
exhibit large strain gradients at fracture and show a shear
type of failure mode. With the 5182-0 alloy, the thickness
fracture strain shows a slight upward trend towards balanced

biaxial tension, Figure 41. The results for the 2036-T4

alloy show a great deal of scatter but €y¢ appears to be
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minimised in the region of plane strain and maximised
towards balanced biaxial and uniaxial tension. At this
stage author is incapable of explaining this behaviour

except commenting that ¢ is very sensitive to the load-

3f
ing conditions for this alloy.

It is to the belief of this author that this work
has highlighted some of the differences that exist in the
formability of high strength aluminum alloys and AKDQ steel.
From the tensile test data alone gocd strength and high
_'n' values are obtained for 5182 and 2036 alloys. However,
low FID's, low fracture strains and low 'r' wvalues have
also been revealed and these findings indicate inferior
press performance for the 5182 and 2036-T4 alloys in all
modes of sheet forming. Hence, to extend the use of alum-
inum alloys for automotive stamping, it will be necessary
to avoid localization of deformation through less severe
part design, through redesigning of dies and proper control
of other process variables such as lubrication and hold-

down pressures.
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