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High strength to weight ratio materials are becom-

ing of increasing impo r tance in the automotive industry. 

So::-ne aluminum alloys o ffe r strength equivalent to low 

carbon sheet steel at one third its weight. However, for 

these alloys no produc tion experience exists. The present 

work involves the study of formability of three important 

grades of formable aluminum alloys. Strain distribu tions 

have been examined for the materials deformed under differ-

ent conditions of biaxial straining. In parficular the 

maximu.m useful strains (limit strains) have been obt.ain.ed 

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 the 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 I 

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 elusive 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 inexpen~ive, complex com

po~ents 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 Stre ngth Aluminum 

Alloys fall under this category. The purpose of this pro-

ject is to investigaJce material parameters and assess form

ability of some aluminum alloys, of interest to the autc-· 

mot.i ve industry. 
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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 snrface . In add ition 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 forrP.ing, 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 temperatur e has a body-centred cubic crystal structure 

(b.c.c.). The f.c.c. structure has more available slip 

systems and is t herefor e intrinsically more isotropic than 

b. c. c. 

In c onve ntional stee ls the important strengtheni~g 

me cha nisms are stra in hardening, grain r efin emen t and t he 



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 s t rengthening 

is possible by solution heat treatment and precipi tation 

hardening. 

3 

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 compa nies. 

Hopefully, all of these investigations will lead to a more 

meaningful comparison between the performance of individual 

alloys as well as that of mild steel. Tl~e 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. 
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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 ste el behaviour in sheet 

forming process. The FLD has taken on some significance as 

a diagnostic tool. 
\ 

Much work has been done to corre late bas i c material 

parameters to its behaviour in drawing and/ o r s tretching, 

both empir i cally [ 4-7] and theoretically [8-12 ] . 

In recent year s the FLD together with material 

parameters have been utilized to assess t h e forma bi l i t y of 

, newly developed aluminum alloys. Hecker [13,14 ] and others 

[15] have compared the formability of differe nt u.lmninum 

alloys both with that of steel and among thems e lve s. 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 

Md-iaster and a comparative performance of these alloys and 

Aluminmn Killed Drawing Quality (AKDQ) steel during deep 

drawing of square cups h a s been assessed [ 16]. It was shown 

that the performance of aluminum alloys can not be predicted 

from normal tensile data. However, ductile fracture proper-

t i es in high strength aluminum alloys appears to influence 

the behaviour in the cup drawing precess. 
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With the p·resent 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 dup l icate the 

real forming operation (this only occurs in the actual press 

trials) but are simulations carried out under controlled 

laboratory conditions involving certain stretching and draw

ing operations. The tests performed are described i n greater 

detail in Chapters 2 and 4. It is the aim of the wo rk 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. 
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CHAPTER II 

DESCRI PTION OF TESTS 

In the study of formability of sheet metal both 

fundamental material tests and simulative tests a~e 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 I n -Plane Torsion Test. 

Simulative tests which aid to assess the material 

behaviour in a particular sheet metal forming operation under 

simulated processing conditions are discussed later in this 

chapter. 

2.1 Fundamental Material Property Test 

2.1.1 Tensile Test 

The tensile test is perhaps the most widely employed 

test for the determination of mechanical property data. The 

test is so well known tha t a little space need be devoted here 

to its description. 

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 sens i -

6 
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tivity index, plastic strairi ~atio, limit strain, total 

elongation and fracture strain. These quantities are 

described in greater detail in Section 2.1.2. 

Computer programs have 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 obtained from a tensile test. These true stress and 

true strain values are then used to compute the constitutive 

equation of the form 
n 

a = K(s + s ) 
0 

* 

2.1.2 Definition of Some Important Material Para-

meters ~vhich Can be Determined From the Tensile Test ---------· . 

(i) Yield Stress is the stress required to iriduce 

plastic flow ln the material . 

a) Some materials exhib i t clearly the yield 

point on a load vs. extension plot. Thus, yield stress is 

numerically equal to 

YS = Yield Point Load 
Original Cross Section Area ( 2. 1) 

Some ma t eria ls exhibit an upper and lower yield point stress, 

for this kind of material the extension is associated with 

discontinuous yielding which occurs at approximately consta nt 

load following the onset of plastic flow. Such an elongation 

* For symbols refer to nomenclature given at th e 
beginning o f this thesis. 
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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 (P ) is found at the intersection 
y 

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 

0.2% YS = Or1ginal Cross Section Area 
( 2. 2) 

(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 

!'1aximum Load (2.3) UTS = 
Original Cross Section Are a 

The ultimate strength, because it is based on the 

cross sectional area of the test piece, is not always a good 

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 load 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 

co~~on 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 
a = k (s + s)n E m 

0 
( 2. 4) 

where E. - strain rate 

a - flow stress of material 

s - logarithmic strain 

k - strength constant 

n - work harden ing index 

m - strain rate sensitivity factor 

s - initial strain 
0 

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 quite reasonably. 

It was found that in certain cases the n-value re-

mains essen tially 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 b ecome customary to designate the direction in 

which "n" was determined. 



In many cases the strain rate sensitivity of the 

material may be neglected so that the equation 2.4 takes 

form n 
0 = k (£ + £) 

0 

(iv) Strain Rate Sensitivi ty Factor 

( 2. 5) 

Strain rate sensitivity factor or m-value is a 

11 

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 equa t ion 

ln 01 

02 
( 2. 6) m = 

ln £1 

£2 

whe re o1 , £1 , o 2 , £2 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 i n 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) 

Invariab ly all metal working processes introduce 

some directionality (or preferred or i entation) 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 

r = = 
w/ 

ln wo 
ln t/t 

0 

where "r.v" and "t" represents the width and thickness 

( 2. 7) 

respectively and the subscript "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 



d es ignate the strain level at which "r" is d e t ermined. 

Thus, if the strain level of 20 per c ent was employed 

then this would appear as r 20 

13 

In addition to the possibility that "r" can vary 

with strain, it can (and invariably does) vary with the 

orientation within t he plane of the sheet . Again, it has 

become customary to r efer all o r ientati ons with respec t: to 

the rolling direction and to use a subscript to define the 

orient ation such as r
0

, r 45 , r 90 , etc. 

r 
0 

20 

Thus 

would define the "r" value determined at 20 per cent stra in 

for a specimen orie ntated along the rolling dire cti on. 

If all "r" value s are constant within the plane o f 

the sheet the materia l is said to possess Planar Isotroey. 

This does not imply t h a t the mater i al as a whole is isotropic; 

this would only arise when "r" was equal to unity. A ma t e rial 

e xhibiting planar isotropy but with "r" greate r tha n u n i ty 

shows improve d t h ickn e ss strength and b e tter d eep drawing 

chara c ter i s t i c s v is a v i s the isotropic mater i a l. The 

r ever se i s true when r < 1. 

As a l rea d y me ntioned mor e ofte n tha n not "r" d oes 

v a r y with the o r i entation. However , recourse i s o ften made 

·to some averag i r1g t e c hnique based on ·t he v ariation i n '' r '' 

with orientat i on in order to spec i fy an average valu e for 

the mate r ial and this is u s ually d esignated , ~- See sec·tion 
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2.1.2(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 

posse ss planar isotropy. 

(vi) Limit Strain 

Limit strain is defined as the maximum uniform 

s t rain measured as close as possible to the necked zone. 

The value of limit strain depends upon both the proper ties 

of the deformed material and mode of loading. 

(vii) Total Elongation 

Total elongation is a parameter measured in a t e n-

sile test used as a measure of ductility an d is de f ined as 

st( %)= final gauge length- original gauge l e ngth x 1 00 (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 

Fra cture strain is the n a tural strain at fracture 

defined by the relationship, 



15 

e: = ln f 
(initial cross sec~ion area) 

final cross sect1on area ( 2. 9) 

or alternately and the more commonly used (for rectangular 

specimens) thickness strain 

= ln (initial thickness) 
final thickness 

(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 thei r way 

.into the technical literature. 

(x) Weighted Average 

The average values of the parameters is obtained 

through a weighted average if x is the paranteter reported 

then 

X = av 

X 
0 (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 techniques 

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 SCHEM.~ TIC DIAGRAM OF BULGE TEST 



2 .1. 3 

The maximum uniform strain of the specimen 

stretched uniaxially in tensile test is limited by the 

onset of diffu s e 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]. 
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In this test a sheet clamped at the circumfe rence 

is bulged by oil 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 a nd a 

mechanical sph·2ro.wete r and extensometer which sit.s at the 

top of the specimen [ 18]. For an isotropic material a plot 

of membrane stress versus thickness strain should be 

equiva lent to the stress strain curve for uniaxial t e st. 

The bulge test enables the range of the t r ue 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-Hl4 aluminum exhibited a maximum uniform strain of 

0.02 in uni axial tension and a uniform strain of 0.54 in the 

bulge test. Clearly this material has considerable ductility 

which is not apparent from the tensile t e st. 

2 .1. 4 In-Plane Torsion Test 

The determination of the "n" value on the basis of 



r- 50-----1 

'1 2 , 
3,4 

5 

6 

7.8 

SPECIMEN 

PLATE 
SPRING 

INNER ANVIL 

OUTER ANVIL 

WORM 

\AlORM \t\/HEEL 

MEASURING DRUM 

F_IC2_ld_Bf - -~-----· SCHEMATIC _D1AGRA.M FOR IN-PLANE 
TORSION TEST . 

18 



19 

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 not 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 process 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 operatio~s, 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 to 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, 

LDR Limiting Blank Diameter 
--·-P-unch Diameter 
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FIGURE 4 SCHEMATIC DIAGRAM FOR SWIFT 
CUP TEST 
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The results of this~est 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 [20] 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 transv erse cracking of the specimen occurs. The 

process variables are the punch radius, r, specimen thick-

n e ss t, and the unsupported length, l, of the specimen. 

All these parameters influence the ensuing strain distri-

bution in the specimen and the d epth 6f punch penetration 

before fracture occurs. This test simulates the bend i ng 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, 

FLWI VALUE = 
Average diameter of t.he ~ .test piece after 

fracture 

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 Erichse n test is commonly used in Europe. A 

s ·teel ball of 20 mm diameter is pushed through a d ie until 
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the specimen fractures. The test piece , whic h is g e nerally 

a s t rip specimen is clamped (1000 kg load} to preve nt draw-

ing--in, ref e r to Fig. 7. The depth of indentation is 

measure d in mm. This test has commercial significance in 

that i t 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 thi s case the mea-

surement made is that betwee n the bottom surface of the 

specimen and the top of the bulge. 

ning into account. 

It therefore takes thin-

These tests are usually r e garded 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. 

and 

(a) insufficient size of the penetrator 

(b) inability to prevent inadvertent 

drawing-in of the flange 

(c) inconsistent lubrication. 
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2.2.5 Hecker Cup Test -

Because the Erichsen and Olsen tests have not been 

entirely satisfactory in their ability to assess stretch-
·, 

ability 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 arrangement to prevent drawing-in . For steel sheet 

Hecker showed that the cup height could be successfully 

correlated 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, 
£2 

(a = ) 'over a finite region in the plane of a sheet. The 
£1 

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

tate proportional straining in the plane of the test piece 

a secondary piece of 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 cont~ct 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 ra~e than the actual specimen. 

This tendency facilitates the deformation of the actual test 

piecej note that this is achieved 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 c ase to achieve a condition of plane 

strain (a = o) a ~ectangu1ar punch whose sides were in the 

ratio, Q, l/i 
2 

== 4. 6, "l.·ras employed. This equipment is shmm 

ih Fig. 10. 

2.3 Forming Limit Diagram 

The Forming Limit. Diagram 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 ( E 1 and E 2 ) as co-ordina te axis as shown 

schematically in Figure 11. As illustrated in Figure 11 

the curve represen~s a Fail-Safe envelope of surface strains. 

Obviously no materia l behaves in such a way that a single 

line can represent the region between safety and failure. 

Cons2quently, in r eality a transition zone (which might b e 

represente::l by a band on Figure ll) exists. The 'didth of 

this "uncertainty band " could be taken t.o represent ·the 
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variability of the behaviour- of the material. It is 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 

. d . 1 ' < 1 strain ratio "a" covering a w1 e range 1.e. - 2 <- a . 

(b) There should be an easy method for dete r-

mination of surface strain in and around the zone of 

failure. 

(c) The strain path should be close to propor

tibnal loading and should be monotonically increasing . 

{d) The lubrication condit i ons and deformation 
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mode of the test piece should simulate the actual production 

conditions. (This is rarely ach~eved in the laboratory). 

One such test is developed by Hecker [13] , and 

discussed in detail below,is a modification of the stretch 

test described in section 2.3.5. 

2. 3. 1 A Test to De termine 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 t he lubrication conditions a range of strain 
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ratios (a = E2/E 1 ) 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, 
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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 

ellipse 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 ii 

depends upon the experimenters judgement as to what con

stitutes ''close". The s everity 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. 

lJ. 

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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CHAPTER III 

INSTABILITY 

3.1 Introduction 

In sheet metal forming opera tions where the princi

pal 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 e the shape and position of FLD. 

Ideally one would like to predict the Forming Limits 

theoretica.lly by using a mathematical model ·;qh ich would t ake 

into account all pertinent material parameters th~t influence 

formability plus the induced straining path. Obviously, such 

a task is not an easy one, since even in the simplest case 

of uniaxial stretching one could encounter three types of 

failure (or instability l eading to fr ac ture) mod e s depending 

u pon the material characteri stics. 

l) Abrupt failure with no significant necking of 

mate rial., a t ype of brittle fracture. 

2) The classical, so called diffuse neck, ln 

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 it.s thickness. 
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These different modes of failure in uniaxial stretch-

ing are depicted schematically in Figure 14. Figure 14a 

show3 that the material has failed abruptly after suffering 

some plastic strains . Such a f a ilure is c a lled 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 i n stability 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 triaxia l stress system 

is developed. This stress state can also influence the 

d eveloping shape of the neck and the point of fracture. 

With rectangularspecimens . it can sometimes be observed that 

a local. neck or region of high strain concentration d eve l ops 

within a zone of diffuse necking. It is considered that this 



is often the case in genera~ 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 14c 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 through 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. 

3.2 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 
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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. Mate~ial 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 14a 

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 

14c 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. 

load 

Following Considere, it can be shown that at maximum 

1 do 
0 d£ = 1 (3.1) 

for material having constitutive equation of the form 

k n a = ( £ +t.:) 
0 

( 3. 2) 

then 

1 do · n - d£ = a £+£ ( 3. 3) 
0 

from 3.1 and 3.3 

* Ed = £1 = n- c 
0 

( 3. 4) 

Empirical constitutive equations can be formed for 

the rate sensitive materials ofte n having the following form 

a= k(£ +t.:)n s m 
0 

( 3. 5) 
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The rather remarkab1e extensible behaviour of the 

so called 11 superplastic alloys 11 obeying a consti t .utive 

equation of the form 

k 
.m 

a = £ ( 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 maximu1u. 

3.2.2 Localized Instability 

Hill [28] was apparently the first person to analyEe 

the formation of a localized neck in uniaxial tension for 

thin sheet. He reasoned for a local neck to develop, 

(a) the principal strairs 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 

zero. 

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 

the uniform lind t strain was given by 

* £ = £ = 2n 
Q, 1 (3. 7) 



In comparing the twb sta bility modes , it is seen 

that critica l strains for the locali zed n ecking are twice 

as much as that in the diffuse neck, thus a localized neck 

may occur in a region whe re a diffuse neck has already 

developed. Note the co~~ent to this effect made earlier 

in this chapter. 

3.3 Instability in Biaxia l Loading 

In his original article Hill [ 2 6] analyzed t .he case 

of biaxial loading i.e. the plane stress case, where the 

sheet is loaded in its plane and t he principal stress nor-

mal to the sheet is zero (o 3=o). Altering the degree o f 

biax iality of the loading altered the orientation of neck 

Up t o a limiting value of 0 2 ~ l 
2 

o r Beyond this 
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poin t there was no direction with "n the sheet at which zero 

strain increment was taking place, as can be verified in 

its simp l est t e rms by constructing Mohr's (incremental) 

strain circle, see Fig. 15. 

About the same time as Hill published his pape r 

Swift [27] ,in an independent inves tigation ,had e x t ended the 

o riginal hypothesis of Considere to cover the bia xial stress-

ing condition for the onset of diffuse necking . 

It i s to b e r emembe r e d tha t all of thes e analys es are 

bas e d on t he 2t>c a inme nt of a l oad maximurn . Other proposals 

h ave b een mad e , generally based on e n ergy conside ration s 

[ 28 J . 'l'hese are more complex rna·thema tic ally and in genera l 
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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 full the analysis 

of Hill and Swift here since the original papers can be 

consulted. The resulting expressions for the instability 

strains for both i sotropic and anisotropic materials is 

given in the A~t. 3 . _5 of this c hapter. It will be seen 

that the expressions can be used to plot a Forming Limit 

Diagram. The results are not entirely satisfactory 

particularly i n t h e stretch-stre tch q uadran t of the FLD 

where the Swift analysis tends to be very conservative 

particularly in the region of balanced biaxial tension. 

46 

The origina l 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 o:E the hydrostatic bulge test. The test has already 

b e en referrec to in Chapter II (Article 2.1.3) and some of 

the analytical results are give n below. 

3.3.1 Bulge Test 

A circular me tal diaphragm clampe d at the circumf e r

enc e lS subjecte d to hydr aulic pressure on one s i d e . At the 

pol e of the bulge d dome the straining proces s i s one o f 

balanced bia xi a l t e ns i on, bu t since the s p e cimen d efor ms as 
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FIGURE-16 GEOMETRY OF BULGED 
SPECIMEN (Ref. 29) 
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a dome , t here ex ists a s tra in gra d ient f rom the cla mpe d 

e dge to the p o le o f the dome . 

The process analysed by Hill [29] assumed that 

in s t ability occurred when the pre ssure achieved a maximu!"Tl . 

. However , one crucial cons i dera tion was that Hill attempte d 

to take into accoun·t the geometry of deformation of the 

dome. He assw-ned that the current dome was part of a 

lar ge spherical shell and thus the radius of curvature 

d e crea s e d as dome h e ight incre ased, refer to Figure 16. 

It was on this basis that Hill predicted the limit 

surf ac e strains at the pol e . A trea tment of Hill's original 

work c an a l s o b e f ound i n J ohnson a nd Me llor [30], who 

d emons t rated that fo r a ma teri al wi t h a con s titut ive 

equat ion 
n a = k s , 

the l imit stra in a t the pole in the thickness direction is 

given b y 

4 
ll ( 2n + 1) ( 3. 8) 

Th is is rat he r a r ema r kable result since it predic t s 

that mater i a l wi ·t h a low "n" v alue still shot..; a ppreciable 

strai.ni~g in the hyd r o s t at ic bulge t e s t . I t has b een 

observed fo r a luminum 3 00 3-Hl4 wi th n v a lue of 0.06 s howed 

the limit s trai n of 0.5 4 i n Bu lge Tes t. This has o n l y b een 

possi ble bec2us e of the geometry o f deformation . 

As demonstrated above , the i nstability i n the 

materia l certain l y depends on the geometry o f d eformation. 
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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 str ains 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 t e st and to describe the continuing shape 

changes. 

It is worthwhile reitera t .ing that 1: he a forer:lent.ioned 

theories of Considere, Hill and Swift predict a load in

stability; the formation of a neck or some equivalent change 

in the deformation field is invar iably associated wi th this 

point of instabi lity . None of the theories p~oport 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 right 

from the beginning to the fracture. The Marciniak analy sis 



can be used to predict a FLD as described by Sowerby and 

Duncan [32]· 

3.4 Marciniak Theoretical Analy sis 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 pre sente d 

so 

in reference [11,12 ] . Essentia lly the theory is composed of 

~ix basic axioms. The three generally accepte d 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 materia ls ) , 

ii) an associated flow rule, 

iii) representat i ve strain for the anisotropic model . 

iv) The degree of biaxiality based on the strain ratio 

a .= dE 2/dE1 ; ,for proportional straining a = d E2/d E1 = E2/ E1 -· 

constant. 

v) The constitutive equation used to describe the mater ial 

properties is of the form that the flow stress is a function 

of both strain and strain rate, 

n m 
0::: k(E +E) f:. 

0 
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vi) The definition of the coefficient of inhomogeneity, 

refer to Fig. (17). 

f = ( 3. 9) 

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 expressior. upon which the forming 

model is constructed. After substitution of the six a x ioms 

into the force balance and subsequent algebric manipulation 

a system of two differential equations is obtai n e d tha t 

requires the following material p a rameters viz. n, m, F' 

£
0

, s 3f and f. 

The assumption stated by Marciniak in this analy sis 

are: 

(1) The thickness strain at fracture, s 3f' is 

independent of degree of biaxiality "a" and 

{2) the strain in the groove s 2B and outside t h e 

groove, E 2A' parallel to the groove direction are equal. 

A. numerical solution to the Marciniak equat ions can 

be obtained by employing the Runge-Kutta Method. Marciniak's 

analysis can be used to plot a FLD as demonstrated by 

Sowerby and Dunca n [ 32]. In reference [12 ] a number of FLD's 

are provided with different material parameters. Some of 
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these effects are discussed~elow 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, E 3f. 

The influence of a particular material parameter on the limit 

9train can be investigated by keeping all other parameters 

constant and choosing a value for a (say a= 1). 

The material inhomogeneity f is the one which e xerts 

* the greates t influence on the limit strain E · , this is shown 

in Figu re 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 slm·1er and larger limit strains are 

achieved. According to Marciniak's theoretical predictions ~m' 

is capable of altering both the shape and level of the FLD 

as illustrated in Figure 21. Unfortunately, there appears 
~ 

to be no commercial materials that fit the postulated 

empirical constitutive equations (for high m values) in order 

to check out the theoretical prediritions. Note also that the 

results in Figure 21 are normalised and thus t .he effect of 

increasing limit strains with increasing m is masked. 

The influence of the fracture thickness strain, s 3f' 

is illustrated in Figure 22. Here again these curves are 

normalised but the effect of decreasing E 3f 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 surr~ary 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 is 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 more accurate descriptions of mate r -

i a l b e ha viour. 



3.5 Theore tica l Prediction of FLD using 

Instability Criterion 

61 

In this appendix the expressions for instability 

strain 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 

witte n for a plane stress case a
3
=0, for isotropic material 

a = (a : 2 - a a + a 2 )~ 
1 l 2 2 (A. l) 

(A. 2) 

(ii) The principal strains s
1 

and s
2 

can then be calcu

lated assuming proportional loading and using the Levy-~1ises 

flow rule. 

= ( 2-a ) s 
"2 ~ 

2(1-a +a ) 

(2 a -l) E 
2 1; 

2 (l- a +a ) -

a 
h 1 . . . ' w e r e u. = - lS ·the pr lnClpa l str es s ratlo. 

a 2 

(A. 3) 

(A. 4) 

(iii ) Th e cons ti t utiv e e q u a tion of the material is taken 



to be 
- """' n a = k £ (a) 

(A. 5) 

Localized Necking 

Using Hill's Model for localized necking and equa-

tions (A.l) and (A.Sa), the equivalent strain for local-

ized neck can be calculated as 

(A. 6) 

The principal strains El£ and £2£ for localized 

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

obtained are 

n (2-a) (a) £1£ = 
(l+a) 

(A. 7) 

n (2a-l) 
(b) £2£ = 

(l+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 £d for diffuse necking can be predicted using 
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equations (A.l) and (A.Sa). 

= 4n (l-a+a 2 ) 3/ 2 

4a 3-3a2-3a+4 
(A. 8) 

The principal strains Eld and E2d 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 

= 

= 

2 3 2n (2-3a+3a -a ) 
. 3 2 
(4a -3a -3a+4) 

3 2 2n(2a -3a +3 a -l) 
3 2 (4a -3a -3a + 4) 

{a) 

(b) 

(A. 9) 

Swift's model, based on diffuse necking, can cover 

the full range of FLD but generally tends to be con-

servative sin ce it predicts the onset of diffuse necking 

and this 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 II 

ANISOTROPIC MATERIAL 

(i) Expressions for equivalent stress and equival-

ent strain can be written down for ani~otropic materials 



--
from the theory proposed by Hill [28] as follows:-

+ 2M T
2 + 2N T

2 ]}~ 
zx xy (A.lO} 

dE=[~ (F+G+H)] 2/ 3 {[F(Gds - Hds ) 2 + G(F ds -Hds ) 2 
3 y Z X Z 

2 +H(Fus -Gds } ] + 
X y 

2d 2 
Yyz 

L + 
2d - 2 

y zx 
M + 

2 2dy ~ 
xy } 

N 

where F,G,H,L,M and N are parameters of anisotropy. 

(A.ll} 
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(ii) The principal strains s 1 and s 2 can be calcu

lated assuming proportional deformation and using Levy-Mises 

flow rule 

E[ (§. + 1) a-1] 
F i 

+ (H +1) ~} 
(A. 12) 

- F 
E [(H + 1) -a] 

E 2 -- {~ (F + §_ + 1) [(§_ + 1) a2 -2a +(~ +1)~ (A.l 3 } 
3 H H H H 

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.lO} 

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

and is of the following form 

= 
n {~ (F + G + 1) [(Q + l)a2- 2a +(F + 1)]}~ 

3 H H H H (A.l4) 

G a + F 
H H 

The expressions for principal strains s 1£ and s 2~ 

and s 2£ can be obtained by substituting equation A.l4 in A.l2 

and A.l3 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 

equivaient strain in diffuse necking ~d is obtained as 

follows 

~ = n[~(~~ + 1)]~ x 
d . 3 H H 2 3 2G 2 2F G a -(1+--)a (1---)a + 

(l+H H H 
F (1+-) 
H 

Which can then be substituted in equations (A.l2) 

and (A.l3) to calculated s 1d and s 2d respectively. 

From the preceding analysis it is clear that the 

(A. 15) 

level of the theoretical limit strain increases with the n 

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

tropy (~) 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. 
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Hasak [35] has developed a set of computer programs 

based on the preceding analyses whereby the influence of the 

various material parameters on the iimit strains can be 

readily determined. 



CHAPTER IV 

EXPERIMENTS AND EXPERIMENTAL RESULTS 

4.1 Nater:Lals 

Six different materials were chosen for testing. 

All samples were commercially produced cold rolled 

sheet received in an essentially stable condition ready for 

forming. The thickness of all sheets was in the range of 

0.032 to 0.036 inches. 

1\KDQ An aluminum killed drawing quality mild steel, 

annealed and skin rolled, this material is free 

from strain aging and has the best forming 

behaviour of the co~nonly used steels. 

3003-0 - An aluminum-manganese alloy fully annealed and 

specially processed to give good forming charac·-

·teristics. 

3003-Hl4 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. 

5182-0 An aluminwn-magnesium alloy of drawing quality and 

in the fully annealed state. 

2036-Tt!: An aluminu.m-copper -magnesium alloy of drm·Ting 

quality . Solu·tion t reated and a ged at room t ern-

perature . 
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Cr % Cu % Mn % Si 

AKDQ - 0.33 0.010 

3003-0 l. 02 I 0.11 1. 08 0.24 

I 

5182-0 

I 
0.45 

I 

2036-T4 2.70 0.26 
I 

0.26 

I I 
I I 

'I'ABLE I 

% p % s % c 

0.005 0.019 0.054 

- - -

·- ·~ -

- 1- -

I 

% A1 

0.035 

!Remainder 

Remainder 

tRernainder 

I 

% Fe 

Re-
mainder 

0.63 

0.28 

% Mg 

-

0.035 

4.0 

0.40 

--...! 
0 



4.2 Tensile Test 

All the tensile tests were performed on a Model TTS 

INSTRON Universal Testing Machine. Instron wedge action 

grips, type lOF, were used throughout. Using the facility 

of the servo-controlled chart activated by a type F-51-lSA 

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 

flrom 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. 
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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 on 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. 



EIGURE 26 TENSILE SPECIMEN IN THREE DIFFERENT 
DIRECTIONS WITH RESPECT TO ROLLING 
DIRECTION OF THE -sF-TEET METAL TO 
DETERMINE ANISOTROPY 



T 
- t'--

0 
c) 

N _L 

-~ 
0 
N 

J 

LO 
d 

-
LO 
N . 
N 
r.\• 

-~ 
C) 

N 
~ 

73 

z 
l.LI 
:>-
t-4 
(.) 
LJ.J 
a.. 
C/) 

1--- (/) 
0 w 
<..d t-

~ 
w 
.....J 
t-1 
(f) 

z 
w ...-



74 

4.2 . 3 Test Procedure 

The spec i mens were pulled to fracture, and on the 

bas i s of the autographic chart the yield stress and ulti-

mate tensile strength were determined; the chart was read 

using the digitizer. The computer program EVAL (given in 

Art.4.8 was designed to convert load-extension data to true 

stress-natural strain and to fit these data with the 

equation 
n 

a = k (s + E) 
0 

( 4. 1) 

This curve fitting was made by the method of least squares 

given in Article 4.9. The same test pieces were used to 

determine limit strain (uniform elongation), total elonga -

t ion and fracture strain. Uniform e longa tion, E , was 
u 

d efined a s 
E 

u ln 1 
1 

0 

( 4 . 2) 

Note in this case the gauge s e c t ion i s chosen well removed 

from the diffuse n e cked zone. 

The total elongation was d etermined f rom equation 

(2. 8 ) where the fi nal gauge length was measured after plac-

ing the two halves o f the fractured specimen t og e ther. 

The fracture strain was determined from equation (2.11). 

Measur ements o f the fin a l th ickness were taken u s i ng a tool-

makers microscope. The t h i ckness was measured at a number of 

poin-t.s at the fractured edge and an average value was taken. 

The d e gree of anisotropy was d e t ermined by calculat-

i ng the: r val 11 e from equa ·tioa ( 2. 7) . Tensile specimens were 



TABLE II TENS :J;L;:;:: 'rEST REStJLT~ 

i l 
J L J.i~.TERIJIL TEST YS .,.,.,,.., K n € m r E: E: t ( %) F.3f l U~ u 

l DIRECTIONS ksi ks i ksi 0 u 
I 
\ 

. I 0 7.35 16.9 29.6 .2434 0.000 .6745 .269 31. tl l. 502 
1 3003-0 45 6. 74 15.2 27. 3 .2348 0.000 .006 ' . 7769 .229 31. 17 l. 349 I 

90 6.30 14.5 30. 4 .2481 0.000 .4020 .270 31.40 
1. 614 ~ l av 20.7 .240 0.000 • 658 . 249 31.6 l. 453 

I 

13003-Hl4 
0 17.9 24.4 28 .7 .0382 0.020 l lO ril ' - • ~- 7J - I 

45 18.2 23 .9 28. 8 . 0414 .007 O.Oll l.1423j 

l 90 18.6 21 . 6 32.1 . 0620 0.020 1 , 0 - g' . b~ I 
av 18.2 24.2 29.6 . 046 0.016 1.168 ! 

.I 0 22.9 44.0 93.9 . 3323 . 00 0 -.0105 . 6299 .1861 22,0 .9on I 

! 5182-0 45 22.2 42 .3 89 . 7 .3315 . 000 -. 0073 1 . 0648 . 218 23 . 4 . 86E"· 
I 90 22.8 42.5 91.5 .3416 . 000 -.0152 . 8068 .202 23.36 8' ,1n1 
1 42 . 8 23.0 

• .L • •.l j 

1--
av 22.5 91.2 .334 . 000 -. 0101 .892 .206 . 8740! 

I 

---~ 
23.4 I 

i 0 20.9 43.4 82.9 . 2735 . 0013 - .0100 . 6764 .2110 . 90?J5j 
j 5182- Hll1 45 19.7 42.7 82.1 . 2813 . 0030 -. 0100 1. 0040 .2014 27.0 . 8486l 
i 90 20.3 42.7 85.1 .2999 . 0035 -0 . 0102 .7020 .2090 21.8 . 80921 l av 20.1 42 .9 83.1 . 284 . 0027 -.010 .847 .206 24 . 8 . 853 l 
l- i 
I 

0 31.9 5.2. 5 102. 8 .2930 . 0087 . 6464 .215 2 2. '1 . 653 I 
2036-T4 l 45 30.5 50.5 99 .1 . 2%9 . 0120 -.0032 . 0170 .2381 26 . 0 . 71"1 

I 90 30.2 50.4 103.2 .3218 . 0140 . 7076 . 209 22 . 0 61'::1 I • J~ 

av 30.8 51.0 101.1 .302 . 012 .747 . 225 24.0 . 67 t1 I 
1 ! 

I?·KDO .. 
--·--~ 

av 25.9 44.0 .205 1. 918 35.7 2. 194 I !Steer 
! _____ _[ 
'}: Results are tal<:en fran Reference 16 
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cut from the s heet , at 0, 4 5 and 90 degrees with respect 

to the dir e ction of rolling , as shown in Fig. 26. Each 

specime n was d e forme d to about 15 per cent plastic strain, 

but never exc eeding the uniform strain, and removed from .... 

the t e s t ing machine for measuring. The longitudinal stra in 

was determined by measuring the final dimension of a 2 in. 

g a uge length using a tool makers microscope. The change in 

width of the specimen was measured at three points over ~he 

gauge s e ction and an average value computed. The thickness 

strain was the n computed on the b a sis of cons tant volume of 

material t'7ithin the g aug e section and the "r" value finaLly 

determined fr0m equation (2.7}. 

4.2.4 Te ns i le Test Results 

Tensile test results are presented in Table II. The 

stre s s strain curves compute d from load- extension auto-

graph up to a max imum load are plotted in Figure 28; 

All materials show a good strain hardening c apabil-

it.y and uniform stra i n except the cold worked 3003 ·-Hl4 alloy. 

The 3003-0 is c learly v ery soft compared with other materials, 

while 2036-T4 a lloys appears to b e the strongest among the 

mate rials tested. 

The strain hard ening index , n, a nd the , r, value 

c ou ld not be determined with any accuracy f or the 3003-Hl4 

materia l sjnce the u n i form elongation was only 2 per cent . 

With the stronger alloys 5182 a nd 2036 it was noticeable 

that the uniform strain, t: was consistently lower than i: he u' 
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n value. Note this is in contradiction to the simple in-

stability theory which predicts su=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 
1 

the 5182-H\ 11 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 .ciec rease s. 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. It is not clearly established how strain rate 

sensitivity affects the magnitude of the fracture s t rain 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 based gen erally on the 

forming characteris t ics 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 developed at 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 of 

this type can be applied with great precision and do not 

affE~ ct 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 

achieved the biaxial test unit (with dial gauges set to zero) 

was placed into the locating ring, the pressure was supplied 

and th8 readings of pressure, spherometer and extensometer 

gauges were t aken at regular intervals. Bulging process was 

performed up to the fracture of the specimen. The readings o f 

pressure, spherometer and extensometer gauges were convert e d 

into true stresses and natural strains using computer program 

EVAL (App-B) and the data was fitted to an equa tion of the 
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FIGURE 3 0 SPECIMEN FOR BULGE TEST 
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TABLE II! BULGE TEST 

' I 

I I * .I * 

I 
'i": I I I I i Iv\ .. "'.T n E K. €1 €2 E:t € 3f I 0 k£1 I I 

I I I 
1 I ! 
i i · --

I r.:- I 

I 1 I 

1 I 

I I 
j 

3003-0 .2095 .010 25.33 .457 .906 2.09 

1 
I I I I I 

I 
~------- r-

I 
I 

I l I I 
13003- Hl4 .0494 I .020 25.75 I .270 .270 . 540 1. 44 j 

I I ., 
I 

t 
I 

I 
I ! I i ~ I i 

15182-0 
I 

. 250 .230 .480 . 86 I .2575 .000 82.96 
.. I 

1 ~ l----
I 

5182-H111 .2386 .000 74.35 .1905 .1905 .381 . 83 

I I I 

1 :) o -~ 6'r L! .3029 0.010 

I 
99.6 

I 
. 2 9 2 __ .232 .531 .717 I -. - ~ I 

! 
1 I l L -" 
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form, 
a = k ( E + E.: ) n 

0 

The limit. strains were determined by measuring 

the grid circle close to ~~e 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 severa l point s 

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 b e equivalent to tensile 

stress strain curve and the data plotted on this b~sis 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-Hl4 which 

has a maximum uniform strain of 0.02 in u n iaxial tension and 

0.5 4 in the bulge test. 

The bulge test data is summarized in Table III.The 

* limit thickness strain is defined as Et and this is calculated 

from the sum of ·the two l imit surface strains E.: 1 and s 2 . 

Ideally for the bulge test t: 1 and s 2 should b e equal and this 

is verified by the r esults of Tableiii. The thickne ss fractur~ 



strain s 3f (measured at the point of fracture) is also given 

in the table. 

4.4 Tors~on Tes t 

The apparatus available in the metalworking labor-

atory at McMaste r is an instru~ent 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 TILrn 

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 8B and 8
0 

during the deformation process 

to .be taken. 

On the basis of 8
0 

and 8B values the fracture strain 

and work hardening exponent were determined. 

In order to avoid computations, tables can be pro-

87 

vided to give the desired parameters for a measured e0 and 8B. 

4 .4.3 Torsion Test Results 

Tabl e rv shm-rs the r esu l 'cs obtained from torsion test. 

The work hardening index shows a good agreement for 3003 

alloy s , whereas fo r . high strength alloys the value of n 

from torsion tests is lower tha n ·tha·t obtained from tensil e 
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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 diarrteter 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 spe cimen was ob~ained 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 photographical l y 

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 FLO, failures wer e g enerated to 

cover the entire range of strain ratios ie -~ < a < 1 by 

altering either the lubrication conditions or width of the 

specimen . 

The surface stra i n s c 1 and c 2 and the FLD was 

obtained as described in article 2.4.1 . 

4.5.2 Test Results 

Figure s 36 to 38 show the FLO's for aluminum alloys 

2036-T4, 5182-0 and 3003-0 re spectively . 

The FLD' s for stronger alloys are flatter and do 

no t show an appreciable increase in major strain as the pro

c ess goes from plane strain to balanced biaxial straining. 
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The limit strain for plane strain condition i s higher 

than "n" value for so f t and ductile aluminum alloy 3003-0 but 

fo r stronger a lloys 5182-0 and 2036-T4 the stra in is iower 

t han "n" value . 

4.6 Plane Strain Test 

The detailed description of this test is given in 

a rtic l e 2.3.6 of Chapte r II. This test was also carried out 

on the 20T Hille Press . 

Figure 9 shows a s chemat i c diagram of the tooling 

d e signed for this t est . The surface area of the r e ctangular 

punch was chosen to be equa l to the surface area of a 2" 

diameter flat bottom punch . 

l ... ll specimens were 6~" x 'i~" and cut from the plane 

of th o:-:! sheet, they w.:~re gridded with 0. 0285" diameter circular 
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TABLE V PLANR STRAIN TEST 

-MATERIAL E:1 E:2 E: a E:3f 

3003-0 .299 . 025 .3435 .084 1. 47 

3003-H14 .098 .011 .1217 .113 1. 498 

5182-0 .2386 .0210 .2735 .088 .757 

2036 .221 .0175 

I 

.2498 . 08 0.38 



grid. 

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

with a slit (3" x ~ 6 ") along the centre line was used to 

promote plane strain failure in the specimen under investi

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 de f ormation in the two kinds of tests 

is different. This is supported by Ghosh and Hecker [37] who 

show a higher value o f limit strain for out of p~ane 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, c 3f, can be obtain-

ed by measuring the thickness of the specimen at fracture 

site. The surface strains c 2f parallel to fracture can be 



TABLE VI - Principal Surface £train at the Fracture Site 
and the Limit Strain (FLD) for 3003-0 
Aluminum Alloy 

Specimen 
No. 

1 

2 

3 

14 

5 

6 

7 

8 

.427 -.213 

.430 -.189 

.390 -.123 

.359 -.111 

.371 -.032 

.378 .041 

.547 .439 

.415 .38 

-.5 1.94 -.22 -1.72 

-.44 1. 81 -.23 -1.58 

-.32 1. 76 -.13 -1.63 

-.30 1. 78 -.12 -1.66 

-.087 1. 76 -.025 -1.735 

.108 1. 70 . 03 -1.73 

.80 1. 45 .44 -1.89 

. 92 1.54 .33 -1.87 
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TABLE VII - Principal Surface Strains at the Fracture 
Site and the Limit Strains (FLO) for 
5182-0 Aluminum Alloy 

Specimen 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

.311 -.095 

.3365 -.065 

.25 - .05 

.285 -.007 

. 258 .027 

.277 . 045 

. 334 .266 

• 264 .191 

.336 .32 

a 

-.305 .79 -.11 

-.19 .86 -.10 

-.2 .83 -.10 

-.0245 .72 -.03 

.105 .69 . 02 

.162 .65 • 04 

.72 .56 .24 

.79 . 53 .18 

.96 .54 .25 

100 

-.68 

-.
176 

-:.73 

-.69 

-.71 

-.69 

-.80 

.71 

.79 



TABLE VIII - Principal Surface Strains at the Fracture 
Site and the ~imit Strains (FLD) for 
2036-T4 Aluminum Alloy 

Specimen 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

.277 

.331 

.296 

.321 

.309 

0.309 

.247 

.253 

.298 

-0.100 

-0.100 

-0.058 

0.139 

0.045 

0.048 

.147 

.156 

.194 

-.36 .407 -0.077 

-.30 . 574 -0.107 

-.195 .496 -0.073 

.043 .498 0.000 

.144 .426 0.055 

.155 .464 0.017 

.595 .564 0.116 

. 617 .503 .128 

.65 .499 .185 

101 

-0.33 

I 
-0.467 

-.423 

.498 

.481 

-.481 

-.68 

-.631 

-.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 7 Elf can not be computed by measuring the deformed grid 
~ 

at the fracture site. However, Elf can be computed by 

assuming volu~e c o nsistancy ie, 

4.3 
or 

Tables VI,VII & VIII show the principal sur:f:ace strains at 

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 p lot of fracture strain, E 3f, 

versus the strain ratio, a, for the same three materials , 

which Figures 43 to 45 show the variation of the fracture sur-

face strains, Elf and E2f, for the materials. 

To analyse the failure mode and strain gradients 

existing at the fracture site a number of specimens,failed 

unde r diffe rent conditions of loading, were chosen. Each 

specime n was cut perpendicular to the plane of the sheet 

and to the fractur e line. These specimens were then mounted 

fo r examina tion unde r the optical microscope . 

Figures 46 tu 50 show a series of pho tographs take n 



-0.6 

3.0 

-~ Bulge 

• 0 Plane Strain 

') -
'•. :::> D Tensile 

0 Hecker 

2.0 

0 0 

0 0 

D 0 L5 
0 

1.0 

-0.4 . -0.2 0.~ 0.4 0.6 0.8 1.0 
Strain Ratio 'a' 

FIGURE 40 - Fracture Strain r: 3f Versus Strain Ratio 'a' for 3003-0 Aluminum Alloy 

1-' 
0 
w 



0 

-0.6 ' 

t:3f 

1.0 

0.8 

0 
0 00 

, Q 0 0 -0 

0.6 

o. 4_ 

I 
-0.4 -0.2 0. 2 0.4 

Strain Rc~.tio 'a ' 

~ 

0 

0 

0 

0 

0 

0.6 0.8 

.• 

Bul ge 

Plane Strain 

·rensi.le 

Hecker 

~ 

0 

1.0 

FIGURE 41 - Fracture Strai n t: 3f Versus Strain ·Ratio ' a ' for 5182-0 Aluminum Alloy 



0.7 

0 0 0 

0 !:::. Bulge 

0.6 0 Plane Strain 

0 Tensile 

0 
..!. 

0 Hecker 0. 5 

0 

0 
0.4 

0 

0 

-0.4 -0.2 0.2 0.4 0.6 . 0. 0 1.0 
Strai n Ratio 'a' 

FIGURE 42 - Fracture Strain s3f Versus Strain R~tio 'a' for 2036-T4 Aluminum Alloy 



2.0 

II 0 Plane Strain 
0 

1.9 ~ Bu)ge 

0 
Hecker 

0 1.8 

00 
0 

1.7 0 Jr.. . 

~ 

l. 6 . 

1.5 
I 

0 

I 
0 I 

0 

1 I l I I I 
0. t 

-0.3 -0.2 0.1 
E: 2f 

0.1 0.2 0.3 0.4 

FIGURE 43 - F'.racttn·t:~ Surface Strains ll't Versus s 2f for 3003-0 Altmtimnn Alloy 



-0.3 

0.9 

0 

0 

0 
0.8 

0 

0 
0.7 0 

.A 
0 

8 
0.6 

0 
0 0 

0.5 

-0.2 -0.1 0.1 0.2 0.3 

FIGURE 44 - Fracture Surface Strains Elf Versus E2f for 5182-0 

. Alumim:rrn Alloy . -..... 

II 

~ Bulge 

0 Plane Strain 

0 Hecker 

0.4 



Elf 

0.8 4 Bulge 

, 0 Plane Strain 

0.7 0 Hecker 

0.6 

0 

0 0.5 
0 , 0 ... 

0 

0 
0 

0.4 

0 

-0.3 -0.2 - 0.1 0 o .. 1 0.2 0.3 0.4 
E2f 

FIGURE 45 - Fracture Surface Strain Elf Versus E2f for 2036-T4 Aluminum Alloy 

I-' 
0 
00 



• 
I (if 

TENSILE SPECIMEN 

a = ~ 

PLANE STRAIN 

a = . 08 

BULGE 

a=l 

HECKER TEST 

a = -~ 

¥-IGURE 46 For Thickness Profile at Fracture Site 
Material 3003 - ·Aluminum Alloy, 66X 



TENSILE SPECIMEN 

a = -~ 

BULGE 

a=l 

FIGURE 47 Thickness Profile at Fracture Site for 
Material 3003 Hl4 Aluminum Alloy, 66X 

110 



\II 

TENSILE TEST SPECIMEN 

a= . 5 

PLANE STRAIN TEST 
SPECIMEN 

a= .08 

HECKER TEST SPECIMEN 

a = .12 

BULGE TEST SPECIMEN 

a = 1 

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



TENpiLE TEST 

SPECIMEN 

a = -~ 

BULGE TEST 

SPECIMEN 

a=l 

FIGURE 49 - Thickness Profile at Fracture Site for 
5182-Hlll Aluminum Alloy, 66X. 

\l1 



\13 

TENSILE TEST SPECIMEN 

a :::::; .,..... ~ 

PLANE STRAIN TEST 

SPECIMEN 

a= .08 

BULGE TEST SPECIMEN 

a=l 

HECKER TEST SPECIMEN 

a=.l55 

XJIGURE, 50 "" Th.ickness :P;r;-o;f.ile at Fracture Site for 2036-T4 
Aluminum Alloy, 66X 



from optical micro~cope with a magnification of 66. It 

can be seen from Figures 46 and 47 that alloys 3003-0 

and 3003-Hl4 .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-Hlll 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. 

114 



4.8 Computer Program for Predicting T~ue stress -

True Strain 

The program EVAL is designed to convert either load 

and percent elongation in a Tens i on Test or pressure, 

extensometer readings and spherometer readings from a Bulge 

Test, to True Stress and True Strain. 
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r--- ---- ---

PROGRAM EVAL<INPUT,OUTPUT,TAPES~INPUT,TAPEb~OUTPUT,TAPE10) 

C EVALUATIO~ OF WORK•HARDENING EXPONENT ~N~,INITIAL STRAIN 
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--£-*"E-PSO"' MW STREN6Tii CONSTANT ACII F-ROH BUl:G-~N-NDA--------- --

C TENSILE TEST BY METHOD OF LEAST SQUARES 
c, .. ... . _........ . -------- .. . . 
C VARIABLES LIST 

-t~· ---------------------------------------------------------------

C• NTR ~NUMBER OF TRIALS FOR WHICH RESULTS ARE TO BE CALCULATED 
·· C•-· N ------.. •NlJMBER-OF-- OBSERVATION&- IN THI5:- 'TRIAL- · -~·- ·· ·---· -- · 

C lFLAG•PARAHE:TER INDICATING. KIND OF TEST1 IT TAKES VALUE '*0* FOR 

rc,:...·• __ A -1 --i~~ ~~I r ~ s; ~I~~: g: ~ y 
0

: N::: ~: M :~ M ~ ~:.: 0 R B u ~-GcEE-TTEEfrST'f-_----------
, C · ~ A a·:-- .. -.,,..!Ni TIAL>- WI OTH--· OF · :SPEC I MEN (IN;) fOR - TENSILE ~ TEST · ,fOR· BU!..GE: ·· A2 :::O 1 

1 C P ·•READING OF PRESSURE GA UGE (PSI) 
6-. - -R L G ~READ I N 5 0 r L ~X T E 11 S 0 ~1 E-T ER DIAL; G1rltfr~oC-E +-( IH~,;-~ ,-'~)r------ --·---

t · RRG ~ReADING · OP RIGHT EXTENSOMETER DIAL GAUGE CIN,) 
C-· -· H ----- ---- ;..REAO I NG=--OF--SPHEROMETER--- 0 I AL -- GAUGE- C IN.) 

c; - 00 ~~tiNITIAL GAP -- OF . EXTENSOMETER 

~~----~-----------------------------------------------------------------

c 
.. c.; ...... _- -----·-·---.. - ------.... .. -----------...... .. --· .. __________ ... .... ........ .. 

DIMENSION XC50),V(50) 1 TITLEC4) 
--· ·G-Gt-:·M-9-~r:r--I-f-~X)(..JP~Q},I?-hl ,.---ssrrT-RR-.-,-8-S.:r-T &-C 09-1FF------------------------

R E AD ( 5 I 1 0 } tH R 
- - - -- -- .. : R E .MH 5 , 9 0} ·T ! T L E , A l1 A 2 · - ·· - ... 

Mt:iO 

----~2~----------------------------------------------------------

D0=-1.193 

DO ?.00 II=1,NTR 
READ C5,11) N,IFLAG 



IF CIFLAG~Ea.o) GOTO 51 
TO:tAl 

---,HM-~ H 1 + 1 

WRITE (6,20) Hl 
WRITE(6 1 99)TITL~,A1,A2 -

NN~O 

---~0 L~1rN 

REA0(5 1 12) P 1 RLG~RRG,H 

· - ···--·-· A=RlG+RRG---- - -- ----· ---· ··-···· ··· ~ · 

c 
-C · REJECT DATA POINTS WI iH STRAH~ VALUES LESS TtiM~ 3--PEReENT 

c 
·· - IF- (A , L E • 0 ·• 0 0 54) . · G 0 TO- 5 S·-

0;:;00+3 1 125,_A 
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~-----------------·-----------------------------------------------------~--

c PRESSURE GAUGE CALIBERATION 
-···--- ·--·--- IFCP.LT .300-eO)P-T~CP+-3-,&0>*-,q96 

IFCP,GE.300,0)PT:t(PM0,3)i0~994 
~----~~ GE.1000 1 0)PT~(P"22,1)/0,997 

I::;l. .. NN 
c, .... ..... ---------------- -- --- ---- ----· -· ------------ ---- ---- ---- --- -------· --. 
C· CALCULATE REPRESENTATIVE STRESS AND STRAIN 

XCll~~aO*AL OG EOIDO) 

T=TO~ C D0/0)**2•0 ... .... .. .. . 

VCil=CPT*RS)/(2,0*T) 

------WR-I---"fE C 6 1 9 o) X (I) , ¥(I) 

C YCI) AND XCI) ARE REPRESENTATIVE STRESS AND STRAIN RESPECTIVELY 
c 

GOTO 40 



55 NN:~NN+1 

40 CONTINUE 
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----~~J~------------------------------~------------------------------

c PERFORM LEAST SQARES FIT OF RESULTS TO SIGMA=C~CEPSO+EPSILON)**N 
CALL STATS (X,Y,N) 

GOTO 200 

51 H211¥H2 _ 

WRITE (6,27) H2 

· -- ·· ---·WRITE C 6 1 9C'f) T ITLE·;:A 1, A2 ,- ~ --

A~Al*A2 

~~- -----------------------------------------------------------------

c Y{I),XCil " LOAD (LBS) ANO EXTENSION (PER CENT) READ 
C· ·FROM- INS TRON- TEST t NG- ·HACHINE·· PLOT 

READ (5 1 14) CXCI),I:~1,N) 

----ttR~AD (5,1'0 CYEih!"'ht4) 

DO 60 I::1,N 

C - -- CALCULATE · ·REPRES!NTATIV~STRESS AND STRAIN 
X(l)~ALOGC1.0+XCIJ/100,0) 

---¥+!+~¥ CI) *CXP CX C1)) fA 

WRITEC6,qb)X(!),Y(I) 
·9fr - FORMAT C F 12-a 6·-, 4X I Ft2~ b) ·---·.. ·· · · ----- - --· · 

C Y(I) · AND XCI) ARE REPRESENTATIVE STRESS AND STRAIN RESPECTIVELY 
c 

·60 CONTINUE 

C· · P~RFORI+- ·LEAST - SflARES-F'IT ·OF: RESUL. TS TO SIGMA=C*CEPSO+EP~ILON)*,.N ·· 

CALL STATS(X,Y,N)-
-c&&--fra~~~~----

10 FORHA 'T (I4) 

· 11 FORH.AT C2Ia) 

12 f0RHATCF6.2 1 4X 1 3F10 1 8) 
-------- - - ---------------------- ----



13 FORMAT (2F8 1 5 1 F5 1 3) 

14 FORHAT (5Ft2,6) 

- l-5--F-&Rtt A T C F 8 • 5 } 

20 FORMAT (lHlr* BULGE TEST RESULTS *'* TRIAL· ~0 1 ·*ri4/) 
21 FORMAT(*· INITIAl. THICKNESS OF SPECIMEN:: *rF-7 1 5r* lNs*lll 
27 FORMAT (1H1r * TENSILE TEST RESULTS *'~ TRIAL NO, *rl4/) 

90 FORHATE~A10,2F10.~) 

99 'FORHAT(1H1,4A10 1 F10 1 4,1H*rF10 1 4//) 
· · .... .. ___ ..... ,S T 0 P·- ... .. .. .. --~---.. .. .. ........... · ..... _. · ........ · ... .. .. -

END 
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4.9 Computer Program for Curve Fitting 

and P~otting the true stress - strain data 

The relationship b~tween true stress and natural 

strain data obtained from tensile 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 surn of squares of 

deviations of on~ of the variables is a minimum. Such a 

straight line will b e a least squares line, reference [38]. 

If the pairs of the variables associated with each 

data point are designated as x . and y., with y designated 
l l 

as the independent variable, a straight line through the data 

is expressed as 

y = a +bx (Cl) 

where y - estimated value of y for an 

observed value of x 

a - intercept, giving estimated 

valu e 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 b een well established. 
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These are 
-a = y - b X (C2) 

N 
L: -

(y-y) . . (x-x) 
b 

l=l 
= 

(C3) 

N-
(x 

- 2 
L: - x) 

i=i 

where 
N 

- l L: X. 
X = l 

N i=i 

N 
l L: y. 

y = l 
N i=i 

N - number of data points 

As a measure of goodness of the correlation, a correlation 

coefficient R has been taken as 

N · - 2 
(x. -x) 

L: l 

i=i (C4) 
R = b 

N ( -) 2 
l: yi - y 

i=i 

The correlation coefficient ranges from 1.0 to 0.0 

depe nding on the goodness of the fit of the line. 

The correlation coefficient R of 1.0 indicates a 

p e r fect as sociation b e twe en the variables, the correlation 

c oeff i c i e nt R o £ 0.0 ind icate s a comple t e ly random relation. 

In ou r ca s e e q ua tion ~l) takes the fo r m 

(CS) 



where 

according to the generalized material behaviour law, 

a = k (E + E)n E m 
0 
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(C6) 

In order to fit the experimental data to equation (5) a 

computer program is provided. 

The experimental data (load and extension) are 

first transformed into true stresses and nat~ral strains by 

program EVAL (App. Bl). For the bulge test data points for 

~ < 0.03 are removed due to the large scatter within that 

range. 

The least squares fit is performed then by subroutine 

STATS in two stages: 

1. Computation of n, k1 , and R, according to 

equations ( 2) , ( 3) , ( 4) , ( 5) for E = 0.0. 
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 E
0 

increased in steps of 0.001. The execution of the program 

is stopped when R reaches a maximum magnitude, the values of 

n, k1 , and R for E
0 

= 0.0 and n, k1 , E
0 

for maximum value of 

R are then printed out. 

The additional subroutine PLOT is provided to plot 

the experimental data points and the theoretical curve 

n a= k 1 (E0 +E) , with true stress and natural strain as co-

ordinate axes. 



123 

It has to be pointe d -out that the least squares 

line corresponding to equation (5) minimizes the squares of 

deviations of log a from log a and not the deviations of a 

from a. This modificat i on is, however, not of sign~ficance. 
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----- ----- - - --- -------- ---- - ---------

SUBROUTINE STATS (X,Y,N) 

C THIS SUBROUTINE PERFORMS A LEAST SOARES FIT S=C*(EPSOtE)**N 
--G-- v-ALUES OF EPSO M+E--&mTS-ESTED H+--'F-ttE-5-T-EPS OF----<r.-o-H-·----- ----

C 

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

C OF LINEAR CORRELATION ACCORDING TO *APPLIED STATISTICS 
- C-f-OR ENG I N&~~~ ILL I A#--\Y-1/ O:ttL~Kr-----· ---- -------·---

C 

· C· -Y(!) .. - AND· X(I) ARE- REPRESENTATIVE STRESS 'AND STRAIN RESPECTIVELY 
c 
---'f.>-:I-H-E N-8-~~'-r¥-f-5-ir)-,-X N C 2 ~)rC ( 2 5) rR C 2 5) 1 E P-&9+?.-5-)-,----- - - --

$ TITLEC4),RX(25),RYC25) 
-- COMMO~ A1 1 A2,TITLE,EXPON, 

WRI TE (6,28) 
--'----M-= 0 

107 sv=o.o 
.... .. --- ..... . --- .. s s y ::f 0-.- 0 ... .. ----------··-------------- ----- ---- -- ---- ---· .. .. . 

·DO 70 I=1 1 N 

STR,STCOP" · 

------

·, .. 

----~sr.~-rr- -----------------------------
riLOG~ALOG10CXCI)) 

-------- -··:----SV;t3Y+SLOG ------------------- --------- ---------- --- ---------· ... ·· · ·· ·· · · 

SSY=SSY+SLOG~SLOG 

---I-F-f H. coo o J sor--e---re------------------------------
wRITE (6,23) VCI) , XCI),SLOG,FILOG 

.. ... :70 --- CONT I ~WE ·· --- ------- --- --- -- -- · ·· 

RSSY=S3 ¥~ CSY*SV)/N 

-----~-H-~~-------------------------------------------------------

EPSOC1>=o.o 
· ·- JJ;;:,Q · ... . . ...... ... . 

DO 35 K=2 1 22 



- ------------ -------------

sx~o.o 

ssx::o,o 
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---~&~~rlr-------------------------------------

00 45 I=1 1 N 

· FILOG~ALOG10(X(I)+EP30(K•l)) 

SLOG~ALOG10(Y(I)) 

SX=&X•FILOG 
SSX::SSX+FILOG~FILOG 

4~ - - - SXY:::JS)(V+S\.;;OG~FIL;OG- --- ------ - - -- -- - --- --

RSSX~SSX"(SX*SX)/N 

RSX't':<tSX¥-.SX~SV/N 

XN(K);:RSXY/RSSX 
·· --- -- C ( K) ::; 1 0* ~( S YIN • X N ( K ) * S X IN-) 

!F CM,EQ,1) GOTO 105 

: ·;-. 

--~~~~~-------------------------·--- ---------
00 90 L=1 1 N 

·- --- YY=C(K}~XCLl**XNCtO -- ---------- · -- -- ------ · 

A~AB3CYY•YCL))"~03*YY 

----~!~~Hh~KN~----------------------------

102 NN:tNN+1 
c -- --- .... .... . ..... ------------------- ----- ---- -·------ -- -------------------. .. ------------ · 

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

-s~--------------------------------------

JJ~JJ+1 

-- R XC JJ) ~x ( L) · 

RYCJJ)::YCLl 
--G-&TO 90 

101 I=L.,.NN 

YCI>=YCL) · ·-
XCI)::X(L) 



90 CONTINUE 

N=I 
H . 

. cora 101 

105 R(K)~XN(K)*S9RTCRSSXIRS5V) 

IF(R(K)"R(K"1)) 100,110 1 110 

---~~~&C~)~EP80(~·1)~.001 

35· CONTINUE 
-100 - WRITECo,24-) ---- ---·-- ·· ·· 

WRITE (6,25) 

WRITE (&,2&) XN(2) 1 EP80(1) 1 C(2) 1 

WRITE (6,26) XNCK~1) 1 EP30CK•2),CCK•1),RCK~1) 

· ·------.---.. ·----------STR;EPSO(K .... 2l --------- · -- --· ·· · 

EXPON=XNCK•l) 

------~: ~coF~ccK•1l 

·23 ,ORMAT . CF1S,q,Fi3~U,F1S,4,F13,4/) 
.. ----- 24---- FORMAT-- C1H1) ····· ...... ...:: _____ ... - · ---·- ----

25 -FORMAT (9X,2HXN 1 8X,4HEPS0,7X~SHCON3T,7X,1HR/) 

--~-~2&--~R~AT EF12.4 1 Fl1,4 1 F12,3 1 Fl0.3; 
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28 FORMAT (6X,12HSTRESS(P3I ),2X,l1HTRUE STRAIN,3X 1 11HLOG(STRESS1 1 2X, 
···· ---·····111Hl:.OG(STRAIN)I)· ------·· - ·· · ·-- .... ·· 

c 
--G--C--A-8;-!NG PLOTT HIG SU8ROUT INE 

c 
CAl.L · PL.OTSQ (X 1 V, N, RX, RY 1 J'J) · · ··· 

Rf.TURN 

--~6-~. &------------------------------------------------------------



SU8ROUT1NE PLOTSQ(X,Y 1 N,RX,RY,JJ) 

THIS SUBROUTINE USES A PLOTING AREA &IN BY biN 

DIMENSION X(50),Y(SO),RX(25) 1 RY(25),TITLE(4) 
COMMON A1 1 A2 1 TITLE,EXPON, STR,STCOF 

SEARCHING FOR MAX VALUE S OF X AND Y 

XHAXr:o.o 

YMAX=o.o 
0051 . I=1,N 

!F (X(l) 1 GT 1 X~AX) XMAX=XCI) 
IF (Y(I),GT.YMAX) .YMAX=YCI) 

51 CONTINUE 

DO 52 1=1,10 

IP CYMAX .LT~ 10000,0*fLOAT(l)) GO TO 53 
· s2 CONTINUE 

53 YMAXc10000,0*fLOATCl) 

DO 54 J= 11 15 

IF (XHAX 1 LT. o.os*FLOAT(J)) GO TO 55 
·54 CONTINUE 
55 XMAX=O~OS~FLOATCJ) 

CHOOSING SCALES 

XSCALE=6,0/XHAX 

YSCALE::6.0/YMAX 

CALL PLOTC0 1 0,0,0,3) 
CALL LETTERC6,0,3 1 90,o,3.0,4,0,6HSAREEN ) 
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CALL PLOT(4,0 1 0,5,~3) 

CALL LETTERC40,0,1,90,0,0,2,o,S,TITLEl 

ENCODE(20,96,A3) A1 1 A2 

96 FORMATC2F10,6) 

CALL LETTER (20,0,1,90,0,0,2,5,0 1 A3) 

CALL LETTER (6,0,2 1 0,0 1 5,0 1 0,0,6HSTRAIN) 
C CHOOSING NEW ORIGEN 

CALL PLOT(3,0 1 1,5,~3) 

C P~OTT!NG THE AXIS 

CALL PLOT(0,0 1 6 1 0 1 3) 

CALL PLOTC0,0,0,0,2) 

CALL PLOT (6,o,o.o,2) 

C CALIBERATING THE AXIS 

00 56 !=1,10 
Q::(YMAX*FLOAT(l))/10,0 

Y S ::(~ * Y SCALE 
. ENCODE(8 1 57,AODE) Q 

57 FORMATCF8,1) 

CALL LETTERC8,0,l,0,0,•1,0,YS 1 AODE) 
56 . CONTINUE 

DO 58 J=1,10 

P:(XMAX*FLOATCJ))/10,0 

XS=P*XSCALE 
ENC0DE(b 1 59~ST) P 

59 fQR,'1A T CF6,3) 

58 CALL LETTER(6,0,1,9 0 ,o~xs,~t,O,ST) 

C PLOTTING DATA POINTS USED IN CURVE FITTING 
00 61 I::: t, N 

)(S=X(l)*XSCALE · 

YS=Y(l)*YSCALE 
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61 CALL MATH(XS,YS,0,1 1 0,0 1 5HPOINT) 

CALL PLOTC0,0,0,0,3) 
C PLOTTING DATA POINTS REJECTED BY CURVE FITTING 

IFCJJ,EQ,O)GO TO 79 

00 62 I= l,JJ 

XS=RXCI)*XSCALE 

YS::RYCI)*YSCALE 
62 CALL HATH(XS,YS,0,1,0 1 0,SHDELTA) 

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

79 DX::XMAX*O,OS 

WRITE(6,2t1) EXPON,STR,STCOF 

211 FORMATC4X,F12,6 1 4X 1 F12 1 6 1 4X,F12,4) 

DO 63 1;;1 1 20 

XB=DX*CFLOATCI)) 
YB=STCOf*CCXBi' 
>(S:X B*XSC ALE 

YS=YO*YSCALE 

STR)Jif*EXPON) 

63 CALL PLOTCXS,YS 1 2) 
C WRITING THE EQUATION OF THE CURVE FITTED 

ENC00£(10,64 1 KAPA) STCOP 
bQ FORMAT(F10,3) 

ENC00E(6,65 ,EO) STR 

65 FORHAT(F6 1 4) 

ENCODEC6 1 66,COF) EXPON 

66 FORHATCF6,4) 
CALL GREEKC7,0,0.0 1 0 , 1,90,0,5HSIGMA ) 
CALL HATHC7,0,0,5,0,1,90,0,5HEQUAL) 

CALL LETTERClo,o.t,90,o,7, 0,1tO,KAPA) 

CA~L MATH (7,0 1 2,2 1 0 1 2,9C,0,6HLPAREN) 

CALL GR EE K (7,0 1 2,5,0,1,90,0,6HEPSLON ) 
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CALL HATH(7,0 1 2,8 1 0,1 1 90,0 1 4HPLUS) 

CALL LETTERC6,0,1,90,0 1 7,0,3,0,EO) 

CALL HATH (7,0,3,7 1 0,2,90,0 1 6HRPAREN ) 

CALL LETTER(6,0,1,90,0,6,8,4,0,COF) 

C CLOSING THE TAPE 

CALL PLOTC1U,0,~2,0 1 3) 

CALL PLOTCO,o,o.o,999) 

RETURN 
END 

CDTOT 99 
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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 and attendant decrease in ductility through 

cold working is clearly demonstrated by the 3003-Hl4 mater

ial. The strength of the 5182 Al-Mg alloy is about the same 

as that of AKDQ s teel, while the 2036-T4 Al-Mg-Cu alloy is 

some\vhat stronger. The deg ree of un iform 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 b a sis of the tensile data it would appear tha t 

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 po i nt elongation. However, 

this was not manifest by unsightly L~ders band markings on 

the specimen during the early stage of the t ensi le test 

for 2036-T4 alloy. The 5182 aluminum alloy shows both 

yield point elongation and s errated yielding and hence 

shows both Type A and Type B band marks. Stretch formed 

corr.ponent s 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 ~train 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 . 
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As described in the thesis, simple instability 

analysis will predict that the uniform strain is equal to 

'n ' value. However, all the higher strength a luminum 

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

the less it illustrates a deviation from the practise that 

has been established for mild steels. 

In attempting to explain this discrepancy, values 

of fra cture 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 II and the mode of fracture is different for the alloys 



1 3 3 

as seen by comparing Figures 46 to 50. This difference in 

fracture b ehaviour was also d emonstrated in the Load 

v e rsus Extension Curve, since the post necking domain 

(region beyond the maximum load point) was virtually non-

e x istent with the higher strength alloys. However, a 

maximlli~ load point was alwa ys obtained and the materials 

did not fracture under a rising load. It is to be noted 

that none o f these observations. in themselves predict the 

level of uniform st .ain . 

Some investigators have postulated that the 

discrepancy may be associated with the strain rate sensi-

tivity characteristics of the material. Attempts have bee n 

made to ascertain the strain rate sensitivity factor 'm' 

th rough " chang e speed" tes t s on a tensile testing machine. 

This technique was also performed in this pre s ent work and 

it was found that for the 5182 and 2036-T4 alloys, the 'm' 

value was slightly negative ( i n the order of .003 to .01), 

while fo r the other materia l 'm' appeared to be positive. 

Wh~tever t he i nfluence 'm' exerts on the useful levels of 

fo n nability , it is the opinion o f this author that the 

answe r will not be found by conducting instability analysis 

(based on a maximum load criterion) using an empirical con-

stitutive law of the t ype 

n · m a = K ( E + E ) E 
0 



The 'm' value always appears to be too small, vis a vis 

the 'n' value, to exert a strong influence. 

The strain hardening index 'n' wa~ also obtained 

from the "In-plane" torsion test and bulge test, see 
\ 

Table s III 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 orientati on as in the ten sile 

test. Differences in stress-strain behaviour of a mater-

ial as observed from different test methods is usually 

a t tributed to the anisotropy of the material, and irt turn 

1.34 

thi~ is reflected by variations in 'n'. However, the di f fer-

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' value is not constant over the entire range as 

obt aine d by fitting a power hardening law to the data. In 

fact the correlation of the fitted curve was not as good 

in the cas e of 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 
.--' 

~ 

Table 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 

to be found in the deep drawing tests conducted by Cloke 

[16]. 

As explained in this thesis much higher limit 

strains are generally obtained in the bulge test vis a vis 

the tensile test. In this present work it was found that 

' 
the surface limit strains were marginally bigger (and about 

the same for 5182 Hlll) for the higher strength alloys. It 

appears that lower thickness fracture strains 'E 3f• for 

these alloys limit.s 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 



48 to 50. 

The forming Limit Curves for the higher strength 

alloys, as d e termined from the Hecker test (see Figures 36 

1 . 
and 37),are all lower than that of AKDQ steel for - 2<a<l. 
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In the stretch-stretch mode (o <a <l) the curves 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 o_btained by the 

Heck~r test (stretching over a hemispherical punch) and from 

the Marciniak test (stre tching the material in its plane). 

Lower v a lue s of limit strain are alway s obtained from the 

r<Iarciniak test. 

' 
ii) Balanced biaxial tension was achieved by three 

methods: 
d ) 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 role, a significant 

factor in t h e improved formability with the Hecker test is 



the inter facial 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 oil pressure) elliptical dia

phragms of different aspect ratio. 
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This investigation has provided results of the 

fracture strains under differen·t loading conditions, which 

has hitherto been unreported. The thickness fracture strain 

'E 3f• for the 3003 alloys are the highest and this value 

remains relatively constant over the whole range of loadi ng 

condition s a s shown in Figure 40. At the point of fracture 

severe strain g r adients are present with this material and 

the failure mode appears to be ductile. 

For the higher strength alloys the thickness 

fracture strai n 'E 3f• is much smaller. These alloys do not 

exhib it large s t rain gradients at fracture and show a shear 

type of failure mode. With the 5182-0 alloy, the thickness 

fractu re strain shows a slight upward trend towards balanced 

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

al l oy show a great deal of scatter but E3f appears to be 



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 E 3f is very sensitive to the load

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 good strength and high 

'n' values are obtained for 5182 and 2036 alloys. However, 

low FLD's, low fracture strains and low 'r' values 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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